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UDC 621.762 Research article
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Structure and magnetic properties
of strontium hexaferrite powder after milling
in a beater mill in a magnetoliquefied layer
followed by annealing

L. N. Egorov!, N. Ya. Egorov!, Yu. V. Rusalev’, S. I. Egorova?®

!'Southern Federal University
105/42 Bolshaya Sadovaya Str., Rostov-on-Don 344006, Russia
2Don State Technical University
1 Gagarin Sq., Rostov-on-Don 344000, Russia

&) siyegorova@gmail.com

Abstract. This study examines the effectiveness of processing dispersed strontium hexaferrite material in a beater mill within a magneto-
liquefied layer formed by magnetic fields — an inhomogeneous alternating field with a frequency of 50 Hz and an induction gradient
of 90 mT/m, and a constant field with an induction of 15.3 mT — under conditions where milling is accompanied by particle aggrega-
tion. The magnetic field lines are mutually perpendicular and parallel to the plane of the milling bodies. A comprehensive investiga-
tion of the changes in the dispersed composition and structural characteristics of the strontium hexaferrite powder with increased
milling duration was conducted using scanning electron microscopy and X-ray diffraction analysis. The results show that processing
the strontium hexaferrite dispersed system with an initial average particle size of 1558.5 pm in a magnetoliquefied layer for 120 min
does not alter the phase composition of the powder. However, milling reduces the average particle size to 0.57 um, decreases the size
of the coherent scattering regions, increases the lattice microstrain of the SrFe,,0,, phase, and raises the dislocation density. Magnetic
properties of the powder samples before and after annealing were studied using a vibrating sample magnetometer at room temperature
and normal atmospheric pressure. The conducted research allows for the assessment of the technological outcomes of processing
the dispersed system in a magnetoliquefied layer, considering the collective effects that accompany milling.

Keywords: powder metallurgy, strontium hexaferrite, mechanical milling, X-ray diffraction analysis, scanning electron microscopy,
vibrating sample magnetometer

For citation: Egorov I.N., Egorov N.Ya., Rusalev Yu.V., Egorova S.I. Structure and magnetic properties of strontium hexaferrite powder
after milling in a beater mill in a magnetoliquefied layer followed by annealing. Powder Metallurgy and Functional Coatings.
2024;18(5):5—-12. https://doi.org/10.17073/1997-308X-2024-5-5-12
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@M uon A
E2opoe W.H., Ezopos H.A. u dp. CTpyKTypa 1 MarHUTHbIE CBOIMCTBA NOPOLLKA rekcadeppuTa CTPOHLMA ...

W3BECTUA BY30B

CTpyKTypa 1 MarHuTHbie CBOMCTBa NOPOLUKA
rekcadeppuTa CTPOHLUMUSA NOCNEe U3MeNbYeHUs
B 6UNIbHOW MeNbHULLE B MarHUTOOXXUXXEHHOM cJloe
C NoCneayoLWwmM OTXKUIoM

W. H. Eropos!, H. {I. Eropos’, I0. B. Pycanes’, C. 1. EropoBa®®

YOskubIil QenepaabHbIil yHHBEPCUTET
Poccust, 344006, r. PoctoB-Ha-Jlony, yi. bonbmias Camosas, 105/42
2 JIoHCKO#i rocy1apCTBEHHbI TEXHUUECKHI YHUBEPCUTET
Poccus, 344000, r. PocroB-na-/lony, m. ['arapuna, 1

&) siyegorova@gmail.com

AHHoTayms. B pabore paccmorpena 3¢ QekTHBHOCTH 00pabOTKH MCIEPCHOrO MarepHaia rekcaeppura CTPOHIMS B OWIBHOM

MEJIbHUIIE B MAarHUTOOKH)KCHHOM CJI0€, 00pa30BaHHOM B MArHUTHBIX MOJISIX — HEOJAHOPOIAHOM MEpEeMEHHOM ¢ yacTtotoit 50 I,
rpaaueHToM HHAYKIUMH 90 MTin/M u nmoctosHHOM ¢ mHAYKUuei 15,3 MTin — B ycloBusX, KOIJa M3MEIBUCHHE COMPOBOKIACTCS
arperanueil yactuu. JIMHUM MarHUTHOW WHAYKLMHU TOJICH B3aMMHO INMEPIEHIUKYJSIPHBI U MapajlieibHbl MIIOCKOCTH BpPALICHHUSI
Owi1. MeTomamu pacTpoOBOii JMEKTPOHHON MHUKPOCKONUU M PEHTTCHOCTPYKTYPHOIO aHAIM3a MPOBEACHO KOMIUICKCHOE HCCIIEI0-
BaHHE 0COOCHHOCTEH M3MEHEHHS JAMCICPCHOTO COCTaBa M CTPYKTYPHBIX XapaKTEPUCTHK MOPOIIKA TeKkcapeppuTa CTPOHIIUS TPH
YBEJIMYEHHUH MTPOJOJDKUTEIBHOCTH M3MenbdeHus. [lokazano, uTo npu o6paboTKe TUCIIEPCHOM CHCTEMbI rekcadeppuTa CTPOHLIUS
CO CPEIHUM pa3MepoM dacTuil 1558,5 MKM B MAarHUTOOKMKEHHOM CJ10€ B TeueHUe 120 MUH HE POUCXOAUT U3MEHEHUs (Ha30BOro
COCTaBa MOPOIIKA, U3MEIBYCHHUE TIPUBOJIUT K YMEHBIICHHUIO CPEHEr0 pazmepa yactull nopomka 10 0,57 MKM, CHHIKEHUIO pa3zMepa
oOnacTelf KOrepeHTHOIO pPacCesHus, yBeIMdeHUI0 MuUKponedopmanun pemetku ¢pasbl SrFe,0,, ¥ MIOTHOCTH JUCITIOKALMH.
C moMOIIbI0 BUOPAIIMOHHOTO MAarHUTOMETpA MPHU KOMHATHOM TEMIIEpaType ¥ HOPMajJbHOM aTMOC(EpPHOM MaBICHUU HM3yUCHbBI
MarHUTHBIC XapaKTEPUCTHKH MOPOIIKOBBIX 00PAa3loB 10 U MOCHIE OTKUra. [IpoBeleHHBIC HCCIICAOBAHMS MO3BOJIIOT OICHUTH
TEXHOJOTHMUYCCKUIT pe3yabTar 00pabOoTKK AUCTICPCHON CHCTEMBI B MATHUTOOKM)KEHHOM CJIOC C YYETOM COBOKYITHOCTH OCHOBHBIX

ﬂBJ’[eHHﬁ, CONPOBOXAAOIIUX U3MEJIBYCHUE.

KnioyeBbie csi0Ba: IOpONIKOBasi METALTYPrus, TekcaeppuT CTPOHIUS, MEXaHHIECKOE M3MENbUCHHE, PEHTICHOCTPYKTYPHBIH aHAIIH3,
pacTpoBast MIEKTPOHHAST MUKPOCKOIHSI, BHOPAI[OHHBII MArHUTOMETP

Ana yntuposanms: Eropos 1.H., Eropos H.S1., Pycanes 10.B., Eroposa C.1. CTpykTypa 1 MarHuTHbIE CBOWCTBA MOPOILIKA TeKcadep-
pHTa CTPOHLMS [OCIIE U3MEIIBYCHNS B OMIIbHOW MEJIBHUIIE B MATHUTOOMKIIKEHHOM CJIO€ C TTOCIIEYIOLINM OTXKUTOM. H36ecmiis 6Y308.
Topowkosas memannypeus u @ynxyuonanshsie nokpoimust. 2024;18(5):5-12. https://doi.org/10.17073/1997-308X-2024-5-5-12

Introduction

Hexagonal ferrites are widely used in powder
metallurgy for the production of sintered magnets and
magnetoplasts [1; 2]. Compared to barium hexaferrite
magnets, strontium ferrite magnets provide superior
magnetic properties [3—6]. The quality of the magnetic
properties of strontium hexaferrite powder is influ-
enced by the granulometric composition and the degree
of uniformity in particle size within the dispersed
system [7; 8].

With the increase in the production of permanent
magnets, there is also a rise in the amount of waste
generated during various technological operations,
which needs to be recycled. The recycling process
of magnet production waste or used sintered mag-
nets involves stages of milling and powder produc-
tion [9; 10]. The most common methods for producing
fine and ultrafine powders of ferromagnetic materials
are wet and dry milling [ 11-14]. There are also methods
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to enhance the milling process efficiency by transfer-
ring the milled material into a fluidized state [15-17].

The primary goal in producing strontium hexaferrite
powder is to obtain a dispersed system with a specified
set of physical-technological and structural characte-
ristics. The development of high-performance equip-
ment for milling ferromagnetic materials is of great
importance, as the duration of the milling process and
the specific energy consumption are crucial economic
factors. The efficiency of dispersing can be influenced
by changing the conditions under which milling is car-
ried out, particularly by applying alternating inhomoge-
neous and constant magnetic fields to the dispersed fer-
romagnetic material in a beater mill, with the magnetic
field lines being mutually perpendicular and parallel
to the plane of the milling bodies’ rotation [18]. Under
electromagnetic influence, a magnetoliquefied layer is
formed from the dispersed material, where particles
and aggregates move within an inhomogeneous alter-
nating magnetic field, ensuring the principle of mul-
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tiple returns of particles and aggregates to the area
of the rotating milling bodies and significantly increa-
sing their collision frequency with the milling bodies.
Milling of dispersed media in a magnetoliquefied layer
requires additional energy consumption for powering
the electromagnets. As the induction of the constant
field and the gradient of the alternating magnetic field
increase, the energy consumption for power supply also
rises. However, only when the induction of the con-
stant magnetic field reaches 15.3 mT and the gradient
of the alternating magnetic field reaches 90 mT/m is
there intense movement of coarse ferromagnetic par-
ticles. The process of reducing particle size in the mag-
netoliquefied layer in the beater mill is observed only
with the intense movement of the dispersed system’s
particles. Due to the significant reduction in dispersion
time in the magnetoliquefied layer, energy consump-
tion is reduced [19].

When processing dispersed substances in any
milling apparatus, the resulting powder not only has
a specific granulometric composition but also various
structural defects that increase the particles’ reactivity.
In producing fine powders of strontium hexaferrite in
powder metallurgy, high demands are placed on both
the dispersed composition and the structural characte-
ristics of the dispersed system [20]. Therefore, stu-
dying the milling process is necessary to determine
effective operating conditions for the apparatus in
terms of changing the powder’s dispersed composition
and structural characteristics.

The aim of this work was to study the effect
of mechanical processing of a coarse-grained strontium
hexaferrite system in a beater mill in a magnetolique-
fied layer on the granulometric composition, structural
characteristics of the powder, and its magnetic proper-
ties before and after annealing.

The tasks were carried out using research methods
such as scanning electron microscopy, X-ray diffrac-
tion, and magnetic measurements of powder samples.

Experimental

To conduct the research, coarse strontium hexafer-
rite material with an average particle size of 1558.5 pum,
a most probable size of 1420 um, a dispersion
of 497 um, and a median of 1476.9 um was milled
in a beater mill, where the milling bodies rotated at a
frequency of 15.0 + 1.6 thousand rpm in a horizontal
plane. During the milling of magnetic materials in a
beater mill, two processes occur: particle fragmenta-
tion due to their interaction with the milling bodies and
particle aggregation. As the particle size of the milled
dispersed material decreases, their tendency to aggre-
gate increases, and the milling intensity significantly

decreases. When the dispersed system is processed in
a beater mill in a magnetoliquefied layer, the inten-
sity of movement of the ferromagnetic elements and
the frequency of their collisions with the rotating mill-
ing bodies increase. In the magnetoliquefied layer
of ferromagnetic dispersed systems, under certain
electromagnetic conditions, the destruction of aggre-
gates occurs [21;22]. To form a magnetoliquefied
layer from the dispersed system in the mill, which
ensures the deflocculation of ferromagnetic elements
and the return of the powder to the area of the rotating
milling bodies, the material was subjected to magnetic
fields: an alternating field with a frequency of 50 Hz
and an induction gradient of 90 mT/m, as well as a con-
stant field with an induction of 15.3 mT.

The study of the patterns of change in the dispersed
composition and structural characteristics during
the milling of the initial dispersed strontium hexafer-
rite system was carried out by analyzing samples taken
after 10, 30 and 120 min of milling.

The granulometric composition of the powder
samples was analyzed using a Supra 25 scanning elect-
ron microscope (Carl Zeiss, Germany). The struc-
tural characteristics of the milled dispersed material
were investigated using X-ray diffraction analysis
on a XRD-7000 diffractometer (Shimadzu, Japan)
with CukK, radiation (wavelength A =1.5406 A) and
Bragg-Brentano focusing (6-20). Given the complex
appearance of the SrFe O, phase diffraction pat-
tern, the PowderCell software version 2.3, based on
the Rietveld full-profile refinement method, was used
to process the diffraction spectra of the powder samp-
les [23; 24]. The ICSD database was used for analy-
zing and refining the structural characteristics. X-ray
measurements were conducted at room temperature in
step-scan mode (step size 0.03°) over the angular range
of 20 =5+90°. The exposure time at each step was
8 s. The profile R-factor was selected as the criterion
for good agreement between the structural model and
the actual experiment.

The magnetic properties of the strontium hexaferrite
powder samples were investigated using a LakeShore
vibrating sample magnetometer (USA) at room tem-
perature and normal atmospheric pressure. The mag-
netic field measurements were conducted with a pre-
cision of 0.1 Oe. The hysteresis loops were recorded
in the “Continuous” mode to ensure consistent and
detailed measurement of the magnetic behavior.

Results and discussion

The average particle size after 10, 30 and 120 min
of processing the dispersed system in the beater mill
was 12.48 um, 1.09 pum and 0.57 pm, respectively.
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Fig. 1. Histograms and logarithmic-normal distribution functions of strontium hexaferrite powder particle sizes
a — initial powder, b—d — after milling for 10 min (b), 30 min (c), 120 min (d)

Puc. 1. T'ucrorpaMMbl B (yHKITUH JIOTapU(MUIECKH HOPMAIGHOTO PACIIPEIeNICHNUS TOPOIIIKA TeKcadepprTa CTPOHIHUS 110 pa3Mepam

a — ucxoaHoe coctosiHue; b—d — nocne n3menpuenus B Teuenne 10 mus (b), 30 muH (c), 120 muH (d)

The experimental results indicate that after 10 min
of milling, the degree of milling (the ratio of the ave-
rage particle size of the initial dispersed system
to the average particle size of the milled product) was
124.9. In the subsequent 20 min, the degree of mill-
ing decreased to 11.5 and after 90 min, it significantly
reduced to 1.9. The rate of particle size reduction dur-
ing the first 10 min of milling was 154.6 pm/min, dur-
ing the following 20 min, it was 0.57 pm/min, and dur-
ing the further 90 min, it was only 0.006 pm/min.

Thus, the most intense milling of the strontium
hexaferrite dispersed material occurs in the first 10 min
of milling. This result is consistent with studies sho-
wing that the strength of the particles and the work
required for their fragmentation increase as the particle
size decreases [25-27].

From the histograms and functions of the logarith-
mic-normal distribution of strontium hexaferrite pow-
der particle sizes shown in Fig. 1, it is evident that for
the initial dispersed material (Fig. 1, a), the most pro-
bable size is 1337.23 um, and the width of the function
maximum at half-height is 968.16 um. After 10, 30
and 120 min of milling in the beater mill in a magneto-
liquefied layer, the most probable particle sizes were
493 um, 0.67 um and 0.34 pm, respectively, and
the width of the maximum at half-height of the par-
ticle size distribution function decreased to 7.68 um,
091 um and 0.40 pm, respectively (Fig. 1, b—d).
The morphological features of the strontium hexa-
ferrite powder particles after 120 min of milling in
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the magnetoliquefied layer are shown in Fig. 2. Thus,
after 30 min of milling, the homogeneity of the dis-
persed composition increases significantly.

The experimental results show that the process
of milling the initial strontium hexaferrite dispersed sys-
tem in a beater mill in a magnetoliquefied layer can be
divided into three stages. During the first stage, lasting
10 min, the most intense milling occurs. In the second
stage, which lasts 20 min, milling is less intense, but
the homogeneity of the dispersed system distribution
increases. In the third stage, lasting 90 min, the milling

Fig. 2. Morphological features
of strontium hexaferrite powder particles after 120 min
of milling in a magnetoliquefied layer

Puc. 2. Mopdomnorudeckie 0COOEHHOCTH YaCTHUII OPOLIKa
rekcagepputa cTpoHUuUs nocie 120 MUH U3METBICHUS
B MarHUTOOXKH)KEHHOM CJI0€
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Fig. 3. X-ray diffraction patterns of the relative intensity of
strontium hexaferrite dispersed material samples

a — initial powder, b—d — after milling for 10 min (b),
30 min (c), 120 min (d)
Puc. 3. PeHTreHorpaMMbl OTHOCHTEIBHONW HHTEHCHBHOCTH
00pas3IoB AMCIIEPCHOTO MaTepuaa rekcadeppuTa CTpOHIHS

a — WCXOIHOE COCTOsIHUE; b—d — Tociie N3MebUeHNUs
B Teuerue 10 muH (b), 30 muH (c), 120 muH (d)

intensity decreases significantly, but the homogeneity
of the dispersed system increases substantially.

However, milling leads to the accumulation of crys-
tal structure defects, which reduces the magnetic pro-
perties of the powder. Itis evident that the most complete
information about changes in the structural characteris-
tics of the milled material can be obtained by studying
the diffraction profiles of the X-ray patterns of powder
samples of the initial dispersed material and after mill-
ing for 1= 10, 30 and 120 min (Fig. 3). The duration
of processing the dispersed material in the mill in
a magnetoliquefied layer affects the sizes of coherent

scattering regions (CSR), the magnitude of additional
relative microstrains Ad/d,,, (Ad being the average
change in interplanar spacing d,,, due to the presence
of defects), and the dislocation density p.

According to X-ray diffraction analysis data
(Fig. 3), milling the coarse strontium hexaferrite mate-
rial in a beater mill for T= 120 min in a magneto-
liquefied layer does not lead to a change in the phase
composition.

Fig. 4 presents histograms showing changes in
the sizes of the coherent scattering regions (D), lattice
microstrains (Ad/d), and dislocation density (p) for
samples of the initial strontium hexaferrite dispersed
material and after processing in the mill for =10,
30 and 120 min. For the initial dispersed material,
the CSR size was D = 309.4 A, the dislocation density
was p =3.13-10" cm™, and the relative deformation
was Ad/d =3.49-10%. As the milling time increases,
the size of the crystallites, determined from the analy-
sis of the broadening of diffraction lines, decreases,
while the lattice microstrain of the SrFe ,0,, phase
and the dislocation density increase. However, during
the processing of the dispersed system in the magne-
toliquefied layer, the intensity of changes in the struc-
tural characteristics of the powder varies. In the first
stage of milling (t = 10 min), there is an intense reduc-
tion in particle size, but the contribution of defect for-
mation processes is small. As seen in Fig. 4, during
this stage of processing the initial strontium hexaferrite
dispersed system, the change in lattice microstrain
Ad/d increased by 1.06-107, the dislocation density p
increased by 0.21-10'! cm™, and the CSR size D
decreased by 9.9 A. In the second stage of processing
the dispersed system for 20 min in the mill, the mill-
ing intensity decreases, and the defect formation pro-
cess intensifies. During this stage, the change in lattice
microstrain increased by Ad/d = 7.50-107, the dislo-
cation density increased by p=1.15-10"" cm™2, and

400 a 1.5 b 5 c
300 T 10 9 4
ot S v ME 3
Q 200 ) =)
S - 2
< 0.5 a8
100
1
0 0 0
0 10 30 120 0 10 30 120 0 10 30 120
T, min T, min T, min

Fig. 4. Changes in the size of coherent scattering regions D (a), lattice microstrains Ad/d (b) and dislocation density p (c)
for samples of the initial dispersed strontium hexaferrite material and after milling with different durations (1)

Puc. 4. I3menenune pazmepa obnacteii KOrepeHTHOTo paccesiHust D (@), MUKPOHCKKSHUH KPUCTAIUTHYECKOM
pemetku Ad/d (b), IIOTHOCTH TUCIOKAIHA p (¢) T 00pa3I0B UCXOTHOTO AUCTICPCHOTO MaTepHraa
rexca)eppuTa CTPOHIMS U TOcie 00pabOTKK B MEJIBHUIIE C PA3INYHOM JITUTEIHOCTHIO (T)
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the CSR size decreased by 41.0 A. In the third stage
of milling, lasting 90 min, the Ad/d value increased
by 1.27-10*, the p value increased by 0.21-10" ¢cm™2,
and the CSR size D decreased by 5.96 A.

The experimental results indicate that the most
intense particle size reduction process during the treat-
ment of the dispersed system in a magnetoliquefied
layer occurs within the first 10 min, with the degree
of milling reaching 271.2 at this stage. The most sig-
nificant increase in lattice microstrain and dislocation
density is observed between 10 and 30 min, during
which the average size of the dispersed system changed
from 12.48 um to 1.09 um. Between 30 and 120 min
of milling, the intensity of the milling and defect
formation processes decreases, but the homogeneity
of the dispersed system increases significantly.

After 120 min of milling the initial strontium hexa-
ferrite dispersed system, the average particle size was
0.57 pm, with a median of 0.46 um, and the values
of D, Ad/d and p were 252.54 A, 13.32-10* and
4.70-10" e¢m™, respectively.

The magnetic properties of bulk samples made from
strontium hexaferrite powder, processed in a beater
mill in a magnetoliquefied layer for 120 min, before
and after annealing can be evaluated from the magnetic
hysteresis loops shown in Fig. 5. To restore the crystal-
line structure of the sample, annealing was performed
for 3 h at a temperature of 950 °C.

The results of the magnetic studies on the sample
made from powder processed in a beater mill in a mag-
netoliquefied layer for 120 min showed that the satura-
tion magnetization M, was 60.032 G-cm?/g, he remanent
magnetization M_was 29.991 G-cm®/g, and the coer-
cive force H, was 1656.6 Oe. As a result of annealing,
the magnetic properties of the strontium hexaferrite
powder improved, with the saturation magnetization,

M, G‘cm3/g

60
H.=1656.6 Oc
M =60.032Gemg 40
M,=27.991 G-em’lg 20

remanent magnetization, and coercive force of the sam-
ple increasing by 8.7, 43.7 and 64.3 %, respectively.

Conclusion

The experimental studies conducted allow us
to observe the changes in the granulometric composition,
crystallite size of the phases, lattice microstrains, and
dislocation density during the production of SrFe ,0 4
powder through milling in a magnetoliquefied layer. It
was established that processing the dispersed system
of coarse strontium hexaferrite material for 120 min
in a beater mill within an alternating inhomogeneous
magnetic field with a frequency of 50 Hz and an induc-
tion gradient of 90 mT/m, along with a constant field
with an induction of 15.3 mT, does not alter the phase
composition of the powder. However, it leads to a
significant reduction in particle size, a decrease in
the size of coherent scattering regions, and an increase
in the lattice microstrain of the SrFe,,0,, phase and
the dislocation density.

It has been shown that during milling, the intensi-
fication of changes in the granulometric composition
and structural characteristics of the dispersed system
of the material being processed significantly decreases
once the average particle size reaches 1 pm. Further
milling results in a substantial reduction in the inten-
sity of changes in the granulometric composition
of the material processed in the mill, while the homo-
geneity of the dispersed system increases significantly.

According to studies conducted using a vibrating
sample magnetometer, the magnetic characteristics
of the sample made from the powder obtained after
milling — namely, remanent magnetization, saturation
magnetization, and coercive force — were determined.
The magnetic properties of the sample increased as
a result of annealing.

M, G-cm3/g

60 |-
H.=2721.5 Oe

M. =65245G-em’g 40
M. =40218 G-emg 20 +

-20 -15 -10

15 H, 10’ Oe

Fig. 5. Hysteresis loops of bulk samples of strontium hexaferrite powder after milling in a magnetoliquefied layer
for 120 min (@) before annealing and (b) after annealing

Puc. 5. MaruuTHbIe NETIIN THCTEpe3nuca 00beMHBIX 00pa3IioB MOPOIIKa rekcadpeppruTa CTPOHLIUS
[10CJIC U3MEJIBUEHHSI B MArHUTOOKHKEHHOM cJioe B TeueHue 120 mun 10 omxura (a) u nocie omxura (b)
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Synthesis of fine tungsten powders
with low impurity content
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Abstract. A chemical-metallurgical method was used to synthesize fine tungsten powders with low oxygen content. The tungsten powders
were obtained by hydrogen reduction of tungsten trioxide (WO, ) powders. Hydrogen was passed through a column with potassium
hydroxide for drying. In the first series of experiments, three fractions of WO, powder of grade “P” 64-100 pum, 40-50 um, and
less than 25 pm were reduced at temperatures of 650, 800, and 950 °C. In the second series of experiments, tungsten powders were
obtained by hydrogen reduction of three different WO, powders of grades “P”, “CP”, and “Tumelom”. The resulting tungsten powders
had varying oxygen contents (0.043-2.18 wt. %) and average particle sizes ranging from 35 to 345 nm. X-ray diffraction analysis
confirmed the presence of pure tungsten. The minimum oxygen content (0.043 wt. %) in the tungsten powder was achieved by reducing
tungsten oxide of grade “CP” at 950 °C for 3 h.
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CuHTe3 AucnepcHbIX NOPOLKOB BoNibdpaMa
C HU3KUM cofepXXaHueM npumecemn

A. B. AukynuHOB, E. B. EBcTpaTos ©, M. UI. AnbivoB
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AHHoTayums. [l cuHTe3a IMCIICPCHBIX BOJIb(OPAMOBBIX MOPOIIKOB ¢ HU3KHM COACPIKaHUEM KHCIIOPOZa HCIOIb30BaH XUMUKO-METall-
myprudeckuii meton. Ilopomiok Bomb(pama modydand BOZOPOAHBIM BOCCTAHOBIEHHEM MOPOIIKOB BONb(PAMOBOTO aHTUAPHUAA
WO,. Bonopon npornyckaiyi 4epe3 KOJIOHHY ¢ THAPOKCUIOM Kalus Il OCYIIEHHs. B 1epBoii cepuyn SKCIIEPUMEHTOB NPH TEMIIE-
parypax 650, 800 n 950 °C BoccTanaBnuBanu Tpu (Gpakuuu nopoika sojibdpamosoro anruapuaa WO, mapku U: 64-100, 40-50
u MeHee 25 MKM. Bo BTOpoIf cepun SKCIIEpHMEHTOB TMOPOIIOK BOIb(pama MOIydann BOJOPOAHBIM BOCCTAHOBIEHHEM TPEX Pa3HbIX
HOpoIKOB Bojb(pamosoro anruapuna WO, mapok U, XY, «Tymenom». Iomyuuny nopomku Boib(ppama ¢ pasanyHbIM CONEP-
skanueM kuciopoaa (0,043-2,18 mac. %) u cpennum pasmepom vacTtur 35-345 um. PentreHoda3zoBblii aHanu3 MoKas3an YUCThINA
Bob(pamM. MuHNMansHOe copepxkanne kucnopoaa (0,043 mac. %) B mopoiike Boiab(ppama MoTydeHO MPU BOCCTAHOBIEHHN OKCHIA
Bonbdpama mapku XY npu temmneparype 950 °C B Teuenue 3 u.

KnioueBbie crioBa: cuntes, BOb(pam, OPOIIOK, BOCCTAHOBICHUE, TEMIIEpaTypa
bnaroaapHocTy: PaboTa BEINOIHEHA B paMKax rocyaapcTBeHHOro 3aganust 075-00320-24-00.
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Introduction

Tungsten powders are widely used in various indust-
ries and scientific fields (e.g., radiation shielding for
certain medical treatments, nuclear energy, mechanical
engineering, etc.) [1-4].

Tungsten is characterized by a high melting point,
high thermal conductivity, and low sputtering under
plasma exposure, which makes it suitable for the fabri-
cation of internal walls in thermonuclear reactors [5].
However, it is well known that oxygen impurities
weaken grain boundaries, thus increasing the risk
of cold cracking and leading to a higher ductile-to-
brittle transition temperature [6; 7].

Fine tungsten powders are synthesized by various
methods. The plasma chemical method is used to pro-
duce nanopowders of refractory metals such as W, Mo,
Nb, and Ta with average particle sizes ranging from 10
to 100 nm or more [8; 9]. The particles of these pow-
ders have a regular shape [10; 11].

Experimental studies on the synthesis of fine tung-
sten powder from scheelite (CaWO,) by the self-pro-
pagating high-temperature synthesis (SHS) method
were presented in [12; 13]. After leaching the SHS
products with a 20 % aqueous hydrochloric acid solu-
tion, tungsten powder with a purity of over 99.9 wt. %
and particle size less than 0.5 pm was obtained.

In [14], experimental studies on the hydrogen
reduction of tungsten acid vapors WO,(OH), at around
1000 °C were conducted, resulting in powders contain-
ing about 70 wt. % tungsten with a particle size of less
than 5 nm.

The work [15] presented experimental studies on
the hydrothermal synthesis of porous spherical tung-
sten oxide particles followed by hydrogen reduction at
600-650 °C. The spherical tungsten particles, measur-
ing tens of microns, consisted of crystallites with sizes
ranging from 28 to 37 nm.

In industrial practice, tungsten is typically produced
using a chemical-metallurgical method [16; 17], which
involves the hydrogen reduction of WO;. This techno-
logy does not require expensive specialized equipment.
Tungsten ores are enriched to obtain standard concent-
rates containing 55-65 wt. % tungsten trioxide (WO;).
Various technological schemes are used in industrial
practice to process concentrates to produce tungsten
trioxide, which serves as a precursor for the produc-
tion of tungsten, tungsten carbide, and other products.
The final compounds in the concentrate processing are
usually tungsten acid (H,WO,) or ammonium para-
tungstate (APT) 5(NH,),0-12WO,-5H,0, which, upon
calcination, yield WO, . Tungsten acid completely loses
water at ¢= 500 °C, while APT decomposes above

14

250 °C. The calcination temperature of APT depends
on the intended use of WO, .

The reduction process is conducted in tubular
furnaces [18] with an excess of dry hydrogen passed
over the powder bed (2—4 cm thick) at a rate ensu-
ring the removal of water vapor at temperatures above
630 °C. The primary impurity in tungsten powders is
oxygen, the content of which (depending on the reduc-
tion mode) ranges from 0.05 to 0.30 wt. % [19; 20].

Advancements in technology demand higher per-
formance characteristics of tungsten powders, inclu-
ding finer particle size and lower oxygen content [21].
Therefore, the practical task of developing a techno-
logy for synthesizing fine tungsten powders with low
oxygen content is highly relevant. This study aimed
to investigate the influence of precursor particle size
and reduction temperature on the particle size and oxy-
gen content in tungsten powders.

Materials and methods

Tungsten powder was obtained by hydrogen reduc-
tion of three grades of tungsten trioxide (WO, ) powder:
“P” (Pure), “CP” (Chemically Pure) and from LLC “Tu-
melom”. The hydrogen used conformed to the standard
OST 11050.003-83. Hydrogen was passed through
a column with potassium hydroxide for drying, ensur-
ing a dew point of approximately —60 °C. The hydro-
gen flow rate was 1 L/min.

The oxygen content in all powders was analyzed
using the infrared absorption method on a “Leco
TC-600" (USA) apparatus. The method involves plac-
ing a powder sample in a graphite crucible within
the analyzer’s furnace, where it melts to form a carbon-
saturated melt in a helium atmosphere. The carbon
in the molten bath reacts with the sample’s oxygen
to form carbon monoxide, which is then flushed out
of the furnace by the helium stream. The oxygen con-
tent is determined by molecular absorption spectros-
copy in the infrared region.

X-ray diffraction analysis was conducted using
a “DRON-3M” diffractometer (Burevestnik, Russia)
in CukK, radiation (A=1.54158 A). Diffraction pat-
terns were recorded in continuous scanning mode
over the 20 angle range of 20 to 80° with a step size
of 0.02°. Phase identification was performed using
the “Crystallographica Search Match” software based
on the Powder Diffraction File (PDF-2) database.

Specific surface area determination by the BET
method was performed according to GOST 2405 on
a “TriStar 3000” surface area analyzer (Micromeritics,
USA). Scanning electron microscopy (SEM) was car-
ried out on an ultra-high resolution field emission scan-
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ning electron microscope “Zeiss Ultra plus” based on
“Ultra 55” (Carl Zeiss LLC, Germany).

Results and discussions

First series of experiments. WO, powder
of grade “P” was sieved into three fractions, pm:
64-100, 4050, and less than 25. These three powders
were reduced in a tubular furnace IMETRON for 2 h
in a hydrogen stream at temperatures of 650, 800 and
950 °C. A nickel boat containing 5 g of each powder,
with a layer thickness of about 3 mm, was placed in
a vacuum-tight quartz retort with a diameter of 6 cm
and a length of 80 cm. The temperature gradient along
the boat was not more than 5 °C. The retort scheme,
placed in the furnace, is shown in Fig. 1. Nine reduced
tungsten powders were obtained. Table 1 presents
the reduction modes for WO, powder grade “P” and
the characteristics of the obtained tungsten powders.

Experimental data (Table 1) show that, regardless
of the particle size of WO,, increasing the reduction

temperature decreases the oxygen content and increases
the average particle size of the tungsten powder.

Second series of experiments. This series
was performed on unsieved powders. The reduction
of three grades of WO, powder was conducted for 3 h
in a hydrogen stream at 950 °C. Three reduced tung-
sten powders were obtained (Table 2).

When reduced from WO, grade “CP” at 950 °C for
3 h, the tungsten powder with the lowest oxygen con-
tent — 0.043 wt. % — was obtained.

The average particle size (d) of the powders was
calculated using the formula d= 6/(pS), where p is
the density of tungsten (19.3 g/cm?), and S is the spe-
cific surface area of the powder, m?/g.

The X-ray diffraction (XRD) results for all powders
indicate pure tungsten (Fig. 2). Fig. 3 shows an SEM
image of tungsten powder reduced from grade “CP”
tungsten oxide at 950 °C for 3 h. The particle shapes
of all the powders are similar, regardless of the reduction
conditions, with the main difference being particle size.

y H

\

L [ X J

XY 0% —l
Column with potassium
hydroxide H,

Hydrogen

Quartz retort cylinder

H

T

_\@%&%}m{ j

Nickel boat

Powder to be reduced

Fig. 1. Scheme of a retort for the reduction of powders

Puc. 1. Cxema PETOPTHI 111 BOCCTAHOBJICHUS ITOPOIIKOB

Table 1. Reduction modes for WO, powder grade “P” and characteristics of tungsten powders

Tabnuya 1. Pexumbl BoccTano/ienus nopouka WO, mapku Y u XapakTepucTUKH NOPOUIKOB BOJIb()pama

Precursor Reduction Oxygen content, Specific surface | Average particle
particle size, um temperature, °C wt. % area, m%/g size, nm

650 2.180 8.9 35

225 800 0.390 4.5 69
950 0.150 1.5 207

650 1.930 7.8 40

40-50 800 0.270 3.6 86
950 0.100 1.3 239

650 2.010 7.0 44

64-100 800 0.230 3.3 94
950 0.073 1.7 183
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Table 2. Characteristics of tungsten powders obtained
at a reduction temperature of 950 °C,3 h

Tabnnya 2. XapaKkTepucTHKHU MOPOLIKOB BOJIb(ppama,
N0JIy4YeHHBIX IIPH TeMIlepaType BoccTaHoBaenus 950 °C
B TeyeHue 3 4

g Oxygen Specific Aver.age
; content, surface area, particle
oxide 2 .
wt. % m*/g size, nm
P 0.091 1.5 207
CP 0.043 0.9 345
Tumelom 0.122 1.1 283

The results of all experiments are shown in Fig. 4.
It can be seen that with an increase in the reduction
temperature, there is a significant growth in the average
particle size of the reduced tungsten powder, regardless
of the precursor’s dispersity. Simultaneously, the oxy-
gen content decreases.

W 110
>
= W 2ll
g W 200
= w110 i 1
\ |
1 1 AI 1 h 3
20 30 40 50 60 70 80

26, deg

Fig. 2. X-ray patterns of tungsten powders
1 —Tumelom; 2 - P; 3 - CP

Puc. 2. PenTreHorpaMmbl MOPOIIKOB BOIb(ppama
1 —-Tymenom; 2 -Y; 3 -XY

Fig. 3. SEM image of tungsten powder reduced from tungsten
oxide of chemical grade “CP” at 950 °C for 3 h

Puc. 3. COM-u300paxkeHne mopoiika Bosibppama,
BOCCTAHOBJIEHHOTO U3 OKcua Boibdpama mapku XY
pu Temneparype 950 °C B Teuenue 3 4
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Fig. 4. Dependence of oxygen content and average
particle size of tungsten powder on reduction temperature
for different tungsten oxide powders

Puc. 4. 3aBucuMOCTb CoepIKaHust KUCIOPOa
U CPEJIHEero pa3Mepa 4acTHI] HOPOLIKa BoJIbdpama
OT TeMIIepaTypbl BOCCTAHOBJICHHS JUISl PA3HBIX TIOPOIIKOB
oKcuaa Boibdpama

Conclusion

Fine tungsten powders with low oxygen content
were synthesized from tungsten trioxide using a che-
mical-metallurgical method. The minimum oxygen
content in the powder was obtained by reducing tung-
sten oxide of grade “CP” at 950 °C for 3 h. The resul-
ting tungsten powder had the lowest oxygen content
of 0.043 wt.% and an average particle size of 345 nm.
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High-entropy coatings
in the FeCrNiCo-Mo_ system with enhanced corrosion
and tribocorrosion resistance in seawater

K. A. Kuptsov®, M. N. Fatykhova, A. N. Sheveyko, R. T. Islamov,
A. A. Zaitsev, D. V. Shtansky

National University of Science and Technology “MISIS”
1 Bld, 4 Leninskiy Prosp., Moscow 119049, Russia

&3 kuptsovk@gmail.com

Abstract. To tackle the pressing challenge of protecting steel products in marine and coastal infrastructure from corrosion and tribo-
corrosion, high-entropy coatings in the FeCrNiCo-Mo_ system were developed using automated vacuum electrospark deposition with
specialized equipment. Discs with a diameter of 30 mm made from 30Kh13 steel were used as substrates. The coatings were applied
using FeCrNiCo-Mo _electrodes, where x =0, 5, 10, and 15 at. %, produced by powder metallurgy. The structure, elemental, and phase
compositions of the coatings were evaluated using XRD, SEM, and EDS methods. FeCrNiCo—-Mo_ coatings were obtained through
the remelting of the substrate and electrode material. Coatings with a moderate molybdenum content (25 at. %) formed a single-phase
solid solution with an FCC lattice. At a Mo content of around 7 at. %, the formation of a second phase based on molybdenum with
a BCC lattice was observed. The thickness of the FeCrNiCo coatings was 45 pm, while the addition of molybdenum to the coatings
reduced this thickness to 32-34 um. The corrosion and tribocorrosion resistance of the coatings was assessed in artificial seawater using
electrochemical and tribological methods. Under stationary corrosion conditions, the coating with 2 at. % Mo exhibited the highest
corrosion resistance, with a corrosion potential of 50 mV and a corrosion current density of 2 pA/cm?. Under tribocorrosion conditions,
the coating with 5 at. % molybdenum demonstrated the highest wear resistance, with a value of 210~ mm?*/(N-m).

Keywords: electrospark deposition, vacuum, coatings, seawater, electrochemistry, wear resistance, corrosion resistance, tribocorrosion
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BbICOKOSHTPOMNMUHbBIE NOKPLITUS
B cucteme FeCrNiCo-Mo, c nosbiweHHOM
KOPPO3NOHHOMU U TPMOOKOPPO3NOHHOM CTOMKOCTbIO
B MOPCKOM Bofie

K. A. Kynnjos ©, M. H. ®arbixoBa, A. H. llleseiiko, P. T. Victamos,
A. A.3aitues, [I. B. lllTanckmit

HanmnonanbHblii Hcc/ieoBaTeIbCKHil TexHoIornyeckuii ynusepeuter «MUCHUC»
Poccust, 119049, . Mocksa, JIeHuHckwuii np-T, 4, ctp. 1

&3 kuptsovk@gmail.com

AHHoTayums. [ pelieHns akTyalibHOM POOIeMbI 3aIIUTHI CTAIbHBIX U3ICIHNA MOPCKOH H PHOPEKHOM HHPPACTPYKTYPHI OT KOPPO3HU

1 TpHOOKOPPO3HH OBUTH Pa3paboTaHbl BEICOKOIHTPONHIHEIEC MOKpbITHs B cucTeMe FeCrNiCo-Mo , mostygaeMble METOJIOM aBTOMa-
TU3UPOBAHHOIO IEKTPOUCKPOBOIO JErHMPOBaHUS B BaKyyMe C UCIIOJIb30BaHHEM CIICMaIbHON YCTaHOBKU. B KkauecTBe moAIoKeK
NPUMEHSIIACH AuckH JuamerpoM 30 MM u3 cramu 30X13. J{inst HaHeceHus! NOKPHITHH ncnoiab3oBannch mekTponsl CrNiCo-xMo,
e x=0,5,10 u 15 ar. %, moxy4eHHbIE METOIOM HOPOMIKOBON MeTaurypruu. CTpYKTypy, JIeMEHTHBIH U (pa3oBBI cOCTaBbI
nokpeITHi onennBanu Merogamu POA, COM n DJIC. 3a cyer neperuiaBa Marepuasa IOUIOKKU M DJIEKTPoJia ObUIN IOJIy9YeHBI
nokpeiThst FeCrNiCo-Mo, . TTokpeiThs ¢ ymMmepeHHO# none monubaena (2-5 at. %) MpecTaBistoT coboi oHodasHbIi TBEPIbIH
pactBop ¢ I'lIK-pemrerkoii. [Tpu comepxkanuu Mo oxono 7 at. % HaGmomaercs popMUpoBaHHe BTOPOil (a3bl HA OCHOBE MOJHO-
nena ¢ OlK-penrerkoii. Tommmua mokpeituii FeCrNiCo cocrapmsiia 45 MKM, BBEJICHUE MOJHOJ/ICHA B COCTAaB MMOKPBITHI MPUBO-
IO K ee CHIDKeHWIO 10 32-34 MkM. OueHka KOpPO3HOHHOM M TPHOOKOPPO3MOHHOM CTOWKOCTH IOKPBITHH OCYIIECTBISUIACH
B NCKYCCTBEHHOM MOPCKOH BOJE IEKTPOXHUMHUYECKUMH 1 TPUOOIOTHYECKUMH METOaMH. B cTalimoHapHBIX KOPPO3HOHHBIX YCIIO-
BUSIX IOKpEITHE C 2 aT. % Mo XapakTepr30Baloch HaHOOJIbIIEH KOPPO3HOHHON CTOMKOCTHIO: KOPPO3UOHHBIN MTOTEHIMAN COCTaBIISII
50 MB, mwi0THOCTL TOKa KOppo3ur — 2 MKA/cM?. B TpuGOKOPPO3MOHHBIX YCIOBUSIX HAUOOJBIIEH H3HOCOCTOMKOCTBIO HA YPOBHE

2-107° mm?/(H-m) 06anano nokpeitue ¢ 5 ar. % monudeHa.

KnioueBbie caoBa: 51eKTPOMCKPOBOE JICTUPOBAHUE, BAKYyM, OKPBITHS, MOPCKasi BOZA, DIEKTPOXUMHUS, H3HOCOCTOHKOCTh, KOPPO-
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Introduction

Currently, over 50 % of the world’s population
lives within 60 km of the coastline [1]. More than 80%
of global trade is conducted by sea [2; 3]. Human eco-
nomic activity in the marine and coastal zones is closely
linked to the production and operation of marine trans-
port vessels and coastal infrastructure. Steel, due to its
high specific strength, wide availability, and favorable
economic characteristics, is one of the primary struc-
tural materials used for these purposes [4; 5]. However,
the challenges of using structural steels in seawater
arise not only from corrosion but also from tribocor-
rosion — a phenomenon that combines mechanical
wear and corrosion degradation [6; 7]. Tribocorrosion
causes the most damage to friction pairs, such as bea-
rings, shafts, rods, swivels, etc. [8], leading to a sig-
nificant reduction in the service life of structures and
resulting in substantial economic losses. In industria-
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lized countries, the economic impact of tribocorrosion
can account for up to 3—4 % of GDP [9; 10].

The primary method of corrosion control in marine
environments is alloying steel with chromium and
molybdenum due to their ability to form a dense passive
film on the surface [11-13]. This film acts as a barrier,
preventing contact between the metal and the aggres-
sive environment, thereby protecting against further
degradation. However, a recently discovered class
of high-entropy alloys (HEAs) has outperformed tradi-
tional chromium- and molybdenum-enriched stainless
steels in terms of tribocorrosion resistance [14—16].
Fe-based HEAs (Fe—Cr—Ni—Co—X) are promising mate-
rials for use in the marine industry due to their excel-
lent mechanical and corrosion properties. Chromium
promotes the formation of a stable and dense passive
film, with high chromium content enhancing resistance
to pitting corrosion. Nickel contributes to resistance
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against both general and localized corrosion and serves
as an austenite stabilizer. Cobalt also plays a role in
stabilizing the oxide film. However, the key element
ensuring the formation of a dense and high-quality pas-
sive film, especially in the presence of chromium, is
molybdenum.

The cost of high-entropy alloys is relatively high
due to the substantial content of expensive alloying
elements and the complex manufacturing process.
Additionally, some HEAs have shown a tendency
toward brittle behavior under certain conditions [17].

The most promising application of high-entropy
alloys for corrosion protection is not in the fabrication
of entire structural components from HEAs but in their
use as surface coatings. Currently, HEA-based coatings
are primarily produced by methods such as laser clad-
ding, electro-spark deposition, magnetron sputtering,
and others [18; 19].

Electro-spark deposition (ESD) in a vacuum using
CNC-controlled equipment is one of the most promising
methods for producing wear-resistant and corrosion-
resistant coatings on various steels due to its improved
uniformity and purity [20]. This method can produce
relatively thick coatings, up to 200 um [18; 21], with
excellent adhesion strength due to micrometallurgi-
cal reactions between the electrode and the substrate.
Additionally, this coating technology is characterized
by its relative simplicity, cost-effectiveness, high pro-
ductivity, ease of process automation, and the capabi-
lity for localized coating deposition. During vacuum
electro-spark deposition, material transfer from
the electrode to the substrate and pulsed cathode-arc
evaporation of the electrode, initiated by spark dis-
charge, occur simultaneously. This enhances process
efficiency and improves surface wettability, resulting
in lower coating roughness [10].

The aim of this study was to investigate the influ-
ence of molybdenum on the structure, corrosion,
and tribocorrosion properties of coatings based
on the FeCrNiCo-Mo, high-entropy alloy.

Materials and methods

The FeCrNiCo-Mo_ were deposited using a spe-
cialized vacuum system for electrospark deposition,
equipped with a three-axis table and a rotating elect-
rode holder [22]. the electrodes used for the coatings
were produced by powder metallurgy from a base
equiatomic mixture of CrNiCo with addition of 5, 10,
and 15 at. % Mo. Iron was introduced into the coatings
through the mixing of the substrate and electrode mate-
rial during the electrospark deposition process.

Fig. 1 shows SEM images of high-purity (>99 %)
metal powders of Cr (PKh-18S, <63 um), Ni (PNK-0T2,
<20 um), Co (PK-lu, <1.2 um), and Mo (PM99.95,
<5 um), which were used to prepare the initial mixture
for electrode production. the powders were mixed in a
ball mill for 4 h. Blanks were produced from the mix-
ture by cold pressing, followed by sintering in a vacuum
furnace at 1300 °C for 60 min (with a residual pressure
in the vacuum chamber not exceeding 1-1072 Pa). After
sintering, the electrode blanks were ground to produce
rods 60 mm in length and 6 mm in diameter.

Before deposition, the vacuum chamber was
evacuated to a pressure of 5-1073 Pa, after which Ar
(99.993 %) was introduced to maintain a working pres-
sure of 20 Pa. the coatings were deposited under the fol-
lowing parameters: electrode rotation speed — 1000 rpm,
scanning speed and step — 500 mm/min and 0.5 mm,
respectively. After each processing cycle, the scanning
direction was changed to perpendicular to ensure better
coverage and uniformity of the coatings.

Fig. 1. SEM images of powders used for electrodes production

Puc. 1. COM-n300paxeHus TOPOLIKOB, HCIIOIb3YEMBbIX UL H3TOTOBICHHS JIEKTPOIOB
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The FeCrNiCo-Mo_ coatings were deposited onto
30 mm diameter, 3 mm thick discs made of 30Kh13
steel under the following technological parameters:
pulse frequency — 500 Hz, voltage — 50 V, pulse dura-
tion — 50 ps, electrode polarity — anodic.

Phase composition of the coatings was studied
using X-ray phase analysis (XRD) on a D8 Advance
diffractometer (Bruker, Germany) with monochromatic
CuK radiation in the 20 angle range from 10 to 100°.

Morphology and microstructure of the coatings
were examined using a scanning electron microscope
(SEM) S-3400N (Hitachi, Japan) equipped with
an energy-dispersive spectrometer (EDS) NORAN
(Thermo Scientific, USA).

Electrochemical properties of the coatings were
studied in a three-electrode cell using an IPC Pro MF
potentiostat (Russia). A platinum electrode was used
as the auxiliary electrode, and an Ag/AgCl electrode
served as the reference. the corrosion current den-
sity and potential were determined by extrapolating
the polarization curves using the Tafel method.

Tribocorrosion resistance of the coatings was
evaluated using a Tribometer (CSM Instruments,
Switzerland) equipped with a special rotating cell that
allows the registration of the electrochemical corrosion
potential during tribological tests in a ball-on-disk con-
figuration. the tests were conducted in artificial seawa-

CoCrNi— 0

TRy

ter at a load of 5 N, a distance of 500 m, and a sliding
speed of 10 cm/s. the artificial seawater was prepared
according to ASTM D1141-98 from the following
salts (g/L): NaCl (24.53), MgCl, (5.20), Na,SO, (4.09),
CaCl, (1.16), KCI1 (0.695), NaHCO, (0.201), KBr (0.1),
H,BO, (0.027), SrCl, (0.003), NaF (0.003).

An alumina (Al,O;) ball with a diameter of 6 mm
and a roughness of R = 0.8 um was used as the coun-
terbody. the wear tracks on the coatings were examined
using optical profilometry with a WYKO NT1100 pro-
filometer (Veeco, USA).

Results and discussion

Fig.2 presents SEM cross-sectional images
of the electrodes after sintering and the corresponding
molybdenum distribution maps. All electrodes were
characterized by high density and low residual poro-
sity. Molybdenum in the CoCrNi—5Mo electrode was
evenly distributed throughout the volume, while in
electrodes with higher Mo content (10 and 15 at. %),
clusters rich in molybdenum were observed.

The coatings obtained using the CoCrNi, CoCrNi—5Mo,
CoCrNi—10Mo, and CoCrNi-15Mo electrodes are
referred to as OMo, 5Mo, 10Mo, and 15Mo, respec-
tively. Fig. 3 shows SEM images of the coating sur-
faces and the corresponding element distribution maps;
the composition of the coatings is provided in Table 1.

CoCrNi-1 §M

Electrodes Contents, at. %
Cr Co Ni Mo
c CrNiCo-5Mo 32 31 33 5
CrNiCo-10Mo 29 30 31 10
CrNiCo-15Mo 28 29 28 15

Fig. 2. SEM images of electrode cross-sections (@), Mo distribution maps (b) and elemental composition (¢)

Puc. 2. COM-u306paskenust uinOB MEKTPOIOB (@), KapThl pactpeaeneans Mo (b) u anmeMeHTHBIH cocTaB (¢)
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the surface of the coatings exhibits a characteristic
morphology in the form of overlapping areas of solidi-
fied melt formed by individual electrospark deposition
pulses. No cracks or other surface defects were detected
on the coatings. the 0Mo coating was characterized by
a uniform distribution of elements across the surface.
the introduction of Mo into the coatings resulted in
the formation of a less homogeneous structure. It is
evident that the 10Mo and 15Mo coatings consist
of two distinct areas: 1) iron-based and 2) regions with
higher concentrations of Mo, Ni, and Co. Additionally,

0Mo y

Table 1. Elemental composition (at. %)
of the surface of FeCrNiCo-Mo, coatings

Tabnumya 1. deMeHTHBII cocTaB (aT. %)
nosepxHoctu nokpeitTuii FeCrNiCo-Mo,

Coating (0) Cr | Fe | Co | Ni | Mo
OMo 4 20 | 41 16 | 19 -
5Mo 4 21 | 41 17 | 15 2
10Mo 3 24 | 31 17 | 20 5
15Mo 5 20 | 43 | 12 | 13 7

250 pm

250 pm

250 pm

Fig. 3. SEM images of coating surface and corresponding element distribution maps

Puc. 3. COM-u300paskeHHs TOBEPXHOCTH MOKPBITUH 1 COOTBETCTBYIOIINE KapThl PACIPEACICHHS JIEMEHTOB
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the coating with the highest molybdenum content
exhibited increased surface roughness, with so-called
“burns” containing large amounts of molybdenum.

Iron was the primary element in the coatings.
the introduction of iron into the coatings occurred
directly during electrospark deposition due to the mix-
ing of the melts from both the electrode mate-
rial and the substrate material in localized melting
areas. the 10Mo coating had the lowest iron content,
at 31 at. %, while in the other coatings it ranged
between 41-43 at. %. This effect is likely due to more
intensive transfer of the CoCrNi—10Mo electrode mate-
rial. the molybdenum content in the coatings increased
with its proportion in the electrodes, reaching 2 (5Mo),
5 (10Mo), and 7 (15Mo) at. %, respectively. the 10Mo
coating had the highest chromium content of 24 at. %,
while the other coatings showed chromium levels in
the range of 20-21 at. %. the Ni and Co content in
the OMo—10Mo coatings was 15-20 at. %, while in
the coating with the highest molybdenum content, it
was around 12-13 at. %. Additionally, all coatings
showed a small oxygen content of about 3—5 at. %.

Fig. 4 shows SEM cross-sectional images ofthe coat-
ings at various magnifications. the coatings exhibited
high density, with no voids or cracks detected. the base
FeCrNiCo coating without molybdenum had the high-
est thickness — up to 45 pm — while processing with
molybdenum-containing electrodes reduced the thick-

0Mo
a -

ness to 32-34 um (5Mo—15Mo coatings). the reduction
in coating thickness is associated with the altered mate-
rial transfer during processing due to the introduction
of refractory molybdenum, which led to a decrease in
the size of the melt zone. Additionally, the molybde-
num-containing coatings showed more pronounced
transition areas between the substrate and the coat-
ing. the main layer of the 0Mo and 5Mo coatings was
characterized by high uniformity, while the introduc-
tion of a higher amount of molybdenum into the coa-
tings resulted in the formation of more distinct areas,
rich in molybdenum and depleted in iron (Fig. 4, ¢).
In the 10Mo coatings, these areas appeared as isolated
clusters smaller than 5 um, while in the 15Mo coating,
these areas formed a discontinuous top layer.

Fig. 5 presents XRD patterns of FeCrNiCo-Mo_
coatings and the steel substrate. All coatings were
characterized by a single-phase structure based on
a solid solution with an FCC lattice and a strong (200)
texture, formed due to the directional solidification
of the melt zones. Increasing the molybdenum con-
tent in the coatings leads to a shift of the FCC peaks
towards lower angles, indicating an increase in the lat-
tice parameter due to the large atomic radius of molyb-
denum. It is worth noting that the 10Mo and 15Mo coa-
tings have the same lattice parameter, which may be due
to the small difference in molybdenum content (5 and
7 at. %) and the fact that when the molybdenum con-

15Mo

7100 im
—

10Mo

. Contents, at. %
Coating Area -

(0) Cr Fe Co Ni Mo
0Mo 1 5 22 27 23 23 —
sM bi 12 18 50 7 10 3

¢ © 2 - 15 84 - 1 -
1 12 17 53 6
10Mo
2 13 25 10 21 23 8
15Mo 1 11 22 21 17 19 10
2 12 17 53 6 8 4

Fig. 4. SEM images of cross-sections of FeCrNiCo-Mo, coatings at different magnifications (a, b)
and elemental composition of selected areas (c)

Puc. 4. COM-uzo6paxenus mnpos nokpeituii FeCrNiCo-Mo 1pu pasiuyHbIX yBelHueHUsX (a, b)
1 3JIEMEHTHBIN COCTaB BBIJCICHHBIX o0nacTtei (¢)
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T @ (110) a
m — Fe—Cr—Ni (austenite) (200)
@ — Fe—Cr (ferrite)
;‘ 1 1 1
& @ (211
§ 30Kh13 : (200) 1 (200) JL( ) 49 50 51 52 53
=
= (111) m (220) ] = c
15 Mo _A N
10 Mo )\ } A N
5 Mo J\ A N
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Fig. 5. XRD patterns of FeCrNiCo-Mo_ coatings and 30Kh13 substrate (a),
as well as detailed image of FCC (200) peaks (b) and 15Mo coating (111) FCC and (110) BCC phases peaks (c)

Puc. 5. Mudpaxrorpammsr nokpeituii FeCrNiCo-Mo u nmoanoxku 30X13 (a),
a Takke yBenmdeHHoe m3o0pakenune nuka (200) ['LK-dasst (b) u mukos (111) 'LHK- u (110) OLUK-da3 mns nokpeitas 15Mo (c)

tent exceeds a certain threshold (5 at. % in our case),
additional molybdenum can no longer be incorporated
into the FCC lattice and will form its own phase.

In the case of the 15Mo coating, a second set of low-
intensity peaks corresponding to an a-Fe (ferrite) phase
can be distinguished. On one hand, these peaks could
be attributed to the substrate, which has this structure.
On the other hand, given the thickness of the coatings,
this assumption seems unlikely. Another possible expla-
nation is the formation of an additional BCC phase rich
in molybdenum. the presence of such regions was shown
in the cross-sections of the 15Mo coating. Additionally,
molybdenum has very limited solubility in the FCC
phase, as it is a ferrite stabilizer. Thus, processing with
the CoCrNi—15Mo electrode is undesirable, as it leads
to the formation of a two-phase coating.

Fig. 6 presents the results of tribocorrosion tests
of FeCrNiCo-Mo_ coatings. These tests included three
stages: exposure to a corrosive environment (artificial
seawater); tribological testing in a corrosive environ-
ment; and re-exposure under stationary conditions after
the friction process was completed.

A key characteristic of tribocorrosion is the continu-
ous wear of the passive film, which causes a sharp drop
in corrosion potential due to the exposure of an active
surface in the corrosive environment. the base 0Mo
coating exhibited the highest corrosion potential
during friction at —180 mV. Introducing a moderate
amount of molybdenum (5Mo and 10Mo coatings) led
to a more significant decrease in corrosion potential,
down to —200 mV. the coating with the highest Mo
content showed the highest drop in corrosion potential
to —250 mV, likely due to the formation of galvanic
couples between iron- and molybdenum-rich regions.

the coefficient of friction for all coatings ranged from
0.2 to 0.3, with the lowest levels (0.2—0.25) observed in
the 0Mo and 10Mo coatings.

The highest wear resistance was observed in
the 10Mo and 15Mo coatings with higher molybdenum
content — the wear rate was (2.0+2.7)-10~ mm?/(N-m),
whereas in the OMo and 5Mo coatings, it was
(4.1+4.8)-10° mm3/(N-m). This effect is likely due
to the strengthening of the high-entropy matrix in
the 10Mo and 15Mo coatings through the formation
of molybdenum-rich regions.

Wear tracks and the composition of wear pro-
ducts are shown in Fig. 7 and Table 2. the morphology
of the wear tracks represents partially worn roughness,
and the wear products are mainly represented by iron
and chromium oxides.

The polarization curves of the coatings with varying
Mo content are shown in Fig. 8. the corrosion poten-
tial and current density of the base FeCrNiCo coatings
were 70 mV and 3.5 pA/cm?, respectively. the introduc-
tion of 2 at. % Mo (5Mo coating) led to a slight shift
of the potential in the negative direction to 50 mV, but at
the same time, the corrosion current density decreased by
almost a half (2 pA/cm?). Further increasing the molyb-
denum content to 5-7 at. % (10Mo, 15Mo) caused an
increase in the electrochemical potential to 110-120 mV;
however, the corrosion current density increased to 4.0—
4.5 nA/cm?. Thus, the introduction of a small amount
of molybdenum into FeCrNiCo leads to a reduction
in corrosion current density, while further increases in
molybdenum content primarily result in a significant
shift in corrosion potential towards positive values.

This electrochemical behavior can be explained as
follows. the introduction of a small amount of molyb-
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Fig. 6. Results of tribocorrosion tests (corrosion potential and coefficient of friction) of FeCrNiCo—-Mo, coatings
in artificial seawater (), typical 2D wear track profiles (b) and wear rates (c)

Puc. 6. Pesynbrarsl TpHOOKOPPO3NOHHBIX UCCIIEN0BAHUI (TIOTEHIMAT KOPPO3HUU U KOI(DPHUIIMEHT TPESHHS)
nokpbituil FeCrNiCo-Mo, B ucKyccTBeHHOH Mopckoi Bojsie (@), Tumuunbie 2D-npodum nopoxkek uzHoca (b)
W 3HAYCHUSI IPUBEICHHOTO U3HOCA (C€)

denum (2 at. %) does not lead to the formation
of molybdenum-rich regions, so the surface potential
remains almost unchanged. Nevertheless, molybde-
num in such quantities, especially when paired with
chromium, contributes to the formation of a denser
passive film, which improves the corrosion resistance

0Mo SMo

of the 5Mo coatings. A higher molybdenum content in
the coating leads to the formation of regions (possibly
phases) rich in molybdenum, which shifts the sur-
face potential in a more positive direction. However,
the presence of surface heterogeneities intensifies cor-
rosion processes.

10Mo 15Mo

Fig. 7.3D profiles and SEM images of wear tracks of FeCrNiCo-Mo_ coatings after tribocorrosion tests

Puc. 7. 3D-npopunu 1 COM-u3o0paskenus joposek nsHoca nokpbituit FeCrNiCo—-Mo  nocie TpuOoKOpPO3HOHHBIX HCTIBITAHUH
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Table 2. Elemental composition of wear products (at. %)
Tabnuya 2. JneMeHTHBIIi COCTAaB MPOAYKTOB U3HOCcA (aT. %)
Coating C O | Na | Mg | Si Cl | Ca | Cr | Fe | Co | Ni | Mo
OMo 38 37 1 1 1 1 1 4 10 3 3
5Mo 16 58 - 1 1 1 1 4 15 2 1 -
10Mo 18 54 1 1 1 1 1 4 15 2 2
15Mo 48 31 1 1 1 1 1 3 10 1 1 1
10° 4. Under tribocorrosion conditions, coatings with
10Mo moderate molybdenum content (up to 5 at. %) demon-
0k 5Mo strated a corrosion potential drop to —180 to —200 mV
. OMo and a coefficient of friction around 0.25. the addition
\g 102 b of higher amounts of molybdenum led to a more sig-
é nificant potential drop (down to —250 mV) and a higher
8 10t 15Mo coefficient of friction (up to 0.3). the coating with
8 5 at. % molybdenum exhibited the highest wear resis-
0 - tance, with a specific wear rate of 2-105 mm?*/(N-m).
10° L ' ' ' ' References / Cnucok nutepatypbl
-100 0 100 200 300

Potential, mV

Fig. 8. Corrosion current density versus applied potential curves
for coatings with varying molybdenum content

Puc. 8. 3aBUCHMOCTH IIOTHOCTH TOKA KOPPO3UH
OT MPUJIOKEHHOTO MOTEHIMAA JIJIsl IIOKPBITUI
C Pa3JIMYHBIM COJICPKAHUEM MOIHOICHA

Conclusions

1. High-entropy coatings with thicknesses up to
45 um in the FeCrNiCo-Mo_ system with varying
molybdenum content were successfully obtained using
electrospark deposition in a vacuum. the introduction
of a moderate amount of molybdenum in the range
of 2-5 at. % into FeCrNiCo-based coatings has shown
promise for enhancing their corrosion and tribocorro-
sion resistance in seawater.

2. All coatings with molybdenum content up to
5 at. % were single-phase solid solutions with an FCC
lattice. the addition of higher amounts of molybdenum
(7 at. %) led to the formation of a second phase based
on molybdenum with a BCC lattice.

3. Under stationary corrosion conditions, the coating
with 2 at. % Mo exhibited the highest corrosion resis-
tance, with a corrosion current density and potential
of 2 nA/cm? and 50 mV, respectively. the introduction
of higher amounts of molybdenum (5-7 at. %) led to a
shift in potential towards positive values, up to 120 mV,
due to the formation of molybdenum-rich regions.
However, the intensified local corrosion caused the cor-
rosion current density to reach 4.5 pA/cm?.
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The effect of an oiling agent
on the technological properties
of coreless silicon carbide fiber

D. V. Tsytsarkina®, P. A. Timofeev

JSC “Kompozit”
4 Pionerskaya Str., Korolev, Moscow region 141070, Russia

B3 tsytsarkinadv@inbox.ru

Abstract. A study was conducted to investigate the influence of oiling agents with various formulations on the properties of core-
less silicon carbide fiber from the perspective of its technological qualities. The oiling agents investigated included formulations
of PMS-5, PMS-10, PMS-20 in isopropyl alcohol and acetone, aqueous emulsions of PMS-200 with the addition of dispersant
IVP-317 and polyvinyl alcohol, an aqueous solution of PEG-400 (30 %), and an aqueous solution of starch (10 %). The evaluation
of the oiling agent’s impact on the technological properties of the fiber was carried out through tensile strength testing, determination
of the minimum bending radius, examination of the surface morphology of the oiled fibers, and the ability of the tested composition
to bundle filaments together and reduce fuzzing. It was found that oiling agents using acetone and isopropyl alcohol as solvents
led to the deterioration of the technological qualities of the treated fibers, significantly increasing their brittleness. The aqueous
solution of polyethylene glycol (PEG-400) (30 %) poorly distributed on the fiber surface and reduced the strength characteristics
of the samples after treatment. The strength of the samples treated with an aqueous starch solution (10 %) was found to be close
to that of untreated fibers in tensile testing. This composition improved the homogeneity of the bundle and exhibited the best
bonding properties on the filaments within it, but the increased brittleness of the fibers after drying significantly reduced their
technological efficiency. The use of PMS-200 aqueous emulsion with [IVP-317 contributed to increased homogeneity and flexibility
of the bundle but led to a deterioration in the strength characteristics of the samples compared to pure fiber. The best result was
shown by the PMS-200 emulsion with the addition of polyvinyl alcohol and dispersant IVP-317. This composition increased flex-
ibility, reduced fuzzing, and improved the technological properties of the treated fibers, with only a slight reduction in the strength
of the samples. The results obtained suggest that the aqueous emulsion based on polymethylsiloxane (PMS-200) and polyvinyl
alcohol is the most effective oiling agent for coreless silicon carbide fiber.

Keywords: coreless silicon carbide fiber, SiC fiber, textile oiling agents, emulsification, fiber technological properties
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BnusHune saMacnuBalowero areHTa
Ha TeXHosIorM4yeckme CBOMCTBa
6eckepHOBOro Kapb6MaoKpPEeMHMEBOIO BOIOKHA

H. B. Opiqapkuna®, I1. A. Tumodeen

AO «Kommo3ur»
Poccus, 141070, MockoBckast 00i1., . Kopones, yii. [Tnonepckas, 4

& tsytsarkinadv@inbox.ru

AnHoTayums. [IpoBeneHO HccIe0BaHNE BIMSTHUS 3aMaclIMBaTeNeH Pa3INIHBIX PELENTyp Ha CBOHCTBA OECKEPHOBOTO KapOnIOKpeMHHIe-

BOTO BOJIOKHA C TOYKH 3PSHHUS €r0 TEXHOJIOTHIECKUX KadecTB. MccmenoBansl 3aMacimBaronye areHTsl cocraBo [IMC-5, [IMC-10,
[IMC-20 B U30MpONMIOBOM CIUPTE W alleTOHE, BomHbIe aMyabcuu [IMC-200 ¢ mobasnenuem mucnepraropa [VP-317 u monuBu-
HIJIOBOTO chmpTa, BOAHEIN pactBop [I19I-400 (30 %), BomubIi pacTBop Kpaxmana (10 %). Ouenka BIUSHUS 3aMacinBaTels HA
TEXHOJIOTUYECKHE KadeCTBA BOJOKHA OCYIIECTBILUIACH ITyTEM IPOBECHUS HCIBITAaHNUS 00pa3I0B HA MPOYHOCT MIPU PACTSHKCHUH,
OTIpEe/IeNICHNS] MUHHMAJIBHOTO pajiyca ruda, MCCIeJOBaHUS MOP(OIOTHH MOBEPXHOCTH 3aMACICHHBIX BOJOKOH, CIIOCOOHOCTH
HCCIIETyeMOTO COCTaBa O0BEANHSTH (PUIAMEHTHI B COCTABE ITyUKA U CHIDKATh ITyIICHHE. YCTAaHOBIICHO, YTO 3aMACIIMBAIOIIIE aTeHTHI,
B Ka9eCTBE PACTBOPUTENS B KOTOPHIX HCIOIB3YIOTCS Al[eTOH W M30MPOIMMIOBEINA CIUPT, MPUBOIAT K yXyIIICHUIO TEXHOIOTHIECKIX
KauecTB 00pa0OTaHHBIX BOJIOKOH, 3HAYMTEIEHOMY MOBBIIICHUIO UX JOMKOCTH. BomHblil pacTtBop mommyTrieHmmkomns (I191-400)
(30 %) mmoxo pacrmpenesnsuIcs M0 MOBEPXHOCTH BOJOKHA M CHH3WII MPOYHOCTHBIC XapaKTEPHCTHKU 00pa3loB Mocie 00padoTKH.
ITpounocTs 06pa3oB, 00paboTaHHBIX BOAHBIM pacTBOpoM kpaxmaia (10 %), o pe3yisraraM HCIIBITaHUS Ha PACTSHKCHNE OKa3alach
OIMM3KOH K MPOYHOCTH HE0OpabOTaHHBIX BOJIOKOH. JlaHHBIH COCTaB TOBBICHII OHOPOIHOCTD ITy4Ka M TI0KA3aJl HAMIYIINe CKPeTIIs-
IOIIHE CBOMCTBA Ha (DMIIAMEHTHI B €T0 COCTaBE, OJHAKO ITOBLIIIEHHAS JIOMKOCTH BOJOKOH IIPH M3THOE ITOCIIE BBHICBIXAHHS B 3HAUH-
TENBHOU CTENICHN CHH3WIA UX TEXHOJIOTHYHOCTh. [Ipumenenue Boguoit amynscun [IMC-200 ¢ IVP-317 cnocoOCTBOBaIO MOBHI-
IICHHUIO OHOPOAHOCTH M THOKOCTH ITydKa, OHAKO MPHBEIIO K YXYAICHUIO IPOYHOCTHBIX XapaKTePUCTHK 00Pa3IOB 110 CPABHECHUIO
C YUCTHIM BOJOKHOM. Hammyummit pesymsrar mokasana smynbenst IIMC-200 ¢ nobaBieHHEeM MONTUBHHIIIOBOTO CITHPTA U AWUCTIEP-
raropa IVP-317. JlaHHBIH cocTaB MOBBICHI THOKOCTh, YMEHBIIIII ITyIICHUE, YITyUIIHI TEXHOJIOTHIECKHEe KadecTBa 00paboTaHHBIX
BOJIOKOH, HE3HAIHUTEIHHO IIPU ATOM CHU3HB IPOYHOCTH 00pa3noB. [lorydeHHbIe pe3ynbTaThl TO3BOISIIOT CYUTATh BOIHYIO SMYIBCUIO
Ha ocHoBe monmMeTmicmwiokcana ([IMC-200) u monuBHHHIOBOTO criupTa Hambonee 3()(HEKTHBHON B Ka4eCTBE 3aMacCIHBAIOIICTO

arcHra i 6CCKepHOBOI‘0 Kap6I/I,HOerMHI/ICBOI‘O BOJIOKHA.

KnioueBbie cnoBa: OeckepHOBOE KapOHIOKPEMHHEBOE BOJOKHO, SiC-BOJMOKHO, TEKCTHIIbHBIE 3aMaclUBaTeNd, 3MYJIbCHPOBAHHUE,

TEXHOJIOIMYECKHE CBOMCTBA BOJIOKHA

Ansa yntupoBaums: Lpimapkuna J{.B., Tumodeer [1.A. BiusHue 3aMaciinBaroniero areHTa Ha TEXHOJIOTHYECKUE CBOWMCTBA Oeckep-
HOBOTO KapOHJOKPEMHHEBOTO BOJIOKHA. HM38ecmus 6y306. [lopowkosas memaniypeus u gyukyuonanvhvie nokpoimus. 2024;18(5):

30-36. https://doi.org/10.17073/1997-308X-2024-5-30-36

Introduction

The implementation of advanced composite mate-
rials is the foundation for the prospective development
of aviation and rocket-space technology. Composites
based on modern materials are widely used in the pro-
duction of elements and assemblies for the aerospace
industry [1-3].

The designs of modern aircraft require minimal
weight, high reliability, rigidity, strength of compo-
nents, and maximum operational lifespan of structures
capable of functioning effectively under high tempera-
tures and in aggressive oxidative environments.

The use of advanced composites with improved
manufacturing technology and the introduction of new
materials in their production plays a key role in solving
these challenges [4; 5]. Composite materials reinforced
with continuous coreless silicon carbide fibers with

metallic and ceramic matrices are applicable to various
components of aircraft that operate at high tempera-
tures: thrust vectoring nozzles of propulsion systems,
exhaust gas valves, nozzle guide vanes, etc. [6—14].

Silicon carbide fibers are characterized by high
strength properties, reaching up to 3 GPa, a modulus
of elasticity of 400 GPa, low oxygen content (less than
1 %), and high oxidative stability at elevated tempera-
tures up to 1500 °C [15; 16].

The data presented allows us to consider SiC fibers
as a promising reinforcing component for composites
that operate in aggressive oxidative environments
at high temperatures [17; 18].

Some applications of final products made from
composite materials require reinforcing fillers in
the form of fabric. However, creating textile preforms
is challenging due to the inherent brittleness of SiC
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fibers. to enhance the processability of silicon carbide
fibers for textile manufacturing, oiling compositions
are applied. the emulsification process, which involves
applying an oiling agent to the fiber surface, improves
the technological properties of the fibers and the threads
derived from them. This process helps prevent break-
ages and abrasion during thread formation, reduces
friction when high-modulus ceramic fibers interact
with manufacturing equipment, binds individual mono-
filaments together, lowers the dynamic friction coeffi-
cient, and prevents static electricity buildup [19-22].

The most commonly used textile oiling agents for
chemical fibers include oils (both mineral and natural),
surfactants, starch-based compositions, and organic
polymers [23-25].

The aim of this study is to investigate the impact
of different oiling agent formulations on the techno-
logical properties of coreless silicon carbide fibers.

Materials and methods

The study was carried out on specially prepared
samples in the form of bundles of continuous coreless
silicon carbide fibers. the diameter of the fibers ranged
from 14 to 20 pm, and the bundle contained 150 fibers.

The oiling compositions used in this work were
based on organosilicon compounds (polymethylsil-
oxanes (PMY)), polyethylene glycol (PEG-400), poly-
vinyl alcohol (PVA), and starch. Acetone, isopropyl
alcohol, and water were used as solvents.

The application of the oiling agent to the surface
of the silicon carbide fiber was carried out by immers-
ing the fiber bundle in the solution, followed by gentle
squeezing according to the following scheme (Fig. 1):
the fiber from the guiding roller / was dipped into
the oiling bath 2, advanced by roller 3, and then passed
through squeeze rollers 4 to remove excess agent.

The tensile strength of the oiled fibers was evalua-
ted using an “Instron 5942 testing machine (Instron,
USA) according to GOST 32667 for samples with
a working length of 25 mm and an average diameter

Fig. 1. Installation diagram for oiling continuous fibers

Puc. 1. Cxema YCTaHOBKU U1 3aMacC/IMBaHUs
HCIPEPLIBHLIX BOJIOKOH
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Fig. 2. Cylindrical mandrel with variable diameter

Puc. 2. HI/IJ’II/IHI[pI/I"IeCKaﬂ OIpaBKa € MEPEMEHHBIM JUAMETPOM

of 17 um. the tensile speed of the machine grips was
1.0 mm/s.

The surface morphology of the oiled fibers was
studied using a scanning electron microscope.

The flexural properties of the silicon carbide fibers
with the applied oiling agent was evaluated by determin-
ing the minimum bending radius of the sample around
a cylindrical mandrel with a variable diameter from 10
to 70 mm (Fig. 2). the sample was attached at one end
to the surface of the measuring disc, wrapped around
it in a pressed state, and held for 5 min. the mini-
mum bending radius was considered to be the radius
of the measuring disc preceding the one on which fiber
breakage occurred.

Results and discussion

The use of acetone and isopropyl alcohol as solvents
necessitated the use of low-molecular-weight poly-
methylsiloxane fluids: PMS-5, PMS-10, and PMS-20.
During testing of these oiling agents, the treated fiber
samples exhibited excessive brittleness, which was
attributed to the removal of adsorbed moisture that
contributed to the fiber surface’s flexibility. This led
to a significant increase in fuzzing and fiber breakage
(Fig. 3).

The flexural test using a mandrel revealed that more
than 80 % of the filaments were destroyed at the first
stage, corresponding to a mandrel diameter of 70 mm.

Oiling compositions using acetone and isopropyl
alcohol as solvents were found to be ineffective.
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Fig. 3. Silicon carbide fibers with applied oiling agent
1,4—-PMS-5; 2, 5-PMS-10; 3, 6 — PMS-20
1-3 — solvent acetone; 4—6 — solvent isopropyl alcohol
Puc. 3. KapOumokpeMHHEBbIC BOJIOKHA C HAHECEHHBIM 3aMaCIIUBaTEIIeM

1,4 —-TIMC-5; 2, 5 - TIMC-10; 3, 6 — [IMC-20
1-3 — pacTBOPUTEIb allETOH; 4—6 — PACTBOPHUTEIH U30MPONUIIOBBIN CITUPT

In contrast, the use of oiling agents in the form IVP-317, which enhanced fiber wetting and contribu-
of aqueous emulsions allowed for the application ted to the stabilization of the emulsion.
of higher molecular weight, more viscous fluids such

as PMS-200. Silicone aqueous emulsions of PMS-
200, and PMS-200 with the addition of polyvinyl ~demonstrated high efficiency: uniform distribution

alcohol (PVA), required the inclusion of dispersant (Fig. 4, a, b), effective wetting of the fiber surface,

Oiling agents formulated with these components

Spectrum 42

I —

Spectrum 44

Spectrum 61 Spectrum 45

Spectrum 23

[ ———)

Spectrum 18

Spectrum 24

Spectrum 19

Spectrum 25

Fig. 4. Morphology of silicon carbide fiber surfaces with applied oiling agents (solvent — water)
a — PMS-200 emulsion; b — PMS-200 emulsion with PVA; ¢ — PEG-400 solution (30 %); d — starch solution (10 %)

Puc. 4. Mopdosorus moBepXHOCTH KapOUTOKPEMHUEBBIX BOJOKOH C HAHECEHHBIMHU 3aMaCIUBaTEIIMH (PaCTBOPHTEIH — BOJIA)
a — smyabcus [IMC-200; b — smynscnst [IMC-200 ¢ IIBC; ¢ — pactBop I19I-400 (30 %); d — pactBop kpaxmaia (10 %)
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Fig. 5. Silicon carbide fibers
a —pure fibers in a bundle;
b—e after treatment with an aqueous emulsion PMS-200 (b),
an aqueous emulsion of PMS-200 with the addition of
polyvinyl alcohol (¢), an aqueous solution of PEG-400 (30 %) (d),
an aqueous solution of starch (10 %) (e)
Puc. 5. KapbumokpeMHHIEBbIE BOJIOKHA

@ — 4NCThIC BOJIOKHA B ITyUKe;

b—e — mocnie 06padoTku BogHoM dMynbeueit [IMC-200 (b),
BOZIHO#T amysbcueit [IMC-200 ¢ mo6aBieHIEM TOIUBHHIIOBOIO
crnupTa (¢), BogHbIM pactBopoM I131'-400 (30 %) (d),
BOJIHBIM pacTBOpoM kpaxmaia (10 %) (e)

significant reduction in fuzzing, and improved bundle
homogeneity (Fig. 5, b, ¢).

The addition of polyvinyl alcohol to the PMS-200
aqueous emulsion further enhanced the strength cha-
racteristics of the silicon carbide fibers and their ove-
rall technological properties (see Table).

Silicon carbide fibers treated with aqueous emul-
sions based on polymethylsiloxane (PMS-200 and
PMS-200 with polyvinyl alcohol) showed a filament
failure rate of no more than 1 % within the bundle
when tested on a 10 mm mandrel, indicating improved
suitability for textile processing (see Table).

In addition to silicone fluids, the study also exami-
ned an oiling composition containing an aqueous solu-

tion of polyethylene glycol PEG-400 (30 %). Fibers
treated with this composition exhibited poor wetting,
reduced oiling effectiveness compared to silicone
fluids, and increased filament brittleness (Fig. 5, d).
This may be attributed to the low affinity of the compo-
sition for silicon carbide fibers. During flexural testing
on a cylindrical mandrel, more than 40 % of the fila-
ments failed at the 40 mm diameter stage.

The aqueous starch solution (10 %) applied
to the surface of the silicon carbide fibers demonstrated
good distribution (Fig. 4, d), strong filament bonding
within the bundle, reduced fuzzing (Fig. 5, e), and
increased tensile strength (see Table). However, after
drying, this composition caused excessive brittleness
in the fibers, significantly reducing their technological
suitability for further textile processing. Flexural tes-
ting using a mandrel showed that about 20 % of the fila-
ments failed at the 60 mm diameter stage.

The Table below presents the test results for deter-
mining the minimum bending radius of oiled SiC
fibers, their tensile strength relative to untreated fibers,
and a description of the surface morphology.

Conclusions

The experimental study found that oiling agents
using acetone and isopropyl alcohol as solvents led
to a deterioration in the technological properties
of the treated fibers, significantly increasing their
brittleness and complicating their suitability for textile
processing. the aqueous solution of polyethylene gly-
col (PEG-400) (30 %) was found to be ineffective due
to poor distribution on the fiber surface and a reduction
in the tensile strength of the treated samples (a 16 %
decrease compared to untreated fibers). the best
filament bundling and increased homogeneity were
observed in samples treated with a 10 % aqueous starch
solution. the tensile strength of these samples was

The effect of aqueous oiling compounds on the morphology and properties of SiC-fibers

Bausinne BOAHBIX 3aMac/JIMBAIOLIHUX COCTABOB HA MOP(os10ruio u cBoiicTBa SiC-B010KOH

Test results

Distribution on

Oiling liquid fiber surface

Tensile strength of oiled fibers relative

Minimum bending
radius when wound

(morphology) to pure fiber (100 % — baseline), % X
on a cylinder, mm
PMS-200 aqueous .
emulsion, IVP-317 uniform 62 15
PMS-200 aqueous .
emulsion, PVA, IVP-317 uniform 98 15
PEG-400 aqueous
solution (30 %) poor 84 50
Starch ac(llll(e)o(;s) solution uniform % B
0
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close to that of untreated fibers, with only a 1 % reduc-
tion. However, the increased brittleness of the fibers
after drying significantly reduced their technological
suitability, potentially causing difficulties in textile
processing.

The study concluded that using oiling agents in
the form of aqueous emulsions is the most effective
method for treating coreless silicon carbide fibers.
the best results were obtained with a PMS-200 emul-
sion containing polyvinyl alcohol and dispersant
IVP-317, which improved flexural properties, reduced
fuzzing, and enhanced the technological properties
of the treated fibers, with only a slight decrease in ten-
sile strength (2 % compared to untreated fibers). the use
of the PMS-200 emulsion with IVP-317 also contrib-
uted to increased bundle homogeneity and flexural
properties, although it did lead to a decrease in the ten-
sile strength of the samples compared to untreated
fibers.

The results suggest that aqueous emulsions based
on polymethylsiloxane liquids and polyvinyl alcohol
are the most effective for preparing coreless silicon
carbide fibers for textile processing.
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Erosion resistance of ZrBN protective coatings
deposited by reactive pulsed magnetron sputtering
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Abstract. ZrBN coatings were deposited by reactive pulsed magnetron sputtering using a ZrB, target while varying the pulse duration.
The composition and structure of the coatings were studied using scanning and transmission electron microscopy, energy dispersive,
optical emission and glow discharge Raman spectroscopy, as well as X-ray diffraction. Optical properties were studied by spectropho-
tometry. Erosion resistance was determined under laser exposure. All coatings were amorphous, had a dense, defect-free structure and
a uniform distribution of elements throughout the thickness. According to Raman spectroscopy, the coatings contain B-N and Zr—N
bonds. The coatings were characterized by high optical transmittance of 70-90 % in the wavelength range 4501300 nm. The reflec-
tivity of coatings was 9-26 %. The refractive index value increases from 1.7 to 3.0 as the wavelength increases from 200 to 1200 nm.
The glass substrate is fragilely destroyed during erosion at a power of 20—60 W. All coatings successfully protect the glass substrate
from erosive wear: the application of ZrBN coatings leads to a reduction in the width and depth of the erosion zone of the glass substrate
by 1.3 and 4.5 times, respectively. The coating obtained at the optimal pulse duration has better erosion resistance, which may be due
to its higher adhesive strength.

Keywords: pulsed magnetron sputtering, ZrBN, amorphous films, optical properties, erosion resistance
Acknowledgements: This work was carried out with the financial support of the Russian Science Foundation (project No. 24-13-00085).

For citation: Chertova A.D., Levanov A.V., Meshkov B.B., Levashov E.A., Kiryukhantsev-Korneev Ph.V. Erosion resistance of
ZrBN protective coatings deposited by reactive pulsed magnetron sputtering. Powder Metallurgy and Functional Coatings.
2024;18(5):37-43. https://doi.org/10.17073/1997-308X-2024-5-37-43

© 2024. A. D. Chertova, A. V. Levanov, B. B. Meshkov, E. A. Levashov, Ph. V. Kiryukhantsev-Korneev 37


https://doi.org/10.17073/1997-308X-2024-5-37-43
mailto:kiruhancev-korneev%40yandex.ru?subject=
https://powder.misis.ru/index.php/jour/search/?subject=pulsed magnetron sputtering
https://powder.misis.ru/index.php/jour/search/?subject=ZrBN
https://powder.misis.ru/index.php/jour/search/?subject=amorphous films
https://powder.misis.ru/index.php/jour/search/?subject=optical properties
https://powder.misis.ru/index.php/jour/search/?subject=erosion resistance
mailto:kiruhancev-korneev%40yandex.ru?subject=

W3BECTUA BY30B. [TOPOLIKOBAA METANIYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(5):37-43

@M uon HANb £
Yepmosa A.[., /leeaHos A.B. u Op. ViccnefioBaHne 3p03MOHHOM CTOMKOCTM 3aLLMTHbIX MOKPbITUIA ZrBN ...

W3BECTUA BY30B

UccnepoBaHue apO3MOHHOMU CTOMKOCTH
3aWwmMTHbIX NOKpbITUN ZrBN,
oCaXxaeHHbIX MeTOAOM PpeaKUMOHHOIro UMNyJibCHOro
MarHeTpoHHOro pacnbineHuda
A. 1. YeproBal, A. B. JleBanos?, b. b. Memkos>,

E. A. JleBamos!, ®. B. Kuproxanues-Kopueen! ©
! HanmoHaabHbI HCCJIEI0BATEIbLCKHIT TeXHOIOrHYecKuil ynusepeuter « MUCHUC»

Poccust, 119049, . Mocksa, JIleHunckwuii np-T, 4, ctp. 1
2 MocKOBCKHIA rocy1apcTBeHHbIi yuuBepceuteT um. M. B. Jlomonocosa
Poccust, 119991, . Mocksa, JlomoHOCOBCKHit nIp-T, 27, K. 4

3 AO «Hay4Ho-HcCae10BaTeIbCKHil MHCTHTYT TEXHHYECKOro cTekia uM. B. ®. Coaunosa»
Poccus, 117218, r. Mockaa, yi. Kpxkukanosckoro, 29, k. 5

&) kiruhancev-korneev@yandex.ru

AHHOTB”ME. HOKpLITI/IH ZrBN ObLu NOJY4YE€HBI METOAOM PCAKIUOHHOTO MMITYJIBCHOTO MAarHETPOHHOTO pacHbUICHHS C HMCIOJIb30Ba-

HUEM MUILEeHU ZrB, npu BappupoBaHuy IIUTENBHOCTU UMITYJbca. COCTaB U CTPYKTYPY HOKPBITHI HCCIIEN0BAIN METOIAMH CKaHH-
pyIoIel ¥ MPOCBEUUBAIONIEH 3JIEKTPOHHON MHMKPOCKOIUH, SHEPTOAUCIEPCUOHHON CIIEKTPOCKOIHHU, ONTHYECKOM SMUCCHOHHON
CHEKTPOCKOITUH TJICIONIETO Pa3psiia U CHEKTPOCKOITMH KOMOMHAIIMOHHOTO pacCesTHUsI CBETa, a TAKIKE PEHTTCHO()A30BOr0 aHaH3a.
OnTryeckre CBOMCTBA U3ydYalld METOJIOM CIIEKTPO(GOTOMETPUH. IPO3HOHHYIO CTOUKOCTH OTPEEIISUIN TIPH JTa3ePHOM BO3JCHCTBHIH.
[Mokpertust ZrBN 6buti aMOpHBIME U XapaKTePU30BAIHCH IUIOTHON 0e31e(eKTHOI CTPYKTYpOH M paBHOMEpPHBIM paclpesere-
HHUEM 3JIEMEHTOB TI0 ToJiHe. [0 TaHHBIM CIIEKTPOCKOIIMN KOMOWHAIIMOHHOTO PACCESIHUS CBETA, TIOKPBITUS COACpKau cBsizu B—N
n Zr—N. TToKpBITHS XapaKTepHU30BaIICh BEICOKAM ONTHYECKUM Kodddunnentom npormyckanns 70-90 % B nuama3zoHe JUIMH BOJIH
450-1300 aM. KoaddunmeHT oTpaskeHnst TOKPBITHI cocTaBisuT 9-26 %. 3HaueHHe MmoKa3aTessl IPEeIOMIICHHS MTOBBIIANIOCH OT 1,7
110 3,0 mpu yBenuueHuu AauHbI BoJIHEL 0T 200 10 1200 HM. Dp0o3HOHHBIE UCIIBITAHUS MOKA3aJIM, YTO MOUIOKKA U3 CTEKIJIa XPYIIKO
paspyuiaercst npu Bo3JIeHCcTBUM Jlazepa MOIIHOCTHI0 20—60 BT. Bce MOKpBITHS yCIENIHO 3alUINAIOT CTEKISIHHYIO MOJUIOKKY OT
9PO3MOHHOTO M3HOCA: NIMPHHA W TIYOWHA 30HBI 9PO3HMH CTEKIISTHHOW MOJIOKKH yMEeHbIIaoTces B 1,3 u 4,5 pa3a COOTBETCTBEHHO.
[okpeITHE, MOTYYECHHOE TIPH ONTHMATLHON JTUTEIBHOCTH UMITYJIbCa, 00J1aJaeT JTyqIield 3pO3HOHHON CTOHKOCTBEO, YTO MOKET OBITh

00YCIIOBIICHO ero 0oJiee BBICOKOH aJre3MOHHON IPOYHOCTBIO.

KnroyeBbie csioBa: MITyIIbCHOE MarHETPOHHOE paciblUIeHHe, aMOpQHbIe MOKpbITHs, ZIBN, onTHyeckue CBOHCTBA, )PO3UOHHAST CTOMKOCTh

BnarogapHocTy: Pabota BeIMOIHEHA TP (PUHAHCOBOM moaaepskke Poccuiickoro HayuHoro ¢onaa (mpoekt Ne 24-13-00085).
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OHHOM CTOMKOCTH 3aILUTHBIX MOKPHITUH ZrBN, 0caIeHHbIX METOAOM PEAKLIUOHHOIO UMILYJIbCHOTO MArHETPOHHOIO PACIbUICHHUS.
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Introduction

One of the current challenges in the operation
of optical equipment components (such as lenses,
prisms, mirrors, interferometers, etc.) is wear due
to erosion, which significantly affects their service
life. Therefore, the development of optical coatings
is an important direction in the creation of new preci-
sion optical devices [1]. These coatings must not only
exhibit high transmittance and good reflectivity but
also enhanced erosion resistance [2].

To protect optical device components exposed
to wear, oxide coatings such as ZrO,, Ta,O,, and
others are commonly used. These coatings possess
a wide transparent spectral range and high refractive

indices [3; 4]. However, oxide coatings are characteri-
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zed by relatively low hardness: 7 GPa for Nb,O [5],
8 GPa for TiO, [6], 10 GPa for SiO, [7], and 13 GPa
for In,O, [8]. They also show poor scratch resistance
and have a high defect density in their structure, nega-
tively impacting their wear resistance [9]. Recently,
there has been growing interest in the study of transi-
tion metal nitrides, such as Ti, Zr, Cr, Nb, Mo, and Ta,
which offer satisfactory optical properties combined
with good wear resistance [10]. Comparative studies
of TiN and TiAIN hard coatings have demonstrated
that aluminum alloying enhances wear resistance under
thermal stress conditions [11]. Among TiN, HfN, and
ZrN coatings, zirconium nitride coatings exhibit supe-
rior optical properties [12]. Introducing boron into ZrN
coatings can improve hardness, wear resistance, and
optical characteristics.
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Previously, we developed wear-resistant ZrBN
coatings with high thermal stability and an optical
transmittance of up to 90 % [13], which was associa-
ted with a high volume fraction of the BN phase. We
established the influence of pulse frequency and dura-
tion during the deposition of ZrBN coatings using
pulsed magnetron sputtering (PMS) on their structure,
optical properties, hardness, elastic-plastic characte-
ristics, and wear resistance under friction, sliding, and
abrasive conditions [14; 15]. However, the protective
properties of ZrBN coatings under erosion conditions
require further investigation. It is important to note that
ZrBN coatings serve as an excellent model composi-
tion, which can serve as the basis for developing more
complex multicomponent structures based on advanced
heterophase ceramics in the future [16].

The aim of this study is to investigate the structure,
optical properties, and erosion resistance of ZrBN coa-
tings deposited by PMS.

Materials and methods

Zr—B-N coatings were deposited using reactive
pulsed magnetron sputtering (PMS) with a ZrB, target.
The deposition was performed using a setup based on
the UVN-2M vacuum system, the schematic of which
is described in [17]. Nitrogen (99.999 % purity) was
used as the working gas, with a pressure of 0.1-0.2 Pa.

The magnetron was powered by a Pinnacle Plus
5x5 unit (Advanced Energy, USA), with a power out-
put of 1 kW, a current of 2 A, and a voltage in the range
of 400-500 V. The frequency was set at 350 kHz, and
the pulse durations were 0.4 ps (coating /), 0.7 ps
(coating 2), and 1.1 us (coating 3). The sputtering pro-
cess lasted for 40 min.

Colorless optical glass plates (K8) were used as sub-
strates. Before coating deposition, the substrates were
cleaned in an ultrasonic bath for 5 min in isopropyl
alcohol. Ion cleaning of the substrates was performed
using an Ar" on beam from a slit-type ion source at an
accelerating voltage of 2.5 kV for 20 min. The coating
deposition time was 40 min.

The structural analysis of the coatings was conducted
using scanning electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS) on a Hitachi S-3400N
microscope equipped with a NORAN 7 Thermo sys-
tem. Transmission electron microscopy (TEM) was
performed on a JEM-2100 microscope (Jeol). Glow
discharge optical emission spectrometry (GD-OES)
was carried out using the PROFILER-2 system (Horiba
Jobin Yvon) [18]. TEM samples were prepared by ion
milling using a PIPS II dual-beam precision ion poli-
shing system (Gatan Inc., USA). Raman spectra were
obtained with a LabRam HR800 system (Horiba JY)

equipped with a 514 nm green laser source. X-ray
phase analysis (XRD) was conducted using Cuk,
radiation (A =0.154 nm) on a Phaser D2 diffractom-
eter (Bruker). Optical properties were measured over a
wavelength range of 380—1300 nm using a Photon-RT
spectrophotometer.

The erosion resistance of the coatings was tested
on a LaserPRO Spirit laboratory setup. The CO,
laser power was set at 20, 40, and 60 W. The length
of the laser track and exposure time were 10 mm and
2 s, respectively. The tracks were examined using
an Axiovert 25 optical microscope (Carl Zeiss) and
a WYKO-NT1100 optical profilometer (Veeco).

Results and discussion

All elements in the coatings were uniformly distri-
buted throughout their depth, with impurity levels
(C and O) ranging from 0.7 to 1.8 at. %. The coat-
ings, regardless of pulse duration, had a similar ele-
mental composition, at. %: 14 £2 Zr, 46 +2 B, and
40 = 2 N. The thickness and growth rate of the coa-
tings were 1.3—1.5 um and 32-39 nm/min, respectively.
The Zr—B—N coatings exhibited a dense, homogeneous
structure without the characteristic columnar elements
typical of nitrogen-containing ion-plasma coatings [19].

Fig. 1 shows a typical electron diffraction pattern,
a bright-field image of the structure, an X-ray diffrac-
tion pattern, and a Raman scattering spectrum for coa-
ting 2.

The electron diffraction pattern (Fig. 1, a) shows
a broad ring, indicating the presence of an amorphous
phase. The X-ray diffraction pattern (Fig. 1, ) displays
a halo in the 20 =20+40° range, further confirming
the amorphous nature of the coatings. Raman spectro-
scopy (Fig. 1, ¢) was used to clarify the phase composi-
tion of the coatings. The spectrum shows pronounced
peaks at 1360 and 1490 cm™!, which can be attributed
to the BN phase [20]. In the 600-1200 cm™' wave-
length range, peaks corresponding to the ZrN phase are
observed [21].

Fig. 2, a and b present the spectral-angular depen-
dencies of the transmittance (7) and reflectance (R)
coefficients as a function of wavelength (A) for coa-
ting 2. The T and R spectra exhibit an oscillatory
character, which is associated with interference
effects. The ZrBN coatings showed a transmittance
of 70+87 % in the 450-1300 nm wavelength range
(Fig. 2, a). At the same time, the R values ranged
from 9 to 26 %, depending on the wavelength. It is
worth noting that the transmittance of ZrBN coatings
is comparable to that of traditional oxide coatings such
as Zr-0, Zr—Al-0, and ZrSiN nitride-based coatings
(T'=170+90 %) [22; 23].
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a

Fig. 1. BF TEM image, SAED (a), XRD pattern (b), and Raman spectra (c) for coating 2
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The interference nature of the transmittance
and reflectance curves allowed the determina-
tion of the dispersion dependence of the refractive
index (n) (Fig.2,c). As the wavelength increased
from 400 to 900 nm, the refractive index gradually
decreased from 2.29 to 2.06, indicating strong absorp-
tion of visible light due to free electrons and weaker
absorption of infrared radiation. It is worth noting that
ZrN coatings exhibit weaker visible light absorption,
with the refractive index increasing from 1.7 to 3.0 as
the wavelength increases from 200 to 1200 nm [19].

SEM images of the surface of the uncoated sub-
strate and coatings /-3 after erosion exposure at 20 W
power are shown in Fig. 3, a. The track width for
the uncoated substrate was 222 um. The application
of coatings /, 2, and 3 reduced the track width by 5, 7,
and 21 %, respectively. At increased powers of 40 and
60 W (Figs. 3, b and c), the uncoated substrate exhib-
ited crack formation and chipping along the track
boundaries, whereas no cracks or delamination were
observed in the coatings tested under the same con-

ditions. Coating 3 had the smallest track width, mea-
suring 222 and 237 um at powers of 40 and 60 W,
respectively, while the substrate had values of 292 and
296 um (Fig. 3).

Thus, the application of coating 3 reduced the track
width by 1.3 times compared to the uncoated glass
substrate.

The tracks after erosion exposure were also ana-
lyzed using optical profilometry, with the most promi-
nent results shown in Fig. 4. The two-dimensional pro-
files reveal that the uncoated glass substrate is unevenly
damaged. More intense material degradation occurs
at the final moment of scanning (Fig. 4, a, marked
by an arrow). This effect may be due to the increased
brittleness, low thermal stability, and low thermal con-
ductivity of the glass substrate. The maximum depth
at the center of the track was ~9 um (Fig. 4, a).

For the ZrBN coatings, as exemplified by sample 3
(Fig. 4, b), no brittle fracture was observed, and
the track was uniform.
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Fig. 2. Transmittance (a), reflection (b), and the refractive index (c) of coating 2
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The maximum track depth at the center for all coa-
tings was around 2 pm, which is 4.5 times lower than
the values obtained for the uncoated glass substrate.

Thus, all coatings successfully protect the glass sub-
strate from erosion. Coating 3 demonstrated the best
resistance, likely due to its higher crack resistance and
adhesion strength [15].

Conclusion

Amorphous ZrBN coatings with a thickness
of 1.3—1.5 um were deposited using pulsed mag-
netron sputtering with varying pulse durations.
The coatings exhibited a dense, homogeneous struc-
ture. The transmittance and reflectance coefficients
in the 450-1300 nm wavelength range were 70-87 %
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and 9-26 %, respectively. The refractive index ranged
from 2.29 to 2.06 in the A = 400-900 nm range. Erosion
resistance tests revealed that the glass substrate cracked
and degraded significantly during the experiments.
However, the application of ZrBN coatings prevented
substrate cracking and reduced the width and depth
of the erosion zone by 1.3 and 4.5 times, respectively.
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Formation of wear-resistant coatings
during electric arc surfacing with ultrasonic vibrations

D. V. Priyatkin®, A. A. Artem’eyv, V. I. Lysak

Volgograd State Technical University
28 Lenin Prosp., Volgograd 400005, Russia
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Abstract. The study focuses on investigating the influence of ultrasonic vibrations introduced into the crystallizing metal of the weld pool
through filler wire during automated electric arc surfacing with flux-cored wire, on the formation characteristics of a wear-resistant
coating made from the 280Cr14Mn6Ni6Mo3Ti2Nb2 alloy. The effect of ultrasonic vibrations on the structural-phase composition,
hardness, and wear resistance of the surfaced coating is analyzed, particularly under normal and elevated temperatures up to 600 °C in
conditions of exposure to a gas-abrasive flow. The failure pattern of the thin surface layers of the worn coatings is also studied. It was
established that the microstructure of the coating consists of a carbide eutectic based on austenite, which possesses increased ductility
and sufficiently high strength due to alloying with chromium and molybdenum. This ensures reliable retention of reinforcing phases
represented by Mo,C, (Ti,Nb,Mo)ny, and Me C, carbides. It is shown that under the influence of high-frequency acoustic vibrations,
large primary Meny carbides disappear from the alloy structure, the volume fraction of austenite increases by 25 %, and the propor-
tion of Meny-type carbides decreases. Additionally, a redistribution of alloying elements between the austenite and carbide phases is
observed. The formation of a fine lamellar eutectic leads to changes in the wear mechanism of the alloy: hard solution layers dampen
shear deformations caused by impacts of abrasive particles, while the plastic flow of the austenitic matrix forms a metallic binder
around the broken carbide fragments, reducing the likelihood of their detachment. This results in an 18 % increase in the alloy’s resis-
tance to high-temperature gas-abrasive wear, surpassing the performance of an international industrial counterpart.

Keywords: wear-resistant coatings, carbides, austenite, electric arc surfacing, ultrasonic vibrations, filler wire, high-temperature gas-
abrasive wear
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PopMupoBaHue N3HOCOCTOUKUX NOKPbITUN
B Npouecce aNIeKTpoAyroBou HannaBKu
C YNIbTPa3BYyKOBbIMU KoNlebaHNAMMU

. B. IIpuarkun ®, A. A. Aprembes, B. I. JIsicak

Boarorpaackuii rocyiapcTBeHHbIH TEXHHYECKUH YHUBEPCHTET
Poccus, 400005, r. Bonrorpan, mp. um. B.U. Jlenuna, 28

B3 priyatkin.dv@mail.ru

AHHOTauMﬂ. I/ICCJ'[CJIOBaHl/Ie MOCBAILICHO U3YUYCHUIO BIIUAHUSA YIBTPA3BYKOBBIX KOHeGaHMﬁ, BBOIWMBIX B KpHCTaHHMSymmHﬁCﬂ METaJI

CBapOYHON BaHHBI Uepe3 MPHUCATOUHYIO IPOBOJIOKY B IPOLIECCE aBTOMATUYECKOH 3JIEKTPOLyTroBO HaljIaBKU OPOLIKOBOM MPOBO-
JIOKO#, Ha 0COOCHHOCTH (DOPMHUPOBAHHS HM3HOCOCTOMKOTO MOKphITHS U3 cruiaBa 280X 14I'6HO6M3T2B2. BeissBieHO BiHsHHE
YABTPa3BYKOBBIX KoJeOaHUI HA CTPYKTYypHO-(a30BbIil COCTAB M TBEPIOCTh HAIUIABICHHOTO MOKPBITHSI, @ TAKXKE €r0 M3HOCOCTOI-
KOCTb HPH HOpPMaJIbHOM U moBbIimeHHOH 10 600 °C TemnepaTypax B YCIOBHSX BO3ISHCTBHs ra30a0pa3MBHOIO MOTOKA. M3yueH
XapakTep pa3pyLICHUs] TOHKUX TOBEPXHOCTHBIX CJI0EB M3HOIIEHHBIX MOKPBITUH. YCTAHOBIEHO, YTO MUKPOCTPYKTYpa MOKPBITHS
COCTOUT U3 KapOWHOH YBTEKTUKH HAa OCHOBE ayCTEHHTA, 00JNaAaIOIIero MOBBIIIEHHON MIACTHYHOCTBIO U JOCTATOYHO BBICOKOM
IPOYHOCTBIO 32 CYET JIETHPOBAHMS XPOMOM M MOJHMOJEHOM, 4TO CIIOCOOCTBYET HA/ICKHOMY 3aKPEIJICHUIO B HEM YIPOYHSIOLINX
(a3, npesncrasnenHbx kapouaamu Mo,C, (Ti,Nb,Mo)XCy u Meny. [Toxa3zaHo, yTo oA AeiicTBHEM BBICOKOUACTOTHBIX aKyCTHYE-
CKHUX KoJIeOaHMii B CTPYKType CIIJIaBa MCUYE3al0T KPYITHbIE MEPBUYHBIC KapOuIbl MeXCy, Ha 25 % yBennuuBaeTcs 0ObeMHast 1071
ayCTEHUTA MPU CHUWKEHUH J0nu kapOuos tuna Me C , a Takxe HaONIONAETCs NepepacnpeieieHue JETUPYIONIUX JIEMEHTOB
MEX/ly ayCTEHHTOM U KapOuIHO# (a3zoi. YcTaHOBIIEHO, YTO ()OPMHUPOBAHHE TOHKOIUIACTHHYATON 3BTEKTHKU OOYCIIOBIMBAET
M3MEHEeHMsI B MEXaHH3Me M3HAIIMBAHUS CIUIAaBa: MPOCIOHKH TBEPIOrO pacTBOpa IeMN(UPYIOT CABHUIOBbIE Ae()OpMAaIMK MPH
yaapax aOpa3MBHBIX YaCTHIl, a IUIACTHYECKOE TEUeHHE ayCTEHHTHON MaTpuIibl (OPMHUPYET BOKPYT 0Opa3yromuxcs oOJIOMKOB
KapOMI0B METaNIMYSCKYIO CBSI3KY, CHH)Kasi BEPOSTHOCTh UX BBIKPAIIMBAHUs. JTO CHOCOOCTBYET MOBbIIIeHUIO HA 18 % cToii-
KOCTH CIlIaBa K BBICOKOTEMIIEpaTypHOMY ra30a0pa3vBHOMY H3HAIIMBAHUIO, KOTOPAas MPEBOCXOAUT IOKa3aTelb 3apyOe:KHOro

IPOMBILNIJIECHHOT'O aHajora.

KnroueBble csioBa: U3HOCOCTONKHE TIOKPBITHS, Kap6I/IZ[I)I, AYCTCHUT, JJICKTPOAYTOBAsA HAIIaBKa, YJIBTPa3BYKOBLIC KOJ'IeGaHI/IH, Trpucagod-
Hasl IPOBOJIOKA, BBICOKOTEMIIEPATYPHOE Fa3036pa3I/IBH()e HU3HANIWMBaHUEC

BnarogapHocTyu: ViccienoBaHue BBIIIONHEHO 3a cdeT rpanta Poccuiickoro naygnoro ¢onma Ne 23-13-00354, https://rscf.ru/

project/23-13-00354.

Ana yntuposanns: Mpustkun [1.B., AprembeB A.A., JIsicax B.J1. ®opmupoBaHre N3HOCOCTOWKUX MOKPBITHH B MPOLECCEe MEKTPO-
JIyTOBOH HaIlIaBKH C YJIBTPa3BYKOBBIMU KoJeOaHUAMHU. M36ecmus 6y306. [lopowikosas Memaniypaus u YyHKYuoHanbHble NOKPbIMUL.
2024;18(5):44-54. https://doi.org/10.17073/1997-308X-2024-5-44-54

Introduction

Industrial equipment during operation is subjected
to abrasive wear, which significantly reduces its ser-
vice life by altering the size, shape, and condition
of the working surfaces of parts [1; 2]. For instance,
components of industrial fans, draft machines, solid-
fuel boilers, and gas turbine units are exposed to abra-
sive particles carried by high-speed flows of heated
gases. The need to replace wornout parts leads to sub-
stantial economic losses due to prolonged equipment
downtime during repairs [2—4]. Extending the service
life of parts can be achieved efficiently by strengthen-
ing their surface with wear-resistant alloys [4; 5].

One of the key kinematic parameters determining
the nature and intensity of the wear surface destruction
is the angle of its attack by the gas-abrasive flow [6; 7].
At small attack angles (20-30°) and temperatures
up to 600 °C, typical for the operation of forced draft

fans, the surface destruction mechanism is dominated
by plastic displacement of the metal and microcutting,
which leads to low wear resistance of ductile mate-
rials [8-10]. Under these conditions, alloys based on
iron with a composite structure, consisting of both large
and fine hard carbides distributed throughout a ductile
matrix, are more preferable [11; 12].

The task of obtaining thick wear-resistant coatings
on the surface of parts is most universally and effec-
tively solved by electric arc surfacing with flux-cored
wire [1; 13]. The use of flux-cored wire allows the pro-
duction of coatings with virtually any chemical compo-
sition, providing them with the necessary operational
properties [14; 15]. Dynamic exposure to ultrasonic
vibrations (from 18 kHz) on the alloys crystallizing
during the surfacing process is one of the known tech-
nological methods that allows altering their structural-
phase composition, increasing wear resistance, reduc-
ing the likelihood of internal defects, and more [ 16—18].
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These changes are caused by the formation of standing
waves in the melt, characterized by alternating regions
of compression and rarefaction. The generation of high
energy densities in these regions manifests in secondary
effects (cavitation, acoustic flows, radiation pressure,
viscous friction forces), creating specific conditions for
the crystallization of the metallic melt [19; 20]. These
effects contribute to the intensification of physical and
chemical processes: degassing, diffusion, metal struc-
ture dispersion, phase coagulation, and others [21; 22].

Among all known methods of transmitting ultra-
sonic vibrations (USV) to the crystallizing melt in
the weld pool, using filler (waveguide) wire for this
purpose is of the greatest practical interest [23].
In this case, it becomes possible to affect the melt
near the crystallization front, where the acoustic treat-
ment has the most noticeable effect. Using flux-cored
wire as a waveguide allows for alloying, reinforc-
ing, and modifying the surfaced metal with refrac-
tory particles, while the USV can contribute to their
more uniform distribution within the melt [24; 25]. At
the same time, it is necessary to note that the relation-
ships between the influence of USV on the structure
and properties of the surfaced wear-resistant alloys
have not been fully explored in scientific and techni-
cal publications.

The objective of this study is to investigate the influ-
ence of USV on the structural-phase composition and
resistance to gas-abrasive wear at temperatures up
to 600 °C of a coating made from the experimental alloy
280Cr14Mn6Ni6Mo3Ti2Nb2, surfaced by the electric
arc method.

Materials and methods

During the formation of the wear-resistant coat-
ing by electric arc surfacing in a protective gas, an
experimental flux-cored wire (FCW) with a diameter
of 2.8 mm was used as the electrode. A strip of 08kp
steel (low-carbon killed steel, ~0.08 % C) with a thick-
ness of 0.25 mm was used as the sheath for the FCW,
and the filler material of the wire consisted of metallic
powders of chromium, nickel, molybdenum, niobium,
titanium, iron, as well as graphite powder. The compo-
sition of the filler was calculated to achieve a eutectic
structure in the surfaced alloy, featuring a tough and
ductile austenitic matrix stabilized by carbon, nickel,
and manganese, capable of securely retaining hard
phases in the form of chromium, titanium, niobium,
and molybdenum carbides [26].

A wear-resistant coating was formed in a single
layer of 6—7 mm thickness on the surface of plates
made of St3sp steel, with the following chemical com-
position (wt. %):
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C........... 2.7-2.9 Mo.......... 3.0-3.14
Cr.......... 13.5-150 Nb.......... 2.0-2.1
Ni.......... 5.7-6.0 Ti.o.......... 2.0-2.15
Mn......... 6.0-6.2 Fe........... balance

To protect the molten metal from atmospheric
exposure, gaseous argon was used. For compari-
son of the wear resistance of the experimental coa-
ting with industrial counterparts, samples from
the 600Cr23B7Mo7Si2W2F alloy were produced
by electric arc surfacing using covered Weartrode 65T
electrodes (ESAB).

As the filler (waveguide) wire, a flux-cored wire
with a diameter of 2 mm was used, made with a steel
strip sheath 0.5 mm thick and filled with iron powder.

The chemical composition of the surfaced coat-
ing was determined using an optical emission spec-
trometer Oxford Instruments PMI-MASTER PRO.
Metallographic studies were carried out using optical
(Carl Zeiss Axiovert 40 MAT microscope) and elec-
tron microscopy (FEI Versa 3D scanning electron-ion
microscope). Metallographic sections were prepared
using a grinding machine MP-1B Time Group Inc.

X-ray microanalysis of the structural components
of the coating and elemental mapping of the alloying
elements on the surface of microsections was car-
ried out using an energy-dispersive X-ray detector
(Apollo X-SDD) mounted on a Versa 3D microscope.
The volumetric fractions of the structural components
in the coating were determined by analyzing the ele-
mental distribution maps on the microsection surface
using the Image J software, by calculating the area
occupied by each component.

X-ray phase analysis of the surfaced coatings
was performed using a “Bruker D8 Advance Eco”
X-ray diffractometer with a vertical 0-6 goniometer.
The samples were scanned using copper anode radia-
tion (L= 1.54060 A) under the following conditions:
X-ray tube voltage — 40 kV; filament current — 25 mA;
exposure time — 1s; scanning step — 0.02°. Phase
identification in the coatings was carried out using
Diffrac.EVA software equipped with the licensed
“Powder Diffraction File-2” database (The International
Center for Diffraction Data).

Hardness testing of the surfaced coating was
conducted by the Rockwell method (scale C) using
a “TN-500 Time Group Inc.” hardness tester.

The resistance of the surfaced coating to gas-
abrasive wear at normal and elevated temperatures
up to 600 °C was evaluated using an express testing
method described in [27]. The coating sample, a plate
measuring 40x16x3.5 mm, was heated by passing
an electric current through it and subjected to a stream
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of heated compressed air mixed with abrasive particles
of quartz sand with an average size of 260 um. Stability
of the testing temperature was ensured by controlling
the sample temperature with a WR5/20 thermocouple,
connected to an LA-20 USB analog-to-digital con-
verter, which displayed the readings on a computer
screen using “PowerGraph” software. The test para-
meters were as follows: test duration — 120 s, air pres-
sure in the system — 3 atm, attack angle of the gas-
abrasive stream on the sample surface — 30°.

The wear resistance criterion was the specific wear
rate (&, g/kg), calculated using the formula

&= Am/Am_,

where Am is the mass loss of the tested sample, g;
m, is the mass of abrasive used during the test, kg.
The mass loss of the samples was measured with
an accuracy of 0.0001 g using “Shinko Denshi VIBRA
HT-124RCE” analytical scales.

The plastic deformation characteristics of the thin
surface layers of worn coatings were studied using an
electron-ion microscope, by preparing microsections
of the surface through ion etching, with a platinum
layer applied beforehand.

Technique for forming
surfaced coatings

Electric arc surfacing of the coating (Fig. 1) using
the experimental flux-cored wire (FCW) was per-
formed with the “A2 Mini Master” (ESAB) welding
machine, equipped with a device for introducing ultra-
sonic vibrations (USV) into the weld pool via a wave-
guide wire.

In the electro-neutral waveguide wire, which is
constantly immersed in the weld pool and fed into it
at a constant speed, bending vibrations with a frequency
0f20.6 kHz are generated by an ultrasonic piezoelectric
transducer performing longitudinal vibrations. The wire
melts due to the heat generated in the welding reaction
zone and also from the heat generated within the wire
itself as it transmits the USV [28]. To achieve the maxi-
mum vibration amplitude at the end of the waveguide
wire in the weld pool, its extension (a) must be a multi-
ple of half the wavelength of the bending waves (A, ),
and the rollers of the feeding mechanism must con-
tact the wire at a vibration node at a distance (b) from
the end of the transducer (Fig. 1). This helps reduce
energy losses during the surfacing process, as the sys-
tem becomes acoustically closed.

Fig. 1. Schematic diagram of the formation of the surfaced coating with the influence of USV

1 — electrode wire; 2 — welding power source; 3 — plate to be surfaced; 4 — weld pool; 5 — surfaced coating;
6 — waveguide wire; 7 — rollers of the feeding mechanism; 8 — ultrasonic transducer; 9 — vibration transmission node to the waveguide wire;
10 — ultrasonic generator; 11, 12 — distribution of the amplitude of bending and longitudinal vibrations, respectively;
Ayen — bending wavelength; B — distance between the waveguide and electrode wires;
a — extension of the waveguide wire; b — distance from the point of USV input to the feeding mechanism rollers;
o — inclination angle of the waveguide wire; L — length of the weld pool; ¥, — surfacing speed

Puc. 1. IlpuHimnmansHas cxeMa (OpMHPOBAaHHS HAILIABIEHHOTO MOKPHITHS ¢ Bo3aelcTBHeM Y3K

1 — BreKTpoHas IPOBOJIOKA; 2 — CBAPOUHBIM HCTOUHHK TOKa; 3 — HAIUIaBjseMasi IUIacTHHA; 4 — CBapOYHAs BaHHA;
5 — HanaBIeHHOE MOKPBITHE; 6 — BOTHOBOAHAS IIPOBOJIOKA; 7 — POJIMKH ITOAAIONIETO MEXaHU3Ma;
8 — yneTpa3ByKoBOH Mpeobpa3oBarelb; 9 — y3en nepeaadn KoiebaHuil BOTHOBOJHOM POBOIOKe; 10 — ynbTpa3ByKOBOil reHepaTop;
11, 12 — pacripezienieHie aMILTUTY/IbI H3TMOHBIX U MTPOJOJIBHBIX KOJIEOaHUH COOTBETCTBEHHO;
Xbe“ — JUTMHA U3TUOHO# BOJIHBI; B — pacCTOSIHUE MEX/Ty BOJIHOBOIHOM U JIEKTPOIHO MPOBOJIOKAMU; ¢ — BBIJIET BOTHOBOIHOM POBOJIOKH;
b — paccrostHue 0T MecTa noaBoAa ¥Y3K 10 poauKkoB MOAIONMIEro MEXaHH3Ma; 0L — yToJl HAKJIOHA BOITHOBOAHOM IIPOBOIOKH;
L — pyvHa CBapOYHOI BaHHbL; V/, — CKOPOCTH HAIUIABKH

47



Drm o W3BECTUA BY30B. MOPOWKOBAA METANIIYPTUA U ®YHKLMOHANBHBIE NOKPbITUA. 2024;18(5):44-54
" u3secTan 8y308 MpusmkuH [.B., Apomemoes A.A., /lbicak B.1. DopmmnpoBaHme M3HOCOCTOMKMX MOKPbITUIA B NPOLLECCE ...
Surfacing process parameters
TexHoIOrHYeCKHEe MapaMeTPbl Pe:KHMA HANIABKH
Welding Arc Surfacing Distance Feed rate Angle (.)f USvV Usv Shielding
between of the wave- | wave-guide .

current voltage speed wires TS S -, frequency | amplitude gas flow

I,,A U,V V., m/h 72, s V. .mh &, 4k /. kHz ¢, um (Ar), /min
290-330 25-26 14-15 17 28-29 30 20,6 11 14-16
The power source for the ultrasonic transducer was  280Cr14Mn6Ni6Mo3Ti2Nb2 alloy coating leads

the ultrasonic generator UZG 4-2, manufactured by
Ultra-resonance (Ekaterinburg). The electrical power
consumed by the transducer during surfacing was
200 W. Amplitude and frequency of acoustic vibrations
were monitored using non-contact laser vibrometry
with the “Polytec VibroFlex Neo” vibrometer.

Surfacing was performed on steel plates measuring
200x150%12 mm with an overlap of weld beads equal
to 30 % of their width. To prevent cracks in the sur-
faced coating, the plates were preheated to a tempera-
ture of 300 £ 20 °C and allowed to cool slowly after
surfacing. The pre-surfacing temperature was moni-
tored using a TEKHNOAS S-20.4 infrared pyrometer.

The welding current source (direct current, electrode
positive) was the thyristor rectifier ESAB LAF 1001.
The technological and acoustic parameters of the sur-
facing process (see Table) were selected experimentally
to ensure the formation of a well-shaped, defect-free
surfaced coating with minimal penetration into the base
metal. The main parameters of the surfacing process
with and without ultrasonic vibrations did not differ.

The distance (B) between the electrode wire and
the filler wire, which depends on the length of the weld
pool (L), is one of the most important technologi-
cal parameters of this process. It affects the quality
of the surfaced coating formation, the uniform melting
of'the filler wire, and the stability of the ultrasonic treat-
ment of the weld pool. When using waveguide FCW
with a diameter of 2 mm and a feed rate of 2829 m/h
into the weld pool, the distance B should be within
0.37-0.57 of the pool length L [28]. Introducing
the wire into the pool beyond the upper limit of this
range results in defects in the surfaced coating, while
introducing it too close to the electric arc makes ultra-
sonic treatment impossible, as the waveguide wire
melts above the weld pool.

Introducing the wire into the weld pool at a 30°
angle to the surfaced surface ensures complete melting
of the wire over a wide range of feed speeds.

Results and discussion

It was experimentally established that
the influence of USV during the surfacing of the
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to significant structural changes (Fig. 2). The micro-
structure of the coating formed without acoustic treat-
ment of the crystallizing alloy is hypereutectic, with
large primary carbides of needle-like and plate-like
shapes (Fig. 2, a, b). Combined X-ray microanaly-
sis and X-ray phase analysis of the coatings showed
that the solid solution of the carbide eutectic consists
of alloyed y-Fe, and the majority of the strengthening
phase is represented by Me,C, and Me,C, carbides,
where Me is chromium, iron, manganese, and molyb-
denum (Fig. 3). The structure also contains relatively
uniformly distributed fine solid phases, represented
by complex carbides (Ti,Nb,Mo)ny and monocar-
bides Mo,C with an average particle size of 3.5 pm
and 1.6 um, respectively. No defects such as cracks,
delamination from the base metal, pores, etc., were
detected in the surfaced coating.

The influence of high-frequency acoustic vibrations
leads to the disappearance of large primary Me C  car-
bide crystals in the coating structure and some disper-
sion of the austenite-carbide eutectic (Fig. 2, ¢, d). This
is accompanied by the appearance of characteristic
“rosettes” consisting of plate-like carbides separated by
layers of solid solution. In addition to the (Ti,Nb,Mo) C
and Mo, C carbides, a small amount of (Ti,Mo)XCy and
TiC carbides also appears in the alloy.

It has been established that high-frequency vibra-
tions of the filler wire lead to its additional heating.
This helps to reduce the “chilling” effect of the weld
pool, which manifests in classical surfacing processes
with “cold” filler by reducing its length. In the studied
process, with a wire feed rate of 28-29 m/h, the pool
length decreases by no more than 4 %. At the same
time, the proportion of filler metal in the surfaced
coating is very small, amounting to 1.0-1.2 wt. %.
Thus, the changes in the structure of the studied alloy
are related specifically to the influence of acoustic
vibrations on the crystallization process, rather than
to supercooling of the weld pool or changes in its
chemical composition.

The mechanism of microstructure transformation
in the surfaced coating under the influence of USV is
as follows. In the absence of acoustic vibrations, large
primary Me C carbides crystallize from the weld pool,
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Fig. 2. Microstructure of the coating surfaced without USV (a, b) and with USV (c, d):

a, ¢ — optical image; b, d — electron image; e — “rosette” of Meny carbide

Puc. 2. MukpocTpyKTypa HOKpbITHs, HariaBieHHoro 6e3 Y3K (a, b) u ¢ Bo3neiictuem Y3K (c, d)

a, ¢ — oNTHYEeCKOE U300paxkeHue; b, d — 3eKTPOHHOE N300paKEHHE; € — «PO3EeTKa» KapOuIa MeXCy

with an austenite-carbide eutectic forming between
them. When high-frequency acoustic vibrations are
induced in the melt, the crystallization process occurs
under the mechanical action of shock waves generated

A@

» —Cr,C,
v - TiC
- Tio %Moo.azco 6

m — (Nb,Ti)C,
@ —y-Fe

A —Mo,C
<—(CrFe),C,

with USV

> e

Intensity

without USV

30 40 50 60 70 80 90 100

20, deg

Fig. 3. Results of X-ray phase analysis of coatings surfaced
with and without USV

Puc. 3. Pe3ynbrarhl peHTreHO()a30BOT0 aHaM3a TIOKPBITHH,
HaIUTaBJICHHBIX ¢ Bo3aeiicTBueM Y3K u 0e3 Hux

by cavitation in the melt, which destroy the growing
carbide crystals. The resulting carbide fragments are
carried by acoustic flows along the crystallization front
and act as additional nucleation centers for further
crystallization. The formation of strengthening phases
on these fragments in the melt may be facilitated
by reduced surface tension at the interphase boundaries
under the influence of USV.

The change in the crystallization kinetics of the sur-
faced alloy due to acoustic treatment leads to a 25 %
increase in the volume fraction of austenite (Fig. 4),
while the content of Me C carbides decreases propor-
tionally, and the content of fine carbides (Ti,Nb,Mo)ny
and Mo,C changes insignificantly.

The change in the volume fraction of structural com-
ponents in the surfaced alloy is accompanied by a redis-
tribution of alloying elements between them (Fig. 5),
which affects their mechanical properties. It was found
that the molybdenum content in austenite decreases by
a factor of two, while the chromium content increases
by 20 %, which may improve the heat resistance
of the alloy matrix. This is accompanied by a propor-
tional decrease in the chromium content in Me C| car-
bides and an increase in the content of iron, manganese,
and molybdenum, which may reduce their microhard-
ness. The molybdenum content in (Ti,Nb,Mo) C, car-
bides decreases almost fivefold, while the Ti/Nb ratio
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Surfaced alloy
Fig. 4. Volume fraction of structural components R
in the surfaced alloy with and without USV °\
A — austenite, B — Me C , carbides, B.
C—(Ti,Nb,Mo) C , (Ti, Mo)ny, MOZC, and TiC carbides g
' <=
Puc. 4. KonmnuectBeHHOe pacrpezeneHue da3s A
B CTPYKTYpPE MOKPBITHSI, HAIJIABIIEHHOTO
c Bo3aeiicteueM Y3K u 6e3 Hero
A — aycrenur, B — kapOusl THIIA MeC,,
C — xap6unel Tumna (Ti,Nb,Mo) C , (Ti, Mo)ny, Mo,C u TiC
(in at. %) increases from 1.05 to 1.2, which, accord- S
ing to [29], may improve the microhardness of these 5
carbides. é 20
. w2 M
It has been established that the structural changes 10 L :
in the surfaced coating caused by USV do not affect its Mo
hardness, but they result in an average 18 % increase 0 —— S
in its resistance to high-temperature gas-abrasive without USV with USV
wear (Fig. 6). The wear resistance of the experimental Surfaced alloy

alloy 280Cr14Mn6Ni6Mo3Ti2Nb2, modified by USV,
exceeds that of the more heavily alloyed industrial
counterpart 600Cr23B7Mo7Si2W2F (ESAB) by 26 %.
The high wear resistance of the developed coating is
due to the formation of a composite structure, combin-
ing a strong and ductile nickel-manganese austenitic
matrix, alloyed with chromium and molybdenum, and
a strengthening phase in the form of plate-like Meny
carbides and ultra-hard fine carbides (Ti,Nb,Mo)ny
and Mo, C.

It was revealed (Fig. 7) that, as a result of the high-
temperature gas-abrasive flow, a deformed layer
forms on the surface of the coatings, which can
be identified in cross-sections of worn samples
obtained by ion etching. Under the impact of abra-
sive particles, partial destruction of large plate-like
Me C  carbides occurs, accompanied by the forma-
tion of cracks that open in the direction of the gas-
abrasive flow (Fig. 7, a—c). Smaller and more durable
(Ti,Nb,Mo)ny carbides, with their compact shape,
shift together with the matrix material without frac-
turing, limiting its plastic deformation and reducing
the coating’s wear rate. The primary wear mechanism
appears to be the chipping of relatively large Me C,
carbide fragments followed by the shearing of micro-
volumes of austenite.

50

€, g/kg

Fig. 5. Chemical composition of austenite (a),
Me C, carbides (b), and (Ti,Nb,Mo)XCy (¢) in the coating
' surfaced with and without USV

Puc. 5. Xumunueckuii cocraB ayctenura (a),
kapbuznos Me,C, (b) u (Ti,Nb,Mo)ny (€) B IOKPBITHH,
HarutaBieHHoM ¢ Y3K u 0e3 Hux

0.7 70

- 40
1 30

without USV  with USV  600Cr23B7Mo7Si2W2F

280Cr14Mn6Ni6Mo3Ti2Nb2 (ESAB)

Alloy

Fig. 6. Hardness (HRC) and specific wear (&)
of the experimental and industrial alloys

[ - HRC hardness; [l - & at 20 °C; [l - £ at 600 °C
Puc. 6. Teepnocts (HRC) u yaenbubiii u3noC (&)
SKCIIEPUMEHTAIBHOTO M MPOMBILIIJICHHOTO CIIIIABOB
M - tBeprocts HRC; M - & ipu 20 °C; Ml - & nipu 600 °C

HRC
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The study of the cross-section of the worn coating
surfaced with USV showed (Fig. 7, d) that the pro-
cesses of intense plastic deformation in the alloy
extend to a depth of about 10 um. Under the impact
of abrasive particles, thin Me C carbide plates crack,
and the fragments shift in the direction of impact.
At the same time, the solid solution layers dampen

shear deformations, and the plastic flow of the austen-
itic matrix forms a metallic binder around the result-
ing carbide fragments, reducing the likelihood of their
chipping. This is likely also facilitated by the increase
in the austenite volume in the structure of the modified
coating, as well as the enhancement of its heat resis-
tance due to the increased chromium content.

TR e
. (TiNb,NM6).C,.

& (Ti,Nb,Mo)C

e

S

Fig. 7. Cross sections of the surface layer of coatings surfaced without USV (a) and with USV (d),
after gas-abrasive wear testing at 600 °C; carbon (b, €) and chromium (c, f) distribution maps across the cross-sections

1 — platinum layer; 2 — direction of the gas-abrasive flow

Puc. 7. CeyeHus MOBEPXHOCTHOTO CJIOS IOKPBITHH, HaruiaBleHHbIX 0e3 Bo3neiictust Y3K (a) u ¢ Y3K (d),
MOCJIe UCTIBITAHUI Ha ra30a0pa3uBHOE U3HAIIMBaHKE ipu Temieparype 600 °C;
KapThl pacnpeneneHus yriepona (b, e) u xpoma (c, f) o Ce4eHHIO TOKPBITHI

1 — cnoit IITaTUHBI; 2- HampaBJICHUEC I‘a30a6pa3I/IBHOI‘O TIOTOKa
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Conclusions

1. It has been established that ultrasonic treatment
of the weld pool during electric arc surfacing affects
the crystallization processes of the wear-resistant coat-
ing, contributing to the reduction in volume fraction
and refinement of primary and eutectic Me C = car-
bides, increasing the volume of the austenitic matrix
by 25 %, and leading to the appearance of (Ti,Mo)ny
and TiC carbides in the structure. This is accompanied
by the redistribution of alloying elements between
the strengthening phases and the austenite, which affects
their mechanical properties. The chromium content in
austenite increases by 20 %, while it decreases in Me C,
carbides. Meanwhile, the concentrations of molybde-
num and manganese in austenite decrease, while they
increase in Meny carbides. Additionally, the titanium
content increases in (Ti,Nb,Mo)ny carbides, and
the molybdenum content decreases significantly.

2. The structural changes in the coating caused
by USV lead to an 18 % increase in its resistance
to gas-abrasive wear at 600 °C, exceeding the perfor-
mance of international industrial counterparts. This
is explained by the formation of a fine lamellar car-
bide eutectic reinforced with ultra-hard (Ti,Nb,Mo)ny
carbides, which limits the intense plastic deforma-
tion of the alloy during wear, confining it to a depth
of 10 pm. The negative effect of Me C carbide crack-
ing under the impact of abrasive particles is mitigated
by the increased volume and heat resistance of the aus-
tenite, whose plastic flow forms a metallic binder
around the carbide fragments, reducing the likelihood
of their chipping.
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Investigation of the properties
of WC-5TiC-10Co cutting inserts produced
using a 3D-printed plastic mold

M. L. Dvornik, E. A. Mikhailenko, A. A. Burkov, E. V. Chernyakov

Institute of Materials Science of the Khabarovsk Federal Research Center
of the Far Eastern Branch of the Russian Academy of Sciences
153 Tikhookeanskaya Str., Khabarovsk 680042, Russia
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Abstract. Cutting inserts made from the WC-5TiC—10Co hard alloy were produced by sintering blanks that were pressed in a plastic
mold made from polylactide on a 3D printer using a layer-by-layer deposition method. The effect of pressing pressure and plasti-
cizer (rubber) content in the powder mixture on the density of the blanks was studied. As the pressing pressure increased from 50
to 200 MPa, the density of the blanks rose by only 2-6 %. When the plasticizer concentration in the powder mixture increased from 1
to 6 %, the blank density increased by 28-32 %. It was found that the density values of the cutting insert blanks obtained in a plastic
mold differed only slightly from those of standard blanks produced in a steel mold. After sintering in a vacuum furnace at 1450 °C,
the density, carbon content, porosity, microstructure, surface roughness, hardness, and fracture toughness of all the sintered cutting
inserts, standard samples, and the commercial equivalent were investigated. It was shown that the formation of free carbon as a result
of rubber decomposition leads to a decrease in the density of the finished products, and therefore, their hardness. The relative density
(98.7 %) of the cutting insert produced in the plastic mold at a pressing pressure of 50 MPa from powder containing 1 % rubber
exceeded the density of the commercial cutting insert (98.5 %). The obtained cutting insert demonstrated high hardness (1400 HV) and
fracture toughness (13.5 MPa'm'?). The cutting insert made from the WC-5TiC—10Co alloy is not inferior to the commercial TSK10
hard alloy insert in terms of flank wear rate during turning of a steel workpiece.

Keywords: cutting insert, pressing, hard alloy, 3D printing, mold, polylactide
Acknowledgements: This research was supported by the Russian Science Foundation grant No. 23-29-00063.

For citation: Dvornik M.I., Mikhailenko E.A., Burkov A.A., Chernyakov E.V. Investigation of the properties of WC-5TiC—10Co
cutting inserts produced using a 3D-printed plastic mold. Powder Metallurgy and Functional Coatings. 2024;18(5):55-65.
https://doi.org/10.17073/1997-308X-2024-5-55-65

© 2024. M. 1. Dvornik, E. A. Mikhailenko, A. A. Burkov, E. V. Chernyakov 55


https://doi.org/10.17073/1997-308X-2024-5-55-65
mailto:mea80@list.ru
https://powder.misis.ru/index.php/jour/search/?subject=cutting insert
https://powder.misis.ru/index.php/jour/search/?subject=pressing
https://powder.misis.ru/index.php/jour/search/?subject=hard alloy
https://powder.misis.ru/index.php/jour/search/?subject=3D printing
https://powder.misis.ru/index.php/jour/search/?subject=mold
https://powder.misis.ru/index.php/jour/search/?subject=polylactide
https://doi.org/10.17073/1997-308X-2024-5-55-65
mailto:mea80%40list.ru?subject=

W3BECTUA BY30OB. [TOPOLIKOBAA METANNYPTUA U GYHKLLMOHANBHBIE MOKPbITUA. 2024;18(5):55-65

v v on
3 LesopHuk M.U., Muxalinerko E.A. u dp. iccneaoBaHne XapaKTePUCTUK PEXYLLMX NAACTUH U3 TBEPAOrO CNaBa ...

W3BECTUA BY30B

UccnepoBaHue xapakTepuCTUK
pexywmx nnactuH us teepgoro cnnasa WC-5TiC-10Co,
MONYYEHHbIX C MPUMEHEHMEM NNacCTUKOBOU POPMbl,
nsrotoeneHHou metogom 3D-nevaTun

M. 1. iBopHuK, E. A. Muxaiinenko “, A. A. Bypkos, E. B. Yepuakos

HNucTutyT MaTtepuasioBenennsi XadapoBckoro ¢e1epajbHOr0 MCCIeI0BaTEIbCKOT0 EHTPa
JanbHeBocTouHoro oraenenuss PAH
Poccust, 680042, 1. Xabaposck, yi1. Tuxookeanckas, 153

& mea80@list.ru

AHHoTayms. beiti U3roToBICHBI pekylue miacTuHbl U3 TBepaoro ciuiaa WC—5TiC—10Co criekaHueM 3aroToBOK, CITPECCOBaHHBIX
B IUIACTHKOBOW (hopMme, MOJIydeHHOW M3 MoNuiIakTiaa Ha 3D-npuHTepe MeTofoM MOCIoiHON HaruiaBku. MccienoBaHo BiMsHHE
JTaBJICHHS TPECCOBAHMS M COAEPIKAHUS ITacTU(HUKATOPa (KaydyKa) B TOPOIIKOBOH CMECH Ha INIOTHOCTH 3aroTOBOK. C MOBBIILICHUEM
naBnenus npeccosanust ot 50 go 200 MIla m10THOCTE 3aroTOBOK BO3pacTaeT TOJIbKO Ha 2—6 %. Ilpu yBenuyeHun KOHLEHTpaluu
ruactudukaropa B MOPOIIKOBOH cmec ¢ 1 10 6 % NPOUCXOANT IMOBBIIMIEHHE IUIOTHOCTH 3aroToBok Ha 28-32 %. YcraHoBIEHO,
YTO 3HAYEHHs IUIOTHOCTH 3arOTOBOK PEXYIIMX IUIACTHH, MOJMYyYaeMbIX B IIACTHKOBOI mpecc-hopMe, HE3HAUUTENIBHO OTIINYAIOTCS
OT IUIOTHOCTH CTaHIAPTHBIX 3arOTOBOK, TTOJy4aeMbIX B CTaJIbHOH mpecc-popme. [Tocne criekanns B BAKyyMHOIT IIe4H IpU TeMIepa-
Type 1450 °C Ob11M UccieI0BaHbl INTOTHOCTH, COAEPIKAaHKe YIIIepoa, TOPHUCTOCTh, MUKPOCTPYKTYpA, IIEPOXOBATOCTh ITOBEPXHOCTH,
TBEPJIOCTH U BSI3KOCTh Pa3pyLICHHs BCEX CIIEUSHHBIX PeXKYIIHX [UIACTHH, CTAaHIaPTHBIX 00pa3IoB 1 KOMMepueckoro anaiora. [Toka-
3aHO, 4TO (hOpMHUpOBaHME CBOOOIHOIO YINIeposia B pe3yJbTaTe paslioKeHUs KaydyKa HPHBOJIMT K CHIDKSHHIO TDIOTHOCTH TOTOBBIX
W3/IeNNi, a CIIeJJOBaTeIbHO, U UX TBepaocTH. OTHOCHTENbHAs TIOTHOCTH (98,7 %) peylieil IIacTHHBI, MOTYyYeHHOH B IIACTH-
KOBO# mpecc-popMe mpu AaBieHuu mpeccoBanus S0 MIla u3 mopoika, comepxaiiero 1 % kaydyka, MPEBBIIIAET MUIOTHOCTh
KOMMepUecKor pexyiieit mactunsl (98,5 %). [lonydyennas pexyinas ractuHa uMeetr Bbicokue TBepaocthb (1400 HV) u Bsa3kocTh
paspymenus (13,5 MITa-m'?). UsrotoBnennas pesxymas miactina us criasa WC—5TiC—10Co He ycTynaer no ckopocTH U3HOCa T0
3aJHell rpaHl KOMMeEpUeCcKol macTuHe u3 TBepioro ciutasa TSK10 npu ToueHuH cTaabHOM 3arOTOBKHU.

Knrouessie cniopa: pexxyas IIacTHHA, TPECCOBAHME, TBEPABII crias, 3D-meuars, npecc-hopma, TOIHIAKTH
BnaropgapHocTy: VccrenoBanue mpoBeaeHo mpu noaaepikke rpanta PH® Ne 23-29-00063.

Ana umtnposanus: [IBopuuxk M.U., Muxaitnenko E.A., Bypkos A.A., Uepnsxos E.B. MccienoBanne XapakTepHCTHK PexXyIINX
tiacTuH u3 TBepporo cimiaBa WC—-5TiC—10Co, moiay4eHHbIX ¢ MPUMEHEHHEM IIaCTHKOBOI (JOPMBI, N3rOTOBIEHHOH METOI0M
3D-neuaru. Uszeecmus 6y308. [lopowkosas memannypeus u Qynkyuonanvhvie nokpoimus. 2024;18(5):55-65.
https://doi.org/10.17073/1997-308X-2024-5-55-65

printing (3DGP) [25; 26] have reduced density due
to the lack of pressure.

Introduction

Hard alloys based on WC and TiC are widely used
in metalworking [1]. Industrial production of hard
alloy products is based on sintering blanks obtained
by cold pressing in steel or hard alloy molds. These
molds ensure the necessary density and high preci-

An alternative method involves using plastic molds
manufactured on a 3D printer for slip casting of hard
alloy and ceramic blanks, which are later sintered
using conventional methods [27;28]. When using
these methods, the volumetric fraction of the plasti-

sion, possess high productivity, and have a long ser-
vice life, but are limited in terms of product shape
and require significant costs for their manufactur-
ing. In recent years, additive technologies have been
employed to produce complex-shaped hard alloy
products from structural materials [2—4]. However,
these methods face certain challenges. For example,
producing high-density hard alloy products using
selective laser sintering is complicated by changes in
chemical composition [4—15], while blanks for sinter-
ing obtained by binder jetting (BJ) [4; 16-23], fused
filament fabrication (FFF) [24], and gel-based 3D

56

cizer must be significantly increased (over 50 vol. %).
Removing the plasticizer from the blanks creates pores,
reducing the density of the products made using these
methods. Studies have shown that WC-15Co hard
alloy blanks can be produced by pressing at pres-
sures up to 120 MPa in plastic molds made by layer-
by-layer deposition [29]. The resulting alloy samples
match the density and characteristics of those obtained
by pressing in conventional steel molds. Expanding
the applicability of this method requires broadening
the range of materials used and increasing pressing
conditions.
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The goal of this study was to investigate the effect
of plasticizer concentration and pressing pressure
(up to 200 MPa) in plastic molds on the density, micro-
structure, hardness, and fracture toughness of cutting
inserts made from the WC-5TiC-10Co hard alloy.
The wear resistance of the obtained samples was also
compared with a commercial equivalent.

Research methodology

To assess the effect of plasticizer concentration and
pressing pressure on the properties of the experimen-
tal samples, 200 g of WC-5TiC-10Co powder was
prepared by mixing powders from the Kirovgrad Hard
Alloy Plant: WC (73.3 %, WC3), (Ti,W)C (16.7 %,
TWC3), and Co (10 %, PK1U)) in a PM-400 pla-
netary mill (Retsch, Germany) for 120 min at 350 rpm.
The ball-to-powder mass ratio was 3:1. After mixing,
the powder was divided into four equal parts, each
of which was supplemented with 1, 2, 4, and 6 wt. %
rubber as a solution. The resulting mixtures were
pressed after drying and granulation.

Plastic
pushers

Steel pusher

Steel shell

The plastic mold for pressing the SNUM-120408
cutting insert blanks (Fig. 1, ¢) was made of polylac-
tide (PLA, produced by Bestfilament, Tomsk) using
layer-by-layer deposition technology on a Flash
Forge Dreamer 3D printer (China). The filling was
100 %, with a first layer thickness of 0.27 mm and
subsequent layers of 0.1 mm. The printing tempera-
ture was 200 °C. The compressive strength, Young’s
modulus, and Poisson’s ratio of the plastic, accord-
ing to test results, were 70 MPa, 1.54 GPa, and 0.38,
respectively [29; 30]. A steel shell, steel rod, and steel
pusher were used to ensure high pressing pressures
(up to 200 MPa) in the plastic mold (Fig. 1, b, ¢).

From each batch of powder, four samples weigh-
ing 8 g each were pressed in plastic molds at pressures
of 50, 100, 150, and 200 MPa, and one rectangular
blank measuring 24x8x8 mm was pressed in a steel
mold at 200 MPa for comparison. A total of 20 diffe-
rent samples were obtained (Fig. 1, e). After press-
ing, the density of the obtained blanks was measured.
The blanks were sintered after plasticizer removal
(Fig. 1, d) at a maximum temperature of 1450 °C. After

Plastic shell

Plastic punch

T5K10 blank

o

Hasneune NpPeCCOBAHHA

200MIla |

200MTa
(cTansnas
|npece-dhopua)

Fig. 1. 3D model of the cutter (a), mold diagram (), mold (c), blanks after pressing (d),
sintered samples and commercial TSK10 cutting insert (e)

Puc. 1. 3D-mopnens pesua (a), cxema npecc-hopmsl (b), npecc-dopma (c), 3arotoBKH nocie mnpeccoanus (d),
crHeYeHHbIE 00pa3ibl 1 KoMMepueckas pexxyiias miactuna T5K10 (e)
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sintering, the samples were ground and polished for
microstructure analysis. Hardness, fracture toughness,
and strength (only for rectangular samples) were mea-
sured, and wear resistance tests were conducted during
the turning of steel 45 using the cutting insert produced
at a pressing pressure of 50 MPa from a powder mix-
ture containing 1 % rubber, compared with the com-
mercial SNUM-120408 insert made from the T5K10
alloy by KZTS.

Pressing and testing of the punches and sintered
samples were conducted on an IP-250M test press
(ZIPO LLC, Armavir) at a loading rate of 0.5 kN/s.
The pressing force required to achieve pressures
of 50, 100, 150, and 200 MPa was calculated based on
the punch area (191 mm?) and the friction force against
the walls of the matrix (11 % of the force). The den-
sity of the powder compacts and sintered samples was
determined by hydrostatic weighing on Vibra scales
(Shinko, Japan). The relative densities of the powder
compacts and sintered samples were calculated based
on the known densities of the WC-5TiC—-10Co alloy
(12.95 g/cm®) and rubber (0.9 g/cm?®). Plasticizer re-
moval and sintering were performed in a Carbolite
STF vacuum furnace (Carbolite Gero, UK). Strength
testing of rectangular samples was carried out accor-
ding to standard methodology (ISO 3327:2009).
Carbon content in the powders was measured on
an EMIA 320V2 analyzer (Horiba Ltd., Japan) after
the removal of the plasticizer by heating along with
other samples. The microstructure of the sintered hard
alloy products was examined using optical (Altami,
St. Petersburg) and scanning electron microscopes
(Tescan Orsay Holding, Czech Republic). The average
grain diameter was calculated using standard metho-
dology (ASTM E112-13). The Vickers hardness of all
samples was determined using an HVS-50 hardness
tester (Time Group Inc., China) (with an accuracy
of 2 %) at a load of P =294 N. Fracture toughness
(K,,) was calculated based on the total crack length (/)
from the hardness tester indenter using the Palmqvist
method (ISO 28079) at a load of P =294 N according
to the Shetty equation:

K,, =0.0028 /HV%. (1)

The performance characteristics of the obtained cut-
ting insert (1 % rubber, pressure of 50 MPa) and the com-
mercial insert were determined during rough turning
(cutting speed of 100 = 10 m/min, depth of 1.5 mm, feed
of 0.2 mm/rev, duration of 3.5 min, length of 330 m)
and finishing (cutting speed of 125 + 15 m/min, depth
of 0.2 mm, feed of 0.05 mm/rev, duration of 10.5 min,
length of 1320 m) of a cylindrical workpiece with
a diameter of 50 to 60 mm made of steel 45 on a 16K20

58

lathe (Krasny Proletary Plant, Moscow). The profiles
of the rear surfaces of the cutting inserts and steel
workpieces were examined using a Tr-200 profilometer
(Time Group Inc., China).

Results and discussion

The observed ability of polylactide punches to with-
stand a pressing pressure of 70 MPa, exceeding the yield
strength of this material, is explained by the fact that,
according to the von Mises criterion, under such a load,
the resulting equivalent stress decreases due to the pre-
sence of the second and third principal stresses within
the steel shell (Fig. 1, b, c). Additionally, friction
between the punch, the matrix walls, and the pusher
leads to a reduction (by 11+5 %) in the pressure
exerted on the blank. The dependence of the relative
density of the blanks (p) on the pressure (P) (Fig. 2, a)
is well described by the known relationship [31]:

p=A+BInP. 2)

The parameter B characterizes the rate of density
increase with increasing pressure. Thus, as the press-
ing pressure increases from 50 to 200 MPa, the den-
sity of the blanks increases by 2-6 % for different
plasticizer concentrations (Fig. 2, a), in full agreement
with the relationship (2). The relatively small den-
sity increase with increasing pressure should prevent
uneven density distribution during blank pressing.
The coefficient 4 in equation (2) shows the density
achieved at the initial stage of pressing at relatively
low pressure, which depends on the plasticizer con-
tent and other parameters of the mixture. The relative
density of the blanks pressed at 50 MPa increases from
62 to 95 % as the plasticizer concentration increases
from 1 to 6 % (Fig. 2, b).

An increase in the plasticizer fraction from 1 to 6 %
leads to a 28-32 % increase in blank density at vari-
ous pressing pressures (Fig. 2, ), which is significantly
greater than the density increase caused by increasing
the pressing pressure (Fig. 2, a). The density of all
the obtained blanks exceeded the density of blanks
manufactured using other 3D printing methods
by 2045 % [19; 21-23; 28; 32]. This is primarily due
to the fact that in 3D printing, direct compaction occurs
only under the influence of gravity and surface tension
forces. Fig. 2, a and b show that the density of the blanks
obtained in a steel mold at 200 MPa is no different from
the density of the blanks obtained in a plastic mold
at the same pressure and plasticizer content.

For the sintered samples, it was found that changes in
pressing pressure have almost no effect on their density
(Fig. 2, ¢). Increasing the rubber concentration from 1
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Fig. 2. Dependence of the density of compacts (@, b) and sintered samples (¢, d) on pressure (a, ¢) and rubber concentration (b, d).
Dependence of free carbon concentration (e) and porosity (f) of sintered samples on the rubber concentration of in the blank
a, c: 1 — stell mold; 2-5 — PLA mold; 2 -1 % rubber, 3 -2 %, 4 -4 %,5-6 %
b, d: 1 — stell mold, 2-5 — PLA mold; P, MPa— 50 (2), 100 (3), 150 (4), 200 (1, 5)
f: 1 — calculated value, 2 — microstructure analysis

Puc. 2. 3aBUCHMOCTH IIOTHOCTH MPECCOBOK (&, b) u crieuensix 00pasiuos (¢, d) oT gaBnenus (a, ¢) U KOHIEHTpauu Kayayka (b, d).
3aBHCUMOCTH KOHIICHTPAIIH CBOOOTHOTO yIiepoaa (e) ¥ TOPUCTOCTH (f) CTICYeHHBIX 00pa3IoB
OT KOHIICHTPAIWH KaydyKa B 3arOTOBKE

a, c¢: 1 — cranbHas npecc-popma; 2—5 — PLA-dopma; 2 — 1 % xayuyka, 3 -2 %, 4 -4 %, 5-6 %
b, d: 1 — cranbhas npecc-popma, 2—5 — PLA-popma; P, MIla — 50 (2), 100 (3), 150 (4), 200 (1, 5)
f+ 1 —pacueTHOe 3HaYeHUe, 2 — aHAIIM3 MUKPOCTPYKTYPBbI

to 6 % leads to a decrease in the density of the pro-
ducts from 99.3-99.8 to 86.0-88.6 % (Fig. 2, d), which
is due to the increase in free carbon concentration
formed during rubber decomposition. Analysis showed
that the amount of free carbon in the sintered samples
increases linearly from 0.15 to 0.64 % as the rubber con-
centration in the blanks rises from 1 to 6 % (Fig. 2, e),
corresponding to the formation of approximately 0.1 %
free carbon per 1 % rubber. The increase in the poro-
sity of the samples correlates well with the increase
in free carbon content (Fig. 2, f), meaning the pores
detected in the microstructure are actually inclusions
of free carbon. The porosity values obtained by ana-
lyzing their share in the microstructure surface area
(Fig. 3, a—e) also fit this pattern (Fig. 2, f). It should be
noted that the relative density (99.8 %) of the sample
pressed at 50 MPa from powder containing 1 % rubber
is equal to the density of the commercial cutting insert
(99.8 %).

The sintered samples also do not fall behind in
relative density compared to the best WC—Co alloy
samples with cobalt content up to 15 %, obtained by
direct SLM and SLS methods (densities, %: 96 [5],
96.1 [11], 97.3 [16], 92.4 [17], 98 [33], 97.4 [34)).
There is a slight lag in relative density compared
to the samples produced by sintering blanks obtained
by BJ (100 % [23], 100 % [24]) and FFF methods
(>99 % [35]). Considering that the density of the blanks
obtained by BJ and FFF methods (20-45 %) is signifi-
cantly lower than the density of the blanks obtained in
this study (65-95 %) (Fig. 2, a, b), it can be assumed
that the slight lag in density of the obtained sin-
tered samples (1 %) is due to the lower sinterability
of the WC-TiC—Co alloy compared to WC—Co alloys
and the less advanced sintering method (LPS).

The projections of the obtained and commercial
cutting inserts are similar to each other (Fig. 4, a, d).
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Fig. 3. Microstructures of samples sintered after pressing at pressing at 50 MPa (a, c—e) and 200 MPa (b)
with varying plasticizer content, and the microstructure of the commercial sample (f)

Rubber content, wt. % — 1 (a, b), 2 (c), 4 (d), 6 (e)

Puc. 3. MuKpoCTpyKTYpbl 00pas3IoB, ClIieYeHHbIX mocie npeccoBanus npu aasinenun 50 MIla (a, c—e) u 200 MIla (b)
U PA3TMIHOM COACPIKAHUH MIACTU(UKATOPA H MHUKPOCTPYKTYpa KOMMepUecKoro oopasia (f)

Hons kayuayka, mac. % — 1 (a, b), 2 (¢), 4 (d), 6 (e)

The surface of the insert sintered after pressing in
a plastic mold is distinguished by the characteristic
traces of layers obtained during 3D printing. In addi-
tion, the microstructure of the obtained sample shows
defects formed during the separation of the plastic
punch from the blank. The side surface does not have
such defects. There are no large defects on the poli-
shed section that would differentiate the obtained
sample (Fig.4,b) from the commercial counter-
part (Fig. 4, ). Microstructure analysis showed that
the obtained sample (Fig. 4, ¢) has a larger carbide
grain size (average WC grain diameter davg =1.26 um)
compared to the commercial counterpart (Fig. 4, f)
(davg= 0.88 um). It can be expected that the other
samples also have a larger average grain diameter.
The hardness of the samples pressed in the plastic
mold increases from 1010 to 1400 HV as their density
rises from 85.0 to 98.7 % (Fig. 5, a). Measurements
showed that the fracture toughness of these samples
is largely independent of their density (Fig. 5, b).
The presented dependencies (Fig. 5, a, b) show
that the commercial cutting insert has higher hard-
ness (1450 + 10 HV) and lower fracture toughness
(12.1 £ 0.4 MPa-m'?). According to the analysis of sin-
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tered samples obtained by pressing in a steel mold,
their strength increases with rising density (Fig. 5, ¢).

Profile measurements of the cutting inserts (Fig. 6)
showed that the roughness of the experimental tool was
predictably higher than that of the commercial cutting
insert (see Table), due to surface micro-irregularities
formed during pressing. These irregularities resulted
from the adhesion of plastic to the blank and the rep-
lication of imperfections in the plastic mold’s surface,
which were introduced during 3D printing.

Hardness and roughness are the primary factors
influencing the performance of both the experimental
(Fig. 7, a, b)and commercial (Fig. 7, ¢, d) cutting inserts,
made from the same material, during rough (Fig. 7, a, ¢)
and finishing (Fig. 7, b, d) turning. The increased rough-
ness and lower hardness of the experimental insert
resulted in 5—7 % higher surface roughness on the work-
pieces after both rough and finishing turning compared
to the commercial insert (see Table).

Adhesive wear of the WC-5TiC-10Co alloy cutting
inserts during carbon steel turning, where continuous
chips are formed (Fig. 7, a,c), predominates over
other types of wear. In this process, the composition
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Fig. 4. Macrostructures (a, d) and microstructures (b, ¢, e, f) of the WC—5TiC—10Co hard alloy insert (a—c)
sintered after pressing the powder in a plastic mold (P = 50 MPa, 1 % rubber),
and the commercial cutting insert SNUM 120408 made from T5K10 alloy (d—)

Puc. 4. Makpoctpykrypsl (a, d) u MEKpOCTpYKTYpHI (b, ¢, e, f) TBeprociutaBHoi BctaBkn WC—5TiC-10Co (a—c),
CIICYCHHOM MOCIIE MPECCOBaHMsI MOPOIIIKA B ITACTHKOBOI mpecc-popme (P =50 MIla, 1 % kaydyka),
n xommMmepueckoil pexxymeit mmactuasl SNUM 120408 u3 crutaBa T5K10 (d—f)
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Fig. 5. Dependence of hardness (a), fracture toughness (b), and strength (¢) of the obtained samples on their density
a: I — commercial TSK10 insert; 2 — steel mold; 3—6 — PLA form
P, MPa: 200 (2), 50 (3), 100 (4), 150 (5), 200 (6)
b: 1 — commercial T5K10 insert; 2 — experimental samples
Puc. 5. 3aBucuMocCTb TBepROCTH (@), BA3KOCTH paspyiieHus (b) n mpodHocTH (¢) MOITydeHHBIX 00pa3IoB OT UX IUNIOTHOCTH

a: 1 — xommepueckas mactuia T5K10; 2 — cransHas npecc-dopma; 3—6 — PLA-dopma
P, MIla: 200 (2), 50 (3), 100 (4), 150 (5), 200 (6)
b: I — xommepueckas mactuHa T5K10; 2 — skcriepuMeHTalbHbIE 00pasibl
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Fig. 6. Profile of the side surface of the experimental (b)
and the commercial (a) cutting inserts

Puc. 6. [Ipoduns 60KOBOW TOBEPXHOCTH
SKCIIEPUMEHTAIBHOM (b) M KOMMEPUECKOH (@) pEKYIIHNX IUTACTHH

of the cutting inserts plays the most significant role,
and since the composition is the same in both cases,
differences in hardness have less impact. The wear on
the rear edge of the experimental cutting insert during
both rough and finishing turning was 5-6 % higher
than that of the commercial counterpart. In this case,
the main cause was the difference in hardness.

Conclusions

The experimental results confirmed that using
a polylactide mold produced by additive manufactu-

Results of testing cutting inserts when turning steel 45

Pe3y.m>TaT|>1 HCNBbITAHUSA PEKYIIUX IVIACTHH IMPHU TOYCHUH CTAIH 45

Roughness of the rear | Roughness of the workpiece, R , pm Wear on the rear edge, pm
Sample surface of the insert, after rough after finishing after rough after finishing
R,, pm turning turning turning turning
Experimental 0.64£0.08 3.90+0.43 2.34+0.23 101 149
Commercial 0.55+0.10 3.68+£0.18 2.19+0.19 96 141

62

Fig. 7. Rough (a, c¢) and finishing (b, d) turning using the experimental (@, b) and a commercial (c, d) cutting insert

Puc. 7. YeproBoe (a, ¢) u unctoBoe (b, d) ToueHNE SKCIIEPUMEHTATIBHOM (@, b) 1 KoMMepuecKoii (¢, d) peKyIIuX ITaCTHH
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ring, complemented by a steel shell and pusher,
enables the pressing of hard alloy blanks at pressures
up to 200 MPa. The density of the cutting insert blanks
pressed in these molds from WC-5TiC-10Co is only
slightly different from the density of blanks produced
in steel molds at the same pressure. As pressing pres-
sure increases, the density of the blanks grows only
by 2-6 %, while increasing the plasticizer concentra-
tion in the initial powder mixture by 1 to 6 % results in
a more significant density increase of 28—32 %.

The pressing pressure has little impact on the den-
sity of sintered cutting inserts. As the plasticizer con-
centration increases (from 1 to 6 %), the free carbon
concentration rises (from 0.15 to 0.64 %), which leads
to a decrease in the relative density, hardness, and
strength of the samples. Cutting inserts made from
WC-5TiC-10Co powder with 1 % plasticizer have si-
milar density and porosity to commercial TSK10 inserts.
However, they exhibit lower hardness (1400 = 10 HV)
and higher fracture toughness (135 + 0.4 MPa-m!?)
compared to commercial samples (1447 £ 15 HV and
121 + 0.4 MPa-m'?) of the same alloy, primarily due
to the larger average WC grain size. The wear rate
of the experimental cutting insert is 5—7 % higher than
that of the commercial tool, due to its lower hardness
and higher surface roughness.
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Application of Powder Materials and Functional Coatings
NMpuMeHeHVEe NOPOLKOBbIX MaTEPUaNoB U PYHKLLIMOHANIbHbIX MOKPbITUN

UDC 669.13 Research article
https://doi.org/10.17073/1997-308X-2024-5-66-74 Hayunas cmames

Prospects for the use of graphite-containing sludge
for the production of composite coatings
S. A. Khudonogov®

Siberian Federal University
79 Svobodny Prosp., Krasnoyarsk 660041, Russia

&3 shudonogov@sfu-kras.ru

Abstract. Modern technologies must meet the criteria of sustainable development, taking into account economic, environmental, and social
indicators. In this study, the potential use of graphite-containing sludge from the gas purification aspiration system during cryptocrystal-
line graphite production was investigated for its inclusion in composite anti-burn coatings for cast iron casting. The graphite-containing
sludge consists of carbon, sulfur, sodium, aluminum, and silicon, with a phase composition that includes graphite, calcite, pyrite, quartz,
halite, and others. The sludge is a dispersed material with an average particle size of 3.64 um, a total surface area of 36,506 cm?/cm?, and
a main fraction size of 1-8 um. Sludge particles exhibit various shapes, ranging from irregular to isometric. Larger isometric particles
can reach sizes of 1 mm or more. On the surfaces of larger particles, smaller dispersed particles are present. The structural parameters
of the sludge correspond to those of hexagonal graphite. The analysis of the composition and properties of graphite-containing sludge
suggests its suitability for use in composite anti-burn coating formulations. However, due to the presence of large graphite aggregates
and acicular impurities in the sludge, sieving is required before use. Complete replacement of natural graphite with sludge increases
the coating density from 1220 to 1750 kg/m?, viscosity from 34 to 105 s, and abrasion resistance from 175 to 245 g/mm. Due to its high
dispersity, the sludge-based coating nearly completely penetrates the pores of the sand-resin mixture mold without forming a cover
layer. This does not ensure consistent reduction of burn-on defects on casting surfaces. Therefore, the full substitution of graphite with
graphite-containing sludge in composite coating formulations is not recommended.

Keywords: self-drying coating, graphite-containing sludge, cast iron, burn-on, density, viscosity, thickness of the coating layer, depth
of the penetrating layer, abrasion resistance

For citation: Khudonogov S.A. Prospects for the use of graphite-containing sludge for the production of composite coatings. Powder
Metallurgy and Functional Coatings. 2024;18(5):66-74. https://doi.org/10.17073/1997-308X-2024-5-66-74

NepcnekTuBbl NPUMEHEeHUs
rpaduTCoAepIKallero wiaMa aNns MsroToBsieHUs
KOMMO3ULMOHHbIX MOKPbITUN

C. A. Xynonoros®

Cubupckuii penepanbHblil yHUBEpCHTET
Poccus, 660041, . Kpacuosipek, mp. CBoOOmHBIH, 79

&3 shudonogov@sfu-kras.ru

AnHoTaymsi. CoBpeMEHHBIE TEXHOJIOTHU JIOJDKHBI COOTBETCTBOBATh KPUTEPUSIM YCTOMYHMBOTO Pa3BHUTHS, YUUTHIBAIOIIUM SKOHOMU-
YEeCKHe, SKOJIOTHYECKHe U COIMaNbHbIe mokasarend. [losTomy B paboTe mMcciieoBagy BO3MOXHOCTH BOBIICUECHHS rpaduTconep-
JKaIIero IulamMa M3 acHHPAIIOHHON CHCTEMBI OYHCTKH Ta30B IIPH IIPOHM3BOJCTBE CKPBHITOKPHCTAJUIMUECKOTO IpauTa B COCTaB
KOMITO3UIIMOHHBIX MPOTHBOIPUTAPHBIX MOKPBITUI AT YyTYHHOTO JIMTBS. 'padurcopepkaiuii nuiaM NpeACTaBIeH YIIEPOIOoM,
Cepoii, HaTpUeM, ATIOMUHHEM U KpeMHHEM, (a30BbIi COCTaB — Ipa)UTOM, KaJIbIIUTOM, IHPUTOM, KBapLeM, raiutoM u ap. llzam —
JIUCIIEPCHBINA MaTepuall CO CPEIHUM PasMepoM yacTull 3,64 MM, 00miel noBepxHoCThi0 36 506 cm?/em® u ocHoBHOM (pakuueii
1-8 MxM. [lyms gacTwI] IUIaMa XapakTEepHBI pa3iM4yHble (OPMBI — OT HENPABMIIBHBIX [0 M30METPHYECKUX. Pa3Mepsl KPyITHBIX
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YaCTHUI] N30METPUIECKOl (pOpMBI MOTYT OocTHTaTh 1 MM 1 Ooiee. Ha moBepXHOCTH KpyNHBIX YacTHI] IPUCYTCTBYIOT OoJiee MEIKHe
JcnepcHble yacTHnbl. [lapaMeTphl cTPyKTyphl IIIaMa COOTBETCTBYIOT IapaMeTpaM IeKcaroHalbHOW (opMsl rpadura. AHamms
COCTaBa U CBOMCTB rpad)uTCOAEPIKAIIETO IIIaMa IT03BOJISIET PEKOMEH/I0BaTh €ro IIPUMEHEHNE B COCTaBaX KOMIO3UIIMOHHEIX IPOTH-
BOIIPUTApPHBIX MOKPHITHH. OHAKO W3-32 HAINYHS B COCTABE [IJIaMa KPYIHBIX arperaros rpadura 1 MpuMecei Uros9aToro Xapak-
Tepa ero Mepes MCIOIb30BaHHEeM HeoOXOAUMO IpocenBarh. [lomHas 3aMeHa MpUPOAHOTo TpaduTa Ha MIIaM MO3BOJISET ITOBBICUTH
IWJIOTHOCT HOKpbITHs ¢ 1220 no 1750 kr/m?, Bszkocth — ¢ 34 10 105 ¢ u npouHOCTH K McTHpaHuio — ¢ 175 1o 245 r/mm. U3-3a
BBICOKOI TUCIIEPCHOCTH ITOKPBITHE HA OCHOBE IIJaMa MPAKTUUECKH MOJHOCTEIO IIPOHKUKAET B ITOPHI (JOPMBI U3 IT€CUaHO-CMOJISTHOM
cMecH, He 00pa3ys IIPH ATOM ITOKPOBHOTO CJI0A. DTO HEe 00ECIIeUNBACT CTAOMIFHOTO CHIDKSHUSI IIPUrapa Ha HOBEPXHOCTU OTJINBOK.
[TosTomy monHast 3ameHa rpaduTa Ha rpagUTCOAEPIKALINI ITTAM B COCTaBaX KOMITO3HI[OHHBIX IIOKPBHITHI HE PEKOMEHTYeTCsl.

KnioueBbie cioBa: caMOBBICHIXAOIIEE ITOKPHITHE, IpadUTCOACPKALIMI 1IaM, YYryH, NpPHUrap, IJIOTHOCTb, BSI3KOCTb, TOJIIMHA
MOKPOBHOTO CJIOSI, TTyOHHA IMPOHUKAIOIIETO CJI0sI, IPOYHOCTH K HCTHPAHUIO

Ansa umtuposarHuna: Xynonoros C.A. [lepcriekTUBBI MpUMEHEHUS TPpadUTCOACPIKAIICTO NIJIaMa JUIsi U3TOTOBJICHUSI KOMITO3UIIMOHHBIX
MOKPBITHIA. M36ecmus 6y306. [lopowkosas memannypeus u yynkyuonaivhwie nokpvimusi. 2024;18(5):66-74.
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Introduction

In the last decade, the criteria for product quality
have changed, as modern technologies must meet
the criteria of sustainable development, which take
into account economic, environmental, and social indi-
cators [1-4]. As a result, increasing attention is being
paid to the potential for incorporating industrial pow-
der waste into various sectors of industry [5—13].

The experience of using carbon-containing slags
from various productions in the compositions of dif-
ferent products has been described in works [14-16].
The advantages of using carbon-containing waste not
only enhance the quality of products based on them
but also reduce the volume of sludge fields surroun-
ding enterprises, thus contributing to environmental
preservation. For example, the processing of graphite-
containing dust from metallurgical production allows
for the production of high-quality raw materials for a
wide range of applications, while also generating addi-
tional profit by lowering production costs. On the other
hand, the variable composition of the waste, which
determines the nature of its thermal degradation,
along with insufficient development of technologies,
results in the majority of the waste currently being sent
to landfills.

In the Krasnoyarsk region, there is a graphite
processing enterprise working with the Kureiskoye
deposit, which primarily produces cryptocrystalline
graphite of the GLS grade, carburizer of the NSGK
grade, and sorbent of the SGN-30 grade [17]. After
graphite processing, sludge remains, which is stored
at the enterprise and subsequently either disposed of or
partially recycled.

The purpose of this study was to investigate
the composition and properties of graphite-containing
sludge and to develop graphite-based coatings for cas-
ting molds.

Research methodology

The graphite-containing sludge used in this research
was sourced from the gas purification aspiration sys-
tem during the production of cryptocrystalline graphite
(Fig. 1).

The elemental and phase compositions of the sludge
were assessed using an XRD-7000 X-ray diffracto-
meter (Shimadzu, Japan) [18]. The elemental composi-
tion of the sludge particles was also determined through
energy-dispersive microanalysis, using an energy-dis-
persive spectrometer from Oxford Instruments (UK),
mounted on the column of a JSM-7001F scanning elect-
ron microscope (JEOL, Japan) [19]. The spectra of cha-

Graphite ore

Crusher
Drying drum Sludge Venturi tubes
Ball mill — Cyclone scrubber
Packaging — Sludge reservoir
Consumer

Fig. 1. Schematic of cryptocrystalline graphite production
at JSC “Krasnoyarskgrafit”

Puc. 1. Cxema Ipou3BOJCTBA CKPBITOKPHCTAIUINIECKOTO rpaduTa
Ha npexnpusitun «AO KpacHosipckrpadur
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racteristic X-ray emissions from the chemical elements
present in the powders were determined at specific points.

The size and total surface area of the sludge par-
ticles, as well as their size distribution, were analyzed
using the light-scattering method with the Fritsch
Analysette 22 MicroTec PLUS laser particle size ana-
lyzer (Germany).

The graphite-containing sludge was tested as part
of a self-drying composite coating [20; 21].

The properties of the coatings were deter-
mined according to GOST 17022-78. The thickness
of the cover layer and the depth of the penetrating lay-
ers were measured using an Observer.D1m microscope
(Carl Zeiss, Germany), and the burn-on level was eval-
uated using the step test described in [22].

Results and discussion

The elemental composition of the sludge (wt. %)
assessed using the XRD-7000 X-ray diffractometer is
presented below:

O........ 2600 S......... 1.95
C........ 4585 Si........ 13.10
H........ 024 Mg........ 4.51
Na........ 061 Ca......... 5.10
Cl........ 094 Fe......... 1.70

The elemental composition of the sludge particles
was also determined using the JSM-7001F scanning
electron microscope, and the results are shown in
Fig. 2.

The obtained data indicate that the sludge is mainly
composed of carbon, sulfur, sodium, aluminum, and
silicon.

The phase composition of the sludge (Table 1)
includes graphite (up to 47 %), calcite (up to 13 %),
pyrite (up to 4 %), quartz (up to 21 %), halite
(up to 2 %), with other impurities making up to 17 %.

The reduced pyrite content compared to natural
graphite will help decrease burn-on defects on casting
surfaces, as discussed in detail in [23]. Calcite, halite,
and quartz are materials whose presence increases
the coating’s refractoriness (due to their high mel-
ting points) and prevents interaction between the melt
and the molding mixture. Clay minerals (kaolinite,
montmorillonite, etc.), present among other phases in
the sludge, will act as binders, providing the coatings
with higher strength.

The sludge is a dispersed material with an aver-
age particle size of 3.64 um and a total surface area
of 36,506 cm?/cm?. The study of particle size distribu-
tion showed that the majority of particles fall within
the range of 1-8 um (Fig. 3).

Spectrum| C (0] Na Mg Al Si Cl K Ca Fe
1 80.82 | 8.77 | 2.27 | 0.19 | 0.65 | 0.84 | 441 | 0.63 | 0.96 | 0.46
2 7527 ) 1545 | 121 | 057 | 1.09 | 1.72 | 2.10 | 036 | 0.56 | 1.22
3 8547 | 6.70 | 0.72 - 1.92 | 230 | 1.32 | 0.25 1.32 -
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Fig. 2. Elemental composition (wt. %) of sludge particles

Puc. 2. DnemenTHbIit cocTaB (Mac. %) 4acTuIl HITaMa
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Table 1. Phase composition of GLS-2

graphite and graphite-containing sludge

Ta6bnuya 1. @a3oBblii coctas rpadura I[JIC-2 u rpadurcogep:kamero miama

Ph Phase content, wt. %
ase
GLS-2 graphite | Graphite-containing sludge
Graphite 67.23 43.0-46.56
Quarz 9.99 20.12-21.05
Calcite 10.60 11.70-12.70
Pyrite 4.72 3.65-3.79
Halite 4.37 1.56-1.57
Other 1nclus.1ons.(kaol1n1te, 3.09 17.10-17.20
montmorillonite, etc.)
100
90 15 2
g sof 2 .
IZNY - O o
o= Or 3=
L5 60 p==!
£.2 i 3.9
§% st 3 =%
o =R
SE 40 1, €%
2L 0 £
£ 20t 11 E
10 -

Particle size, pm

Fig. 3. Fractional composition of the sludge

1 — integral particle distribution:

; 2 — differential particle distribution

Puc. 3. ®pakuuoHHbIil cocTaB uama

1 — nHTETpaTBEHOE pacnpeieleHne yacThIl; 2 — muddepenmansHoe

Morphological analysis of the particles (Fig. 4)
revealed that the sludge contains particles of various
sizes and shapes, ranging from irregular to isometric.

The majority of the material is uniform, but there
are large graphite aggregates and cylindrical inclusions.
Smaller dispersed particles are observed on the surface

of larger particles. Large inclusions can reach sizes
of >1 mm. The cylindrical inclusions are impurity
phases.

The analysis of the sludge structure showed that its
parameters correspond to the hexagonal form of gra-
phite. This suggests that the sludge can be recommended

Fig. 4. Sludge images from the JSM-7001F microscope

Puc. 4. CremKu 11ama

Ha Mukpockone JSM-7001F
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for use in composite coatings, provided the large gra-
phite aggregates and cylindrical impurities are removed
by sieving. Fig. 5 presents a 3D model of the graphite
structure, simulated in the TOPAS 3 program.

The study examined the feasibility of using gra-
phite-containing sludge in the composition of anti-burn
coatings for cast iron casting.

To study the thickness of the covering and depth
of the penetrating layers of the coating, a cold-setting
mixture with the following composition (wt. %) was
used: 97.2 — quartz sand 2K, 0,03; 2.4 — alphabond resin;
0.4 — T-01 hardener. The working life of this mixture is
3.2 min, and the tensile strength (after 1 h) is 0.19 MPa.

The properties of composite anti-burn coatings
based on graphite-containing sludge are shown in
Fig. 6.

The composite coating based on graphite-contain-
ing sludge has a higher density and requires addi-

Fig. 5. Simulated graphite structure
in the TOPAS 3 program

Puc. 5. CmozenupoBaHHast CTpyKTypa rpadpura
B nporpamme TOPAS 3

2000 120 300
. 1600 % =<
Pren
272 1200 E‘ 80 g % g 200
S & 800 o S % \E
|~ 2 40 2% % 100
400 > g
0 0 0
1 2 1 2 1 2
Filler Filler Filler

Fig. 6. Properties of anti-burn coatings based on GLS-2 graphite (1) and graphite-containing sludge (2)

Puc. 6. CoiicTBa MPOTHBONPUTAPHBIX MMOKPHITHIT Ha ocHOBe rpadura [JIC-2 (1) n rpadurconepikamiero uuama (2)

Fig. 7. Covering (a, b) and penetrating (c, d) layers of the coating
a, ¢ —natural GLS-2graphite; b, d — graphite-containing sludge

Puc. 7. TlokpoBHblii (a, b) n nponukaroiuii (¢, d) cou NOKPHITHS
a, ¢ — npupoauslit rpaput [JIC-2; b, d — rpadurconeprkaruuii nuiam

70



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(5):66-74
Khudonogov S.A. Prospects for the use of graphite-containing sludge for the production ...

tional dilution with PVB lacquer, which may reduce
the sludge content.

The thickness of the covering and the depth
of the penetrating layers of the coating are shown in
Figs. 7 and 8.

The composite coating based on graphite-containing
sludge does not form a covering layer, while the depth
of the penetrating layer can reach 6.0—6.5 mm. This is
because the sludge particles (~3.6 um) are significantly
smaller than the pores of the mold (~230 um, Fig. 9).

In the study of burn-on magnitude on casting sur-
faces, a step sample was used. A cold-setting mixture
was selected for the research.

During the tests at a temperature of 1400 °C, gray
cast iron of the SCH20 grade was poured, with the fol-
lowing composition (wt. %):

C......... 290297 Ni........ 0.084-0.086
Mn........ 0.92-093 Cu......... 0.12-0.13
P 0.019-0.021 V......... 0.049-0.052
S 0.042-0.044 Ti........ 0.021-0.024
Cr......... 0.10-0.11 Sn............. <0.01
Si......... 2.41-2.60

The effect of casting wall thickness on burn-on
magnitude is shown in Tables 2 and 3.

When graphite is replaced with graphite-containing
sludge in the coating, the average burn-on thickness on
the casting surfaces decreases. This is due to changes
in the phase composition and the smaller particle size
of the sludge, which oxidizes more quickly during
the heating of the mold surface layers, creating a reduc-
ing atmosphere.

However, the variation in burn-on values is signifi-
cantly higher in the case of graphite-containing sludge.
This is due to the higher sulfur content in the form
of pyrite, which contributes to an increase in burn-on
thickness.

(D
m?2

Layer thickness (depth), mm
N W A G o N
T

GLS-2  Graphite-containing

sludge
Coating filler

Fig. 8. Thickness of the covering (1) and depth
of the penetrating (2) layers of anti-burn coating

Puc. 8. Tommuuna nokposHoro (1) u rybuna
MPOHUKAIOIIETO (2) CII0EB IPOTHBOIPHIAPHOTO MOKPHITUS

Fig. 9. Pores of the mold

Puc. 9. Tlopst hopmbl

Thus, the results indicate that it is not possible
to completely replace natural graphite in the composite
coating with graphite-containing sludge. Therefore,

Table 2. Burn-on thickness on the surface of castings obtained using coatings based on GLS-2 graphite

Tabnmya 2. 3HayeHue TOJIMHBI MPUTapa HA MOBEPXHOCTH OTJIHBOK,
MOJIy4eHHBIX ¢ IPHMeHeHHeM NOKPLITUI Ha ocHoBe rpaduta IVIC-2

) ) Burn-on thickness, um
Casting wall Casting

thickness, mm side minimum maximum | average stal}da}rd
deviation

. Side 40.77 66.31 53.54 9.09

Bottom 39.88 171.71 105.80 42.55

50 Side 60.77 170.81 115.79 49.98

Bottom 64.71 265.97 165.34 70.04

75 Side 78.77 223.83 151.30 55.44

Bottom 82.56 276.84 179.70 82.07
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Table 3. Burn-on thickness on the surface of castings obtained using coatings
based on graphite-containing sludge

Tabnmya 3. 3HaueHHe TOJMMHBI NIPUTapa HA MOBEPXHOCTH OTJIMBOK,
MOJIy4EHHBIX ¢ IPHMEHEHHEM IOKPLITHI Ha 0CHOBe rpaduTCcoaepKaLIero miama

) ) Burn-on thickness, um
Casting wall Casting
thickness, mm side Minimum Maximum | Average Star}da}rd
deviation
95 Side 1.20 69.10 15.98 26.28
Bottom 10.37 180.03 66.80 51.85
50 Side 4.02 190.72 49.83 66.21
Bottom 13.02 270.01 64.97 91.03
iy Side 15.46 353.83 95.36 118.63
Bottom 32.58 420.25 128.94 132.17

further research is required to explore the partial
replacement of natural graphite with graphite-contain-
ing sludge.

Conclusion

This study has demonstrated the potential for using
graphite-containing sludge from the gas purification
aspiration system in cryptocrystalline graphite produc-
tion as part of composite anti-burn coatings. The results
of the sludge’s elemental composition analysis show
that it consists of carbon, sulfur, sodium, aluminum, and
silicon. The phase composition of the sludge includes
graphite (up to 47 %), calcite (up to 13 %), pyrite
(up to 4 %), quartz (up to 21 %), halite (up to 2 %), and
other impurities (up to 17 %). The sludge is a dispersed
material with an average particle size of 3.64 um (total
surface area — 36,506 cm?/cm?); most particles range
from 1 to 8 pm. The sludge contains particles of various
shapes: the bulk of them measure between 1 and 8 pm,
with shapes ranging from irregular to isometric. Larger
isometric particles can reach sizes of 1 mm or more.
Smaller dispersed particles are present on the surfaces
of larger particles. Acicular impurity phases are also
present in the sludge. Analysis of the sludge’s parame-
ters indicates that it can be used in composite coatings,
provided that large graphite aggregates and cylindri-
cal impurities are removed by sieving. In composite
anti-burn coatings where natural graphite is replaced
with sludge, it is possible to increase the density
from 1220 to 1750 kg/m?, viscosity from 34 to 105 s,
and relative strength from 175 to 245 g/mm. However,
due to the high dispersity of the sludge, the coating
completely penetrates the pores of the sand-resin
mold mixture without forming a surface layer. With
complete replacement of graphite with graphite-
containing sludge in the coating, the average burn-on
thickness on the surface of the castings decreases,
depending on the wall thickness, from 53.54-151.30

72

to 15.98-95.36 um (on the side surface of the castings)
and from 105.80-179.70 to 66.80-128.94 um (on
the bottom surface of the castings). However, the varia-
tion in burn-on thickness is significantly higher, which
is attributed to the higher sulfur content in the graphite-
containing sludge, contributing to increased burn-on
thickness. Therefore, further research should focus on
the partial replacement of graphite with graphite-con-
taining sludge, which would reduce the cost of the coa-
tings and improve the quality of cast iron products.
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