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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 μm. 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 AK10M2N–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. 
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properties
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IntroductionIntroduction
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 

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 (CuAl2 , 
FeAl3 , NiAl3 , Mg2Si, 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 mate rials to be used 
under conditions of boundary and dry friction [4]. 
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Аннотация. Композиционные материалы на основе алюминиевых сплавов, армированные высокодисперсной фазой карбида 

титана, характеризуются повышенными показателями антифрикционных свойств, что позволяет отнести их к группе 
перспективных триботехнических материалов. Одним из наиболее доступных и эффективных способов их изготов-
ления является самораспространяющийся высокотемпературный синтез (СВС), который основан на экзотермическом 
взаимодейст вии прекурсоров титана и углерода непосредственно в алюминиевом расплаве и позволяет синтезировать 
карбидную фазу с размером частиц 100 нм – 2 мкм. Настоящая работа посвящена исследованию комплекса эксплуатаци-
онных и технологических характеристик композитов, полученных путем проведения СВС карбида титана в расплавах 
промышленных поршневых сплавов АМ4,5Кд и АК10М2Н, для определения возможности их применения в качестве анти-
фрикционных материалов для изготовления поршней двигателей. Сравнительный анализ проводился на образцах исходных 
сплавов и полученных на их основах композиционных материалов после термической обработки в виде закалки и искусст-
венного старения по режимам, обеспечивающим максимальные значения твердости. Результаты исследования показали, 
что у композита АМ4,5Кд–10 % TiC снизились скорость изнашивания в 2,4 раза, коэффициент трения в 2,7 раза и задиро-
стойкость в 1,7 раза относительно матричного сплава, а у образца АК10М2Н–10 % TiC – скорость изнашивания умень-
шилась в 17 раз и коэффициент трения в 4 раза при сохранении уровня задиростойкости. При этом оба материала харак-
теризуются сопоставимыми (с изменениями в пределах 10 %) с показателями матричных сплавов уровнем саморазогрева 
в процессе трения, термическим коэффициентом линейного расширения при температуре 300 °С, жаропрочностью при 
250 °С, жидкотеку честью и линейной усадкой. Полученные данные дают основание рекомендовать их к применению для 
изготовления отливок поршней двигателей вместо исходных сплавов.  

Ключевые слова: композиционный материал (КМ), антифрикционный алюминиевый сплав, карбид титана, самораспростра-
няющийся высокотемпературный синтез (СВС), трибологические свойства
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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 % Sn1 and 2–4 % Pb into the alloy composition. 
Such materials meet all the requirements for sliding bea-
rings and surpass conventional antifriction alloys like 
AO20-1, 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] exami ning a simi-
lar Al–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-

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 Al–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 Al3Me 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 Al2O3 , B4C, SiC, or TiC were mechanically intro-
duced into the melts of matrix alloys belonging 
to vario us 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 μm and 
d = 40–100 μm. 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 μm, 
as it provides the greatest increase in coating wear 
resistance – up to 10 times – and reduces the friction 
coefficient by 60 % compared to conventional antifric-
tion alloys AO20-1 and B83. 

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 

1 Here and further in the text we mean wt. % unless otherwise 
stated.
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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 TiCх , which has a wide stabi-
lity range (0.55 < C/Ti ≤ 1). As the carbon content х 
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 strengthe ning 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 

accessible method for producing composite materials, 
which includes four sequential stages [50; 51]: 

1) heating the matrix alloy to 900 °С;
2) introducing an SHS charge into the melt, con-

sisting of titanium and carbon powders taken in a stoi-
chiometric ratio, as well as Na2TiF6 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 solidi  fi- 
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 μm can be successfully synthesized in these melts. 
This made it possible to improve several mechanical 
and tribological properties of the developed compo-
site mate rials [52; 53]. However, for further industrial 
implementation, it is necessary to consider the spe-
cific ope rating 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 
AK10M2N–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 methodsMaterials 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 Na2TiF6 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 quen ching 
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 °С (НВ = 136);

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

– AK10M2N: holding for 2 h at 515 °C, quenching, 
aging for 2 h at 190 °С (НВ = 152); 

– AK10M2N–10 % TiC: holding for 1 h at 515 °C, 
quenching, aging for 2 h at 190 °С (НВ = 171). 

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

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 
Al2Cu phase, while the AK10M2N–10 % TiC speci-
men contains 2 % Al2Cu, 1 % Al3Ni, 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 (α, K–1) were 
calculated using the formula

          (1)

where t1 and t2 are the initial and final temperatures 
of the specimen, K; l1 and l2 are the corresponding 
specimen lengths at t1 and t2 , 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)
а, c – magnification 500×, b – magnification 10,000×, d – magnification 5000× 

Рис. 1. Микроструктуры композиционных материалов АМ4,5Кд–10 % TiC (а, b) и АК10М2Н–10 % TiC (c, d)
а, c – увеличение 500×, b – увеличение 10 000×, d – увеличение 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 (εlin , %) was calculated using the formula

                     (2)

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

Results and discussionResults 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 gra dually 

Fig. 2. Appearance of friction surfaces after testing (100×)
a – AM4.5Kd; b – AM4.5Kd–10 % TiC; c – AK10M2N; d – AK10M2N–10 % TiC 

Рис. 2. Вид поверхностей трения после испытаний (100×)
а – АМ4,5Кд; b – АМ4,5Кд–10 % TiC; c – АК10М2Н; d – АК10М2Н–10 % TiC
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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 AK10M2N and AK10M2N–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 hea ting 
for all specimens. However, the thermal expansion 
of the composite materials in both systems remained 

Fig. 3. Tribological characteristics of AM4.5Kd and AK10M2N 
alloys and the corresponding composite materials  

under a constant load of 400 N 

Рис. 3. Трибологические характеристики сплавов АМ4,5Кд, 
АК10М2Н и композиционных материалов на их основе 

при постоянной нагрузке 400 Н

Fig. 4. Friction force profiles of specimens under increasing loads
a – AM4.5Kd; b – AM4.5Kd–10 % TiC;  

c – AK10M2N; d – AK10M2N–10 % TiC 

Рис. 4. Эпюры трибологических испытаний образцов 
при возрастающих нагрузках

а – АМ4,5Кд; b – АМ4,5Кд–10 % TiC;  
c – АК10М2Н; d – АК10М2Н–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 % B4C (particle size 5 μm) produced 
by mechanical mixing followed by pressure crystal-
lization was investigated. Its TLEC was found to be 
17.2·10–6 K–1 in the 20–100 °C range and 19.8·10–6 K–1 
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)·10–6 K–1 
and (4.63–4.7)·10–6 K–1, 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 μm 
reduced the TLEC of the Al–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-

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 % B4C 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), 

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) 

Рис. 5. ТКЛР сплавов АМ4,5Кд, АК10М2Н  
и композиционных материалов на их основе при 

температурах 20 °С (верхние значения) и 300 °С (нижние)

Fig. 6. Short-term high-temperature strength of AM4.5Kd and 
AK10M2N alloys and the corresponding composite materials

t, °C:  – 20,  – 150,  – 250 

Рис. 6. Кратковременная жаропрочность сплавов АМ4,5Кд, 
АК10М2Н и композиционных материалов на их основе

t, °C:  – 20,  – 150,  – 250
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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 AK12MMgN-based composites containing 
10–20 vol. % SiC, and it was found that at SiC contents 
of 10–15 vol. %, the composites retained high flui dity 
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)·10–6 K–1 versus 2.4·10–5 K–1, 
respecti vely). Therefore, the presence of numerous 
highly dispersed block-shaped particles does not 
crea te significant resistance to melt flow, thus preser-
ving adequate casting properties. 

ConclusionConclusion
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-

ture strength, and casting properties. These results pro-
vide grounds to recommend the developed composites 
for use in the production of cast engine pistons.
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