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Comparison of properties of hard magnetic isotropic
powder-processed Fe-Cr-Co alloys
doped with titanium and titanium hydride

A. S. Ustyukhin'®, V. A. Zelensky', I. M. Milyaev!,
D. Yu. Kovalev?, V. S. Shustov', M. I. Alymov"-?

TA.A. Baikov Institute of Metallurgy and Materials Science of the Russian Academy of Sciences
49 Leninskiy Prosp., Moscow 119334, Russia
2Merzhanov Institute of Structural Macrokinetics and Materials Science of the Russian Academy of Sciences
8 Academician Osipyan Str., Chernogolovka, Moscow Region 142432, Russia

&) fcbneo@yandex.ru

Abstract. This study presents a comparative investigation of the density, phase composition, magnetic, and mechanical proper-
ties of isotropic powder metallurgy alloys Fe-28Cr—15Co and Fe-32Cr—22Co doped with 2 wt. % titanium introduced either as
conventional titanium powder (PTS-1 grade) or as titanium hydride powder. The sample fabrication process included powder blend
preparation, compaction, vacuum sintering, quenching, and heat treatment aimed at developing magnetic properties. The use of tita-
nium hydride powder resulted in an increase in residual porosity from 2 to 4 %. A significant difference in the phase composition
of the alloys after sintering was observed: the structure of the Fe—28Cr—15Co-2Ti alloy consisted of a BCC a-phase solid solution
and tetragonal o-phase inclusions, while Fe-32Cr—22Co-2Ti exhibited a o-phase solid solution matrix with FCC y-phase inclusions.
After heat treatment, all alloys developed a BCC a-phase solid solution structure. In the samples containing titanium hydride, minor
traces of an impurity phase — most likely a hydride of a titanium—chromium intermetallic compound — were also detected. Samples
prepared using PTS-1 titanium powder exhibited higher residual induction values (B, up to 0.84 and 0.82 T for Fe-28Cr—15Co-2Ti
and Fe-32Cr-22Co-2Ti, respectively) compared to those containing titanium hydride (up to 0.80 and 0.79 T, respectively), which is
attributed to differences in residual porosity. On the other hand, samples with titanium hydride powder showed higher coercivity values
(H_up to41.1 and 57.2 kA/m for Fe-28Cr-15C0-2Ti and Fe-32Cr-22Co-2Ti, respectively) compared to those with titanium powder
(up to 38.4 and 49.2 kA/m, respectively). The maximum energy product (BH),_ ) reached 11.0-11.5 kJ/m?* for Fe-28Cr—15Co-2Ti
and 14.0-14.5 kJ/m? for Fe-32Cr-22Co-2Ti, with virtually no dependence on the titanium source. The compression stress—strain
curves for alloys with different titanium sources were nearly identical. Alloys of the Fe—32Cr—22Co-2Ti composition exhibited higher
yield strength values (o, , = 1200-1400 MPa) compared to Fe-28Cr-15Co-2Ti alloys (5, , = 1000 MPa). All materials studied in this
work demonstrated ductility.

Keywords: powder metallurgy, heat treatment, Fe—Cr—Co alloys, doping, porosity, magnetic properties, mechanical properties
Acknowledgements: This work was financially supported by the Russian Science Foundation, Project No. 24-29-00323.

For citation: Ustyukhin A.S., Zelensky V.A., Milyaev .M., Kovalev D.Yu., Shustov V.S., Alymov M.I. Comparison of properties of
hard magnetic isotropic powder-processed Fe—Cr—Co alloys doped with titanium and titanium hydride. Powder Metallurgy and
Functional Coatings. 2025;19(2):5-14. https://doi.org/10.17073/1997-308X-2025-2-5-14
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YemioxuH A.C., 3eneHckuli B.A. u dp. CpaBHEHME XapaKTepPUCTUK MarHUTOTBEPAbIX MOPOLIKOBbIX M30TPOMHbIX ...

W3BECTUA BY30B

CpaBHeHUue xapaKTepUCTUK
MarHMTOTBEPAbIX MOPOLIKOBbIX U3OTPOMHbIX
Fe-Cr-Co-cnnaBos, nermpoBaHHbIX TUTAaHOM

U rMAPUAOM TUTaHa

A. C. Ycrroxun!®, B. A. 3enenckmit!, I. M. Munses!,

1. 10. KoBanes?, B .C. Illycros', M. V1. Ansimos!2

' IHCTHTYT MeTa/UIyprui M MaTepuaioBenenus uM. A.A. Baiikosa Poccuiickoii akageMun HayK
Poccus, 119334, . Mocksa, JleHuHckuii p-T, 49
2MHCTUTYT CTPYKTYPHOIl MAKPOKHHETHKH U MPO0JIeM MATepHAaJIOBeIeH s
uM. A.I. Mep:xxanoBa Poccuiickoil akageMun HayK
Poccust, 142432, MockoBckas 00i1., . YepHoronoBka, yi. Akaa. OcurnbsHa, 8

&) fcbneo@yandex.ru

AHHoTauyms. B paboTe NpoOBEIEHO CPABHHUTEIBHOE HMCCICIOBAHME IUIOTHOCTH, (DA30BOTO COCTABA, MATHUTHBIX M MEXaHMYECKHX

CBOMCTB M30TPOMHBIX TOPOHKOBhIX criaBoB Fe—28Cr—15Co u Fe-32Cr—22Co, nernpoBaHHbIX 2 Mac. % THTaHA B BU/E OOBITHOTO
nopomika Tutana [ITC-1 u mopomrka ruapuaa Tutana. [Ipornecc momyueHns 00pa3oB COCTOSIT U3 IPUTOTOBICHUS HCXOIHOU CMECH
MOPOIIIKOB, MIPECCOBAHUS, CIIEKAHNs B BaKyyMe, 3aKaJKH U TEPMHUECKOW 00pabOTKH i (OPMHUPOBAHUS MATHUTHBIX CBOMCTB.
Hcnonp30Banue MOpoOIIKa THAPHUIA TUTaHA PUBETO K MOBBIIIEHHIO OCTaTOYHON MOPHCTOCTH 00pasioB ¢ 2 10 4 %. beimo otme-
YEeHO CYIIECTBECHHOE OTINYUE (a30BOTO COCTaBa CIUIABOB MOCHE CIeKaHMsA: cTpykTypa obpasma Fe—28Cr—15Co-2Ti cocrosana u3
TBepaoro pactBopa OLIK a-dassl u BrmroueHuit rerparonanbHoi 6-aspl, a Fe—32Cr—22Co—-2Ti — u3 TBepaoro pacTBopa -(assl
u Brmrouernid ['LIK y-dassl. [locne Tepmuueckoit 00paboTKu CTPYyKTypa BCEX CIUIABOB MPEACTABIsIA COOOH TBEPIBI PacTBOP
OLIK o-da3sl. B o0pasnax ¢ ruapuaoM THTaHa ObUIN TakKe OOHAPY)KEHBI MajIble CIEAbl MPUMECHOH (hasbl, KOTopas, BEposiTHEE
BCETO, SBISETCS THAPUAOM HHTEPMETAIINIECKOTO COEMHEHNS TUTaHA U XpoMa. OOpasibl, B KOTOPBIX MCIIOIB30BAIICS TTOPOIIOK
tutana IITC-1, umenn Gonee BLICOKME 3Ha4EHUs OCTaTOYHOM MHmykunu (B, yno 0,84 u 0,82 T y crutao Fe-28Cr—15Co-2Ti
n Fe-32Cr—22Co—2Ti cOOTBETCTBEHHO) MO CPAaBHEHMIO ¢ OOpasnamu, coiepkamuMu ruapua Tutasa (mo 0,8 u 0,79 Ta coor-
BETCTBEHHO), UTO CBS3aHO C Pa3HUIIEH B 0CTaTOYHOM mopucTocTH. C IpyTroif CTOpOHBI, 00pa3Ibl C HOPONIKOM THAPHIA THTAHA IMEITH
GoJee BBICOKHME TOKA3aTENM KOOPUMTUBHON cuitbl (FH, mo 41,1 n 57,2 kA/m y cnmagoB Fe-28Cr-15Co-2Ti n Fe-32Cr-22Co-2Ti
COOTBETCTBEHHO) MO CPaBHEHHMIO C o0Opas3laM, CoIepXKaluMH C Mopomok TuTtaHa (1o 38,4 u 49,2 KA/M COOTBETCTBEHHO).
Hauboree BHICOKHE 3HAYCHHS MAKCHMAIbHOTO SHEPreTHICCKOro npousseaeHns (BH),  cocrasumu 11,0-11,5 kJlx/m® y crimaBos
Fe-28Cr-15Co-2Ti n 14,0-14,5 xJ[x/m* y Fe-32Cr-22Co-2Ti n nIpakTUYECKH HE 3aBUCEIH OT TUIA BBEIEHHOTO THTaHa. Kpubbie
Je(pOpPMHUPOBAHUS TPH CXKATHM CIUIABOB C PAa3HBIMH MCTOUYHMKAMM THUTaHa OBIIM MPaKTHYECKHM MAEHTHYHBL. OOpasipl cocTasa
Fe-32Cr-22Co-2Ti nmenu Gonee BbICOKHE 3HAUCHHS Ipejiena Tekyuectn (o,, = 1200+1400 MlIla) no cpaBHeHuio co criaBamMu
Fe-28Cr-15Co-2Ti (¢, = 1000 MIla). Bce uccieoBattble B paboTe MaTepHallbl OKa3aliCh [UIACTHYHBIMH.

KnioueBbie csioBa: TOpOIIKOBas METALTYprusi, Tepmudeckas oopadorka, Fe—Cr—Co-criaBsl, JerupoBaHie, MOPUCTOCTh, MATHUTHBIC

CBOfICTBa, MEXaHUYECKUE CBOWCTBA

bnaroaapHocTy: Pabora BrinoHeHa 1Ipu puHAHCOBOH moanepkke PH®, mpoext Ne 24-29-00323.
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regard to many other magnetic systems [1-3]. The main
advantages of Fe—Cr—Co alloys include the highest duc-
tility among all hard magnetic materials, high strength

Introduction

Hard magnetic alloys are among the most important

materials in modern manufacturing, and the demand for
them continues to grow. However, the majority of such
alloys have high production costs due to the expensive
components they contain, such as rare-earth metals and
cobalt. Fe—Cr—Co-based hard magnetic materials con-
tain less cobalt and therefore represent a more economi-
cal alternative. These materials exhibit a sufficient level
of magnetic properties, although they are inferior in this

6

and corrosion resistance, thermal stability, and a wide
operating temperature range [4—8]. Recent studies on
Fe—Cr—Co alloys have increasingly employed various
approaches, primarily based on powder metallurgy and
additive manufacturing technologies [9-18]. There is
also ongoing research into the characteristics of mag-
netic films based on these alloys, which are used in non-
contact sensors for various devices [19; 20].


mailto:fcbneo@yandex.ru
https://doi.org/10.17073/1997-308X-2025-2-5-14
mailto:fcbneo%40yandex.ru?subject=

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(2):5-14
Ustyukhin A.S., Zelensky V.A., and etc. Comparison of properties of hard magnetic isotropic ...

In Fe—Cr—Co hard magnetic alloys, spinodal decom-
position occurs at temperatures around 650 °C, during
which the body-centered cubic (BCC) a-phase sepa-
rates into two BCC phases, o, and a,, differing in che-
mical composition. During heat treatment — specifically,
slow cooling from ~650 °C — ferromagnetic a,-phase
particles become uniformly distributed in the weakly
magnetic o,-phase matrix, leading to the develop-
ment of magnetic properties in the alloy [21-23].
The parameters of the heat treatment process require
careful control, as prolonged annealing or slow cooling
can result in the formation of an equilibrium nonmag-
netic o-phase with a tetragonal crystal structure [24].

The properties of Fe—Cr—Co alloys can be modi-
fied by introducing various alloying elements, such as
Mo, Si, W, Ti, and others [25-28]. When using powder
metallurgy methods, a number of additional factors
must be considered for alloying additives, including
their solubility in the solid solution of the base ele-
ments (Fe, Cr, and Co), their reactivity with oxygen
from the air trapped in the pores of the green compacts,
and the characteristics of the initial powders. As shown
in our experiments, the properties of the resulting mate-
rial depend on the form in which the doping elements
are introduced into the initial powder mixture [29].

The present study focuses on a comparative inves-
tigation of the properties of isotropic powder metal-
lurgy Fe—Cr—Co alloys doped with titanium introduced
either as conventional titanium powder or as titanium
hydride powder. Dehydrogenation of the latter begins
at approximately 450 °C and is expected to occur
during the heating stage and throughout the sinte-
ring process. The study was conducted on alloys with
the following compositions (wt. %): Fe-28Cr—15Co
and Fe—-32Cr-22Co, representing medium and high
cobalt contents, respectively. Each alloy was doped
with 2 wt. % of the above-mentioned titanium pow-
ders. The density, phase composition, as well as
the magnetic and mechanical properties of the resul-
ting compositions were investigated.

Materials and methods

To prepare the initial powder blends for the
Fe—Cr—Co alloys, elemental powders of iron (carbonyl
iron, grade VS), chromium (grade PX-1M), and cobalt
(grade PK-1) with particle sizes of d <25 um were
used. Titanium was introduced into the system in two
forms: titanium powder (PTS-1 grade) with d <45 pm,
and titanium hydride powder obtained by hydrogenat-
ing titanium sponge (grade TG-100, GOST 17746-96),
followed by milling to a powder with d <45 pm.
Depending on the alloy composition (Fe-28Cr—15Co
and Fe—32Cr-22Co) and the titanium source, the mate-

rials are hereafter designated as Kh28KI15T H,
Kh28K15T P, Kh32K22T H, and Kh32K22T P, where
the subscripts “H” and “P” indicate titanium hydride and
titanium powder (PTS-1), respectively. The powders
were mixed in a Turbula shaker mixer C2.0 (Russia)
for 300 min. For every 100 g of powder blend, 200 g
of 3 mm diameter steel balls were added to the mixing
container. Cylindrical green compacts weighing 20 g
and measuring 13.6 mm in diameter were formed using
a Knuth HP15 hydraulic press (Germany) under a com-
paction pressure of 600 MPa. The compacts were then
sintered in a ShSV-1.2.5/25I1 electric vacuum furnace
(Russia) at a pressure below 1072 Pa and a temperature
of 1350 °C, with an isothermal hold time of 2.5 h. After
sintering, the density of the samples was determined
using the hydrostatic weighing method in distilled water.

Subsequently, the alloys were heated to 1300 °C and
quenched in water. After quenching, heat treatment was
performed in a tube furnace to achieve a high-coerci-
vity state. For each sample, four heat treatment modes
were tested by varying the initial temperature (7).
The heat treatment process consisted of the following
three stages:

1) isothermal holding for 40 minat#, = 630+655 °C;
2) cooling by 60 °C from ¢, at a rate of v, = 20 °C/h;
3) cooling to 500 °C at a rate of v, = 8 °C/h.

No external magnetic field was applied during the
heat treatment.

Microscopic investigations were conducted using
a TESCAN VEGA3 scanning electron microscope
(Czech Republic). Elemental composition was ana-
lyzed by energy-dispersive spectroscopy (EDS) with
an X-Act microanalyzer (Oxford Instruments, UK).
The phase composition of the samples was examined
by X-ray diffraction (XRD) using a Difrey-401 diffrac-
tometer (Russia) with CrK  radiation, in the 20 range
of 35 to 125°. Magnetic hysteresis properties were mea-
sured using a Permagraph L hysteresisgraph (Magnet-
Physik, Germany). Compression tests were performed
using an Instron 3382 testing machine (Instron, USA)
at a loading rate of 1 mm/min. For testing, cylindri-
cal samples were machined to a diameter of 7 mm and
a height of 15 mm.

Results and discussion

Table 1 presents the density values (p) of the tita-
nium-doped powder Fe-Cr—Co alloys after sintering,
as measured by the hydrostatic weighing method.
The theoretical density (p,) was calculated based
on the principle of additivity: the density of each alloy
component was multiplied by its respective weight
fraction, and the results were summed. Based on these

7
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Table 1. Density measurements of the investigated alloys
with different titanium sources after sintering

Tabnmya 1. Pe3ynbraTsl H3MepeHHs NII0OTHOCTH
HcesIeyeMbIX CIVIABOB € Pa3HbIMU HCTOYHMKAMH THTAHA
nocJjie creKaHust

Alloy p,glem® | p, g/em? P> %0
Kh28K15T H| 7.45-7.48 7.77 95.9-96.3
Kh28K15T P | 7.59-7.68 7.77 97.7-98.8
Kh32K22T H| 7.53-7.59 7.81 96.4-97.1
Kh32K22T P | 7.66-7.74 7.81 98.1-99.1

data, the relative density (p,,) and residual porosity
of the sintered samples were determined.

The results revealed noticeable differences in
the density of the samples depending on whether tita-
nium powder or titanium hydride powder was used for
doping. According to the measured p values, the use
of titanium hydride powder as the titanium source
leads to an increase in porosity — up to 3.0-3.5 % for
Kh32K22T H samples and up to 4 % for Kh28K15T H.

@ a
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Fig. 1. X-ray diffraction patterns of Fe—Cr—Co alloys doped

with titanium powder (a) and titanium hydride (b)
1-Kh28K15T H,2-Kh32K22T H, 3 Kh28KI5T P,4—Kh32K22T P

Puc. 1. Audpaxrorpammsl Fe—Cr—Co-cIuiaBoB, JIeTHPOBaHHBIX
MIOPOIIKOM TUTaHa (@) ¥ ruapuaoM turaHa (b)
1—-X28KI5T I, 2-X32K22T I, 3 - X28K15T_II, 4 — X32K22T I1
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According to our previous studies on powder Fe—Cr—Co
alloys under the same sintering conditions, the relative
density prel typically reaches approximately 98 % [11].
When titanium powder is used, the alloys exhibit a rela-
tive density of approximately 98-99%.

Fig. 1 shows the results of phase composition
analysis of the alloys doped with PTS-1 titanium
powder and titanium hydride immediately after sin-
tering. Fig. 2 presents, as an example, microstructure
images of the Kh28K15T P and Kh32K22T P alloys,
along with the results of elemental concentration mea-

Elemental composition, wt. %
Spectrum -

Fe Cr Co Ti O
1 549 | 287 | 153 | 1.0 —
2 5331298 | 154 | 1.5 —
3 63 | 42 | 1.7 | 564 | 314
4 414 | 341 | 222 ] 22 -
5 50.2 | 25.7 1234 | 0.7 -
6 07 | 09 | 03 | 62.2 ] 359

c

Fig. 2. SEM images of microsections of alloys Kh28K15T P (a)
and Kh32K22T _P (b) after sintering,
and EDS analysis results at points 1—6 (c)

Puc. 2. POM-¢dororpadun Mukpouutindos CrijiaBos
X28KI15T I (a) u X32K22T II (b) mocie criekaHust
u pesynbsTarsl DJC-ananu3a B Toukax I-6 (c)
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surements obtained by EDS for different structural
constituents.

According to the obtained diffraction patterns
(Fig. 1), the phase composition of the Fe-28Cr-15Co
and Fe-32Cr—22Co alloys differs significantly immedi-
ately after sintering. The structure of the Kh28K15T H
and Kh28K15T P samples consists of a BCC a-phase
solid solution and inclusions of the tetragonal c-phase.
In the microstructure image of the Kh28K 15T P alloy
(Fig. 2, a), the o-phase inclusions appear as white
bands within the gray a-phase matrix, mainly located
along grain boundaries. This is consistent with nume-
rous studies indicating that o-phase inclusions typi-
cally form at grain boundaries. The elemental com-
position of the phases is relatively similar, although
the o-phase inclusions exhibit a slightly elevated chro-
mium concentration.

The structures of the Kh32K22T H and
Kh32K22T P alloys consist of a o-phase solid solu-
tion and FCC y-phase inclusions (Fig. 1). No traces
of the a-phase are observed in these samples, which can
be attributed to the polymorphic nature of the o — o
transformation during cooling of Fe—Cr—Co alloys with
elevated Cr and Co contents. It should be noted that
the diffraction peaks in the patterns of Kh32K22T H
and Kh32K22T P may also indicate the presence
of two distinct o-phases based on Fe—Cr and Co—Cr
systems, which are compositionally similar, as well as
two y-phases. The peaks of these phases may partially
or fully overlap, which complicates their identification.

In the microstructure image of the Kh32K22T P
alloy (Fig.2,b), in contrast to Kh28KI15T P,
the o-phase—based matrix appears as the brightest
structural component, while all inclusions are darker.
According to the EDS data (Fig. 2, c), the inclu-
sions show increased Fe content and reduced Cr
content, which confirms the presence of the y-phase
in the sample. All oxide inclusions observed in pore
regions in both alloys are titanium oxides.

X-ray diffraction patterns of the Fe—28Cr—15Co and
Fe-32Cr-22Co alloys containing different titanium
sources after heat treatment are shown in Fig. 3, and
their microstructure images are presented in Fig. 4.
The structure of all samples represents a BCC a-phase
solid solution (Fig.3). The spinodal decomposition
into a, and o, phases that occurs during thermal treat-
ment was not detected in the diffraction patterns due
to peak broadening. In the patterns of Kh28K15T H
and Kh32K22T H, diffraction peaks of a secondary
phase are also present, which may correspond to iron
or cobalt oxides. However, according to earlier EDS
analysis and elemental mapping [30], all oxide inclu-
sions in the structure are titanium oxides. In addition,

o a
m CrTi hydride
or another phase

Intensity

= u 1
2]
3

I I 1 ! ! | I I L 4

40 50 60 70 80 90 100 110 120
20, deg

Fig. 3. X-ray diffraction patterns of Fe—Cr—Co alloys
doped with titanium after heat treatment

1-Kh32K22T H, 2-Kh28KI15T H, 3 -Kh32K22T P, 4-Kh28K15T P

Puc. 3. Mudpaxrorpammei criaBos cuctemsl Fe—Cr—Co
¢ 1o0aBKaMH TUTaHa TOCIIE TEPMUIECKOH 00padOTKH

1—-X32K22T T, 2 - X28KI15T I, 3 — X32K22T _II, 4 — X28KI15T _II

among the main components of Fe—Cr—Co alloys, chro-
mium is known to oxidize first.

Additional analysis indicated that the diffraction
peaks of the secondary phase may also correspond
to a hydride of a Ti—Cr-based intermetallic com-
pound, which may partly account for the formation
of the porous structure observed in the samples con-
taining it (Fig. 4, a, b). However, the initial amount
of titanium hydride in the system is small. Hydrides
of Ti—Cr-based compounds are also characterized
by low stability, so it cannot be conclusively identified
which specific compound is responsible for the sec-
ondary phase peaks observed in the obtained alloys.
Notably, these peaks may already be present in the dif-
fraction patterns after sintering (see Fig. 1, b); howe-
ver, at positions such as 260 = 66° and 100°, they are
overlapped by the o-phase peaks, which further com-
plicates their identification.

Microstructural analysis of the samples revealed
noticeable differences in the porous structure depend-
ing on the titanium source. As seen in Fig. 4, a, b,
the samples containing titanium hydride exhibit nume-
rous elongated dark inclusions forming a branched
porous network, indicative of incomplete sintering.
This type of structure is considered intermediate and
may have resulted from incomplete dehydrogena-
tion of titanium during the sintering heating process.
Rapid healing of open pores may have trapped hydro-
gen within the material, thereby impeding the removal
of residual porosity and promoting the formation
of elongated inclusions under internal pressure.
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Fig. 4. SEM images of microsections of alloys Kh28K15T H (a), Kh32K22T H (b), Kh28K15T P (¢),
and Kh32K22T P (d) after heat treatment

Puc. 4. POM-dotorpaduu mukpouumdos cruiaoB X28K15T T (a), X32K22T T (b), X28K15T II (¢)
u X32K22T TI (d) mocne Tepmudeckoit 00paboTku

In the alloys with PTS-1 titanium powder, the pore
structure is characterized by dark inclusions 5-10 pum
in size, fairly uniformly distributed throughout
the matrix, along with significantly smaller pores
approximately 1-2 pum in size (Fig. 4, ¢, d). The alloys
with titanium hydride (Fig. 4, a, b) exhibit a visibly
higher number and volume of inclusions compared
to those with titanium powder (Fig. 4, ¢, d), which cor-
relates with the lower relative density values measured
for these samples. In addition, the smaller inclusions in
Fig. 4, ¢, d tend to cluster, suggesting incomplete pore
closure during sintering.

The magnetic property analysis revealed significant
differences in B, H_, and (BH) , values depending
on the titanium source. The heat treatment dependence
of the magnetic properties is shown in Fig. 5. The use
of titanium hydride led to increased maximum coerci-
vity (H, up to 41.1 and 57.2 kA/m for Kh28K15T_H
and Kh32K22T H, respectively) and reduced resid-
ual induction (B, up to 0.8 and 0.79 T), compared
to Kh28K15T P and Kh32K22T P alloys (up to 0.84
and 0.82T, respectively). The lower B, values are
mainly attributed to increased porosity in the samples
with titanium hydride.
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The temperature dependence of residual induc-
tion (Fig. 5, a, b) is nearly identical for all alloys: as
t, increases, Br values decrease monotonically, similar
to the behavior observed in many other isotropic Fe—Cr—
Co alloys. The observed increase in coercivity is likely
associated with a higher density of defects and inter-
nal stresses in the structure due to incomplete titanium
dehydrogenation. The temperature dependence of H,
for all alloys exhibits a maximum at ¢, ~ 645+650 °C
(Fig. 5, ¢, d). For both H_and B, even a 5 °C change
in ¢, can have a pronounced effect on their values, high-
lighting the sensitivity of spinodal decomposition and
the final magnetic properties of the alloys to the pro-
cessing conditions. The (BH) curves (Fig.5, e, f)
for alloys with different titanium sources are relatively
similar, as the improvement in one magnetic param-
eter is offset by the decline in another. The highest
values of (BH)_, reached 11.0-11.5kJ/m? for both
Kh28K 15T H and Kh28K15T P, and 14.0-14.5 kJ/m?
for Kh32K22T H and Kh32K22T P.

A comparison of the mechanical properties of the
investigated Fe—Cr—Co alloys containing different tita-
nium sources was carried out. The samples with the best
set of magnetic properties were subjected to compres-
sion testing. The experimental stress—strain curves are
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shown in Fig. 6, and the results of mechanical property
evaluation are presented in Table 2. The tests were con-
ducted up to a strain of 25 % (¢).

Analysis of the stress—strain curves (Fig. 6) shows
that all the titanium-doped alloys investigated in
this study exhibit good ductility. With the excep-
tion of Kh32K22T P, all other samples underwent
deformation up to a strain of 25 % without frac-

Table 2. Results of yield strength o, ,, compressive
strength ¢, and fracture strain & measurements for the
investigated alloys containing different titanium sources

Tabaunya 2. Pe3yabTarsl onpeaejeHus npejgena
TeKy4ecTH (60,2), NPOYHOCTH Ha cKaTHe (G,)
u 1eopManuu NpH paspymieHHH (sf)
HCC/IeyeMbIX CILIABOB, COePKALINX
pa3Hble HCTOYHUKH TUTAHA

ture. An increase in chromium and cobalt content in Alloy 5,,> MPa c,. MPa gf(]()() %)
the alloys resulted in a rise in yield strength (o, ,) from Kh28K15T H | 990 + 30 ~1580 =250
1000 to 12007.1400 MPa (Table 2). At thg same time, Kh28KIST P | 1000% 30 ~1650 ~25.0
the stress—strain curves of the alloys with different =
Kh32K22T H 1400 + 40 >1850 >25.0
Kh32K22T P 1240 + 30 1850+ 10 23.6
0.90 0.90
0.85 | 0.85 -
0.80 - 2000 y
0.80 ¢ ) \ —
= 075 1600 | 3
2 0.75 3 2
/Q 0.70 -
0.70 1 0.65 | < 1200 F ,
[=¥)
0.65 | 0.60 - =
0.60 e 0.55 L ° 800
45 60
55 400
or 50 . . . .
§ e 45 0 5 10 15 20 25
- 4
o 2 40 &, %
=
30 |k " 3571 Fig. 6. Stress—strain curves of the investigated Fe—Cr—Co alloy
30 I samples containing different titanium sources
1-Kh28K15T H,2-Kh28KIST P,3-Kh32K22T H,4-Kh32K22T P
25
13 Puc. 6. Kpusbie nedopmupoBanus 00pasiion
12 nccienyembix criaasoB cuctemsl Fe—Cr—Co,
COZCpKAIINX Pa3HbIC HCTOYHUKU TUTaHA
“g 7 1-X28KI5T T, 2 - X28K15T_IT, 3 - X32K22T T, 4 - X32K22T_IT
= 10
]

9 . . . .
SE s titanium sources show only minor differences, despite
S ; noticeable variations in porosity and magnetic proper-

ties (Fig. 6).
6
5 1 1 1 1 1 1 R
635 640 645 650 655 635 640 645 650 655 CO“CIUSlonS

t,,°C t,,°C
Fig. 5. Dependencies of residual induction (a, b),
coercivity (¢, d), and maximum energy product (e, f)
on the heat treatment ¢, for the investigated Fe-Cr—Co alloys
containing different titanium sources

1-Kh28K15T H, 2-Kh28K15T P, 3—Kh32K22T H, 4 Kh32K22T P

Puc. 5. 3aBucumocTr 0cTaTOYHOM HHIYKIMH (a, b),
KOBPUHUTHBHO# cuitbl (¢, d) 1 MAKCHMAJIbHOTO SHEPTETHIECKOTO
Hpou3Be/IcHus (e, f) OT TeMIepaTyphl TepMOOOPabOTKH (f,)
uccienyembix ciiasos cucremsl Fe—Cr—Co,
COJIePIKAIINX Pa3HbIC HCTOYHUKH THTAHA

1-X28KIS5T T, 2—-X28KI15T II, 3 - X32K22T T, 4 —X32K22T II

Based on the results of this study on powder-pro-
cessed hard magnetic Fe—Cr—Co alloys doped with tita-
nium from different sources, the following conclusions
can be drawn.

1. Doping with titanium hydride powder leads to an
increase in residual porosity from 2 to 4 %. Phase com-
position analysis revealed the presence of a secondary
phase, most likely a hydride of a Ti—Cr-based inter-
metallic compound. Microstructural analysis showed
that the pore structure in the alloys containing titanium
hydride is branched, which is typical of incomplete sin-

il
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tering. This suggests that the increased porosity is pri-
marily due to incomplete dehydrogenation of titanium
hydride during the heating stage of sintering.

2. Magnetic property measurements demonstrated
that samples doped with PTS-1 titanium powder exhi-
bited higher residual induction values (B, up to 0.84 T)
compared to those doped with titanium hydride, which
is attributed to lower residual porosity. Conversely,
the titanium hydride—doped samples showed higher
coercivity values (H_ up to 57.2 kA/m).

3. Compression tests showed that, despite diffe-
rences in density and magnetic properties, the stress—
strain curves of alloys with different titanium sources
were nearly identical. The Fe—32Cr—-22Co—2Ti samples
exhibited higher yield strength (o, , = 12001400 MPa)
compared to the Fe-28Cr-15Co-2Ti samples
(0,, = 1000 MPa). All titanium-doped alloys investi-
gated in this study showed good ductility, with most
of them deforming up to 25 % strain without fracturing.
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Abstract. This study presents the results of research on optimizing powder mixing parameters for the Al-15Sn—5Pb (vol. %) system for
application in selective laser melting technology. The primary focus is on ensuring the uniform distribution of soft-phase particles
(Sn and Pb), which is essential for obtaining products with a homogeneous structure and improved tribological properties. The initial
materials used in the study were aluminum (ASD-1), tin (PO-1), and lead (PS-1) powders. Before mixing, the powders were sieved
using mesh sizes ranging from 50 to 25 um. The sieved powders had a nearly spherical shape and good flowability characteristics
(less than 25 s/ 50 g). The effect of mixing time on the homogeneity of the powder mixture was studied using the discrete element
method and a modified Hertz—Mindlin model. The obtained mixtures were analyzed using X-ray phase analysis, micro-X-ray spectral
analysis, and graphical analysis methods. Subsequent experimental validation confirmed the reliability of numerical calculations
and enabled the assessment of optimal mixing parameters. It was established that the optimal mixing time for achieving a uniform
distribution of the initial powder particles falls within the range of 60 to 120 min. It was also found that the complex motion pattern
of a Turbula-type mixer reduces the impact of gravitational segregation, thereby improving the uniform distribution of soft-phase
particles (Sn + Pb). The proposed approach can be used for developing new powder preparation methods for additive manufacturing
technologies and for creating composite materials with enhanced performance characteristics.

Keywords: selective laser melting (SLM), aluminum alloys, antifriction alloys, discrete elements method, mixing
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AHHoTayums. B pabote npecTaBieHbl pe3ylbTaThl UCCIEAOBAHUS 10 ONTUMHU3ALMU I1apaMETPOB CMEILIMBAHUS TTOPOIIKOB CHCTEMBI

Al-15Sn—5Pb (06. %) Ui NpUMEHEHNs UX B TEXHOJIOTHU CEJIEKTHBHOTO JIA3epPHOro cruiaBieHus. OCHOBHOE BHUMAHUE YAEJICHO
o0ecredeHnIo0 PaBHOMEPHOTO PACIpeIeIeHUs acTUL] MsIrkoit ¢asbl (Sn u Pb), HE0OX0AMMOTo ISl MONTYUYSHHUS] U3/SNUI C OIHO-
POIHON CTPYKTYPOH M YJIy4LIEHHbIMH TPUOOTEXHMYECKMMH CBOMCTBaMU. B KauecTBe MCXOIHBIX MaTepHaOB HCIIONB30BAINUCH
nopouiky amomMuans (AC-1), onosa (I10-1) u ceunua (I1C-1). Ilepen cmemmBannemM NpoBOAMIICS X IPOCEB Yepe3 CUTa C pa3Me-
pamu siaeex ot 50 10 25 mkm. [IpocesiHHbIe MOPOIIKK UMeTH Gopmy, OIH3KYI0 K chepruecKoil, 1 XOpOoLIHe XapaKTePUCTUKH TEKY-
yectu (MeHee 25 ¢ / 50 r). C ncrnoap30BaHUEM METO/IA JUCKPETHBIX IEMEHTOB U MoauduimpoBanHoit mogenu ['epria—MunamnHa
U3Y4YEHO BIUSIHUE BPEMEHM CMENIMBAHUS HA CTENEeHb TOMOT€HHOCTH MOPOIIKOBON cMecH. MccnenoBaHus MONMyueHHBIX cMeceit
HPOBOIMIMCH C HOMOLIBIO PEHTIeHO(a30BOr0, MUKPOPEHTI€HOCIIEKTPAJILHOTO U IpaMuecKoro MeTo/10B aHanu3a. [locnenyromas
SKCIIEpPUMEHTAIbHAs BaIUAAIMs MOATBEPANIA JOCTOBEPHOCTh PE3YIbTATOB YHCIEHHBIX PACUETOB M MO3BOJMIA OLEHUTh ONTH-
MaJlbHbI€ TTapaMETPhl CMELIEHHs. YCTaHOBIEHO, YTO ONTUMAJIbHOE BPEMs CMEIIUBAHUS, TO3BONISIOIIEE MOITYyUYHTh PABHOMEPHOE
pacrpeesieHie HCXOAHBIX MTOPOIIKOBBIX YaCTHIL, HAX0AUTCsI B HHTepBaje oT 60 10 120 mun. OOHapyKEHO, YTO CIOKHbII XapakTep
nBIKeHus: cMecurens tuna «TypOyna» CHIKAaeT BIMSHME T'PAaBUTALMOHHOM cerperanuy, yaydllas paBHOMEPHOCTh pacrpese-
JIeHHs 4acTUL MArKoH ¢asel (Sn + Pb). [IpennoxkeHHbIH 01X01 MOXKET ObITh HCIIONIL30BAH /IS Pa3pabOTKHU HOBBIX METOJMK MO0~
TOBKHM MOPOIIKOB ISl aJIUTUBHBIX TEXHOJIOT U M CO3/IaHNsI KOMITO3UIIOHHBIX MAaTE€PUAJIOB C yTyUIlIE€HHBIMH 3KCITyaTallHOHHBIMU

XapaKTePUCTUKAMH.

Kniouessie cnosa: cenextuBHoe nazepHoe cruasieHue (CJIC), aaoMUHHEBEIC CIUIABBI, aHTH(PUKIIHOHHEIE CIUIABBI, METOJ] ANCKPETHBIX
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Introduction

The growing demand for high-performance anti-
friction materials in advanced engineering applications
is driving the development of new metallic powder
compositions designed to produce components with
enhanced tribological properties [1-3]. This trend,
combined with the rapid adoption of additive manu-
facturing technologies, imposes stricter requirements
on the preparation of multicomponent powder mixtures.
The extreme nonequilibrium conditions of the selective
laser melting (SLM) process, characterized by intense
heating (>10°K/s) and cooling rates (103-10% K/s),
necessitate a high degree of homogeneity in the ini-
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tial powder mixture, as any inhomogeneities can lead
to structural defects and anisotropy, ultimately degra-
ding the properties of the final components [4; 5].

Aluminum alloys are among the most widely used
materials across various industries due to their unique
combination of strength and low density, enabling
the production of lightweight yet durable machine
components. The integration of aluminum alloys into
3D printing technologies further enhances their appeal
by providing additional design flexibility in terms
of shape and structure [6]. The Al-15Sn—5Pb (vol. %)
system is a specialized alloy intended for antifriction
applications, such as sliding bearings, where tin and
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lead act as solid lubricants, reducing wear during fric-
tional contact [7-9]. However, the tendency of these
inclusions to segregate during both powder mixing and
solidification in the 3D printing process necessitates
stringent control over the composition of the pow-
der mixture to ensure their uniform distribution in
the final product [10]. Additionally, the relatively low
evaporation temperature of lead (1749 °C) compared
to the typical process temperatures of aluminum alloy
SLM (>2000 °C) requires precise energy input control
to prevent selective evaporation [11].

Mixing powders with significant density differences
poses a fundamental challenge [12]. Inthe AlI-15Sn—5Pb
system, where the density ratio of lead to aluminum is
approximately 4.2:1.0, this issue becomes particularly
pronounced. Traditional drum mixers, which operate
mainly by gravitational forces, tend to promote segre-
gation rather than effective mixing in such systems, as
denser lead and tin particles naturally migrate down-
ward. This results in localized inhomogeneities in
the powder mixture, which is critical for its subsequent
use in SLM [13]. One potential solution to this prob-
lem is the use of a Turbula-type mixer manufactured
by Vibrotechnik (Russia), which combines rotational
and translational motion in a rhythmic three-dimen-
sional pattern. This complex motion induces intense
mixing conditions that counteract gravitational effects,
thereby reducing segregation driven by density dif-
ferences. The powder layer periodically experiences
near-weightlessness, followed by abrupt directional
changes, which help prevent agglomeration.

The objective of this study was to evaluate
the effectiveness of the modified Hertz—Mindlin model
in predicting the quality of the resulting powder mix-
ture composed of components with significant density
variations, as well as to determine the optimal mix-
ing parameters for the AIl-15Sn—5Pb system using
a Turbula-type mixer. The research focused on iden-
tifying the minimum mixing time required to achieve
compositional homogeneity sufficient for the success-
ful application of powder mixtures with large density
differences in the SLM process.

Materials and methods

The experiments were conducted using alumi-
num (ASD-1), tin (PO-1), and lead (PS-1) powders.
The powders were sieved through meshes with an upper
cell size limit of 50 pm and a lower limit of 25 um.

Analysis of several scanning electron microscopy
(SEM) images revealed that the average particle size
of all studied powders was 30 um (Fig. 1), with a size
distribution approximating a normal distribution.
The aluminum powder particles had a spherical shape,

whereas the tin and lead powders exhibited both sphe-
rical and dumbbell-like morphologies.

Additionally, powder flowability was analyzed
using funnels with outlet diameters of 2.5 mm (tin, lead)
and 5 mm (aluminum) according to GOST 20899-98
(ISO 4490-78). Measurements of the natural repose
angle showed that its value for all three powders was
approximately 30°. The flowability of the tin and lead
powders did not exceed 20 s/50 g, while that of alumi-
num was 26 s/50 g, indicating their suitability for SLM
technology.

Mixing simulations were performed using the dis-
crete element method (DEM) with the Altair EDEM
software package (Altair Engineering, USA). The par-

". >
200 um
o

i

Fig. 1. SEM images of Al (a), Sn (b), and Pb (c) powders
before mixing in a Turbula mixer

Puc. 1. POM-u3o06pakenust nopouikos Al (a), Sn (b) u Pb (¢)
nepest CMeIMBaHueM B cMecuTee Tuna « TypOynay
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ticle-to-particle and particle-to-wall interactions were
described by the Hertz—Mindlin model, modified
according to the Johnson—Kendall-Roberts (JKR)
theory [14; 15]. This contact interaction model is
widely used in powder mixing simulations to account
for adhesion forces [16-21]. To accelerate compu-
tational time, model scaling was applied, reducing
the container size and powder mass by a factor of three.

The physical parameters of the powders used in
the model are presented in Tables 1 and 2. The fric-
tion and restitution coefficients were averaged based
on data from various sources [22-26]. For Sn and Pb
friction pairs, the friction coefficients were taken from
similar bearing steels with comparable properties.

To analyze the variation in the tin and lead pow-
der content during mixing, the container volume was
conditionally divided into 28 cells, where the fraction
of each metal’s particles was assessed using the for-
mula ZV[j/Vij’ where N, is the number of Sn and Pb par-
ticles, v, is the cell volume, and i and j are the cell
indices along the X and Y axes, respectively (Fig. 2).

In a Turbula-type mixer, the powder mixture was
blended at a container rotation speed of 30 rpm. The mix-
ing duration varied within the range of T = 10+240 min.
From the obtained mixtures, 10 compacts were pro-
duced by pressing, with the powder for each compact
being taken from different parts of the container.

An initial analysis of the composition of the initial
components in the powder mixture was performed
using X-ray phase analysis with a DRON-8 diffrac-
tometer (NPP Burevestnik, Russia) in CuK radiation
(L =1.5406 A) over a 20 range of 10-110°.

For metallographic studies, cross-sections of the

b

Fig. 2. Container model with powders at the beginning («) and
after 3 h of mixing ()
The first digit in Figure b corresponds to the 7 index,
and the second to j index

Al is highlighted in red, Sn in blue, and Pb in green

Puc. 2. Mozienb KOHTEHEpa ¢ TIOPOIIKaMU B Havase (a)
1 ociie 3 4 mepeMernuBanus (b)
[NepBast mndpa Ha pucynke b COOTBETCTBYET HHACKCY i,
BTOpAs —j

Al BbIICJICH KPACHBIM IIBETOM, Sn — CHHUM, Pb — 3eneHbim

The microstructural analysis of the obtained com-
pacts, as well as the elemental composition assess-
ment, was conducted using a LEO EVO 50 scanning
electron microscope (Carl Zeiss, Germany) equipped

compacts along their diameters were examined. with an energy-dispersive X-ray spectroscopy (EDS)
Table 1. Physical parameters of powders used in the simulation
Ta6bnumya 1. ®u3nvecKne NapaMeTpbl NOPOIUIKOB, 32J10KeHHbIE B MO/IeJIHPOBAHUE
Powder Particle Particle Poisson’s | Shear modulus, | Particle Number of
diameter, m density, kg/m? ratio Pa-10° mass, kg | particles, pcs
Al 0.001 £ 0.0003 2700 0.33 26.30 0.283 22,391
Sn 0.001 £ 0.0003 7300 0.44 12.15 0.074 4,203
Pb 0.001 £ 0.0003 11 300 0.43 4.90 0.143 1,418
Table 2. Friction and restitution coefficients of the simulated powders
Ta6bnuya 2. Ko3pduuueHTs! TpeHUs U PeCTUTYLHUH MO 1HPYeMbIX 10POLIKOB
Friction pair
Parameter
Al-Al | Sn—Sn | Pb—Pb | Al-Sn | AI-Pb | Sn—Pb | Al-steel | Sn-—steel | Pb—steel
Static friction coefficient 1.1 0.74 0.9 0.5 0.5 1.4 0.50 0.40 0.30
Rolling friction coefficient 0.3 0.20 0.2 0.2 0.2 0.5 0.05 0.05 0.05
Restitution coefficient 0.6 0.50 0.4 0.5 0.5 0.5 0.60 0.60 0.60
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module. The graphical analysis of SEM images
of the compact cross-sections was performed using
Imagel software (National Institutes of Health, USA).

Results and discussion

Simulation

The simulation results for the number of tin and
lead particles in different areas of the container over 3 h
of mixing, approximated by logarithmic dependencies,
are presented in Fig. 3. It was found that at a mixing
duration (1) of up to 30 min, the majority of both lead
and tin particles remain predominantly in the upper
layers of the powder mixture, despite the complex
motion pattern of the container during the process.
This may be attributed to the formation of temporary
agglomerates of Sn and Pb particles, as these powders
exhibit a high tendency toward adhesion due to their
lower hardness and high plasticity compared to alumi-
num, leading to the formation of more stable contacts.
As 1 increases to 60 min, the dependencies of Sn and
Pb particle content in different cells converge within
the 4-6 % range and nearly equalize at 180 min.

Based on these results, it can be assumed that
to obtain a near-homogeneous Al-15Sn—5Pb mixture,
the minimum mixing time in the 7urbula mixer should
be 60 min at a container rotation speed of 30 rpm.

Experiment

A typical diffractogram of a compact made from
the AI-15Sn—5Pb mixture and the dependence
of the soft-phase (Sn + Pb) content on the mixing time,

calculated using the corundum number method, are pre-
sented in Fig. 4. It can be observed that at short mixing
times, the soft-phase content is lower (15 vol. %), with
significant variations (6 %) in its values (Fig. 4, b).
These data partially confirm the simulation results,
indicating the presence of soft-phase particle agglo-
merates. The expected tin and lead content levels in
the mixture are reached after 60 min of mixing, con-
firming the reliability of the applied numerical model.
In the 120-180 min time range, the dependence
acquires a linear character, and the variation in soft-
phase element content does not exceed 2 %.

The results of SEM studies, presented in Fig. 5,
indicate that at short mixing times (t = 10—60 min),
an uneven distribution of soft-phase particles is
observed, with large agglomerates of various shapes
reaching 300 pm in size. The use of such powder mix-
tures in SLM would likely result in large defects due
to local inhomogeneities in the initial powder distri-
bution. At T = 120-240 min, tin and lead become more
evenly distributed across the polished section surface,
and the size of soft-phase agglomerates decreases.
Completely eliminating these agglomerates is not fea-
sible due to the inherent tendency of these powders
to adhere. However, at this stage, the powder mixtures
can be considered suitable for SLM technology.

The EDS analysis results of the compact element
composition are presented in Table 3. According
to the data, even at short mixing times, the mixture
contains Sn and Pb levels close to the target compo-
sition. However, due to inhomogeneous distribution
within the powder volume, a significant deviation from
the mean is observed in different sections of the com-
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Fig. 3. Dependences of the content of Sn (a) and Pb (b) particles in the cells (11+47) of the container on the mixing time

Puc. 3. 3aBucumoctu copepxanus yactui Sn (a) u Pb (b) B sueiikax (11-47) xoHTeliHepa OT BpeMeHH MepeMeIInBaHHs
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Fig. 4. Typical diffractogram of the Al-15Sn—5Pb mixture (a)
and dependence of the soft-phase (Sn + Pb) content on the mixing time (b)

Puc. 4. Tunmanas qudpakrorpamma cmecu cocrasa Al-15Sn—5Pb (a)
1 3aBHCHMOCTB COZiepKaHus MSIrKoi (hasbl Sn + Pb ot Bpemenu nepemeninBanus (b)

Fig. 5. Typical SEM images of cross-sections of powder compacts
obtained from mixtures after 10 (a), 30 (b), 60 (¢), 120 (d), 180 (e), and 240 min (f) of mixing

Dark phase — Al, bright phases — Sn and Pb

Puc. 5. Tunimunbie POM-CHUMKH MOTIEPEUHBIX CEYCHUI UCCIIEIyEeMbIX KOMITAKTOB M3 MOPOIIKOBBIX CMECeid,
TIOJTyYEeHHBIX rociie nepemernBanus B tedenue 10 (a), 30 (b), 60 (¢), 120 (d), 180 (e) u 240 muH (f)

Temnas dasza — Al, cBersie — Sn u Pb

pacts. After 60 min of mixing, these deviations are
reduced by approximately a factor of two, indicat-
ing the breakdown of large agglomerates. Mixing for
120 min or longer further decreases the deviation from
the average element content within different com-
pact sections to =2 %, suggesting that the elements
have reached a sufficiently homogeneous distribution
throughout the volume.

20

In addition to EDS analysis, graphical analysis
of SEM images was conducted using ImagelJ software
to assess the quantity and size of soft-phase (Sn + Pb)
agglomerates (Fig. 6). The fraction of lead and tin was
determined based on the area occupied by these particles.
For each 1 value, 10 images per compact were analyzed.

The analysis revealed that the tin and lead con-
tent follows an approximately linear trend. However,
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Table 3. Elemental content in powder compacts
depending on mixing time

Tabnmya 3. Conep:xkanue 3J1eMeHTOB B KOMIIAKTAaX
M3 MOPOUIKOBBIX cMeceli B 3aBHCHMOCTH
OT BpeMEeHHM nepeMennBaHus

) Content, vol. %

o i Al Sn Pb
10 81+8 15+8 4+3
30 80+5 15+6 5+£3
60 80+4 15+4 5+£2
120 80+2 16 +2 4+1
180 80+2 16+2 4+1
240 80+2 16 +2 4+1

at short mixing times, as observed in the EDS results,
there is a high relative deviation in particle distri-
bution within the volume (£6 %), which decreases
to 1 % as 1 increases. Despite the relative deviation
reduction occurring as early as T = 60 min, it is also
important to consider the size of Sn and Pb agglo-
merates. The trend in agglomerate area reduction
follows a linear downward pattern. With an increase
in mixing duration, the agglomerate area decreases
by approximately 35 %, from 1400 to 900 um?
at T = 10 and 240 min, respectively. At the same time,
the deviation value also decreases from 16 to 10 %, but
remains relatively high. This is likely due to the for-
mation of agglomerates within the internal volume
of the powder mixture, which, lacking direct contact
with the container walls, were more resistant to break-
down during mixing.

These findings indicate not only an improvement
in mixture homogeneity within a relatively short
period (t=60-120 min) but also the effectiveness
of the modified Hertz-Mindlin model for simulating
the mixing process in powder systems with significant
density differences between their components.

Conclusions

Based on the obtained results, the following conclu-
sions can be drawn.

1. The complex motion pattern of the Turbula mixer
ensures effective mixing of the Al-15Sn—5Pb powder
system, reducing the impact of gravitational segregation
and improving the uniformity of soft-phase (Sn + Pb)
particle distribution. This allows for its further applica-
tion in selective laser melting (SLM) technology.

2. The discrete element method with the modified
Hertz—Mindlin model demonstrated high reliability in
predicting the homogeneity evolution of powder mix-
tures, which was confirmed by experimental data.
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Fig. 6. Dependences of the content («) and agglomerate size (b)
of the soft phase (Sn + Pb) on the mixing time
in the Turbula mixer
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3. It was established that reducing the size of soft-
phase (Sn + Pb) agglomerates and minimizing com-
ponent distribution deviations occur at a mixing time
of 60 to 120 min, making this interval recommended
for practical applications.

4. The obtained results can be utilized to improve
powder preparation quality for additive manufactur-
ing technologies and to develop new powder materials
with enhanced performance characteristics.
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Structural, mechanical, and tribological properties
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Abstract. The addition of graphite particles to aluminum improves its tribological properties due to the self-lubricating effect, while
reinforcement of such aluminum matrix composites (Al-C) with the ceramic phase of titanium carbide (TiC), known for its high
hardness and strength, results in AI-TiC—C hybrid composites with enhanced physical and mechanical properties and improved
wear resistance. This study explores a novel energy-efficient approach to fabricating AI-TiC—C composites by combining self-prop-
agating high-temperature synthesis (SHS) of porous TiC—C composite frameworks with subsequent spontaneous infiltration using
molten aluminum. The titanium carbide was synthesized from a stoichiometric powder mixture of titanium and graphite (Ti + C).
To introduce free carbon, additional graphite powders with particle sizes of 1015 and 100-1000 um, as well as chopped carbon
fibers with a diameter of 7 um and a length of 3 mm, were added to the stoichiometric mixture. The microstructure and composi-
tion of the resulting composites were examined using scanning electron microscopy with energy-dispersive spectroscopy and X-ray
diffraction analysis. Density was measured by hydrostatic weighing, while Brinell hardness, compressive strength, and tribological
properties were evaluated using a pin-on-disk tribometer. It was found that fine graphite particles (10—-15 pm) dissolved almost
completely in molten aluminum, whereas coarse graphite (100—1000 pm) and carbon fibers remained intact. The compressive strength
of the carbon-containing aluminum matrix composites ranged from 203 to 233 MPa. Under dry sliding conditions, abrasive wear was
the predominant wear mechanism, accompanied by a high coefficient of friction (0.88—0.98); however, the wear rate of the composite
containing coarse graphite was three times lower.

Keywords: composite material, aluminum, titanium carbide, graphite, self-propagating high-temperature synthesis (SHS), porous
framework, infiltration, tribology
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ocobeHHoCcTU rMbpuaHbIX KOoMNo3uToB TiC-C-Al,
N3roTOBJZIEHHbIX METOAOM CaMOpacnpoCTpaHaLWerocs
BbICOKOTEMMNEpPaTypPHOIro CUHTE3a B COMEeTaHUU
C CaMOMpoOM3BOJIbHON UHUNbTPaLMEN
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AHHoTayums. JloGaBieHne 4acTHIl rpaduTa K AIOMHHHIO MO3BOJSET YIYYIINTh €ro TPUOOJOrHYECKHe CBOMCTBA 3a CYET MPOSB-

nerns dddexTa caMocMa3bIBaHUs, a ApPMUPOBAHNE TAaKUX ATFOMOMATPHYHBIX KOMIO3UTOB (Al-C) kepammyeckoil ¢a3oit kapOuma
tutaa (TiC) ¢ BBICOKMMH TBEPIOCTHIO U MMPOYHOCTHIO — MONYYUTh THOpHIHBIE KOMITO3UTHI Al-TiC—C ¢ MOBBIIICHHBIMU (DH3HKO-
MEXaHWYEeCKHMHU CBOMCTBAMH H YIyUIIEHHOW M3HOCOCTOHKOCTHIO. B HacTosmIeH paboTe pacCMOTpEHO MPUMEHEHHE HOBOTO SHEP-
ro3QPeKTUBHOTO TIoX0Aa K monydeHuto koMno3uToB Al-TiC—C myTem codeTaHHs METOA CaMOPACHpPOCTPAHSIOMIETOCS BBICO-
kotemrieparypHoro cuaresa (CBC) mopHCTBIX KOMITO3UIIMOHHBIX KapKacoB M3 KapOuma THTaHa U cBobomHoro yriepoxaa (TiC—C)
¢ mocrenyIomeil HHGUIBTpanuel nX paciulaBoM aTioMHHUS. [l cuHTe3a KapOuaa THTaHa MCIOIb30Balach CTEXHOMETPHUIECKas
cMech TopomIkoB TUTaHa U rpadura Ti + C, a 11t mory4deHns: CBOOOIHOTO yIIepoia B 3Ty CTEXHOMETPHUYECKYIO CMECh T00aBIISIINCH
nopommkn rpadura ¢ pazmepamu gactun 10-15 u 100-1000 MxM, a Takxe pyOleHOE YIIIEBOJIOKHO AUAMETPOM 7 MKM M JUTMHOMN
3 mM. J{71s M3ydeHnst MUKPOCTPYKTYPBI M COCTaBa HOBBIX KOMITO3UTOB HCTIOIB30BAINCH METOABI CKAaHUPYIOIIEH SIIEKTPOHHOI MHKPO-
CKOTINH C SHEPrOAUCIEPCHOHHON CHEKTPOMETpHEH M peHTreHo(a30BOr0 aHamM3a. Takke OIMpeleNeHbl MIOTHOCTh THAPOCTATH-
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successful tests have demonstrated the use of alumi-
num—graphite pistons, bearings, and connecting rods in
both gasoline and diesel engines. For example, alumi-

Introduction

Aluminum matrix composites (AMCs) reinforced

with graphite and ceramic particles are considered
promising materials for tribological applications [1-3].
Graphite, classified as a solid lubricant, imparts self-
lubricating properties to the strengthened matrix,
resulting in reduced friction coefficients and preven-
tion of seizure, thus making aluminum-based mate-
rials suitable for tribotechnical applications. The alu-
minum — graphite composite was first successfully
fabricated in 1969. Over the past 50 years, several

num—graphite cylinder liners exhibited improved per-
formance (without scuffing) against aluminum pistons
in Alpha Romeo and Ferrari Formula 1 racing cars [4].
The main challenge in fabricating graphite-containing
AMCs lies in the poor wettability of carbon-based
materials by molten aluminum at temperatures below
1320 K, which hinders good interfacial adhesion and
uniform distribution of graphite particles through-
out the matrix. Another commonly used approach
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to strengthen aluminum alloys is reinforcement with
carbon fibers (CFs) [5].

Powder metallurgy and casting technologies are
the most widespread methods for producing metal
matrix composites, as they can provide acceptable
levels of density, porosity, mechanical and tribological
properties under industrial conditions at a reasonable
cost [6; 7]. Powder metallurgy methods are based on
processing materials in the solid state and may include
such operations as mixing, pressing, and sintering
to achieve minimal porosity in the resulting composite.
Among these methods, self-propagating high-tempe-
rature synthesis (SHS) stands out as a technique that
enables the synthesis of various ceramic phases from
elemental powders through an exothermic chemi-
cal reaction. The heat released during the SHS reac-
tion results in a high temperature of the synthesized
ceramic product [8]. In addition, the rapid reaction is
accompanied by intensive gas evolution, which leads
to the formation of an open porous capillary struc-
ture with pore sizes ranging from 0.1 pm to 1-2 mm,
depending on the synthesis conditions and the compo-
sition of the initial powders [9; 10].

Liquid-phase methods include stir casting, infiltra-
tion under pressure, and spontaneous (pressureless)
infiltration [11; 12]. For instance, a carbon — gra-
phite — aluminum composite was produced by infiltrat-
ing a porous (14-16 %) carbon — graphite framework
with molten AK12 alloy at temperatures up to 700 °C
and pressures up to 5 MPa [13]. However, improving
wettability and limiting interfacial reactions required
multiple process steps, including pre-coating the car-
bon — graphite pore surfaces with nickel sulfate, vibro-
vacuum treatment before infiltration, and mechanical
densification of the composite to reduce residual poro-
sity after aluminum infiltration, which significantly
complicated the process. In [14], it was shown that
infiltration at 0.8 MPa, 1073 K, and a 60 s holding time
in an argon atmosphere enables the fabrication of an
aluminum — carbon fiber composite. However, a sub-
stantial amount of the undesirable Al,C, phase formed
as a result of their interaction.

The main drawback of aluminum matrix composites
with graphite as a filler is their relatively low strength.
To improve this property, an additional strengthen-
ing component is introduced — for example, a metal
oxide or carbide with high hardness and strength. One
of the most promising candidates is titanium carbide
(TiC), which has a hardness of 20-25 GPa and is
frequently considered as a reinforcement for alumi-
num and its alloys. AMCs reinforced with TiC par-
ticles exhibit superior mechanical strength, which is
also attributed to the stronger interfacial bonding in
the AI-TiC system compared to composites reinforced
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with SiC particles. The work of adhesion between TiC
and aluminum increases from 1317 to 1608 mJ/m? as
the reaction temperature rises from 800 to 1000 °C [15].
Aluminum matrix composites reinforced with TiC par-
ticles also demonstrate enhanced tribological perfor-
mance, comparable to that of conventional aluminum-
based tribological alloys such as AO20-1 and bronzes
under dry sliding conditions at contact pressures
up to 0.7 MPa. Furthermore, under dry sliding against
40Kh steel, the aluminum alloy AK12M2MgN with
up to 10 % TiC' shows a reduced coefficient of fric-
tion, regardless of the applied pressure [16].

To achieve optimal tribological performance,
the development of poly-reinforced (hybrid) com-
posites has been proposed. These contain both
a hard, high-strength carbide and self-lubricating
graphite (Gr). Aluminum matrix composites such as
A356-10 % SiC—4 % Gr and A356-5 % Al,0,-3 % Gr
have been developed for use in cylinder liners of cast
aluminum engine blocks. Under dry friction condi-
tions, these composites formed graphite-based tribo-
films that improved the wear resistance of aluminum
and reduced the coefficient of friction [17]. Hybrid
composites based on aluminum and its alloys — such
as 2024-5 % SiC—x % Gr (x=0,5 and 10) [18] and
7075—Gr [19] — have also been fabricated via powder
metallurgy and exhibited excellent tribological perfor-
mance due to the self-lubricating effect. In [20], it was
shown that the combined reinforcement of 7075 alu-
minum alloy with TiC particles (5—15 %) and graphite
(3—5 %) significantly improved the material’s tribolo-
gical properties, reducing both wear and the coefficient
of friction under dry sliding conditions.

The authors of [21] note that 5 % of TiC nanopar-
ticles and up to 10 % of graphite not only reduced
the wear rate and coefficient of friction of aluminum but
also promoted the formation of a stable lubricating layer
under long sliding distances and high sliding speeds.
This layer consisted of a stable graphite — TiC composi-
tion on the contact surface. Typically, ceramic — metal
composites with self-lubricating properties are fabri-
cated by powder metallurgy, which involves prolonged
high-temperature sintering in a protective atmosphere.
This significantly complicates the production process
and increases its cost.

A more economically feasible alternative may
be spontaneous infiltration, a simple and low-cost
method based on the capillary action of liquid metal
into a porous body. This process does not require
special equipment to create pressure or maintain
a gas atmosphere. However, the key prerequisite for
implementing this method is achieving good wettabi-

! Here and hereinafter, wt. % is implied unless otherwise specified.
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lity of the porous solid by the molten metal, which is
often unachievable in industrial settings due to the dif-
ferent natures of ceramics and metals. In this study,
the authors propose a new energy-efficient and simple
approach for producing ceramic—metal composite
materials by combining the exothermic SHS method
with the self-heating of the synthesized porous ceramic
(SHS framework) to temperatures exceeding 2000 °C.
At such temperatures, good wettability of the ceramic
by metals such as aluminum, copper, and tin can be
achieved, allowing spontaneous infiltration of these
melts into SHS frameworks [22-24]. A characteristic
feature of such materials synthesized in air is their
multiphase composition. For example, SHS-derived
ceramic frameworks based on MAX phases such as
Ti,SiC, and Ti,AlC, contain not only the target phase
but also a significant amount of TiC, along with minor
amounts of TiO,, TiN, and Al,O,, which are poorly wet-
ted by molten aluminum. However, the observed spon-
taneous infiltration of the melt into these frameworks
suggests that the predominant factor enabling wettabi-
lity is the extremely high temperature of the ceramic
immediately after SHS [25; 26].

In the present study, a new approach is proposed
for fabricating composites from a non-wettable com-
ponent — carbon (graphite and carbon fiber) — by intro-
ducing it into the initial SHS mixture. In this case,
excess carbon that does not participate in the synthe-
sis reaction remains in the SHS system as an inert
additive, which undergoes substantial heating during
the exothermic synthesis of the ceramic compound.
Thus, the aim of this work was to investigate the fea-
sibility of producing TiC—C—Al hybrid composites by
introducing excess carbon (graphite and carbon fiber)
into the Ti + C reactive mixture to synthesize a porous
TiC—C SHS framework followed by spontaneous infilt-
ration with molten aluminum.

Materials and methods

The following materials were used in this study:

— titanium powder grade TPP-7 (TU 1715-449-
05785388, particle size < 300 pm);

— colloidal graphite grade S-2 (GOST 17022-81,
particle size <15 pum) and graphite grade GMZ
(TU 48-20-16-81, particle size 100—1000 pum);

— chopped carbon fiber grade SYT45S (Zhongfu
Shenying Carbon Fiber Co., LTD, length 3 mm, dia-
meter 7 pm).

Dried TPP-7 titanium and S-2 graphite powders,
taken in a stoichiometric ratio for TiC synthesis via
the reaction Ti + C — TiC, were pre-mixed in a ball
mill at 105 rpm for 20 min. A 100 % excess of car-

bon — in the form of S-2 graphite, GMZ graphite, or
chopped carbon fiber (CF) — was added at the final mix-
ing stage to prevent particle size reduction of the gra-
phite. The amount of the excess additive corresponded
to the mass of S-2 graphite in the stoichiometric Ti + C
mixture. The loose powder charges were loaded into
cylindrical hollow crucibles (22 mm in diameter)
made of single-layer paper and placed into a recess in
the sand, into which molten aluminum was then poured
after ignition of the charge. was applied to the powder
charge to ignite it, i.e., to initiate the SHS process in
combustion mode. The general experimental setup is
shown in Fig. 1.

Four types of initial powder charge were prepared
with the following compositions:

1 —Ti (TPP-7 titanium) + C (S-2 graphite);

2 — Ti (TPP-7 titanium) + C (S-2 graphite) + 100 %
excess C (S-2 graphite);

3 —Ti (TPP-7 titanium) + C (S-2 graphite) + 100 %
excess C (GMZ graphite);

4 — Ti (TPP-7 titanium) + C (S-2 graphite) + 100 %
excess C (carbon fiber).

The total powder charge mass was 40 g without
excess carbon and 48 g with excess carbonaceous
additives. At the moment of ignition, molten alumi-
num — pre-melted in an electric furnace at 900 °C —
was poured into the recess in the sand, onto the side
surface of the ignited powder charge. During the SHS
synthesis of titanium carbide, the high-temperature
(up to 2800 °C) [10] combustion zone of the porous
sample absorbed the molten aluminum. The combus-

Charge Ti + C

Porous
framework TiC
t>2800 °C

Heating coil

~Infiltration

Fig. 1. Schematic representation of the SHS—infiltration process
used to fabricate TIC—C—Al composites

Cross-sectional view

Puc. 1. Cxema couetanuss CBC 1 HHQUIBTpAIH AT TOTYICHUS
xommo3utoB TiC—C—Al

Bup ¢ paspesom
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tion and infiltration process lasted approximately
20-25 s, after which the remaining aluminum melt was
removed to facilitate subsequent mechanical process-
ing and the fabrication of cylindrical composite sam-
ples for further testing.

Microstructure and elemental composition analy-
ses were performed using a Tescan Vega 3 scanning
electron microscope (SEM, Czech Republic) equipped
with an X-act energy-dispersive spectroscopy (EDS)
system. Phase composition of the synthesized products
was identified by X-ray diffraction (XRD). XRD analy-
sis was carried out using an automated ARL X’trA
diffractometer (Thermo Scientific, Switzerland) with
CuK radiation under continuous scanning in the 26
range of 20-80° at a rate of 2°/min. The resulting dif-
fraction patterns were processed using the WinXRD
software package (Switzerland). Experimental den-
sity was determined by hydrostatic weighing in
accordance with GOST 20018-74. Porosity was
calculated as the difference between the theoretical
and experimental density values of the composites.
Brinell hardness was measured using a 5 mm steel
ball under a load of 98 N, following GOST 9012-59.
Uniaxial compression tests were conducted according
to the guidelines of GOST 25.503-97 using cylindri-
cal samples with a diameter of 20.1 +£ 0.1 mm and
a height of 19.4 + 0.8 mm. The tests were performed
on a WDW-300E universal testing machine (Time
Group, China) at a crosshead speed of 1 mm/min.
Sample dimensions before and after compression were
measured using a 500-205 caliper (Mitutoyo, Japan)
with a precision of 0.01 mm.

Based on the test results, stress—strain curves
o° = f(e) were plotted, showing the dependence of com-
pressive stress (c6°) on relative strain (g), taking into
account the stiffness of the testing machine in accor-
dance with GOST 25.503-97. The materials were then
evaluated using the following parameters:

* clastic characteristics — from the slope angle
of the linear portion of the curve (tg°a) and the conven-
tional compressive yield strength (g, );

e strength characteristics — from the compressive
strength (c%'), where 6¢ was determined using a non-
standard approach: its value was taken as the stress
at the inflection point of the o°= f{¢) curve observed
after o, ).

Tribological testing of the materials was carried
out on a TRB5ON tribometer (Nanovea, USA) using
a rotary pin-on-disk configuration (ASTM G99), in
which a vertically positioned cylindrical composite
sample rotates about its longitudinal axis, and a fric-
tion counterbody (indenter) in the form of a stationary
6.35 mm diameter 100Cr6 steel ball is pressed against
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its upper face, 3 mm from the axis of rotation, under
the following conditions:

—normal load on the indenter: /=2 N;
— rotational speed of the sample: 200 rpm;

—wear track diameter: 6.0 mm, corresponding to
a sliding speed of 62.8 mm/s;

— test duration: T=1h 19 min 54 s or a sliding dis-
tance of L =250 m;

— lubrication regime: dry sliding.

Damage to the indenter was evaluated by measuring
the wear scar diameter using the refined ASTM G99 for-
mula. Damage to the composite sample was evaluated by
3D scanning the wear track on its end face and determin-
ing the lost metal volume (V) between the worn surface
profile and a plane corresponding to the original unda-
maged surface. The wear scar diameter and wear volume
of the sample were determined using a LEXT OLS4000
confocal laser scanning microscope (Olympus, Japan).
Based on the volumetric wear data for both the samples
and the indenters, the wear rate (/) and wear resistance
(W) were calculated using the formulas:

where [ or ] is the wear rate in mm3/m or mm3/min, and
L is the sliding distance in meters.

Throughout the tribological tests, the maximum
(m,,,) and average (p ) values of the kinetic coeffi-
cient of friction were continuously measured in accor-
dance with ASTM G40.

To assess changes related to the addition of excess
carbon, two additional comparative parameters were
used: the relative wear resistance (g,) and the friction
coefficient stability (a), calculated as follows

— VE
g =—=,
VC
o= Mo
Mmax

where V, and V. are the average volumetric wear
values of the reference material and the comparison
material, respectively.

In this study, the baseline material was the
AL-TiC composite fabricated without excess carbon.
The ¢, parameter was calculated for both the test
samples and the counterbody (indenter), since damage
to the indenter is also a result of its interaction with
the tested materials.
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Results and discussion

Previous studies have shown that the least defective
SHS-derived TiC frameworks were synthesized using
relatively coarse titanium powder TPP-7 and graphite
powder S-2 [13]. Therefore, these powder grades were
chosen as the basis for studying the effect of excess
carbon of various forms and particle sizes on the for-
mation of TiC—C—Al hybrid composites. It is important
to note that frameworks of all four types were success-
fully produced via SHS and infiltrated with molten
aluminum.

As shown in Fig. 2, the composite samples after
lathe machining exhibit a metallic luster and show vir-
tually no large pores or cracks. Sample B, synthesized
with an excess of fine S-2 graphite, is visually indis-
tinguishable from sample 4 — the TiC—Al composite
without excess carbon additives. In contrast, sample C,
fabricated with the addition of coarse GMZ graphite
(0.1-1.0 mm), shows uniformly distributed graphite
particles of corresponding size throughout the entire
volume. Sample D, synthesized with carbon fiber addi-
tion, contains dark inclusions formed by carbon fiber
clusters embedded in the aluminum matrix.

The microstructure, phase composition, and poro-
sity of the TiC—Al SHS composite have been described
in detail in previous studies [27; 28]. In the sample
without excess carbon, two main phases were identified:
a metallic phase (Al) forming a continuous matrix that
filled all accessible pore volume, and a ceramic phase
(TiC) represented by tightly sintered equiaxed particles
with a size of approximately 5—-10 pm. The observed
phase composition was as follows: 50-55 % Al,
40-45 % TiC, and up to 5 % secondary phases (Al,C,,
TiAl;, ALO,). These minor phases were not detected
by XRD due to their low content, but their presence
was confirmed by SEM and EDS analysis. The Al,C,
phase appeared in the aluminum matrix as black acicu-
lar structures measuring up to 50-70 pm in length

——
—— S

and 5-15 pm in width, while TiAl, was also found
in the Al matrix, typically surrounding TiC particles.
Since both secondary phases are products of high-
temperature interaction between TiC and Al, they were
observed primarily at or near the ceramic — metal inter-
face of the composite. The residual porosity of such
composites was up to 6—8 %, with an average density
of 3.12 g/cm?.

Fig. 3 shows the microstructure and the X-ray dif-
fraction (XRD) pattern of the phase composition
of the TiC—C(C-2)—Al composite, in which the excess
carbon is introduced in the form of fine graphite par-
ticles approximately 15 pm in size. It can be seen that
the ceramic and metallic components of the composite
are tightly bonded. A few large pores are observed,
while no systematic fine porosity is present, indicating
good wettability. The ceramic region of the composite
exhibits a gradient structure: the outer crust consists
of densely sintered relatively large (2040 pm) par-
ticles of non-stoichiometric TiC , beneath which there
is a less compact zone composed of smaller TiC _par-
ticles (5—15 pm) embedded in aluminum. In the central
region of the ceramic, two phases are observed — Al
and the intermetallic compound TiAl,. It is worth not-
ing that in an open pore within the Al matrix, where
significant amounts of Al,C; and Al,O, phases were
detected, local EDS analysis revealed an atomic ratio
corresponding to the compound AL CO. It is known
that this compound may act as an intermediate phase in
the Al,C,~Al,O, phase diagram [29].

It is likely that the molten aluminum, having filled
a relatively large open pore (capillary), continued
to penetrate into narrower capillaries between TiC par-
ticles, infiltrating the internal structure of the ceramic
region with partial dissolution of TiC and subsequent
formation of TiAl,. The presence of a significant amount
of aluminum carbide (and oxycarbide) in the large open
pore is attributed to the fact that the excess graphite,
remaining after the formation of the TiC SHS frame-

Fig. 2. External appearance of TiC—Al (4), TiC—C(S-2)-Al (B), TiC-C(GMZ)-Al (C), TiC—C(CF)-Al (D) composites
Puc. 2. Buenuuii Bug komno3utoB TiC—Al (A), TiC—C(C-2)-Al (B), TiC-C(I'M3)-Al (C) u TiC-C(YB)-Al (D)
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Fig. 3. Microstructure (top) and X-ray diffraction pattern (bottom) of the TIC—C(15 pm)—Al composite

Puc. 3. Mukpoctpykrypa (CBepXy) U peHTreHoBcKas nudpakrorpamma (cau3sy) kommnosuta TiC—C(15 mxm)—Al

work, was concentrated in open pores and channels,
which were subsequently filled with molten alumi-
num. In addition, isolated graphite particles measuring
15-30 pm were found within the Al matrix. The XRD
pattern in Fig. 3 confirms the presence of the afore-
mentioned phases; however, the peaks corresponding
to TiAl,, Al,O,, and graphite are within the background
noise, indicating their low content in the composite.

Thus, graphite particles sized 10-15 pm almost
completely dissolved in the molten aluminum, forming
the secondary phase Al,C,. The formation of Al,C, and
TiAl, secondary phases in the TiC-Al system contri-
butes to effective reactive wetting and strong adhesion
between the metal and ceramic phases, which typically
ensures high mechanical properties of the composite
material [15]. According to the results of quantitative
phase analysis, the phase composition of this composite
is approximately as follows: 45-55 % Al, 3540 % TiC,
and up to 15 % secondary phases (Al,C,, TiAl,, AL O,).
These values are approximate, since the XRD-based
evaluation method has an error margin of up to 20 %,
and the composite exhibits structural heterogeneity
resulting from powder charge filling into the cylindrical
crucible and the intense combustion process. The poro-
sity of the TiC—C(S-2)—Al composite is approximately
7 %, and its average density is 3.11 g/cm?.

30

The microstructure and XRD pattern of the
TiC-C(GMZ)-Al composite, fabricated using GMZ
graphite with a particle size of 100-1000 um, are
shown in Fig. 4. Three regions with distinct colors and
structural features are clearly visible. The most exten-
sive area, appearing gray, corresponds to the aluminum
matrix, within which large black regions (graphite),
clusters of fine white particles (TiC), and a few elon-
gated acicular gray particles were observed. These were
identified as Al,CO or a mixture of Al,C, and ALO;.
The main differences compared to the composite pre-
pared with fine graphite are the presence of large free
graphite particles and a lower content of interfacial
reaction products (TiAl;, Al,C,, and Al,O,). In addi-
tion, the observed TiC, phase contains more carbon,
with a composition close to the stoichiometric TiC.

The XRD pattern in Fig. 4 confirms the phase com-
position observed in the microstructure and identified
by EDS analysis. A noticeable increase in the intensity
of the free graphite peak compared to the data in Fig. 3
clearly indicates the retention of large graphite par-
ticles in the Al matrix, in contrast to the fine graphite
particles, which almost completely dissolve in molten
aluminum during composite fabrication. Quantitative
phase analysis shows the following approximate
composition of the obtained composite: 40-45 % Al,
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Fig. 4. Microstructure (top) and X-ray diffraction pattern (bottom) of the TiC—C(100—1000 pm)—Al composite

Puc. 4. MukpocTpyktypa (CBepXy) U peHTreHoBcKast audpakrorpamma (cHuzy) kommosurta TiC—C(100-1000 mrm)—Al

30-40 % TiC, 3—4 % graphite, and up to 15 % secon-
dary phases (Al,C,, TiAl,, Al,O;). The average poro-
sity of the TiC—C(GMZ)—Al composite was 3.4 %, and

its average density was 2.99 g/cm’.

The microstructure and X-ray diffraction pattern
of the TiC—C(CF)-Al composite, fabricated with
the addition of carbon fiber, are shown in Fig. 5.
The gray aluminum matrix contains regions consisting
of clusters of equiaxed TiC particles and black carbon
fibers. Due to their different spatial orientations, the car-
bon fibers appear in either longitudinal or cross-section
views. In the longitudinal view, ring-like structures
approximately 10 pm in diameter are observed around
the fibers, consisting of fine TiC particles less than 2 pm
in size. These particles are presumed to form via a dif-
ferent mechanism, possibly related to the interaction
between Al,C, and TiAl, in the aluminum melt within
a specific temperature range during cooling of the com-
posite [15]. Outside the ring-shaped TiC particle zones,
virtually no titanium carbide particles are observed
in the aluminum matrix. Partial dissolution of carbon
fibers in molten aluminum is indicated by a reduction
in their diameter from the original 7 um to 3-5 pm
and the presence of Al,C; around the fibers within
the TiC rings. The XRD pattern confirms the presence
of the main phases — Al, TiC, and, to a lesser extent,

Al,C,. Free graphite was not detected, as the carbon
fibers preserved in the composite have an amorphous
structure that is not detectable by XRD. According
to the results of quantitative analysis, the approximate
phase composition of the material is: 70-75 % Al,
15-20 % TiC, up to 3 % CF, and up to 15 % secon-
dary phases (Al,C;, TiAl;, Al,O,). The increased alu-
minum content and reduced TiC content are explained
by the fact that when titanium and graphite powders
are mixed with carbon fibers, the fibers tend to sepa-
rate into thinner individual filaments, which greatly
increases the total volume of the powder charge. As
a result, after SHS, a TiC-CF framework is formed
with greater porosity, allowing infiltration by a larger
volume of molten aluminum compared to the TiC — gra-
phite frameworks. Consequently, the average porosity
of the final TiC—C(CF)—Al composite was only 1.9 %,
the lowest among all samples, as was its average den-
sity, which was 2.74 g/cm®. The synthesis and struc-
tural features of porous TiC—CF SHS-based composite
materials represent a separate subject requiring further
investigation.

Due to the relatively high content of undesirable
aluminum carbide (Al,C;) in the TiC-C(C-2)-Al com-
posite fabricated with an excess of fine (15 um) gra-
phite powder grade C-2, its mechanical and tribologi-
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Fig. 5. Microstructure (top) and X-ray diffraction pattern (bottom) of the TiC—C(CF)—-Al composite
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cal properties were not investigated. Al,C, reacts with
water to form Al,O, and CH,, making such composites
phase- and structurally unstable not only in water but
also in humid environments.

The results of density, hardness, and compres-
sive property evaluation for the remaining samples
of the studied TiC—Al and TiC—C—Al composite sys-
tems are presented in Table 1. As an example, Fig. 6
shows the compressive loading curves for each
sample, reflecting the average result obtained from
a series of tests on two samples. It can be seen that
the TiC—C(100-1000 pm)—Al composite is brittle,
while the other composites inherit the properties
of the matrix and remain ductile.
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The results obtained from the tribological tests
are summarized in Table 2, while the general appea-
rance of wear damage on the composite samples and
indenters is shown in Fig. 7. The reported test results
represent the arithmetic mean and standard deviation
of the measured parameters, calculated from three
identical tests conducted for each material.

Microscopic analysis of wear damage showed that
the wear of the indenters is predominantly of abrasive
origin, as evidenced by scratch marks aligned with
the sliding direction (see central insets in Fig. 7, a—c).
On the wear tracks of the tested composite samples,
both scratches and signs of adhesive interaction
between the contact surfaces are observed. Based on
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Table 1. Basic physical and mechanical properties of SHS-fabricated composites

Tabnuya 1. OcHoBHBIE pu3HKO-MeXaHHYecKHe XapakTepucTuky CBC-koM1103uT0B

Parameter TiC-Al TiC—C(100-1000 um)-Al | TiC-C(CF)-Al
Density, g/cm? 3.12+0.01 2.99+0.04 2.74 +0.09
Porosity, % 6.6 34 1.9
Hardness, HB 66.1£3.9 599+3.0 493+94
Slope of the linear section
+ + +
of the o = f{€) curve (te) 269.5+19.1 173.5+77.1 60.5+41.7
C tional i ield
onventiona COMPpIessive yie 131.5+16.3 135.5+7.8 82.0+9.9
strength ((; ,), MPa
Compressive strength (c), MPa 233.5+134 203.5+2.1 221.1+18.4

Table 2. Results of tribological testing of SHS-fabricated composites

Tabnunya 2. Pe3yabraThl TpubG0Iorudeckux ucciaenopannii CBC-kommno3ntos

Parameter” TiC-Al TiC-C(100-1000 pm)-Al | TiC—C(CF)-Al
Tested materials
S, mm 1.308 £0.174 1.033 £0.219 1.246 £0.109
h, pm 49.742 +23.490 26.240 £ 5.368 48.543 +£16.453
¥, mm? 0.656 +0.300 0.221 +0.186 0.608 +0.319
I, mm?/min (9.889 £ 4.527)-1073 (3.332£2.798)-1073 (9.156 £ 0.005)-1073
W, mm~ (4.686 +2.879)-10° (1.883 £1.512)-10°¢ (4.828 £2.067)-10°
g, 1.0 3.0 1.1
Counterbody (spherical steel indenter)
d, mm 1.516 £0.198 1.367 £0.051 1.386+£0.120
V, mm? 0.045 +0.021 0.028 £ 0.004 0.030+0.011
I, mm?/min (0.675 +0.320)-10°3 (0.417 £0.064)-103 (0.452 £0.166)-103
W, mm (6.774 £ 3.871)-10° (9.176 = 1.318)-10° (8.997 +£2.746)-10°
g, 1.0 1.6 1.5
General characteristics of the friction pair
Woax 1.692 +£0.214 1.639 £0.222 1.781 £ 0.111
[T 0.881+0.041 0.982 +0.076 0.919+0.177
a 0.5 0.6 0.5
*Sand /1 — average wear track width and depth; ¥ — volumetric wear; / — wear rate; ¥/ — wear resistance;
g, — relative wear resistance; p and p— average and maximum Kkinetic coefficient of friction;
o — friction coefficient stability.

the above observations, it can be concluded that in
the friction pair 100Cr6/TiC—C—Al (with carbon addi-
tive content C > 0), adhesion is promoted by the soft
aluminum matrix, which occupies the larger volume
fraction in the composite and has the lowest melting
point. The hard refractory particles TiC, Al,O,, AL,CO,
TiAl,, and Al,C; suppress adhesion but act as sources
of abrasive damage to the contact surfaces. Logically,
the abrasive effect is caused by both the particles
embedded in the composite structure and those released
into the wear debris in free form.

Another component of the wear debris consists
of particles originating from the steel ball indenter.
On the one hand, these particles serve as abrasives;
on the other, like the Al matrix, they contribute to adhe-
sion between the sample and the indenter. Nevertheless,
under the tested conditions, the predominant wear
mechanism should be considered abrasive wear. This
conclusion is supported by the observation that during
sliding, wear debris becomes embedded in the soft
matrix, gradually altering the surface composition
of the composites by increasing the proportion of hard
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Fig. 6. General appearance of the composite samples after
compression testing and the corresponding stress—strain curves

Asterisks indicate the values of 6%
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Ha C)KaTHE M COOTBETCTBYIOIINE KPUBBIC HATPYKCHHS

.
TouKkaMu OTMEYEHBI 3HAYCHHS G,

particles. This explains the purely abrasive wear
observed on the indenter. According to the hypothesis
proposed in [30], at C = 0 the instantaneous wear rate
should reach a constant value, while at C > 0 it should

would require the use of precision methods to monitor
wear kinetics and related effects during testing, which
is the subject of future dedicated tribological studies.
Within the scope of the present work, the following
conclusions can be drawn.

The presence of graphite in the TiC—C-Al com-
posite increased the average coefficient of friction but
reduced its maximum value as well as all wear-related
parameters (see Table 2), especially in the case of coarse
graphite (100-1000 um) addition, where the lowest wear
was recorded for both the composite and the indenter,
along with the highest friction stability (o). According
to the relative wear resistance parameter (g,), the addition
of carbon resulted in a clear reduction in wear of both
the TiC-C(100-1000 pm)-Al and TiC-C(CF)-Al
composites compared to the baseline TiC—Al compos-
ite. A sharp increase in indenter wear resistance was
also observed for TiC—C(100-1000 um)-Al, while
theimprovementwaslesspronounced forTiC—C(CF)-Al.

Profilometric analysis revealed that in the
100Cr6/TiC—Al pair, mutual abrasive wear of both
the ball and the sample occurs, resulting in a wear
track cross-section close to a circular shape along
the entire depth of wear (see Fig. 7, d and Table 2).
In the 100Cr6/TiC—C(100-1000 um)—Al pair, the pre-
dominant wear occurs on the ball, as the sample shows

Fig. 7. General view of wear damage on composite samples and indenters (a—c), and 3D cross-sectional profiles of wear tracks (d—f)
a, d—TiC-Al; b, e — TIC-C(100-1000 um)-Al; ¢, f— TiC-C(CF)-Al

Puc. 7. O6mmii BUI OBpEXkICHUN 00pa3IoB 1 HHICHTOPOB (a—c¢), a Takxke 3D-npoduiis ceueHus 10poxkek TpeHust (d—f)
a,d—TiC-Al; b, e — TIC-C(100-1000 mxm)—Al; ¢, f— TiC-C(YB)-Al
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more uniform wear over the contact area with only
slight penetration (Fig. 7, e, Table 2). The wear mode
in the 100Cr6/TiC—C(CF)—Al pair is intermediate —
it penetrates deeper but forms a cross-sectional profile
resembling a triangle (Fig. 7, f, Table 2). This supports
the idea that carbon fiber begins to function as a lubri-
cant at a certain point in the test, once the contact
pressure decreases due to wear and sufficient amounts
of CF-containing debris accumulate on the friction sur-
face to provide lubrication.

As also shown in Table 2, the studied materi-
als consistently fall into wear resistance class 5
(W ~ 10°+10° mm™2), while the steel counterbody cor-
responds to class 6 (W ~ 10°-107 mm™2). The addition
of coarse graphite (100-1000 um) increases the class
rating to 6 and 7, respectively. Considering that sliding
bearings typically use materials of wear resistance
classes 5-8 [31], the studied composites are promising
for such applications, even under dry friction condi-
tions. It is known that the service life of a tribological
assembly can be significantly extended in the pres-
ence of a liquid lubricant. In this regard, the porosity
of SHS-fabricated TiC—C—Al composites may play
a beneficial role by enabling oil impregnation and
operation in a lubricated environment. However, such
operating conditions and wear modes require further
experimental studies and will be the subject of future
research.

The standard deviations of the wear evaluation
parameters (see Table 2) indicate a wide scatter in
the tribological test results, which, as noted earlier, can
be attributed to the inhomogeneous distribution of TiC
and C particles in the Al matrix and the inherent porosity
of the composite materials. This leads to high friction
coefficients and uneven wear track widths and depths
(see Table 2 and Fig. 7). Nonetheless, it is worth noting
that the addition of coarse graphite (100—-1000 pm),
even under these structurally inhomogeneous condi-
tions, improves the frictional stability.

Conclusions

1. The feasibility of fabricating hybrid composites
of the TiC—C—Al system was examined by combining
SHS for the synthesis of a porous TiC—C ceramic—car-
bon framework with subsequent spontaneous infiltra-
tion using molten aluminum. Three types of compos-
ites were produced with 100 % excess carbon — relative
to the carbon mass in the stoichiometric Ti + C mix-
ture — added to the initial powder charge in the form
of fine and coarse graphite powders and chopped car-
bon fiber: TiC-C(15 pm)—-Al, TiC—C(100-1000 pm)—
Al, and TiC-C(CF)-Al. For comparison, a TiC-Al
composite without excess carbon was also fabricated.

2. The reactive nature of TiC and C wetting by
molten aluminum was confirmed by the increased con-
tent of secondary interfacial reaction products such as
Al,C,, TiAl;, Al,O,, and possibly Al,CO. Their total
content reached up to 15% in all three composites
synthesized with excess carbon, while in the sample
without such additives it did not exceed 5 %.

3. The use of excess fine graphite (15 um, grade
C-2) in the charge leads to its almost complete disso-
lution in molten Al and its absence in the final com-
posite. The use of coarse graphite (100-1000 um)
significantly reduces interfacial interaction and largely
preserves it in the form of free graphite in the resulting
composite (up to 3—4 %). Carbon fiber demonstrates
intermediate stability in molten Al compared to fine
and coarse graphite powders, with up to 3 % of free
carbon retained in the composite in the form of amor-
phous carbon fibers.

4. The ratio of TiC—C ceramic to Al metal content
in the hybrid composites and their residual porosity
significantly depend on the type of excess carbon addi-
tive (graphite or carbon fiber). The TiC phase con-
centration is highest in the TiC—Al composite without
excess carbon (50-55 %), as is the porosity, which can
reach up to 8 %. When excess carbon is introduced,
the TiC content and porosity decrease to 35-40 % and
7 %, respectively, in the case of fine graphite (C-2);
to 30-40 % and 3.4 % with coarse graphite (GMZ);
and to 15-20 % and 1.9 % when carbon fiber is used.
In the latter case, the Al phase content reaches its maxi-
mum value of 70-75 %.

5. The compressive strength of the Al-matrix
composites TiC-Al, TiC—-C(100-1000 pm)-Al, and
TiC-C(CF)-Al was 233.5, 203.5, and 221.1 MPa,
respectively, while the conventional compressive yield
strength was 131.5, 135.5, and 82.0 MPa, respec-
tively. Thus, the introduction of excess carbon and its
presence in the final composite reduce the strength
of the hybrid composites compared to the TiC-Al
sample without carbon addition. At the same time,
the TIC—C(100-1000 pm)—Al composite exhibits brittle
behavior, whereas the other composites inherit the pro-
perties of the matrix and remain sufficiently ductile.

6. During friction and wear of the investigated
TiC—C-Al hybrid composites in contact with a steel
counterbody, abrasive wear was found to be the domi-
nant mechanism, accompanied by a high coefficient
of friction (0.88-0.98). Under these conditions,
the TIC—C(100-1000 pm)—Al composite demonstrated
the best tribological performance, with three times
lower wear, which is attributed to the presence of self-
lubricating properties retained from the beginning
of the friction and wear process. It was shown that all
the studied variants of hybrid composites are promis-
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ing for use in sliding bearing applications. Moreover,
their porosity, despite its observed negative effect on
the stability of friction and wear behavior, may poten-
tially be advantageous for lubricant impregnation in
future applications.

7. Further research is planned to focus on identifying
Al-based matrix alloys for tribological applications
that exhibit lower chemical reactivity toward graphite
during infiltration, which would enable further impro-
vement of the tribological performance of TiC — gra-
phite — Al(alloy) composites. It is also necessary
to study in more detail the kinetics of wear accumula-
tion, variations in the coefficient of friction, and related
effects (e.g., acoustic emission) during the friction and
wear of TiC—C—Al hybrid composites under dry and
boundary lubrication conditions, including after lubri-
cant impregnation and immersion in a liquid lubrica-
tion medium.
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Development of novel antifriction
composite materials through reinforcement
of AM4.5Kd and AKIOM2N alloys
with highly dispersed titanium carbide
ceramic phase
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244 Molodogvardeyskaya Str., Samara 443100, Russia

&3 alya_luts@mail.ru

Abstract. Composite materials based on aluminum alloys reinforced with a highly dispersed titanium carbide phase demonstrate enhanced
antifriction properties, allowing them to be classified as promising tribotechnical materials. One of the most accessible and efficient
methods for producing such composites is Self-Propagating High-Temperature Synthesis (SHS), which relies on the exothermic reac-
tion between titanium and carbon precursors directly in the aluminum melt. This process enables the synthesis of a carbide phase
with particle sizes ranging from 100 nm to 2 pm. The present study investigates the set of performance and processing characteristics
of composites obtained via SHS of titanium carbide in melts of the industrial piston alloys AM4.5Kd and AK10M2N, aiming to assess
their potential application as antifriction materials for manufacturing engine pistons. A comparative analysis was conducted on both
the base alloys and the composite materials produced from them, after heat treatment including quenching and artificial aging under
heat treatment conditions ensuring maximum hardness. The results demonstrated that in the AM4.5Kd-10 % TiC composite, the wear
rate decreased by a factor of 2.4, the friction coefficient decreased by a factor of 2.7, and scuff resistance improved by a factor of 1.7
compared to the matrix alloy. In the AKI0M2N-10 % TiC composite, the wear rate decreased by a factor of 17 and the friction coef-
ficient decreased by a factor of 4, while maintaining the same level of scuff resistance as the matrix alloy. Both materials exhibited
thermal self-heating during friction, a thermal linear expansion coefficient at 300 °C, heat resistance at 250 °C, fluidity, and linear
shrinkage comparable to those of the matrix alloys (with variations within 10 %). The obtained data support the recommendation
of these composites for use in the production of cast engine pistons as replacements for the original alloys.

Keywords: composite material, antifriction aluminum alloy, titanium carbide, self-propagating high-temperature synthesis, tribological
properties
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KOMMO3ULIMOHHbIX MaTepurasioB NyTeMm
apmupoBaHua cnnasos AM4,5Ka n AKIOM2H
BbICOKOAMCNEPCHON KepaMnyeckomn ¢pasomn
Kapbupa TuTaHa

A. P. JIyn®
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Poccus, 443100, 1. Camapa, yn. Mononorsapaeiickas, 244
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AHHOTauMﬂ. KOMH03I/IHI/IOHHI>Ie Marepualibl Ha OCHOBEC aJlFOMUHHUEBBIX CIUIABOB, apMUPOBAHHBIC BBICOKOI(PICHepCHOfI (ba30171 Kap61/ma

TUTaHA, XapaKTEPU3YIOTCS ITOBHINIEHHBIMH ITOKA3aTeJIIMHA aHTH()PHUKIIMOHHBIX CBOICTB, YTO IO3BOJISET OTHECTH HMX K TpyIIIe
MEPCIICKTUBHEIX TPUOOTEXHUUECKHX MaTtepuanoB. OmHMM n3 Hambonee DOCTYHMHBIX U S(PQEKTHBHBIX CIOCO0OB HMX H3TOTOB-
JICHUsI SIBISIETCS CaMOpacIIpOCTPAHSIOMUICs BeIcoKkoTemreparypublii cuaTe3 (CBC), KOTOpBII OCHOBaH Ha 3K30TEPMHUYECKOM
B3aUMOJEHCTBUY MIPEKypCOPOB TUTaHA U YIIEPOJa HEIOCPEACTBEHHO B AJIOMHHUEBOM pACIUIaBe M IIO3BOJIIET CUHTE3UPOBATH
kapbuanyio ¢asy ¢ pasmepom gactur] 100 M — 2 mxM. Hacrosimast paboTta mocBsIIeHa HCCleJOBaHUIO KOMIUICKCA YKCILTyaTaly-
OHHBIX U TEXHOJOTHUECKHX XapaKTEePHCTHK KOMIIO3UTOB, MONYYEHHBIX ImyTeM mposeneHns CBC kapOuma TuTaHa B pacniaBax
IIPOMBIIIUICHHBIX NOPIIHEBbIX cinaBoB AM4,5Kn u AK10M2H, nns onpeneneHus BO3MOXKHOCTU UX IPUMEHEHHS B KA4€CTBE aHTU-
(hPUKIIMOHHBIX MaTEPHAJIOB JUISl U3TOTOBIICHUS TOPIIHEH aBurarenei. CpaBHUTEIBHBIH aHAIN3 IPOBOAMIICS Ha 00pa3Iax HCXOTHBIX
CIUIABOB M MOJyYEHHBIX Ha X OCHOBAaX KOMIO3HUIMOHHBIX MaTepPHAJIOB TIOCIIE TEPMUUECKO 00paOOTKH B BUIE 3aKaJIKH M HCKYCCT-
BEHHOTO CTApEHHs IO PeKMMaM, 00eCTIeUNBAIONINM MAaKCHMAJIbHBIC 3HAYCHHS TBEPAOCTU. Pe3ynbTaTsl HCCIeTOBaHMS TOKa3aH,
qro y komno3ura AM4,5Kn—10 % TiC cHE3MINCH CKOPOCTh M3HAMIMBAHUS B 2,4 pa3a, koapduiuent Tpenus B 2,7 pasa u 3aaupo-
CTOMKOCTH B 1,7 pa3a OTHOCHTEIBHO MaTpUYHOTO CIIaBa, a y obpasma AK10M2H-10 % TiC — ckopocTh M3HANIMBaHUS YMEHb-
mmtack B 17 pa3 n koddhunuenT TpeHus B 4 pasza IpH COXpaHSHNH YPOBHs 3aaupoctoiikoctu. [Ipu 3ToM 006a Marepnana xapak-
TEPU3YIOTCSI COITIOCTAaBIMBIMH (C M3MEHEHMSIMH B nipezenax 10 %) ¢ mokasaressiMu MaTpHYHBIX CIUIAaBOB YPOBHEM CaMOpa3orpena
B IIpOIECCe TPEHUS, TEPMUUSCKUM KOd3((GHIMEeHTOM JMHetHOro pacmmpenus npu temmeparype 300 °C, jkapompodyHOCTBIO IPH
250 °C, KHIKOTeKy4eCThIO U JIMHEHHO! ycankoi. [lomydeHHble qaHHbIe JalOT OCHOBAHHE PEKOMEHI0BAaTh X K MPUMEHEHHIO IS

HU3TOTOBJICHUS OTIIMBOK HOpHIHeﬁ JIBUTATEJIE BMECTO UCXOTHBIX CIUIABOB.

Knrouesbie cnoBa: xommnosunnonusid Mmarepuan (KM), aHTHOPUKIHOHHBIN allOMUHUEBbIN CIIaB, KapOWa TUTaHa, CaMOpacIpoCTpa-
HSAIOIIUICS BeICOKOTeMITepaTypHblil cuates (CBC), Tpubonornyeckue cBOHCTBA

Ans untuposaHms: Jlyn A.P. PazpaboTka HOBBIX aHTH()PHUKIMOHHBIX KOMIIO3UIIMOHHBIX MATEpPHAJIOB MYTEM apMUPOBAHUS CILIABOB
AM4,5Kn 1 AKIOM2H BbICOKOTUCTIEPCHOM KepaMuieckoi (a3oii kapOuma turana. Mzgecmus 6y306. [lopowkosas memaniypeus u
@yHryuonanvuvie nokpvimusi. 2025;19(2):39-50. https://doi.org/10.17073/1997-308X-2025-2-39-50

Introduction

Antifriction materials with enhanced wear resis-
tance are an essential component of modern mechanical
engineering. These materials should have a low friction
coefficient, exhibit plasticity, and ensure good running-
in to the counterbody, while maintaining sufficient
strength properties. Traditionally, babbitts and copper-
based alloys such as brass and bronze have been widely
used for these purposes. However, modern tribologi-
cal assembly operating conditions necessitate reducing
both the weight and cost of such materials, which has
led to the increased adoption of aluminum-based anti-
friction materials. Replacing copper alloys with alu-
minum ones reduces the weight of a part of the same
volume by a factor of 2.5-3.0 and significantly lowers
casting costs. Aluminum alloys are easier to melt due

40

to their lower melting point, are simpler to machine,
and still possess sufficient strength and corrosion resis-
tance. Furthermore, their high thermal conductivity
helps maintain the lubricating layer at higher sliding
speeds and under higher pressures [1-3].

The first aluminum-based antifriction alloys intended
for bearings were developed according to the Sharpie
principle, where the soft, plastic aluminum-based
matrix contained intermetallic compounds (CuAl,,
FeAl;, NiAl;, Mg,Si, etc.) that carried the primary load
and formed a favorable microrelief capable of retai-
ning the lubricant film. Later, to prevent excessive wear
of shafts, low-melting tin and lead were introduced
into the alloys, forming soft structural components
that migrated to the surface during operation to create
a protective film. This allowed such materials to be used
under conditions of boundary and dry friction [4].
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The most widely used alloys for manufacturing
monometallic bearings are Al-Sn—Cu system alloys,
such as AO3-7 and AO9-2, while bimetallic bearings
utilize AO20-1, where strength is achieved through
a thin antifriction layer (0.5-1.0 mm) applied onto
a strong steel backing. However, despite their good
antifriction properties, these alloys lack high mechani-
cal properties, so research in this area continues.

One approach to addressing the insufficient mecha-
nical properties of antifriction alloys involves their
modification to enhance strength characteristics by refi-
ning the grain structure [5]. However, the effect of such
refinement is usually limited. For this reason, resear-
chers more often pursue the development of complexly
alloyed materials containing a range of intermetallic
phases that strengthen the matrix [6-9]. Specifically,
there are reports of aluminum-based antifriction mate-
rials produced by introducing Cu, Si, Zn, and Ti, as well
as 8-12 % Sn' and 2—4 % Pb into the alloy composition.
Such materials meet all the requirements for sliding bea-
rings and surpass conventional antifriction alloys like
A020-1, AO10S2, AO11S3, and bronze BrO4Ts4S17
in terms of performance [10]. A similar technology is
used to produce an alloy containing Cu, Si, Zn, Mg,
Ti, along with 5-11 % Sn and 2—4 % Pb. In addition
to the slightly different chemical composition, this pro-
cess also involves heat treatment — annealing the cas-
tings at 250-300 °C for 10-12 h. This treatment halts
natural aging processes and improves both the antifric-
tion and mechanical properties of monometallic sliding
bearings [11]. However, a study [12] examining a simi-
lar AI-Cu—Si—Sn—Pb-Bi system as an antifriction alloy
points out that adding more than 1 % lead and bismuth
to aluminum alloys is impractical. During conventional
melting and casting, there is a high risk of segregation
of these elements, and their contribution to precipitation
hardening through quenching and aging is insignificant.
Based on this, the author of [13] recommends a base
composition of Al-4 % Cu-5 % Si—6 % Sn, which of-
fers comparable properties to expensive bronzes and
should undergo the following heat treatment: hol-
ding at 500 °C for 6 h, quenching in water, and aging
at 175 °C for 6 h. This treatment promotes spheroidiza-
tion of the silicon phase, significantly improving both
strength and wear resistance. Overall, the develop-
ment of complexly alloyed materials is undoubtedly
a promising direction. However, the high cost of tin and
the ambiguous effect of lead and bismuth currently limit
their widespread adoption.

A key trend in recent years in the production of anti-
friction materials is a new approach — the develop-

!'Here and further in the text we mean wt. % unless otherwise
stated.

ment of cast composite materials (CM) of this type,
achieved by introducing or forming not only interme-
tallic phases but also ceramic phases within aluminum
alloys [14—16]. Initially, silicon carbide was primarily
used as the ceramic filler due to its low cost. However,
studies revealed that at high temperatures and pro-
longed exposure, silicon carbide tends to degrade,
forming undesirable phases [17]. As a result, titanium
carbide has recently become the preferred filler. Firstly,
titanium carbide exhibits the greatest similarity in lat-
tice parameters to the face-centered cubic (FCC) alumi-
num matrix, ensuring good wettability and a modifying
effect. Secondly, it is characterized by higher hardness,
elastic modulus, and thermodynamic stability [18].

The first research efforts in this area in the Russian
Federation were carried out using matrix alloys
of the AI-Si system — the so-called silumins [19-23].
For example, in [24], antifriction composites were
proposed based on AK12 and AK12M2MgN alloys,
reinforced with intermetallic phases of the Al;Me type
(where Me =V, Ti, Cr, Hf, Zr, Sc), introduced ceramic
particles of SiC or TiC, and modified with nanoscale
additives (shungite, diamond (C), TiCN, etc.). It was
found that composite materials containing 5 and
10 % TiC as the reinforcing phase demonstrate lower
friction coefficients and reduced wear rates compared
to materials reinforced with SiC.

The advantage of using titanium carbide as
a reinforcing phase was also demonstrated in a later
study [25], where ready-made ceramic particles
of AL,O,, B,C, SiC, or TiC were mechanically intro-
duced into the melts of matrix alloys belonging
to various alloying systems (Al-Si—-Mg, Al-Si—Cu,
Al-Mg, Al-Cu-Mg, Al-Sn—Cu, etc.). Two par-
ticle size groups were investigated: d <40 pm and
d =40-100 pm. The resulting composites were then
applied to steel surfaces using electric arc or plasma-
powder cladding. Based on the comparison results,
the authors concluded that the optimal filler is a compo-
sition with 10 % TiC and a particle size of 40-100 pum,
as it provides the greatest increase in coating wear
resistance — up to 10 times — and reduces the friction
coefficient by 60 % compared to conventional antiftric-
tion alloys AO20-1 and B8&3.

Internationally, researchers are also actively deve-
loping antifriction composite materials by intro-
ducing titanium carbide into various aluminum
alloys [26—-30]. Reported concentrations range from as
low as 0.07—0.18 vol. % [31] to more substantial levels
of 5—15 wt. % [32; 33]. Studies indicate that reductions
in wear rate and friction coefficient become more pro-
nounced as the titanium carbide content increases. It is
also reported that the improvement in wear resistance
of CM in the presence of titanium carbide is retained
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at elevated temperatures of 150 and 200 °C [34].
The results of these studies have already been imple-
mented in production. For example, the American com-
pany Martin Marietta successfully uses Al/TiCp com-
posites to manufacture engine pistons and connecting
rods [35].

Most of the ongoing research and industrial produc-
tion of composite materials reinforced with titanium
carbide is currently carried out using the conventional
and technologically simple method of mechanically
introducing pre-synthesized particles into the melt.
However, the practical implementation of this method
is associated with several challenges. First, the wet-
tability of particles by the melt largely depends on
the stoichiometry of TiC , which has a wide stabi-
lity range (0.55 < C/Ti<1). As the carbon content x
increases, wettability decreases. Therefore, introducing
a stoichiometric compound with maximum mechani-
cal properties requires a melt temperature of at least
1400 K [36]. Second, the introduction of highly dis-
persed titanium carbide particles poses a challenge.
Despite their higher cost, such particles have a more
pronounced effect [37; 38]. For example, study [39]
demonstrated that the wear resistance of Al-5 % Cu
alloys containing 0.5 % of nanosized TiC particles is
16.5 % higher than that of a composite with 5 % TiC
particles of micron size at the same temperature.
This substantial improvement in antifriction proper-
ties is explained by the fact that, in highly dispersed
particles, the number of atoms in the surface layer is
comparable to the number in the particle volume, lea-
ding to fundamentally new effects and activating dif-
ferent strengthening mechanisms [40; 41]. However,
the mechanical introduction of highly dispersed tita-
nium carbide particles into the melt is extremely dif-
ficult, as they tend to agglomerate and exhibit poor
wettability [42; 43].

These challenges can be avoided by applying a fun-
damentally different technological approach, namely,
forming a highly dispersed carbide phase directly in
the melt using the Self-Propagating High-Temperature
Synthesis (SHS) method. This involves initiating an
exothermic reaction between the corresponding initial
powder reagents in the heated matrix melt. Research
in this area has been actively conducted by scientists
in China [44-46], South Korea [47], India [48; 49],
and other countries. However, the published results
do not always confirm that the phase composition
of the resulting materials, the amount of carbide phase,
and the particle sizes meet the optimal levels required
to ensure high antifriction properties.

At Samara State Technical University, intensive
research has recently been carried out in this field. These
efforts have led to the development of a technologically
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accessible method for producing composite materials,
which includes four sequential stages [50; 51]:

1) heating the matrix alloy to 900 °C;

2) introducing an SHS charge into the melt, con-
sisting of titanium and carbon powders taken in a stoi-
chiometric ratio, as well as Na,TiF, flux to facilitate
the initiation of their exothermic interaction;

3) holding for 5 min to complete the chemical trans-
formations, followed by melt stirring;

4) casting the composite material and its solidifi-
cation.

The proposed technology features a lower melt tem-
perature compared to mechanical mixing and a shorter
process cycle, which already helps reduce production
costs. Moreover, it guarantees the synthesis and uni-
form distribution of a highly dispersed titanium car-
bide phase that is fully wetted by the melt. This phase
is produced directly from affordable industrial-grade
titanium and carbon powders of micron size, which
is also economically advantageous. The proposed
method has been tested on aluminum alloys from
the most common alloying systems (Al-Mg, Al-Cu,
Al-Si), and it has been proven that stoichiometric tita-
nium carbide with particle sizes ranging from 100 nm
to 2 um can be successfully synthesized in these melts.
This made it possible to improve several mechanical
and tribological properties of the developed compo-
site materials [52; 53]. However, for further industrial
implementation, it is necessary to consider the spe-
cific operating conditions of particular components
and evaluate the required properties in combination.
One of the most in-demand applications for antifric-
tion materials is the production of cast engine pistons,
which are currently made primarily from heat-resistant
aluminum alloys such as AM4.5Kd and AK10M2N.

In this context, the objective of the present study
was to comprehensively analyze the performance and
processing characteristics of AM4.5Kd-10%TiC and
AKI10M2N-10%TiC composite materials produced via
in-melt SHS to assess their feasibility for use as anti-
friction materials in engine piston manufacturing.

Materials and methods

The matrix melts were prepared using the casting
alloys AM4.5Kd (GOST 1583-93) and AK10M2N
(GOST 30620-98), produced by Sammet LLC, Russia.
The charge mixture consisted of titanium powder
(TPP-7, TU 1715-449-05785388) and carbon powder
(P-701, GOST 7585-86), taken in a stoichiometric
ratio to ensure the SHS reaction proceeds according
to the equation: Ti + C = TiC. This mixture was com-
bined with Na,TiF, salt (GOST 10561-80), added in
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an amount of 5 % of the total charge weight. The pre-
pared portions of the charge, wrapped in aluminum
foil, were introduced into the melts of the specified
alloys, heated to 900 °C in a graphite crucible placed
in a PP-20/12 melting furnace (Russia). After the SHS
reaction was completed and the melt was stirred,
the melt containing TiC particles was cast into a metal
mold to produce cast composite samples with a dia-
meter of 20 mm and a height of approximately 150 mm.
Cylindrical specimens with a diameter and height
of 20 mm were then machined from these castings for
further testing. All specimens underwent quenching
and artificial aging to achieve maximum hardness,
according to the following heat treatment conditions:

— AM4.5Kd: holding for 1 h at 545 °C, quenching,
aging for 6 h at 170 °C (HB = 136);

— AM4.5Kd—-10 % TiC: holding for 1 h at 545 °C,
quenching, aging for 4 h at 170 °C (HB = 142);

— AK10M2N: holding for 2 h at 515 °C, quenching,
aging for 2 h at 190 °C (HB = 152);

— AK10M2N-10 % TiC: holding for 1 h at 515 °C,
quenching, aging for 2 h at 190 °C (HB =171).

All heat treatment processes were performed in
a SNOL laboratory chamber furnace (Russia) with
a maximum operating temperature of 1300 °C.

The microstructures of the heat-treated compo-
site materials are shown in Fig. 1. According to X-ray

phase analysis, in addition to titanium carbide,
the AM4.5Kd—10 % TiC specimen contains 2 % of the
ALCu phase, while the AKIOM2N-10 % TiC speci-
men contains 2 % Al,Cu, 1 % Al;Ni, and 10 % Si.

Tribological tests were performed using the Uni-
versal-1B testing system (Russia) under a ring-on-flat
configuration with a lubricating medium of GL-5 trans-
mission oil.

The thermal linear expansion coefficient (TLEC)
was determined using a mechanical dilatometer on rods
with an initial length of 60 mm under the following
conditions: test duration — 5 h, thermocouple — type K
(Chromel-Alumel), temperature range — up to 300 °C,
temperature step — 25 °C. TLEC values (o, K™') were
calculated using the formula

. M
Zl (t2 _tl)

where ¢, and ¢, are the initial and final temperatures
of the specimen, K; /, and /, are the corresponding
specimen lengths at ¢, and z,, mm.

Short-term high-temperature strength was evalua-
ted by compression testing at temperatures of 150 °C
and 250 °C using an Instron 8802 universal testing
machine (USA) equipped with a 3119-406 thermal
chamber, under a load of 100 kN and a crosshead speed
of 1 mm/min.

Fig. 1. Microstructures of composite materials AM4.5Kd—-10 % TiC(a, b) and AK10M2N-10 % TiC (c, d)
a, ¢ — magnification 500, b — magnification 10,000”, d — magnification 5000*

Puc. 1. MUKpPOCTPYKTYpBI KOMIO3HIIMOHHBIX MarepruanoB AM4,5Kn—10 % TiC (a, b) u AKIOM2H-10 % TiC (c, d)

a, ¢ — ysenuuenue 5007, b — yenuuenue 10 000%, d — ysenuuenne 5000”
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Casting properties were evaluated using the Ne-
khendi—Kuptsov combined casting test mold. Melts
of both the alloys and composite materials, heated
to 710 °C, were poured into the preheated mold
(200-250 °C). Fluidity was determined based on
the height of the U-shaped cast bar. Linear shrin-
kage (g, , %) was calculated using the formula

€ =M~100 % )
lin 5

cast

where L = 152 mm is thelength of the vertical cavity
in the mold; L, is the actual length of the vertical cast
bar measured at 1 = 20 °C, mm.

Results and discussion

The antifriction properties were investigated under
conditions simulating the operating environment
of the piston—piston pin friction pair in an internal com-
bustion engine at a normal load of 400 N. The rotation
speed of the counterbody was 600 rpm, and the test
duration was 60 min or until complete seizure occurred.

The appearance of the friction surfaces of the base
alloys and the corresponding composite materials after
testing is shown in Fig. 2. Analysis of the surfaces
of AM4.5Kd and AK10M2N alloys indicates the pre-
sence of seizure and abrasive wear, as well as the for-
mation of deep grooves along the sliding direction.
In contrast, the surfaces of the composite materials
exhibited better conformability to the counterbody and
the absence of pronounced scuff marks.

Further analysis of the friction force profiles
confirmed that the presence of the titanium car-
bide phase significantly improved wear resistance.
In the AM4.5Kd-10 % TiC composite, the wear rate
decreased by a factor of 2.4, and the friction coefficient
decreased by a factor of 2.7 compared to the matrix alloy.
For AK10M2N-10 % TiC, the wear rate decreased
by a factor of 17 and the friction coefficient decreased
by a factor of 4. At the same time, the level of thermal
self-heating during testing remained unchanged in both
systems (Fig. 3).

To determine the maximum permissible load,
scuff resistance tests were carried out under gradually

Fig. 2. Appearance of friction surfaces after testing (100*)
a— AM4.5Kd; b — AM4.5Kd-10 % TiC; ¢ — AK10M2N; d — AK10M2N-10 % TiC

Puc. 2. Buj noBepxHocTeii TpeHus nocie ucnsiranuii (100%)
a— AM4,5Kn; b — AM4,5Kn-10 % TiC; ¢ — AK1IOM2H; d — AK1I0M2H-10 % TiC
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Fig. 3. Tribological characteristics of AM4.5Kd and AK10M2N
alloys and the corresponding composite materials
under a constant load of 400 N

Puc. 3. Tpubonornyeckie XapakTepucTHKy criaBoB AM4,5K,
AK10M2H 1 kOMIIO3UIIMOHHBIX MaTepHAJIOB HA UX OCHOBE
pu nocTosiHHoN Harpyske 400 H

increasing load conditions. Each load stage lasted
10 min, with a load increment of 100 N, and the maxi-
mum applied load reached 1300 N. The results showed
that seizure in AM4.5Kd occurred at a load of 700 N,
while for the AM4.5Kd-10 % TiC composite, seizure
was only observed at 1200 N — an increase by a factor
of 1.7 (Fig. 4).

For the AKIOM2N and AKIOM2N-10 % TiC
specimens, complete seizure occurred at the same
load of 1100 N. However, for the matrix alloy, friction
coefficient fluctuations were recorded at loads above
800 N, whereas the composite specimen maintained
a stable friction coefficient up to the maximum load
(see Fig. 4). These results confirm the enhanced scuff
resistance of both composite materials.

In addition to antifriction properties, another criti-
cal performance characteristic for piston materials
is the ability to maintain stable linear dimensions
under heating [54]. Therefore, this study also evalua-
ted the thermal linear expansion coefficients (TLEC)
of both the base alloys and the composites at tempera-
tures of 20 and 300 °C. The analysis of the results shown
in Fig. 5 reveals a slight increase in TLEC with heating
for all specimens. However, the thermal expansion
of the composite materials in both systems remained
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Fig. 4. Friction force profiles of specimens under increasing loads

a—AM4.5Kd; b — AM4.5Kd-10 % TiC;
¢ —AK10M2N; d - AK10M2N-10 % TiC

Puc. 4. Snrops! TprOOJIOTUUECKUX UCIIBITAHUN 00pa3oB
IIPU BO3PACTAIOIINX HArpy3Kax
a — AM4,5Kx; b — AM4,5Kn-10 % TiC;
¢ — AK10M2H; d — AK10M2H-10 % TiC
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close to that of the matrix alloys, confirming their com-
parable level of thermal stability. The obtained TLEC
values are consistent with the data from [55], where
a composite material based on Al-5 % Cu—0.8 % Mn
reinforced with 5 % B,C (particle size 5 pm) produced
by mechanical mixing followed by pressure crystal-
lization was investigated. Its TLEC was found to be
17.2:107% K~ in the 20-100 °C range and 19.8-107¢ K!
in the 20-200 °C range. That study also demonstrated
that cyclic heating of the specimens did not affect
the stability of these TLEC values.

The obtained data are highly significant, as it is
known that the intrinsic thermal linear expansion coef-
ficient (TLEC) of titanium carbide is higher than that
of, for example, silicon carbide ((6.52—-7.15)-10° K~!
and (4.63-4.7)-107% K7!, respectively). This could have
potentially had a negative effect on the TLEC of the com-
posite. Moreover, study [56] showed that increasing
the particle size of the SiC fraction from 50 to 320 um
reduced the TLEC of the AI-Mg—Cu-Si—65 vol. % SiC
composite material by 15-20 %. The authors attributed
this to the fact that smaller silicon carbide inclusions
create a larger number of interphase boundaries with
unstable structures, which facilitates thermal expansion.
From this perspective, the highly dispersed particles
in the developed composites should also form a very
large number of interphase boundaries, which could
theoretically result in a significant increase in TLEC.
However, this effect is not observed. Apparently, this
is due to the similarity between the lattice parameters
of titanium carbide and the aluminum matrix, as well as
the high quality of adhesive bonding at the interphase
boundaries.

Since engine piston castings made from AM4.5Kd
and AK10M2N alloys operate at elevated tempera-
tures (up to 250 °C) under predominantly compressive
stresses, another important functional characteris-
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Fig. 5. TCLE of AM4.5Kd and AK10M2N alloys
and the corresponding composite materials at temperatures
of 20 °C (upper values) and 300 °C (lower values)

Puc. 5. TKJIP crutaBos AM4,5K 1, AK10M2H
1 KOMIO3HMI[MOHHBIX MaTepPHUaIOB HA UX OCHOBE MPH
temmneparypax 20 °C (Bepxuue 3nauenns) u 300 °C (HwkHHE)
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tic — short-term high-temperature strength — was also
studied. Compression tests were carried out at elevated
temperatures under a load of up to 100 kN (Fig. 6).
Compared to the base alloys, both composites showed
slightly higher high-temperature strength at 20 and
150 °C, which can be explained by the refractory
nature of the carbide phase. At 250 °C, the composites
demonstrated strength comparable to the matrix alloys,
which is associated with the onset of partial melting
along the matrix grain boundaries.

In study [55], the temperature distribution in
an operating engine piston was calculated, showing
that the maximum piston temperature reaches 225 °C,
with compressive stresses not exceeding 120 MPa.
That same study also reported that the compressive
strength of the Al-5 % Cu-0.8 % Mn-5 % B,C com-
posite at 260 °C is 149 MPa. Comparing these results
shows that the composites containing 10 % TiC pro-
vide a significantly higher safety margin for high-tem-
perature strength under operating conditions typical for
engine pistons.

In addition to performance properties, the process-
ing characteristics of AM4.5Kd- and AK10M2N-based
composites are also critically important. The most
relevant casting properties — fluidity and shrinkage —
were evaluated using the Nekhendi—Kuptsov combined
casting test mold (Fig. 7). During solidification, all
specimens demonstrated high resistance to hot crack-
ing. The composites of both systems also showed
a general trend toward reduced linear shrinkage, which
is presumably due to a slight increase in melt visco-
sity caused by the presence of carbide phase particles.
At the same time, the high dispersity of these particles
does not significantly hinder melt flow. As a result,
the AM4.5Kd-based composites exhibited only a minor
decrease in fluidity (>90 % of the matrix alloy’s value),
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Fig. 6. Short-term high-temperature strength of AM4.5Kd and
AK10M2N alloys and the corresponding composite materials
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Fig. 7. Casting properties of AM4.5Kd and AK10M2N alloys
and the corresponding composite materials

Puc. 7. Jlureiinbie cBoiicTBa crmaBoB AM4,5Kn, AK10M2H
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while the fluidity of the AK10M2N-based composites
remained virtually unchanged.

It is generally assumed that the casting proper-
ties of composite materials deteriorate as the volume
fraction of the carbide phase increases. However,
study [17] examined the casting properties of AK9ch-
and AKI2MMgN-based composites containing
10-20 vol. % SiC, and it was found that at SiC contents
of 10—15 vol. %, the composites retained high fluidity
and lower linear shrinkage compared to the matrix
alloys. Only at 20 vol. % SiC did fluidity decrease due
to a sharp increase in melt viscosity. The high cas-
ting performance of composites containing titanium
carbide particles can also be attributed to differences
in TLEC. Titanium carbide has a thermal expansion
coefficient that is an order of magnitude lower than
aluminum ((6.52-7.15)-10°° K~! versus 2.4:107° K,
respectively). Therefore, the presence of numerous
highly dispersed block-shaped particles does not
create significant resistance to melt flow, thus preser-
ving adequate casting properties.

Conclusion

The comprehensive research conducted in this
study demonstrated that synthesizing a highly dis-
persed titanium carbide phase directly in the melts
of piston aluminum alloys AM4.5Kd and AK10M2N
enables the production of new composite materials —
AM4.5Kd-10 % TiC and AK10M2N-10 % TiC. These
materials exhibit improved antifriction properties com-
pared to the matrix alloys, while maintaining compa-
rable thermal expansion during heating, high-tempera-
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Grain contiguity of tungsten carbide
and hardness of nanostructured
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cemented carbides fabricated by spark plasma
and liquid phase sintering
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Abstract. This study investigates the dependencies between contiguity and hardness in nanostructured and ultrafine-grained tungsten-
cobalt cemented carbides and tungsten carbide samples fabricated using spark plasma sintering (SPS) and liquid phase sintering (LPS).
The main microstructural parameters were determined: average WC grain size, grain contiguity, and mean free path in cobalt.
The average WC grain size in tungsten-cobalt cemented carbides produced by spark plasma sintering does not exceed 0.2 um, clas-
sifying them as nanostructured materials. In cemented carbides obtained by liquid phase sintering and tungsten carbide fabricated
using spark plasma sintering, the average WC grain size ranges from 0.2 to 0.5 pm, which corresponds to ultrafine-grained materials.
The applicability of existing models developed for medium- and fine-grained cemented carbides was analyzed to describe the depen-
dencies of contiguity on the cobalt volume fraction in the obtained ultrafine-grained and nanostructured materials. It was found that
an exponential dependence adequately describes this relationship for the samples sintered in this study. The applicability of the theo-
retical hardness dependence on key microstructural parameters was also analyzed. The hardness of the obtained alloys was lower than
predicted by the theoretical dependence based on the Hall-Petch law. The highest hardness (47 = 2260 + 30) among all the samples
was observed in the nanostructured WC-5C0-0.4VC-0.4Cr,C, alloy produced by spark plasma sintering. The hardness of ultrafine-
grained sintered tungsten carbide was slightly lower (HV = 2250 =+ 20).

Keywords: nanostructured cemented carbide, tungsten carbide, spark plasma sintering, liquid phase sintering, hardness, grain contiguity
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AHHOTauMﬂ. HpOBeIIeHO HCCIIeIOBAaHUE 3aBHCUMOCTEH CMEKHOCTH U TBEPAOCTHU 06pa311013 HAHOCTPYKTYPHBIX U YIIBTPAMEJIKO3EPHUCTBIX

BOJTb(H)PAMOKOOATIFTOBBIX TBEPABIX CINIABOB U KapOH/a BOIb(ppaMa, MOTydSHHBIX METOJAMH HCKPOBOTO TUIa3MEHHOTO U JKHIKO(a3-
Horo criekauusi. OnpesieIeHsbl OCHOBHBIE TAPAMETPhl MUKPOCTPYKTYPHI: CpefHui quametp 3epeH WC, CMeKHOCTB 3epHa, CPEIHSST
JUTHHA CBOOOJTHOTO ITyTH B KoOabTe. YCTAaHOBIIEHO, YTO cpeHss BennanHa 3epeH WC B BOIb()PaMOKOOATBTOBBIX METAIIOKePAMHU-
YEeCKHX TBEPABIX CIIIaBaX, MOIyIEHHBIX HCKPOBBIM IIA3MEHHBIM CIIEKaHNeM, He npeBbinTaeT 0,2 MKM, HOATOMY HX MOXKHO OTHECTH
K HAHOCTPYKTypHBIM. Cpennuii muamerp 3epeH WC B TBEpIbIX CILIABaX, MOIYYEHHBIX )KUIKO(DA3HBIM W HCKPOBBIM IIa3MEHHBIM
criekaHneM, HaxoauTcs B mpenenax ot 0,2 mo 0,5 MKM, 4TO 1MO3BOJISIET KIACCH(UIUPOBATh ATH MaTepPHAIbl KaK YIBTPaMeIKo3ep-
HucTele. [Ipoanan3upoBaHa MPUTOJHOCT CYMIECTBYIOMNX MOJEIeH, pa3pabOTaHHBIX U CPEHEe- U MEIKO3EPHUCTBIX TBEPIBIX
CIIABOB, JUISl ONMCAHUS 3aBHCHMOCTH CMEKHOCTH OT 0OBEMHOHN O KoOalbTa B IMOTYUCHHBIX YIBTPAMEIKO3EePHHUCTHIX U HAHO-
CTPYKTYpHBIX Marepranax. OmpeneneHo, 4To /Ui CIIEYCHHBIX B JJAHHOH paboTe 00pa3loB IOAXOJUT SKCIIOHEHIHANbHAS 3aBHUCH-
MocTb. [IpoBesieH aHanu3 MPUMEHHMOCTH TEOPETHIECKOH 3aBHCHMOCTH TBEPAOCTH OT OCHOBHBIX NMapaMETPOB MHUKPOCTPYKTYDHI.
TBeprocTh NONTyYaeMbIX CIUIABOB OKa3ajlach HIDKE, YEM ITO MPe/CKa3bIBAET TEOPETHUESCKAsl 3aKOHOMEPHOCTh, OCHOBAHHASI HA COOT-
HomeHun Xoina—Ilerda. Hambompmeii TBepaocteio (HV = 2260 + 30) U3 Bcex MOITyYIEHHBIX 00pa3IoB 001a1aeT HAHOCTPYKTYPHBIH
crtas cocraBa WC-5C0-0,4VC-0,4Cr,C,, momy4eHHbIH HCKPOBBIM IIA3MEHHBIM CIIEKaHUEM. TBEPIOCTD yIBTPaMENTKO3EPHICTOTO

CIeYeHHOTo KapOuia Bosib(pama okazaiack HeMHOTO HIke (HV = 2250 + 20).

KnroueBbie csioBa: HaHOCTPYKTYpHBIil TBep/pblil CIiaB, kapoua Bonmbdpama, xuakodpasnoe crekanne (JKDC), uckpoBoe miasMeHHOE

cnekanue (UIIC), TBeprocTh, CMEKHOCTD 3€peH

BbnarogapHocTy: Pabota BEINOIHEHA B paMKax rocynapcTeeHHoro 3aaanus XOUI] JIBO PAH.

Ana umtnposarHus: [Isopunk M.U., Muxaiinenxo E.A., IMuuanun O.0., Bypasnes U. FO., Bypros A.A., Bnacosa H.M., Uepusikos E.B.,
Xe B.K., Yurpun [1.I. CMexxHOCTB 3epeH KapOuaa Bob(ppaMa U TBEPAOCTh HAHOCTPYKTYPHBIX U YABTPAMEITKO3EPHUCTHIX TBEPIBIX

crutaBoB WC—(Co)-VC—Cr,C

L) TIOJTy4Y€HHBIX UCKPOBBIM TUIA3MCHHBIM 1 )I(I/Il[KO(baSHLIM cIIeKaHueM. Mzeecmus 6)308. HOpOWKOBClﬂ

Memannypeus u gyukyuonanvrvie nokpvimus. 2025;19(2):51-61. https://doi.org/10.17073/1997-308X-2025-2-51-61

Introduction

Tungsten-cobalt cemented carbides (WC—Co) are
the most widely used tool materials in the industry for
cutting applications due to their combination of hard-
ness, strength, heat resistance, oxidation resistance,
and wear resistance. The microstructure of cemented
carbides is primarily characterized by the cobalt phase
volume fraction (V) and the average WC grain size (d).
In industrial practice, the most commonly used mate-
rials include medium-grained (MG) (d = 1.3-2.5 pum),
fine-grained (FG) (d=0.8-1.3 um), and submicron-
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grained (SM) (d=0.5-0.8 um) cemented carbides.
Further improvement in the operational durability
of cemented carbides, which significantly depends on
their hardness, remains an important task. Hardness
can be increased either by reducing the cobalt content
or by decreasing the average WC grain size. The lat-
ter approach is considered more promising, as it allows
increasing hardness without a significant reduction in
fracture toughness.

In recent decades, ultrafine-grained (UFG)
cemented carbides with grain sizes reduced to 0.2—
0.5 wm have gained widespread attention, offering
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enhanced hardness and wear resistance. Additionally,
recent years have seen intensive research into the fab-
rication of nanostructured (NS) cemented carbides,
in which the average WC grain size does not exceed
0.2 um. It has been confirmed that these materials
demonstrate high hardness, with values reported as
HV=1941 [1; 2], 1620 [3], 2356 [4], 1836 [5], and
2100 [6], resulting in improved wear resistance under
abrasive wear [7] and cutting conditions. This has
already led to their increasing production and applica-
tion as tool and wear-resistant materials in industry.
Further progress in this field requires the development
of models capable of accurately describing the struc-
ture and properties of UFG and NS cemented carbides.

The main challenge in sintering such materials is
grain growth caused by high temperature and pro-
longed sintering times. Previous studies have shown
that UFG cemented carbides can be fabricated via
liquid phase sintering (LPS) in vacuum [1-3; 7] or
under pressure [8], using grain growth inhibitors (VC,
Cr,C,, etc.). However, these conditions are insufficient
to produce nanostructured cemented carbides. In recent
years, researchers have increasingly employed spark
plasma sintering (SPS) [4; 9-11] for the fabrication
of nanostructured and ultrafine-grained cemented car-
bides. During SPS, powder consolidation occurs under
the action of pulsed electric currents and discharge
plasma generated by spark discharges between powder
particles. This process strongly enhances diffusion-
controlled densification, significantly reducing the sin-
tering time and preventing grain growth.

Maximizing hardness by reducing the cobalt
content has also led to the development of sintered
WC [12-16], which can only be densified to a sufficient
density (>99 %) under applied pressure. SPS techno-
logy is the most effective method for producing sin-
tered WC, as it combines the application of pressure
with rapid heating, both of which help prevent exces-
sive grain growth.

A large number of studies have investigated
the microstructure and mechanical properties (prima-
rily hardness) of UFG and NS cemented carbides, as
well as sintered tungsten carbide. One of the key micro-
structural characteristics in these studies is contiguity,
which quantifies the fraction of the specific WC grain
surface area involved in WC/WC grain contacts [17]:

bl

C= SWC/WC (1)

Swewe T Sweico

where Sy we and Sy, denote the interfacial areas
of WC/WC and WC/Co grain boundaries, respectively.

Contiguity affects the mean free path (L) in
the cobalt binder, hardness, fracture toughness, and

other properties. Numerous empirical and theoretical
dependencies describe the dependence of contiguity on
the cobalt volume fraction in conventional tungsten-
cobalt cemented carbides [4;7;10; 11]. However,
the applicability of these dependencies to ultrafine-
grained and nanostructured cemented carbides has not
been confirmed.

Several models have been developed to describe
the relationships between key microstructural parame-
ters (d, V., C and }) and hardness in medium-grained,
fine-grained, and submicron-grained cemented car-
bides. Currently, there is particular interest in investi-
gating the applicability of the dependence of hardness
on key microstructural parameters [18—20] for descri-
bing the hardness of UFG and NS cemented carbides,
as well as sintered tungsten carbide.

The aim of this study was to analyze the dependen-
cies between contiguity and hardness and the micro-
structural parameters in UFG and NS tungsten-cobalt
cemented carbides produced by liquid phase sintering
and spark plasma sintering.

Materials and methods

Three nanostructured tungsten-cobalt cemented
carbide samples containing 4, 5, and 10 %' cobalt, as
well as one sintered tungsten carbide (WC) sample,
were fabricated using the powder metallurgy method
via spark plasma sintering (SPS). Additionally, four
UFG cemented carbide samples containing 6, 8, 10,
and 15 % cobalt were produced using LPS technique.
In cemented carbides obtained by LPS, the cobalt
content must be at least 6 %, as lower cobalt concen-
trations make it difficult to achieve sufficient density
while simultaneously limiting grain growth.

All materials were produced using nanosized tung-
sten carbide powder (Hongwu, China, d = 80—-100 nm,
purity 99.95 %) and cobalt powder (grade PK-1, Russia,
GOST 9721-79, d =1-30 um) (Fig. 1). To suppress
WC grain growth, chemically pure vanadium car-
bide (VC) and chromium carbide (Cr,C,) powders,
supplied by Reohim (Russia), were added to the pow-
der mixtures as grain growth inhibitors.

The powder mixtures (Table 1), each weighing 50 g,
were prepared by mixing for 1 h in a PM-400 plane-
tary ball mill (Retsch, Germany) at a rotation speed
of 250 rpm, with a ball-to-powder mass ratio of 10:1,
followed by drying at 100 °C. Prior to SPS, cylindrical
compacts were pre-pressed from each powder mixture
(mixtures /—4) under a pressure of 20 MPa. For mix-
tures 58, a 10 % rubber solution in gasoline was added

'Here and throughout the text, weight percent (wt. %) is implied
unless otherwise stated.
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Fig. 1. Images of the initial commercial powders: tungsten carbide («) and cobalt (b),
used for the fabrication of sintered tungsten carbide and cemented carbide

Puc. 1. ®ororpaduu HCXOIHBIX KOMMEPYSCKHX MOPOILIKOB KapOuaa Bonbppama (a) u xodansta (b),
HCIIOJIb30BAHHBIX IS OTYUYEHHs CIICYSHHOTO KapOu/ia Bolb(ppaMa 1 TBEPAOTO CILIaBa

as a plasticizer, in an amount ensuring that the granules
prepared for pressing contained 1 % rubber after dry-
ing. After secondary drying to remove gasoline, four
compacts were pressed from each powder mixture,
with dimensions of 24x8x8 mm and a mass of 12 g.

Mixtures /—4 were sintered using SPS in a graphite
cylindrical die with an inner diameter of 10.5 mm
on an SPS-515S system (Dr. Sinter LAB, Japan),
under aconstant pressure of 57.3 MPa and a hea-
ting rate of 87.5°C/min. To achieve the highest
density, the cemented carbide samples were held at
the maximum sintering temperature of 1200 °C for
5 min, while the tungsten carbide samples were held
at ¢ =2000°C for 10 min. The temperature and
dwell time were selected based on previous expe-
rience with spark plasma sintering of nanostructured
cemented carbides [5;10; 15], aiming to prevent
WC grain growth and avoid cobalt extrusion from

the samples under applied pressure. The sintering
parameters for tungsten carbide were taken from [15]
to ensure the highest possible density. The compacts
obtained from mixtures 5—8 underwent liquid phase
sintering in a Carbolite STF vacuum furnace (Carbolite
Gero, UK) at ¢ = 1450 °C for 1 h to achieve high
density, following the recommendations in [1-3; 7].
The compositions of the fabricated samples, sinte-
ring techniques, and maximum sintering temperatures
are presented in Table 1. The cobalt volume frac-
tion (V) in the microstructure of tungsten-cobalt
cemented carbides was calculated using the known
densities of tungsten carbide (15.65 g/cm?®) and cobalt
(8.7 g/cm?), taking into account the mass concentra-
tions of the components (see Table 1).

The density of the samples was measured by hydro-
static weighing using Vibra scales (Shinko, Japan).
The surfaces of the sintered samples were ground and

Table 1. Compositions of cemented carbide samples, cobalt volume fraction, and maximum sintering temperature

Tabnmya 1. CocTaBbl 00pa3ioB TBEPABLIX CNJIABOB, 00beMHAas 1015 KOOAJIbTa U MAKCHUMAJILHASI TeMIlepaTypa cleKaHusi

Mixture Sample designation Component content, wt. % V.., vol. % Sintering t ,°C
No. wC Co | CrC, | VC co method | "mx
1 WC—4Co0-0.4VC-0.4Cr,C, 95.2 4.0 0.4 0.4 7.6 SPS 1200
2 WC-5C0-0.4VC-0.4Cr,C, 94.2 5.0 0.4 0.4 8.4 SPS 1200
3 WC-10C0-0.4VC-0.4Cr,C, 89.2 10.0 0.4 0.4 16.3 SPS 1200
4 WC-0.4VC-0.4Cr,C, 100.0 0 0.4 0.4 0 SPS 2000
5 WC-6C0-0.4VC-0.4Cr,C, 93.2 6.0 0.4 0.4 10.0 LPS 1450
6 WC-8C0-0.4VC-0.4Cr,C, 91.2 8.0 0.4 0.4 13.2 LPS 1450
7 WC-10C0-0.4VC-0.4Cr,C, 89.2 10.0 0.4 0.4 16.3 LPS 1450
8 WC-15C0-0.4VC-0.4Cr,C, 84.2 15.0 0.4 0.4 23.6 LPS 1450
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polished for further microstructural analysis using
a Vega scanning electron microscope (Tescan Orsay
Holding, Czech Republic). WC grain boundaries were
revealed by etching according to Standard Method 3
of ASTM B657-92. The etchant consisted of equal
parts (by weight) of 10 % potassium ferricyanide and
10 % sodium hydroxide solutions. The average WC
grain size (d) and the mean free path in cobalt () were
determined using the linear intercept method in accor-
dance with ASTM E112-24. The experimental WC
grain contiguity was determined using the intercept
method according to the formula

C= N WC/WC , (2)
Nyewe + Nwerco

where Ny, e and Ny, are the numbers of intersec-
tions of a random test line with WC/WC and WC/Co

grain boundaries, respectively.

Equations (1) and (2) are equivalent [2]. The hard-
ness of the samples was measured using an HVS-50

hardness tester (Time Group Inc., China) under a load
of 30 kgf.

Results and discussions

Fig. 2 presents the microstructures of materials fab-
ricated using spark plasma sintering and liquid phase
sintering. The density of the sintered cemented carbides
(Fig. 2, samples /-3) increases from 98.4 to 99.5 % as
the cobalt content rises from 4 to 10 wt. %, which is
attributed to the higher plasticity of cobalt (Fig. 3).
Further increasing the density by raising the SPS tem-
perature above 1200 °C is limited by the need to pre-
vent grain growth and the extrusion of the cobalt phase
from the samples. The use of a relatively low sintering
temperature and the addition of grain growth inhibitors
made it possible to limit the grain size to 0.17-0.19 pm
(samples /-3, Table 2). Therefore, all tungsten-cobalt
cemented carbide samples sintered by SPS can be clas-
sified as nanostructured. In these samples, the grain
faceting is not pronounced, since grain growth was
insufficiently intensive.

The relative density of tungsten carbide produced
by SPS reached 99.9 %, which is ensured by the high
sintering temperature (2000 °C) and prolonged hold-
ing time (Table 2). The resulting WC is classified as
an ultrafine-grained material, as its average grain size
does not exceed 0.5 um (see Fig. 2, sample 4), despite
the presence of grain growth inhibitors.

The maximum temperature and holding time dur-
ing LPS are limited only by grain growth. An increase
in cobalt concentration from 6 to 15 % leads to a rise
in the density of all fabricated samples (see Fig. 3,

Table 2). During LPS, intense grain growth occurs
through recrystallization via the liquid phase. As
a result, the average WC grain size in samples 5—8
is significantly larger than that in the SPS-processed
samples (Fig. 2, samples /—4). The tungsten carbide
grains in these alloys acquire a characteristic faceted
shape.

It can be expected that the contiguity values
of materials obtained by SPS and LPS in vacuum will
also deviate from existing empirical relationships [4; 7;

Fig. 2. Microstructures of the samples fabricated
using spark plasma sintering (I—4) and liquid phase
sintering vacuum (5-8)

Puc. 2. MUKpoCTpYKTYpbl 00pas3IoB, MOTyYEHHBIX METOIOM
UIIC (I-4) u o Texuonoruu JKDPC B Bakyyme (5—8)
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100.0 C=e 8% (8)
99.8
99.6 - Cz=1- Voo .9
99.4 - (1-7¢,) (5.975V2, =0.6917, +0.214)
S 992
E 990F m Fig. 4 presents the experimental contiguity values
988 F of the obtained materials alongside the theoretical rela-
98.6 - tionships (3)-(9). For each equation, the coefficient
984 L ™ of determination was calculated to assess the deviation
98.2 o . . of the experimental data from the theoretical predic-
5 10 15 20 25 tions. It can be observed that the relationships (3), (5),
Veo, vol. % (6), and (7) provide the best fit, with determination

Fig. 3. Dependence of the relative density
of sintered samples on the cobalt volume fraction

Puc. 3. 3aBUCUMOCTH OTHOCHTEILHOMN TJIOTHOCTH
CIIEUEHHBIX 00pa3LOB OT 00BEMHOIT 10K KobanbTa

10; 11]. To describe contiguity, the authors of [21] pro-
posed using exponential and power-law dependencies:

coefficients in the range of 0.75-0.89, which is sig-
nificantly higher than the threshold value (0.5), and are
superior to the remaining equations (4), (8), and (9).
This may be attributed to the fact that the contiguity

C=1.03¢""c, (€)

C=0.074V;). (4)

In [22], linear and power-law dependencies were
presented:

C=0.85-1.8V, (5)

C=0.2V0%. (6)

The authors of [17] described the results of conti-
guity measurements using a scanning electron micro-
scope, employing a power-law relationship:

C=1-1.4312%. (7)
The authors of [23] proposed an additional exponen-

tial dependence and a quadratic function-based equation
to describe contiguity in their experimental data [23]:

1.0 kT
@), R =311 2 SPS
\
0.8 P\ o LPS
SN\
%‘ 0.6 |- \"'\ (7), B =088 ’
_ %D R 5. =078 ©9), R =-0.10
S 04t \\ N (6)’f “07 ), R =089
I i
(®), R =—0.29 > . ]
| | | | i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Cobalt volume fraction

Fig. 4. Dependence of the experimental contiguity values
on the cobalt volume fraction in the microstructure
of ultrafine-grained cemented carbide fabricated using SPS
and LPS in this study

Puc. 4. 3aBUCHMOCTD IKCTIEPUMEHTANBHBIX 3HAYCHHI
CMEKHOCTH OT 00BEMHOM 0JIH K0OanbTa B MUKPOCTPYKTYpE
UCCIIEYEeMbIX YIBTPaMeIKO3EPHUCTBIX TBEPABIX CIUIABOB,
noixydeHHbIx Metopamu UIIC u )KOC B taHHOM HCCIeI0BaHUI

Table 2. Characteristics of the sintered samples

Ta6nuya 2. XapaKTepUCTHKHU CIIeYeHHBIX 00pa31oB

sa}\]nzfle Py % | dyeopm | A, pm c HV | K, ,MPa'm!”
1 98.4 0.19 0.06 0.60 |2160+10| 10.6+0.2
2 99.0 0.17 0.11 057 |2260+30| 11.0+04
3 99.9 0.19 0.16 047 185020 15.0+0.6
4 99.9 0.50 0 100 225020 9.1+03
5 98.3 0.25 0.08 0.68 | 1870+40| 8.6=1.0
6 99.0 0.24 0.14 046 | 1920+20| 9.7+04
7 99.4 0.29 0.12 042 | 1880+30| 10.4+0.7
8 99.9 0.28 0.12 0.16 161020 12.1+1.6
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of WC grains in UFG and NS cemented carbides is
higher than in conventional cemented carbides. A pos-
sible reason for this is that cobalt atoms are not always
able to completely fill the intergranular space between
WC grains when the intergranular distance approaches
the lattice parameter of cobalt (=0.4 nm). In such
cases, the length of WC/WC contacts increases, while
the length of the WC/Co phase boundary decreases. It is
important to note that the limited resolution of scan-
ning electron microscopes makes it difficult to observe
such microstructural features.

To confirm this effect, an additional analysis was
performed to assess the applicability of these relation-
ships (Figs. 4 and 5) for describing the microstruc-
tures of ultrafine-grained cemented carbides compared
to conventional cemented carbides based on literature
data [4; 5; 11; 18; 23-26]. It should be noted that all

1.0
a
‘\’—(4), R =-0.52 3 SEM 8]
o8 A SEM[11]
* SEM [6]
(5), K =090 o SEM
>
£ 06 N
B X (7. R =022
g o (6). K = 0.46
S oar ) 9). R =052 ,
LA ’ 2% (3LR =036
0.2 ‘R. ..—..—..._
(®), R =0.18 =
0 - 1 I T
1.0

\ b

\ 0 SEM [4]
0.8 @ SEM [6]
) ® EBSD [5]
5\ A SEM[11]
? 0.6 \".‘\ ) V SEM [27]
g : (7). R =095
= (6), R =093
5), R =0.94
S 04} &8 O /(3),1?—0.90
02F NN | A

(8), R =0.44 —>

0 0.1 0.2 0.3 04 0.5 0.6 0.7

Cobalt volume fraction

Fig. 5. Dependence of the experimental contiguity values
on the cobalt volume fraction in the microstructure of submicron,
fine-, and medium-grained (a), as well as nanostructured
and ultrafine-grained (b) tungsten-cobalt cemented carbides
fabricated by various researchers

Puc. 5. 3aBucuMoCTh 3KCIEPUMEHTABHBIX 3HAYCHHIA
CMEKHOCTH OT 00BEMHOM 0T KOOAJIbTa B MUKPOCTPYKTYpE
CYOMUKPOHHBIX, MEJIKO- M CPETHE3EPHUCTHIX (&), @ TAKKE
HAHOCTPYKTYPHBIX U YJIBTPAMEIKO3epHHUCTHIX (b)
METaNTIOKEPAMUUECKUX BOIb(HPaMOKOOAIBTOBBIX CILJIABOB,
MOJTYYCHHBIX Pa3HBIMH UCCIICIOBATEIISIMU

contiguity measurements in the cited studies were per-
formed using images obtained by conventional scan-
ning electron microscopy (SEM). The use of electron
backscatter diffraction (EBSD) enables the identi-
fication of a greater number of WC/WC grain boun-
daries, thus providing a more accurate assessment
of contiguity [6; 19-23; 25-28]. However, applying
this method to UFG and NS tungsten-cobalt cemented
carbides is challenging due to its limited resolution.
Moreover, the existing relationships between hardness,
strength, contiguity, and other microstructural parame-
ters have been established based on SEM-derived data.
Consequently, contiguity values obtained via EBSD
are not applicable to these models.

From Fig. 5, a, it can be seen that only depen-
dence (9) satisfactorily describes (R?=0.52>0.50)
the contiguity of conventional tungsten-cobalt cemented
carbides, based on a sufficiently large dataset (87 values)
from 10 different studies. Dependence (9) is positioned
lower than relationships (3), (5), (6), and (7), which
describe ultrafine-grained and nanostructured cemented
carbides. Fig. 5, b presents contiguity values for UFG
and NS cemented carbides, extracted from the same lit-
erature sources. It is evident that the dataset is incomp-
lete due to the uneven representation of different cobalt
concentrations, making it impossible to reliably assess
the applicability of these dependencies for describing
the contiguity of UFG and NS tungsten-cobalt cemented
carbides. However, from Fig. 5, b, it follows that the con-
tiguity values of UFG and NS cemented carbides fall in
the upper range, close to dependencies (3)—(7) and far
from (8)—(9), which are positioned lower. This suggests
that the literature data also confirm that the contiguity
of UFG and NS cemented carbides is higher than that
of conventional cemented carbides.

All existing models describing the hardness
of cemented carbides are based on the theory of mutual
dislocation motion blocking in the cobalt matrix
and the carbide skeleton [11; 18;29]. The influence
of microdefects on the hardness of cemented car-
bides has not been sufficiently studied [11]. The most
widely accepted and commonly used model for descri-
bing the hardness of conventional cemented carbides
is the one proposed by [18-20], which serves as
the null hypothesis for all researchers developing new
models [30—-33]. This model is based on the rule of mix-
tures and the hypothesis of mutual dislocation motion
blocking in the carbide framework and cobalt layers:

HV = HVy Ve

C+HV (1-VyeO).  (10)

The hardness of the carbide framework (HVy,.)
and cobalt layers (HV . ) is determined using the Hall-
Petch law [11; 18; 29]:
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@rm g on
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HV =1382+ —22 (11)
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where d is the average WC grain size, pm; A is the mean
free path in cobalt, pm.

Fig. 6 shows that the experimental hardness values
of all samples are lower than the theoretical estimates
calculated using equations (10)—(12) based on micro-
structural parameters (see Table 2). This discrepancy is
likely related to deviations in the hardness of the alloy
constituents (WC and Co) from the values predicted by
the Hall-Petch relationships (11) and (12). The most
significant deviation is observed in nanostructured
alloys /-3. The hardness values of ultrafine-grained
cemented carbides reported by other research-
ers [5; 6], the highest of which does not exceed
2100 HYV, are satisfactorily described by the relation-
ship (10) (R? = 0.53 and 0.88). However, the hardness
of the nanostructured alloy (2356 HV) reported in [4]
was found to be 50 % lower than the calculated value
(3517 HV). The deviations of experimental hardness
values from theoretical predictions in nanostructured
cemented carbides, as confirmed in this study, are
likely due to the activation of non-dislocation defor-
mation mechanisms.

Due to their smaller grain size, all samples
(Fig. 6) exhibited significantly higher hardness values
(HV =1770+2260), compared to conventional cemented
carbides (HV =1063+1630). As a result, such tool mate-
rials are expected to demonstrate superior operational
performance, including wear resistance and machining

3000
2800
2600
2400 + o
. 2200 | -
= 2000 %W *[ENS R=-159
T 1800 - C @ UFG, R =0.15
° ® NS [4]
1600 + v A UFG[5], R*=0.53
v UFG [6], R*=0.88
400 - ® conventional alloys [18],
1200 R =097
| | | | |
1000 1500 2000 2500 3000 3500 4000

HYV,

teor

Fig. 6. Comparison of experimental and theoretical hardness
values of ultrafine-grained and nanostructured conventional
cemented carbides and those fabricated using LPS and SPS

Puc. 6. ConocrapieH#e SKCIIEPUMEHTAIBHBIX U TEOPETHIECKUX
3HayeHui TBepAocT 00pasos YM3 n HC oObIYHBIX TBEPABIX
CIUIaBOB M Moy4eHHbIX MeTogamu XKOC u UTIC
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precision. The hardness of samples 5—8, produced via
liquid phase sintering, was lower than that of the SPS-
sintered samples (samples /—4). This can be attributed
to their higher cobalt content and larger average WC
grain size. Due to its small carbide grain size (0.17 um)
and high WC content, nanostructured cemented car-
bide sample 2 (WC-5C0-0.4VC-0.4Cr,C,) exhibited
the highest hardness (HV =2260+ 30). The SPS-
sintered tungsten carbide, with a larger average grain
size (0.5 pm), demonstrated slightly lower hardness
(HV =2250 = 20).

Conclusions

Nanostructured tungsten-cobalt cemented carbides
with an average grain size of d ~ 0.2 um can be fabri-
cated via spark plasma sintering of nanopowders with
grain growth inhibitors at 1200 °C. Increasing the cobalt
volume fraction from 6.8 wt. % to 16.3 wt. % leads
to an increase in the relative density of sintered nano-
structured cemented carbides from 98.4 t0 99.5 % while
having little effect on the WC grain size. Using liquid
phase sintering at 1450 °C for 1 h, alloys with a density
ranging from 98.3 t0 99.9 % and d = 0.24-0.28 um can
be obtained from powders containing 6—15 wt. % Co.
An increase in cobalt concentration results in higher
density (due to an increased pore-filling rate) and larger
grain size due to recrystallization via the liquid phase.
Spark plasma sintering of nanopowdered tungsten car-
bide at 2000 °C enables the fabrication of an ultrafine-
grained ceramic material with an average grain size
of 0.5 um and a maximum relative density of 99.9 %.

Measuring contiguity in nanostructured tung-
sten-cobalt cemented carbides is challenging due
to their small grain size. The dependence of contigu-
ity in sintered nanostructured and ultrafine-grained
cemented carbides on the cobalt volume fraction was
best described by a known exponential relationship
C=1.03exp(-5V,). Analysis of literature data has
shown that many previously developed contiguity
dependencies for conventional medium-grained, fine-
grained, and submicron-grained cemented carbides
are not applicable for describing nanostructured and
ultrafine-grained materials, as their predicted values
underestimate the experimental data.

The tungsten-cobalt cemented carbides obtained
in this study exhibited significantly higher hardness
than conventional medium-grained, fine-grained, and
submicron-grained cemented carbides, primarily due
to their smaller WC grain size. However, the experi-
mental hardness values of the sintered cemented car-
bides were lower than theoretical predictions based
on the Gurland and Lee model [18], which is derived
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from the Hall-Petch relationship. This discrepancy
is likely due to the activation of non-dislocation
deformation mechanisms. Due to its small WC grain
size and high tungsten carbide content, sample 2
(WC-5C0-0.4VC-0.4Cr,C,) with an average WC
grain size of 0.17 um exhibited the highest hardness
(HV =2260 £ 30). The SPS-sintered tungsten carbide,
with a larger WC grain size of 0.5 pm, exhibited a com-
parable hardness (HV = 2250 + 20).
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Abstract. Research on novel metalloceramic coatings that combine high-temperature oxidation resistance and wear resistance remains
a relevant topic. Ni-Al-Fe coatings reinforced with varying amounts of tungsten carbide were synthesized for the first time using
electric spark deposition on 35 steel. Their structure was analyzed using X-ray phase analysis and scanning electron microscopy.
The average thickness of the WC/Ni—Al-Fe coatings ranged from 23 to 33 um. The identified phases included AINi, (Fe, Ni), a-WC,
and W,C. The coating microstructure exhibited reinforcing tungsten carbide inclusions with diameters ranging from 1.49 to 10.12 pum.
The corrosion behavior of coated samples was studied using potentiodynamic polarization and impedance spectroscopy in a 3.5 %
NaCl solution. The coatings’ high-temperature oxidation resistance was evaluated at 700 °C for 110 h under natural aeration condi-
tions. Wear testing was conducted under dry friction conditions at loads of 25 and 50 N. The results demonstrate that the application
of WC/Ni—Al-Fe-coatings can reduce the specific wear of the steel surface by a factor of 11 to 24 and enhances resistance to high-
temperature oxidation by a factor of 10.5 to 49.9.
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UcnonbsoBaHue rpaHyn Ni n Al u nopowka WC
BNSl 9N1IeKTPOUCKPOBOro HaHeCeHUs
MeTaNJloKkepaMU4YeCKUX MOKPbITUI

A. A. Bypkos*®

XabapoBckuii (erepasibHbINH HCCIEI0BATEIbCKHIA IEHTP
JlanbHeBocTOUHOrO oTAEeHusI Poccuiickoii akaieMun HayK
Poccust, 680042, 1. Xabaposck, yi. Tuxookeanckas, 153

&3 burkovalex@mail.ru

AHHOTayms. ViccienoBaHusi HOBBIX METaTIOKEPAMHYECKUX TMOKPBITHH, COYETAIONIMX BBICOKYIO JKapOCTOWKOCTh M YCTOWYHMBOCTD
K M3HOCY, SIBJISOTCS akTyanbHbIMU. Ni—Al-Fe MOKpbITHS, apMUPOBAHHBIC PA3ITMYHBIM KOJIMYECTBOM KapOuaa Bosib(hpama, BriepBbie
MOJTy4eHBI METOJIOM IEKTPOUCKPOBOTO JIETMPOBaHUs Ha cTay 35. X CTpyKTypa MCCIeoBalach METOAMH PEHTIEHOCTPYKTYp-
HOro (a30BOro aHallk3a M CKaHUpYIolel dnekTpoHHoi Mukpockonuu. Cpennsist Tonmuaa WC/Ni—Al-Fe-nokpbitTuii cocrassiia
oT 23 110 33 mxM. B ux cocrase uaentudunuponanst dasel AINi, (Fe, Ni), a-WC u W,C. B MUKpOCTpYKType HOKDBITUH HaOII0-
JIATTCh apMUpPYIOIHe BKIIOYeHUs Kapbuaa Bombdpama auamerpom ot 1,49 no 10,12 mxm. KopposuonHoe noBeneHue 00pasios
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C HOKPBITHAMHU H3y4aloCh METOAAMHU IMOTCHIMOJMHAMHYCCKOM MOApU3ALMU U HMMIIEJAHCHOW cHeKkTpockonuu B 3,5 %-Hom
pactBope NaCl. XKapocTolikocTs HOKpEITHI HccienoBanack mpu Temneparype 700 °C B Teuenne 110 4 B ycnoBHsSX €CTECTBEHHOU
aspanuu. TecTupoBaHue HAa U3HOC IPOBOJUIOCH B PEKUME CyXOro TpeHus npu Harpyskax 25 u 50 H. Iloka3aHo, 4To npuMeHeHue
WC/Ni-Al-Fe-nokpsITnii H0O3BOISET COKPATUTh IPUBECHHBIN H3HOC IIOBEPXHOCTH CTAIBHBIX M3enuii ¢ 11 1o 24 pa3 1 MOBEICUTH
CTOMKOCTB K BBICOKOTEMIIEpaTypHOH ra3oBoii kopposuu ¢ 10,5 1o 49,9 pa3a.

Knrouessie cnosa: nokpeitsi WC/Ni—Al-Fe, anekrporckpoBoe JierupoBanue, Henokanu3osanueiii anexrpon (HD), crans Cr3, pent-
reHo(a30BbIi aHAIN3, KOPPO3UsL, KOIPPHULUEHT TPEHNUS, TBEPAOCTb, H3HOC

BnarogapHocTy: Pabota BHINONHEHA B paMKax rocynapcTBeHHoro 3aaanus Ne 075-01108-23-02.

Ans unTuposarusa: bypxos A.A. Ucnonp3oBanue rpanyi Ni u Al u mopomka WC 1I1s 27IEKTPOMCKPOBOTO HAHECEHUST METAJIOKEepa-
MHUYECKUX MOKPBITUL. M36ecmus 8y308. [lopowkosas memannypeus u ¢ynkyuonanvrvle nokpvimus. 2025;19(2):62-72.
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Introduction

Metalloceramic composites (MCCs) are among
the most widely used wear-resistant materials [1]. They
typically consist of hard carbide particles (WC, TiC,
TiB,, TaC, NbC) bonded by ductile metallic phases
such as Co, Fe, and Ni [2]. The carbide particles in
these composites provide high hardness and wear
resistance, while the binder phase enhances toughness.
Over the past century, among various carbide-based
materials, tungsten carbide (WC) composites have
found the broadest application across multiple indust-
ries [3-5]. A key aspect of this class of metallocera-
mics is the type of metallic binder used.

For many years, cobalt has been the most com-
monly used metallic binder due to its excellent wetta-
bility with tungsten carbide grains and the high impact
toughness it provides [6]. However, its use raises
serious environmental concerns and is further limited
by its high cost. Studies indicate that prolonged inhala-
tion exposure to cobalt can cause allergic reactions and
cancer [7]. Additionally, its poor corrosion and oxida-
tion resistance, along with unsatisfactory mechani-
cal performance at temperatures above 600 °C, have
driven researchers to seek alternative binders [8].

For instance, intermetallic Ni—Al alloys are some-
times considered as metallic binders [9; 10] due
to their favorable properties, including high melting
points, heat resistance, low density, and excellent oxi-
dation resistance, which can compensate for tungsten
carbide’s poor oxidation resistance [11].

Iron aluminide (FeAl) is known to be a suitable
binding matrix for tungsten carbide due to its favo-
rable properties, including good wettability with WC,
enhanced hardness, low density, and high oxidation
resistance in oxidative, carburizing, and sulfidizing
environments [12]. A dense AL O, film, known for its
excellent protective properties, can form on the surface
of nickel and iron aluminides [13]. However, ternary
Al-Ni—Fe alloys remain significantly less studied [14],
despite their potential for enhanced hardness and oxi-

dation resistance, while also requiring less nickel com-
pared to NiAl-based materials. Additionally, nickel
alloying of FeAl has been shown to induce significant
solid-solution strengthening [15].

Tungsten carbide-based metalloceramic com-
posites are widely used as coatings on structural
metals to improve hardness, wear resistance, and
oxidation resistance [16; 17]. For instance, in stu-
dies [18;19], WC/FeAl coatings were deposited
onto structural steels using laser cladding and high-
velocity arc spraying. However, tungsten carbide-
based coatings with Ni—Al and Ni—-Al-Fe matrices
have been explored to a much lesser extent. In [20],
WC/NiAl/TiC coatings were prepared using laser clad-
ding. A (NiAl), WC,—Fe(0-15 wt. %) coating with
a ternary Ni—Al-Fe matrix was deposited onto low-
alloy Q235 steel using plasma cladding [17].

The electric spark deposition (ESD) method is
employed for depositing metallic and metalloceramic
materials onto metal substrates and is characterized
by minimal thermal impact on the base material’s
structure, while producing coatings with strong adhe-
sion [21]. The use of a nonlocalized electrode (NLE)
in ESD enables automation of the deposition process,
including applications on complex-shaped compo-
nents [22]. In our previous study, the electric spark
deposition with a nonlocalized electrode (ESD-NLE)
method was used to produce WC/Fe—Al coatings,
where the NLE consisted of aluminum and iron granu-
les combined with a-WC powder [23].

The objective of this study is to investigate the fea-
sibility of producing metalloceramic coatings using
the ESD-NLE method on 35 steel, using Ni and Al
granules along with WC powder.

Materials and methods

The composition of the NLE is shown in
Table 1. The aluminum alloy 1188 and high-purity
nickel (99.99 %) granules were shaped as cylin-
ders (h=4+1mm, d=4+0.5mm) and cubes
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Table 1. Coating designation based on NLE composition

Ta6bnumya 1. MapKkupoBKa NOKPLITHIi
B 3aBHUCHMOCTH OT coctaBa HD

Granule ratio,
v, Granple WC powder
Sample at. 7o fraction, . 0
- o fraction, vol. %
Al Ni vol. %
ANW2 98
ANW4 15 85 96
ANWO6 94

(4x4x4 + 0.5 mm), respectively. The tungsten carbide
powder (TU 6-09-03-360-78) had a purity of 99.9 %
and an average particle diameter of 1.1+ 0.3 um.
The NLE composition was designed with a dominance
of nickel, maintaining a Ni/Al ratio of 17:3, as alumi-
num has significantly lower electroerosion resistance
than nickel [24]. The 35 steel substrate acted as an iron
source for the WC/Ni—Al-Fe coatings, as iron from
the steel base is known to diffuse into ESD coatings [23].
Fig. 1 illustrates the schematic of the ESD setup operat-
ing in an environment of granules and powder.

The 35 steel substrate was fabricated in the form
of a cylinder (d =12 mm, A =10 mm). The IMES-40
power generator, operating at 30V, produced cur-
rent pulses with an amplitude of 110 A, a duration
of 100 ps, and a period of 1000 ps. To minimize oxida-
tion, coating deposition was carried out under an argon
flow (5 L/min). The deposition time for each sample
was 10 min.

The phase composition of the obtained coatings
was analyzed using a DROH-7 X-ray diffractometer
(NPP Burevestnik, Russia) with CuK  radiation
(L =1.54056 A). The microstructure and elemental
composition of the coatings were examined using
a Vega 3 LMH scanning electron microscope (Tescan,
Czech Republic) equipped with an X-max 80 energy-
dispersive spectrometer (EDS) (Oxford Instruments,
UK). The surface roughness of the coatings was mea-
sured using the R, parameter with a Profilometer 296
(USSR). The wettability of the coated surfaces with
deionized water was evaluated using the sessile drop
method at 25 °C [25]. The Vickers hardness of the coa-
tings was measured using a PMT-3M microhardness
tester under a 1.96 N load. Tribological tests were
conducted following the ASTM G99-17 procedure
using the pin-on-disk configuration (without roun-
ding of the pin end) at a rotation frequency of 3 rev/s
under loads of 25 and 50 N for 10 min. High-speed
steel M45 disks (d =50 mm, 60 HRC) were used as
counterbodies.

The tribological tests were performed on a labora-
tory test bench equipped with a M40-50 non-contact
torque sensor (Belarus). The specific wear rate was
determined gravimetrically, considering the density
of the coatings, which was calculated using the rule
of mixtures based on the chemical composition.
The electrochemical corrosion tests of coated samples
were conducted using a P-40X potentiostat-galvanostat
(Electro Chemical Instruments, Russia) equipped with
an impedance measurement module, in a standard

1

] 1

2
IS _6 Ju
L — +
@ 71819 |1l

Fig. 1. Schematic of the experimental setup for electric spark granules deposition of granules

1 — pulse discharge generation unit, I — measuring and control unit, /17 — electrode switching unit
1 — control pulse generator, 2 — power generator, 3 — microcontroller, 4 — computer, 5 — analog-to-digital converter,
6 — current and voltage measuring device, 7 — cathode (35 steel), 8§ — Ni and Al granules, WC powder, 9 — current lead (container),
10, 11 — motors for the cathode and the granule container, respectively, 12 — gas solenoid valve, 13 — micromanipulator

Puc. 1. Cxema 3KCIIEpUMEHTAJILHON YCTAHOBKHU ISt IEKTPOUCKPOBOTO OCAKICHUS TPaHyIl

I — 6110k reHepaluy pa3psIHBIX UMITYJIbCOB, 1] — H3MEpUTEIIBHBII 1 YIPaBISIONIHiT OJIOK,
IIT — 6110k KOMMYTAIMH 3JIEKTPOJIOB
1 — reneparop ynpasJIsFOLIMX UMITYJIbCOB, 2 — CUJIOBOI reHepaTop, 3 — MUKPOKOHTPOILIEP, 4 — KOMITBIOTED,
5 — ananoro-unugpoBoii npeodpazoBarelib, 6 — K3MEPUTEIILHOE YCTPOUCTBO TOKA U HANpPsDKEHHs, 7 — Karoi (cTaib 35),
8 — rpanyins! Ni n Al, nopomox WC, 9 — tokonpoBox (koHTeitHep), 10, 11 — BuraTenn KaToaa U KOHTeHHepa ¢ rpaHylIaMH COOTBETCTBEHHO,
12 — ra3oBblil 251eKTpOKIIANaH, 13 — MUKPOMaHHITYIIITOP
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three-electrode cell containing a 3.5 % NaCl solution.
An Ag/AgCl electrode served as the reference elect-
rode, while an ETP-02 platinum electrode was used
as the counter electrode. To stabilize the open-circuit
potential, the samples were immersed in the electrolyte
solution for 60 min before measurements.

Cyclic oxidation resistance was tested at 700 °C.
The samples were placed in a preheated muffle furnace,
held for approximately 6 h, then transferred to a desic-
cator until fully cooled before weighing. During test-
ing, the samples were kept in corundum crucibles
to prevent the loss of spalled oxide scale. The total test
duration was 100 h.

Results and discussion

When testing new electrode materials, it is essential
to record mass transfer during ESD to determine the spe-
cific mass gain of the cathode, as this parameter defines
the thickness of the formed coating [21]. As the num-
ber of discharge pulses increased (i.e., with longer
ESD-NLE duration), the cathode continuously gained
mass (Fig.2). Over 10 min of ESD-NLE, the total
specific mass gain ranged from 4.2 to 6.3 mg/cm?.
The average values were independent of the electrode
type, considering the measurement error.

Fig. 3, a, ¢, and e show cross-sections of WC/Ni—
Al-Fe coatings. As seen from Table 2, their average
thickness is practically independent of the WC pow-
der content in the NLE, ranging from 31.5 to 32.7 um.
The coating structure consists of a gray matrix rein-
forced with bright inclusions of micron- and submicron-
sized particles. The diameter of the micron-sized inclu-
sions ranges from 3 to 20 pm, and these are agglomer-
ates of the original WC powder particles. According
to EDS data, as the WC powder content in the NLE
increases, the coating matrix composition is monotoni-
cally enriched with tungsten and iron, while the nickel
and aluminum concentrations decrease (Fig. 3, b, d, f).

As the WC content in the NLE increases from
ANW2 to ANW6, the average tungsten concentration
in the coating matrix rises from 5.3 to 23.2 at. %, while
the iron content increases from 35.5 to 57.6 at. %,
and the nickel concentration decreases from 35.3
to 4.8 at. %. This is due to the fact that the powder

elements in the ESD-NLE coating are present in dis-
proportionately higher amounts than the granule com-
ponents, a trend we previously observed [26]. ANW2
coating has the most balanced atomic ratio of alumi-
num, nickel, and iron.

Thus, adjusting the WC powder fraction in the elect-
rode enables control over the metal ratio in the coa-
ting. The high iron concentration in the ANW6 coa-
ting matrix confirms the substrate material’s involve-
ment in the formation of the ESD coating. As the WC
powder fraction in the NLE increases, the proportion
of white inclusions in the coatings also rises, as seen in
Fig.3,a,c, e.

A small number of transverse microcracks are pre-
sent in the coatings. These form due to rapid cooling
of the material after discharge, caused by the difference
in the coefficients of linear thermal expansion between
the coating and the substrate [27]. The absence of lon-
gitudinal cracks and the gradual change in metal
concentrations at the coating-substrate interface indi-
cate strong adhesion of the WC/Ni—Al-Fe coatings
to 35 steel. The coating roughness (R,) ranged from 4.5

2

Cathode mass gain, mg/cm
N W A Gl N ©

—~

Deposition time, min

Fig. 2. Dependence of cathode mass gain
on ESD-NLE duration

1-ANW2, 2 - ANW4, 3 - ANW6
Puc. 2. 3aBrCcUMOCTH IIPUBECa KaTo/a
ot npopomkutensHocTH DUJIHD
1-ANW2, 2 -ANW4, 3 - ANW6

Table 2. Characteristics of WC/Ni—Al-Fe coatings

Tabnunya 2. Xapakrepuctuku WC/Ni—Al-Fe-nokpbITuii

Characteristic ANW2 ANW4 ANW6
Thickness, um 3242+ 1.77 31.48+6.93 32.66 +£2.48
Roughness, pum 4.50+0.90 4.77+1.10 4.51+£0.80
Wettability, deg 80.0 82.1 81.9
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Fig. 3. SEM images and elemental distribution in the cross-section of ANW2 (a, b), ANW4 (¢, d), and ANW6 (e, f) coatings

Puc. 3. COM-u300paskeHust U pacrpeieieHre HIEMEHTOB B IONepedHoM ceueHnt NoKpeitiii ANW2 (a, b), ANW4 (¢, d) u ANWG (e, f)

to 4.77 um and did not depend on the WC powder con-
centration (see Table 2). The contact angle of the coa-
ting surface with distilled water was between 80.0 and
82.1°, significantly higher than that of 35 steel (65.9°).
Thus, the application of WC/Ni—-Al-Fe coatings im-
parts hydrophobic properties to the steel surface.
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According to Fig. 4, a,c, the large inclusions
correspond to grains of the initial tungsten car-
bide (a-WC). Submicron inclusions formed after
the discharge ceased, during the solidification of the
Fe-W-Ni—-Al-C melt (Fig. 4, b). A similar micro-
structure was previously observed in ESD coatings
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on 35 steel deposited using WC—Co anodes [28]. Thus,
the formation of WC/Ni-Al-Fe coatings via ESD
proceeds through two stages: sintering of refractory
agglomerated WC particles and eutectic crystallization
of the Fe—W-Ni—AI-C melt [29].

The results of X-ray phase analysis of the WC/Ni—
Al-Fe coatings are shown in Fig. 5. The data indicate
that, in addition to WC and W,C, the coatings contain
the intermetallic compound AINi (PDF card #44-1188
from the PdWin database) and a face-centered cubic

150
I@ s

125 - Spectrum /
At. %

= W | 311
= Fe | 44
> 75F -
= Ni| 2.8
172
=
L 50 E
=
Ll

N

[$)]
——77]

e

ol pelow

Energy, keV

Fig. 4. Microstructure images of the cross-section of ANW2
at magnifications of 25,000 (a) and 20,000* (b)

¢ — EDS spectrum corresponding to Fig. 4, a

Puc. 4. 306pakeHust MUKPOCTPYKTYPbI MOIEPEUHOTO CEUEHHUS
o6pasiia ANW?2 npu yeenuuenusix 25 000” () u 20 000” (b)

¢ — DJIC-cnextp K puc. 4, a

(FCC) Fe—-Ni solid solution [30], which serve as
the metallic matrix. The presence of ferro-nickel is
attributed to the high nickel concentration in the ANW2
coating (see Fig. 2, b). The a-WC carbide and W,C sub-
carbide act as reinforcing phases in the metalloceramic
coating. The formation of W,C occurs due to the decar-
burization of WC when it interacts with the iron melt
in the micro-melt pool under electric discharge tem-
peratures [24]. This is supported by an increase in
the W,C content from 14.1 to 24.1 vol. % (Table 3)
as the iron concentration rises from ANW2 to ANW6
(see Figs. 3, b, d, f). Fig. 4, a illustrates the interaction
between a tungsten carbide particle and the iron melt.

The WC phase fraction in the coatings increased
from 48.6 to 65.5 vol. % with the addition of tungsten
carbide powder to the NLE, while the intermetallic frac-
tion decreased from 28.2 to 10.3 vol. %. Notably, such
a high WC content in the coatings cannot be achieved
using conventional single-electrode ESD on steels with
hardmetal anodes, due to the high solubility of WC in
liquid iron [31].

Based on the coating microstructure, the forma-
tion of mechanism of WC/Ni-Al-Fe coating during
ESD-NLE can be described as follows: when a Ni or
Al granule comes into electrical contact with the sub-
strate, low-voltage discharges occur, causing the trans-
fer of molten granule material into the micro-melt
pool on the cathode surface. Tungsten carbide pow-
der particles, located on the electrode surface within
the discharge initiation and propagation zone, become
wetted by metal droplets and are incorporated into

@ WC

m AINi

*® AWC

o (Fe, Ni)

ANW2

Intensity

20, deg

Fig. 5. XRD patterns of the obtained coatings
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the micro-melt pool on the substrate, ultimately form-
ing the coating.

Microhardness measurements of WC/Ni—Al-Fe
coatings revealed a monotonic increase in average
values from 7.2 to 10.6 GPa as the tungsten car-
bide powder content in the NLE increased (Fig. 6).
The microhardness of ANW2 and ANW4 samples
remained similar (~7.5 GPa), which can be attri-
buted to their structural similarity (see Figs. 3, a—d).
Literature data indicate that the microhardness
of plasma-clad (NiAl), WC,—Fe(0-15 wt. %) coa-
tings is significantly lower (4—6 GPa) due to their lower
tungsten carbide content [17].

The results of tribological tests of WC/Ni—Al-Fe
coatings are presented in Fig. 6. Depending on the WC
concentration in the coatings, the friction coefficient
varies non-monotonically from 0.61 to 0.73 under
a 25 N load and from 0.62 to 0.70 under a 50 N load
(Fig. 7, @). In both cases, the highest friction force
values were observed for the ANW4 sample. The fric-
tion coefficient of the coatings was 8-31 % lower than
that of 35 steel, demonstrating the anti-friction effect
of tungsten carbide. Additionally, the amplitude of fric-
tion coefficient fluctuations for all coatings was signifi-
cantly lower compared to 35 steel.

The specific wear rate of WC/Ni—Al-Fe coatings
ranged from (36-55)- 10”7 mm?3/(N-m)undera25 N load

Table 3. Semi-quantitative composition of the coatings

Ta6bnuya 3. Iosryko1n4ecTBeHHbIH COCTAaB OKPBITHIA

Phase, vol. %
Sample . .
WC W.C AINi FeNi
ANW2 48.6 14.1 28.2 9.0
ANWA4 61.5 14.9 18.7 4.9
ANW6 65.5 24.1 10.3 -
12

-
[e¢) (=)

Microhardness, GPa
o

4
2
0
35 steel ANW2 ANW4 ANWG6
Samples

Fig. 6. Average microhardness values of the coatings

Puc. 6. Cpennue 3Ha49eHNST MUKPOTBEPIOCTH MTOKPBITHIL
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and (28-31)-107 mm?3/(N-m) under a 50 N load, which
is 11-24 times lower than that of 35 steel (Fig. 7, b).
Unlike uncoated steel, the specific wear rate of the coa-
tings at 50 N was lower than at 25 N. As the WC pow-
der content in the NLE increased, the specific wear rate
of the WC/Ni—Al-Fe coatings monotonically decreased
under both loads. This trend aligns with Archard’s wear
theory, as it is attributed to the increase in coating hard-
ness. Although the minimum specific wear rate was
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0.9
0.8 35 steel
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0.4 | | | | |
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b

Fig. 7. Coefficient of friction (a) and wear rate (b) of coatings
compared to steel 35 at loads of 25 and 50 N

Puc. 7. KosbduieHt tTpenust (a) 1 AHTCHCHBHOCTD
HM3HAIMBaHUA (b) MCCIeayeMbIX TOKPHITHIT IO CPABHEHUIO
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not observed within the tested compositions, further
increasing the WC powder concentration in the NLE
is impractical due to the reduction in cathode mass
gain, iron enrichment of the coating matrix, and deple-
tion of nickel and aluminum concentrations. The wear
rate of plasma-clad (NiAl), WC ,~Fe(0-15 wt. %)
coatings, as reported in [17], was significantly higher
at 6.02-10° mm?*/(N-m). This is likely due to their
lower tungsten carbide concentration and lower hard-
ness. Therefore, the proposed approach for producing
Ni—Al-Fe coatings reinforced with tungsten carbide on
steels appears to be more effective.

Electrochemical corrosion tests of WC/Ni—Al-Fe
coatings were conducted in a 3.5 % NaCl solution
using potentiodynamic polarization and impedance
spectroscopy methods. Fig. 8, a presents Tafel pola-
rization curves constructed from potentiodynamic
experiments. The corrosion potential (£, ) and corro-
sion current density (/) were determined by extrapo-
lating the cathodic and anodic slopes of the Tafel
plots. As shown in Table 4, the corrosion potential
of the coated samples ranged from —0.68 V to —0.57 V
relative to the Ag/AgCl electrode. The highest £
value was observed in the ANW4 sample, indica-
ting its greater resistance to spontaneous corrosion
compared to the other coatings. The corrosion current
density of the coated samples ranged from 3.9-107
to 2.5-10* A/cm?, with the lowest value recorded for
ANW4 and the highest for ANW2. For uncoated 35 steel,
the corrosion current density was 5.5:10 A/cm?. Given
that corrosion rate is directly proportional to 7, it

can be concluded that only the ANW4 coating improves
the corrosion resistance of 35 steel by 29 %.

Fig. 8, b presents Bode impedance diagrams, which
describe the frequency-dependent electrochemical
behavior at the material-electrolyte interface. It is
known that an increase in the impedance modulus
(Ig|Z])) at low frequencies hinders charge transfer,
thereby improving the corrosion resistance of the mate-
rial [32]. The WC/Ni—Al-Fe coatings can be ranked
in ascending order of lg|Z| values as follows: ANW4,
ANW2, and ANWG6. Thus, the sample with the highest
tungsten carbide concentration exhibits the greatest
charge transfer resistance. According to the Bode
plots, the impedance maximum of the steel substrate

Table 4. Corrosion potential and current density
of WC/Ni-Al-Fe coatings in a 3.5 % NaCl solution

Tabnunya 4. IloTeHuaa U MJIOTHOCTH TOKA KOPPO3UH
WC/Ni-Al-Fe-nokpsbIitnii B 3,5 %-1om pacreope NaCl

Parameter 35 steel ANW2 ANW4 ANW6
E .V -0.72 -0.63 -0.57 -0.68
1., uA 54.48 250.84 39.36 142.10

was higher than that of the coatings, indicating their
weaker corrosion resistance. Notably, Ni—Al-Fe coa-
tings without WC demonstrated higher charge trans-
fer resistance [33]. This is likely due to the fact that
conductive tungsten carbide disrupts the continuity
of the AL, O, barrier layer, which forms on the surface
of WC/Ni—Al-Fe coatings in the electrolyte solution.

Overall, the corrosion resistance of WC/Ni—Al-Fe
coatings can be considered weak, likely due to their
relatively high iron concentration (35.5 to 57.6 at. %).
Additionally, as a ceramic material with high electrical
conductivity, tungsten carbide does not provide bar-
rier protection against corrosion. Instead, it may form
galvanic couples at the interface between the metallic
matrix and WC particles.

35 steel

7 1 1 1 1 1
-1.1 -0.9 -0.7 -05 -0.3 -0.1
Potential, vs. Ag/AgCl, B
2.4
b
2.2

N
o

=
4]

35 steel

1g|Z) [Vem’]
o N o
T T

=
(=)
T

0' 8 1 1 1
-2 0 2 4
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Fig. 8. Polarization curves (a) and Bode impedance plots (b)
of WC/Ni—Al-Fe coatings and 35 steel
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Fig. 9, a presents the results of cyclic oxidation
resistance tests of 35 steel samples with WC/Ni—Al-Fe
coatings at 700 °C. After 110 h of testing, the mass gain
of the coated samples ranged from 8.3 to 39.8 g/m?,
while the steel substrate exhibited a significantly higher
mass gain of 416.2 g/m?. Thus, the application
of WC/Ni—Al-Fe coatings enhances the oxidation resis-
tance of 35 steel by a factor of 10.5 to 49.9. It should be
noted that the mass gain of Ni—Al-Fe coatings produced
without tungsten carbide under similar test conditions
was comparable to the current results [33]. The oxi-
dation resistance of the coated samples increased in
the following order: ANW2, ANW6, and ANW4.

These findings indicate that incorporating up to
65 vol. % WC into the Ni—Al-Fe layer does not
degrade its oxidation resistance. The ANW4 coating
demonstrated the best performance, which aligns with
the potentiodynamic polarization data (see Table 4).
The mass gain during the oxidation resistance test
resulted from the fixation of oxygen on the sample sur-
faces in the form of hematite (Fe,O;) and iron tung-
state (Fe,WO,) (see Fig. 9, b), which forms through
the simultaneous oxidation of iron and tungsten carbide:

WC + 2Fe + 40, = Fe,WO, + CO, .

In addition to these compounds, Fe,W,C and AINi
phases were also detected, further confirming the high
oxidation resistance of the coatings. The Fe,W.C
phase forms due to the recrystallization of W,C during
prolonged high-temperature exposure. Overall, all
WC/Ni—-Al-Fe coatings exhibited high oxidation
resistance at 700 °C, comparable to that of metallic
glasses [34], while also demonstrating greater wear
resistance during wear testing.

Conclusion

For the first time, metalloceramic WC/Ni—Al-Fe
coatings were successfully deposited on 35 steel using
the ESD method with a nonlocalized electrode, com-
posed of nickel and aluminum granules (15 at. % Al
and 85 at. % Ni) with 2, 4, and 6 vol. % WC powder.
The coating matrix consisted of nickel aluminide (NiAl)
and ferro-nickel, while a-WC and W,C inclusions
acted as reinforcing phases. Increasing the WC powder
content in the nonlocalized electrode led to a higher
tungsten carbide concentration in the coatings.

Impedance and polarization experiments in
a 3.5 9% NaCl solution revealed that WC/Ni—Al-Fe
coatings exhibit weak corrosion resistance, while
their cyclic oxidation resistance at 700 °C was 10.5
to 49.9 times higher than that of 35 steel.
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Fig. 9. Cyclic oxidation resistance of coated samples
at 700 °C (a) and XRD patterns of coatings after oxidation
resistance testing (b)
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Microhardness testing showed a monotonic increase
from 7.2 to 10.6 GPa as the WC powder concentra-
tion in the nonlocalized electrode increased from 2
to 6 vol. %. The application of WC/Ni—Al-Fe coatings
reduced the friction coefficient of 35 steel components
by 8-31 % and lowered the specific wear rate by a fac-
tor of 11 to 24.
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