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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

For citation: Luts A.R. Development of novel antifriction composite materials through reinforcement of AM4.5Kd and AK10M2N
alloys with highly dispersed titanium carbide ceramic phase. Powder Metallurgy and Functional Coatings. 2025;19(2):39-50.
https://doi.org/10.17073/1997-308X-2025-2-39-50

© 2025. A.R. Luts 39


https://doi.org/10.17073/1997-308X-2025-2-39-50
mailto:alya_luts@mail.ru
https://powder.misis.ru/index.php/jour/search/?subject=composite material
https://powder.misis.ru/index.php/jour/search/?subject=antifriction aluminum alloy
https://powder.misis.ru/index.php/jour/search/?subject=titanium carbide
https://powder.misis.ru/index.php/jour/search/?subject=self-propagating high-temperature synthesis
https://powder.misis.ru/index.php/jour/search/?subject=tribological properties
https://powder.misis.ru/index.php/jour/search/?subject=tribological properties
https://doi.org/10.17073/1997-308X-2025-2-39-50
mailto:alya_luts%40mail.ru?subject=

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2025;19(2):39-50

'OIIM n @Il
N\
Jlyy A.P. Pa3paboTKa HOBbIX aHTUGPUKLIMOHHBIX KOMMO3ULIMOHHbIX MaTepManos NyTem apMUpOBaHUs CrIaBos ...

W3BECTUA BY30B

Pa3spaboTka HOBbIX aHTUPUKLUOHHbBIX
KOMMO3ULIMOHHbIX MaTepurasioB NyTeMm
apmupoBaHua cnnasos AM4,5Ka n AKIOM2H
BbICOKOAMCNEPCHON KepaMnyeckomn ¢pasomn
Kapbupa TuTaHa

A. P. JIyn®

Camapckuii rocyiapcTBeHHbII TeXHUYeCKHIl YHUBEPCUTET
Poccus, 443100, 1. Camapa, yn. Mononorsapaeiickas, 244

&) alya_luts@mail.ru

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
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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)

46

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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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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