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  rogachev@ism.ac.ru
Abstract. Ceramic-metal composites (cermets) based on multicomponent phases are the newest research direction in the field of high-

entropy and medium-entropy materials. Like traditional cermets, they consist of ceramic grains and a metal binder, with at least one 
of these phases being a high- or medium-entropy solid solution of three or more components in comparable concentrations. In this 
work, the possibility of producing (100 – x)TiC + xCoCrNi cermet in the range of x = 0÷60 wt. % by self-propagating high-temper-
ature synthesis (SHS) is investigated for the first time. It is shown that the size of the CoCrNi binder particles added to the powder 
reaction mixture significantly affects the combustion patterns and the structure formation of the material. When using large granules 
(~1.5 mm), the combustion rate is higher compared to the combustion of mixtures with a fine binder, while the chemical composi-
tions and combustion temperatures are similar.The relative difference in the average combustion rate increases from 30 % to two 
times with an increase in the binder content from 10 to 40 wt. %. This effect occurs due to the combustion wave “slippage” between 
the granules and is explained by the assumption of thermal micro-heterogeneity of the reacting medium. The use of a finer CoCrNi 
powder (~0.2÷0.5 mm) allows obtaining homogeneous macrostructure of SHS products without large cracks and chips, and a finer-
grained microstructure. In this case, the interaction of the binder with the TiC ceramic phase that is forming in the SHS wave is 
observed, which is expressed in the dependence of the crystal cell parameter of the carbide phase on the binder content. The results 
can be used to control the microstructure and phase composition of multicomponent cermets obtained by the SHS method. 

Keywords: self-propagating high temperature synthesis (SHS), cermet, titanium carbide, medium-entropy alloy
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IntroductionIntroduction
Over the past two decades, high-entropy materials 

have attracted considerable attention from materials 
scientists worldwide due to their unique combination 
of  mechanical, electrical, magnetic, and other pro
perties  [1–3]. High-entropy materials are generally 
defined as single-phase disordered solid solutions 
containing five or more elements in equal or near-
equal atomic concentrations [1]. Such a configuration 
provides high configurational (mixing) entropy, which 
is believed to stabilize the solid solution phase [1; 2]. 
Although the  stabilizing effect of  entropy has not 
been strictly proven  – leading to  some criticism 
of the term “high-entropy” – it remains a convenient 
designation for this new class of materials [1; 3]. The 
term distinguishes them from conventional multicom-

ponent alloys, which are typically based on one or 
two principal elements, with the rest acting as minor 
alloying additions. Recent studies have revealed that 
alloys containing three or four principal elements 
(for example, CoCrFeNi or CoCrNi) can exhibit 
mechanical properties superior to  those of  five-
component or more complex systems  [4; 5]. Such 
compositions, which follow the  same design prin-
ciple as high-entropy materials – namely, comparable 
atomic concentrations of several elements in a single 
phase  – but contain only three to  four elements, 
are referred to  as medium-entropy alloys (MEAs). 
Among these, the CoCrNi alloy has attracted special 
interest because it possesses the  highest cryogenic 
impact toughness among all known materials  [5–7]. 
At room temperature, its ultimate tensile strength 
reaches 1000 MPa with an elongation at fracture 

  rogachev@ism.ac.ru
Аннотация. Керамико-металлические композиты (керметы) на основе многокомпонентных фаз являются новейшим направ-

лением исследований в области высоко- и среднеэнтропийных материалов. Как и традиционные керметы, они состоят из 
керамических зерен и связки (чаще всего металлической), при этом хотя бы одна из этих фаз является высоко- или сред-
неэнтропийным твердым раствором 3 и более компонентов в сопоставимых концентрациях. В настоящей работе впервые 
исследована возможность получения кермета (100 – x)TiC + xCoCrNi в диапазоне x = 0÷60 мас. % методом самораспро-
страняющегося высокотемпературного синтеза (СВС). Показано, что размер частиц связки CoCrNi, которые добавляются 
в порошковую реакционную смесь, существенно влияет на закономерности горения и структурообразование материала. 
При использовании крупных гранул (~1,5 мм) скорость горения выше по сравнению с горением смесей с мелкой связкой 
при одинаковых химическом составе и температуре горения. Относительная разница в средней скорости горения возрастает 
от 30 до 100 % с увеличением содержания связки от 10 до 40 мас. %. Этот эффект возникает благодаря прохождению волны 
горения по реакционной смеси Ti + C между гранулами и находит объяснение в предположении тепловой микронеоднород-
ности реагирующей среды. Использование более мелкого порошка CoCrNi (~0,2÷0,5 мм) позволяет получить однородную 
макроструктуру продуктов СВС без крупных трещин и сколов и более мелкозернистую микроструктуру. При этом наблюда-
ется взаимодействие связки с формирующейся в волне СВС керамической фазой TiC, что выражается в зависимости пара-
метра кристаллической ячейки карбидной фазы от содержания связки. Полученные результаты могут быть использованы 
для управления микроструктурой и фазовым составом многокомпонентных керметов, получаемых методом СВС.  
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сплав

Благодарности: Работа выполнена при поддержке Российского научного фонда, проект № 25-13-00040.

Для цитирования: Рогачев А.С., Бобожанов А.Р., Кочетов Н.А., Ковалев Д.Ю., Вадченко С.Г., Боярченко О.Д., Кочетков Р.А. 
Самораспространяющийся высокотемпературный синтез кермета TiC–CoCrNi: закономерности горения и структурообразо-
вания. Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(6):5–15.

	 https://doi.org/10.17073/1997-308X-2025-6-5-15

Самораспространяющийся 
высокотемпературный синтез 

кермета TiC–CoCrNi: закономерности горения 
и структурообразования

А. С. Рогачев , А. Р. Бобожанов, Н. А. Кочетов, Д. Ю. Ковалев, 
С. Г. Вадченко, О. Д. Боярченко, Р. А. Кочетков

Институт структурной макрокинетики и проблем материаловедения им. А.Г. Мержанова РАН
Россия, 142432, Московская обл., г. Черноголовка, ул. Акад. Осипьяна, 8

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(6):5–15 
Рогачев А.С., Бобожанов А.Р. и др. Самораспространяющийся высокотемпературный синтез кермета TiC–CoCrNi ...

mailto:rogachev@ism.ac.ru
https://powder.misis.ru/index.php/jour/search/?subject=самораспространяющийся высокотемпературный синтез (СВС)
https://powder.misis.ru/index.php/jour/search/?subject=кермет
https://powder.misis.ru/index.php/jour/search/?subject=карбид титана
https://powder.misis.ru/index.php/jour/search/?subject=среднеэнтропийный сплав
https://powder.misis.ru/index.php/jour/search/?subject=среднеэнтропийный сплав
https://doi.org/10.17073/1997-308X-2025-6-5-15
mailto:rogachev%40ism.ac.ru?subject=


7

of  70 %, and the  crack-initiation fracture toughness 
(KJ1c ) exceeds 200 MPa·m1/2. At  cryogenic tempera-
tures, the mechanical performance further improves, 
with tensile strength exceeding 1.3 GPa, elongation 
of 90 %, and KJ1c = 275 MPa·m1/2 [5].

Cermets (powder composite materials) based on 
multicomponent phases have recently emerged as 
a  novel subclass within the  family of  high-entropy 
materials. Similar to  conventional cermets, they 
consist of  ceramic grains embedded in a metallic 
binder; however, in these systems, either the  ceramic 
phase, the  metallic binder, or both microstruc-
tural constituents can be high- or medium-entropy 
solid solutions. An example of  the  first approach is 
the  (Ti0.2Zr0.2Nb0.2Ta0.2Mo0.2)C0.8–Co, cermet, where 
the ceramic phase represents a high-entropy carbide – 
an equimolar solid solution of five transition-metal car-
bides [8]. The single-component metallic binder (Co), 
introduced in amounts of  7.7–15.0 vol. %, increased 
the fracture toughness (K1c ) up to 5.35 MPa·m1/2 while 
maintaining high hardness (21.05 ± 0.72 GPa), mak-
ing this material suitable for cutting tool applications. 
The influence of different metallic binders (Co, Ni, FeNi) 
on the  properties of  (Ta,Nb,Ti,V,W)C-based cermets 
has also been investigated, demonstrating that these 
materials can compete with WC-based cemented car-
bides in performance [9]. 

An example of  the  second approach is the  SHS-
derived TiC–CoCrFeNiMe cermet, where Me = Mn, Ti, 
or Al  [10]. The content of  the  ductile high-entropy 
binder phase reached up to  50 wt. %1, while hard-
ness varied from 10 to  17 GPa. Using powder 
metallurgy techniques, other cermets with high-
entropy alloy binders have been produced, such as 
WC–CoCrFeNiMn [11], Ti(C,N)–CoCrFeNiAl [12; 13], 
TiB2–CoCrFeNiTiAl [14; 15], TiB2–CoCrFeNiAl [16], 
TiB2–TiC–CoCrFeNiTiAl  [17] and other. Such mate
rials are now recognized as a new class of cermets [18]. 

Finally, according to the third approach, a material 
of  the  composition (TiTaNbZr)C–TiTaNbZr as been 
obtained, in which both the  ceramic phase (carbide) 
and the  metallic binder are multicomponent. This 
material exhibits an excellent combination of mechani-
cal properties, including a room-temperature flexu
ral strength of  541 MPa, a compressive strength 
of  275 MPa at 1300 °C, and a fracture toughness 
of 6.93 MPa·m1/2 [19].

The aim of  the  present study was to  investigate 
the  feasibility of  synthesizing TiC–CoCrNi cermet 
by the  self-propagating high-temperature synthesis 
method.

Materials and methodsMaterials and methods
Powder mixtures of  the  composition (100 – x)

(Ti + C) + x(CoCrNi) with different binder contents 
(x = 0, 10, 20, 30, 40, 50, and 60 %) were prepared 
for the  study. The following commercial powders 
were used: titanium grade PTM-1 (mean particle size 
d = 55 µm), carbon black P-804 (d = 1–2 µm), nickel 
NPE-1 (d = 150 µm), cobalt PK-1u (d < 71 µm), and 
chromium PKh-1M (d < 125 µm). The binder phase 
was introduced in the form of a CoCrNi alloy powder. 
To produce the  alloy, an equiatomic mixture of  pow-
ders (34.7 % Co + 30.7 % Cr + 34.6 % Ni) was loaded 
into steel vials of  an Activator-2S planetary ball mill 
(Russia) together with steel grinding balls (6 mm in 
diameter) in a mass ratio of 20:1 (200 g of balls per 10 g 
of  mixture). The vials were hermetically sealed and 
equipped with valves for vacuum pumping and gas fill-
ing. After evacuation to a residual pressure of 0.01 Pa, 
the vials were filled with argon to 0.6 MPa. Mechanical 
alloying was carried out for 60 min at a rotation speed 
of  694 rpm in an argon atmosphere with a rotational 
speed ratio between the  vial and the  supporting disk 
of K = 2. As a result of mechanical alloying, a single-
phase face-centered cubic (FCC) CoCrNi alloy pow-
der was obtained (Fig. 1, a) with a lattice parameter 
of  a = 3.5697 ± 0.0017 Å. Its appearance is shown in 
Fig. 1, b.

The medium-entropy alloy powder was granu-
lated by mixing it with a liquid binding agent  – 4 % 
solution of  polyvinyl butyral (PVB) in ethanol. The 
resulting paste was forced through a laboratory sieve 
with 1.6 mm mesh openings, dried in air for 10–12 h, 
and then sieved using a vibrating screen. Two frac-
tions of  granulated powder were used in the  experi-
ments. The coarse fraction (0.6–1.6 mm) was used as 
obtained (Fig. 1, c), while the fine fraction (<0.6 mm) 
was additionally ground in a mortar until its morpho
logy matched that of  the  powder obtained directly 
after mechanical alloying (Fig. 1, b). This procedure 
provided two powders with markedly different particle 
sizes but identical phase composition (CoCrNi) and 
gasifying additive content (0.6–0.7 % PVB).

The reactive mixtures were prepared by mechanical 
mixing of Ti, C, and CoCrNi powders (fine or coarse 
fraction) without grinding to  preserve the  granule 
size. Cylindrical compacts (height 1.4–1.8 cm, dia
meter 1 cm, mass 2.5–4.0 g, porosity 40–45 %) were 
produced by double-sided cold pressing in detachable 
steel dies under a pressure of 120 kg/cm2.

Combustion was performed in a constant-pres-
sure chamber under argon atmosphere at P = 1 atm. 
The  compact was placed on a boron nitride (BN) 
ceramic support and fixed on top with a BN ring 1 Unless otherwise specified, all compositions are given in wt. %.
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to  prevent elongation during combustion. The SHS 
process was initiated at the upper surface of the com-
pact using a heated tungsten coil through an ignition 
pellet of Ti + 2B composition to ensure stable ignition 
conditions. The process was recorded on video through 
a viewing window, and the average linear combustion 
velocity was determined frame-by-frame. The com-
bustion temperature (Тc ) was measured with a W-Re 
thermocouple (WR5/WR20) with a junction diameter 
of  0.2 mm, inserted 5 mm deep along the  axis from 
the bottom of the compact.

Phase composition and crystal structure were 
analyzed using a DRON-3M X-ray diffractometer 
(Burevestnik, Russia). Microstructural observations 
were performed on an Ultra+ scanning electron micros
cope (Carl Zeiss, Germany) in secondary- and back-
scattered-electron modes.

ResultsResults
Fig. 2 shows the TiC samples before and after SHS. 

Samples produced from mixtures containing the  fine 
CoCrNi powder binder underwent slight deformation 
during combustion but retained relatively homogeneous 
surface morphology (Fig. 2, b–g). The only exception 
was the  sample with 10 % binder, which exhibited 
large surface cavities. A spiral pattern characteristic 
of  the  so-called spin combustion mode  [20] appeared 
on the  sample containing 60 % binder  [20]. In con-
trast, all samples with coarse granulated binder pow-
der exhibited severe cracking, with large cavities and 
cracks up to  several millimeters long oriented along 
the compact axis (Fig. 2, i–n). The sample containing 
60 % coarse binder burned only halfway and the reac-

tion ceased. The differences in surface macrostructure 
became more evident at higher magnification (Fig. 3). 

The dependences of  the  average linear combus-
tion velocity on the  binder content (Fig. 4, a) were 
markedly different for the  fine and coarse CoCrNi 
powders. Compositions containing coarse granules 
burned significantly faster, with the  relative differ-
ence in mean combustion velocity increasing from 
30 to 100 % as the binder content increased from 10 
to  40 %. The  experimentally measured maximum 
temperature of  the  combustion products depended 
on the  binder content but was nearly independent 
of  the  initial binder particle size introduced into 
the  reactive mixture prior to  combustion. This tem-
perature was slightly below the  calculated adiabatic 
value, which can be ascribed to  heat losses from 
the  compact to  the  fixture and the  chamber environ-
ment, given the small specimen size. The combustion 
limit with respect to  the  concentration of  the  ther-
mally inert binder was 50 % for the  coarse granules 
and 60 % for the  finer powder; beyond these levels, 
the  reaction either extinguished or failed be initiated. 
The dependences of combustion velocity on maximum 
temperature deviated significantly from the  theoreti-
cally predicted exponential behavior (Fig. 4, b). A for-
mal estimation of the apparent activation energy from 
the  logarithmic velocity–inverse temperature relation 
yielded Ea = 106 ± 14 kJ/mol for the fine CoCrNi pow-
der and 23 ± 8 kJ/mol for the coarse powder. 

The combustion front in mixtures containing 
the coarsely dispersed binder powder exhibited a more 
curved shape compared with that in mixtures contain-
ing the fine binder (Fig. 5). However, it should be noted 

Fig. 1. X-ray diffraction pattern of the CoCrNi powder after mechanical alloying (a), its macroimage (b),  
and the appearance of the coarse granulated fraction (c) 

Рис. 1. Рентгенограмма порошка после механического сплавления (а), его макрофотография (b)  
и внешний вид крупной фракции гранулированного порошка (c)
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that front distortions and bright localized reaction 
zones were observed in all compositions.

X-ray diffraction analysis of  the  combustion pro
ducts revealed two main phases: titanium carbide 

(FCC) and a solid solution with FCC structure cor-
responding to  the metallic binder (Fig. 6). In samples 
synthesized from mixtures with fine CoCrNi powder, 
the  relative intensity of  the  binder peaks increased 

Fig. 2. Photographs of TiC samples before (a) and after SHS (b–n): TiC without binder (h);  
compositions with fine (b–g) and coarse (i–n) binder powders 

Рис. 2. Фотографии образцов TiC – исходного (а) и после сгорания (b–n): TiC без связки (h),  
составы с мелкодисперсной (b–g) и крупнодисперсной (i–n) связкой

Fig. 3. Surface morphology of TiC samples before (a) and after SHS (b–l):  
TiC without binder (g), compositions with fine (b–f) and coarse (h–l) binder powders 

Рис. 3. Фотографии поверхности образцов TiC – исходного (а) и после сгорания (b–l):  
TiC без связки (g), составы с мелкодисперсной (b–f) и крупнодисперсной (h–l) связкой

Powder Metallurgy аnd Functional Coatings. 2025;19(6):5–15 
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monotonically with binder content. At high binder con-
centrations, weak reflections corresponding to  a third 
phase – presumably chromium carbide – were detected 
in the  samples (Fig. 6, a). In samples prepared with 
coarse granules, the diffraction results varied greatly: 
some showed almost no binder reflections, while others 
exhibited strong peaks from this phase. Unexpectedly, 
the lattice parameter of the titanium carbide phase was 
found to  depend on the  particle size of  the  CoCrNi 
powder added to the mixture (fine or coarse) (Fig. 7, a). 
This clearly indicates an interaction between the metal-
lic binder and the ceramic TiC phase during SHS. For 
the metallic phase itself, despite some scatter, no sig-
nificant dependence of lattice parameter on binder con-
tent was observed (Fig. 7, b).

Microstructures of  the  synthesized cermets (frac-
ture surfaces) are shown in Fig. 8 for the composition 
60 % TiC + 40 % CoCrNi. Samples produced using 
fine medium-entropy alloy powder consisted of  TiC 
grains 2–3 µm in size. The intergranular regions were 
filled with the binder phase (appearing bright in back-
scattered electron images, while TiC grains appeared 
dark due to  atomic number contrast). Overall, these 
samples exhibited a uniform structure. In contrast, 
samples obtained using coarse granules contained 
areas with strongly varying TiC grain sizes: along 
with fine-grained regions, isolated areas with coarser 
grains (5–10 µm) were observed. The binder layers in 
these regions were thinner – the larger the TiC grains, 
the  thinner the  metallic binder layers, and in some 
cases, they were nearly absent. Since the compositions 
of  both cermets were identical, the  observed micro-
structural differences evidently arise from distinct 
combustion dynamics and structure formation mecha-
nisms occurring behind the combustion front.

DiscussionDiscussion
All experimental results obtained in this study 

can be explained by assuming thermal micro-inho-
mogeneity of  the  reacting medium under SHS condi-
tions. This medium consists of  the exothermic Ti + C 

Fig 4. Dependences of combustion velocity and temperature on 
binder content (a) and combustion velocity  

on combustion temperature (b)
1 – calculated adiabatic combustion temperature;  

2 and 4 – measured combustion temperatures for fine (2)  
and coarse (4) binders; 3 and 5 – combustion velocities for fine (3)  
and coarse (5) binders; 6 and 7 – combustion velocity of mixture  

with fine binder as a function of temperature; (7) – combustion velocities 
for fine (6) and coarse (7) binders as a function of temperature 

Рис. 4. Зависимости скорости и температуры горения  
от содержания связки (а) и скорости горения  

от температуры процесса (b)
1 – расчетная адиабатическая температура горения;  

2 и 4 – измеренные термопарой температуры горения смеси  
с мелкой (2) и крупной (4) связкой; 3 и 5 – скорости горения смеси  
с мелкой (3) и крупной (5) связкой; 6 и 7 – скорости горения смеси  

с мелкой (6) и крупной (7) связкой как функция температуры

Fig. 5. Video frames of the combustion front for mixtures 
containing fine (a) and coarse (b) binder 

Рис. 5. Видеокадры волны горения смеси с мелкой (а)  
и крупной (b) связкой
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mixture and the  thermally inert diluent – the CoCrNi 
binder. The dependence of the combustion behavior on 
the particle size of  the  inert diluent was theoretically 
predicted in [21] and experimentally confirmed in [22]. 
The explanation of these dependencies can be summa-
rized as follows. Fine diluent particles are completely 
heated within the  combustion wave (in both the  pre-
heating and reaction zones) and therefore exert a strong 
influence on the propagation velocity of the wave. In this 
case, combustion proceeds under thermal homogeniza-
tion conditions. In contrast, coarse diluent particles 
do not fully heat up within the combustion wave and 
thus exert a relatively weak effect on the reaction zone. 
The combustion wave propagates between the  large 
particles, practically “ignoring” their presence, and 
the  average combustion velocity in such systems is 
therefore higher. For example, in  [22] the  combus-
tion of a Ti + C mixture diluted with chemically inert 
TiC particles (50 μm to 2.5 mm) was investigated. For 

the  composition 70 % (Ti + C) + 30 % TiC, two dis-
tinct combustion modes were observed depending on 
the  TiC particle size: at d < 240 μm the  combustion 
velocity was 0.75 cm/s, then it increased and reached 
a new constant value of 2.4 cm/s for d > 750–800 μm. 
The dependencies obtained in the present study (Fig. 4) 
are consistent with these results. The main difference 
is that in our case, the  diluent particles melt within 
the  combustion wave and can infiltrate the  pores 
between the TiC grains.

The effect of  granulation on the  combustion velo
city of  Ti + C and (Ti + C) + 20 % Cu compositions 
was studied in [23]. It was shown that the combustion 
velocity of  granulated mixtures with a granule size 
of 0.6 mm was higher than that of ungranulated powder 
mixtures, and mixtures with 1.7 mm granules burned 
even faster. The explanation proposed in [23] was that 
impurity gases slow down combustion-front propaga-

Fig. 6. X-ray diffraction patterns of SHS products with different binder contents introduced as fine (a) and coarse (b) granules 

Рис. 6. Дифрактограммы продуктов СВС с разным содержанием связки, добавленной в виде мелких (а) и крупных (b) гранул

Fig. 7. Dependence of lattice parameters on binder content for titanium carbide (a) and metallic binder (b)
1 – TiC without binder; 2–5 – compositions with fine (2, 4) and coarse (3, 5) binder powders 

Рис. 7. Зависимость параметров кристаллической решетки от содержания связки для карбида титана (а)  
и металлической связки (b)

1 – TiC без связки; 2–5 – связка вводилась в виде мелкого порошка (2, 4) и крупных гранул (3, 5)
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tion. In the present work, however, only the inert dilu-
ent – not the entire reactive mixture – was granulated. 
Therefore, the  increased combustion velocity in mix-
tures with coarse-grained diluent is more accurately 
explained in terms of  the  thermal micro-inhomoge-
neity model proposed in  [21; 22]. It should also be 
noted that, in our experiments, the addition of the inert 
diluent led to a monotonic decrease in both combustion 
temperature and velocity (Fig. 4), in contrast to  [23], 
where introducing 20 % Cu increased the combustion 
velocity relative to the undiluted Ti + C mixture.

Melting of particles and spreading of  the resulting 
melts largely determine the macro- and microstructure 
of SHS products. Elongation of compacts and the for-
mation of macroscopic cracks during combustion occur 
under the pressure of  impurity gases – mainly hydro-
gen – released even in the combustion of nominally gas-
free systems such as Ti + C  [24–26]. Surface-tension 
(capillary) forces can counterbalance the gas pressure; 
in this case, the sample does not expand or crack, and 
in some cases may even shrink after SHS. During com-

bustion of  the  Ti + C mixture, only titanium melts; 
the  melt exists in a narrow region at the  combustion 
front and is rapidly consumed in the  reaction, form-
ing solid TiC grains  [26]. The expansion of  the  solid 
product leads to  cracking (Figs. 2, h and 3, g). When 
fine metallic binder powder is added, it also melts 
in the  combustion front, but the  melt persists behind 
the  front long enough for impurity gases to  escape 
through fine pores. As a result, no cracking occurs 
(Figs. 2, b–e and 3, b–e). When the binder is added as 
coarse granules, however, they do not have time to melt 
and spread in the combustion zone, so the combustion 
wave propagates mainly through the Ti + C composi-
tion between the  granules, leading to  the  formation 
of cracks (Figs. 2, i–n and 3, i–m). 

The dependence of  the  microstructure and crys-
tal structure of  the  SHS products on the  particle size 
of the diluent is also related to the melting and spread-
ing behavior of  the  metallic components. In cermet 
systems, the  TiC grain size is determined by rapid 
growth behind the combustion wave, i.e., in the secon

Fig. 8. Microstructures of cermets produced by SHS from reactive mixtures (60 % TiC + 40 % CoCrNi)  
with fine (а–e) and coarse (f–j) CoCrNi binder powder

a, b, d, f, g, i – secondary electron images; c, e, h, j – backscattered electron images with atomic number contrast 

Рис. 8. Микроструктуры керметов, полученных методом СВС из реакционных составов (60 % TiC + 40 % CoCrNi)  
с мелким (а–e) и крупным (f–j) порошком связки

a, b, d, f, g, i – изображения во вторичных электронах, c, e, h, j – в обратнорассеянных электронах с контрастом по атомному номеру 

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(6):5–15 
Рогачев А.С., Бобожанов А.Р. и др. Самораспространяющийся высокотемпературный синтез кермета TiC–CoCrNi ...



13

dary structure-formation zone  [27–29]. In the  undi-
luted Ti + C system, TiC grains grow faster than in 
Ti + C + metal-binder systems, since carbon diffusion 
in liquid Ti is faster than in Ti–Ni or similar melts 
(see, e.g.,  [27], Fig. 2.20, p. 80). Because the  melt-
ing of  coarse binder granules proceeds slowly, some 
regions between them allow the  Ti + C composition 
to  react and form relatively coarse TiC grains before 
the  CoCrNi melt penetrates these regions. These 
coarse-grained areas are visible in the  microstructure 
of  the products synthesized from mixtures containing 
coarse binder granules (Figs. 8, e–k). 

The TiC grains formed in these regions interact 
weakly with the binder; therefore, the lattice parameter 
of  TiC remains nearly constant (4.3276 ± 0.0008 Å) 
when up to  30–40 % of  coarse binder granules are 
added, being close to  that of TiC synthesized without 
binder. When the binder is introduced as fine particles 
that melt directly in the  reaction zone, the nucleation 
and growth of carbide grains occur in the Ti–Co–Cr–Ni 
molten bath. This results not only in a finer micro-
structure (Figs. 8, a–d) but also in the  formation 
of  a  (Ti,Cr)C solid solution with a modified lattice 
parameter (Fig. 7, a). In addition, part of  the  car-
bon may react with chromium (see traces of Cr3C2 in 
Fig. 6, a), which decreases the carbon concentration in 
the main carbide phase and correspondingly reduces its 
lattice parameter.

Conclusion Conclusion 
The combustion and microstructure-forma-

tion behavior of  (100 – x)TiC + xCoCrNi cermets 
(x = 0–60 %) synthesized by the self-propagating high-
temperature synthesis method were investigated for 
the first time. It was demonstrated that the particle size 
of the CoCrNi binder strongly affects both the combus-
tion process and the  resulting structure. When coarse 
granules (~1.5 mm) were used, the  combustion velo
city was higher due to  the  “slip” of  the  combustion 
wave between the  granules, and the  ceramic grains 
were larger as a result of faster growth behind the com-
bustion front. 

The use of  fine powder (~0.2–0.5 mm) produced 
SHS products with a more uniform macrostruc-
ture free of  large cracks and chips, and with a finer 
microstructure. Interaction between the  binder and 
the  ceramic TiC phase formed in the  SHS wave was 
observed. The  experimentally observed regularities 
were explained in terms of the thermal micro-inhomo-
geneity of  the  reacting medium. The results obtained 
can be used to  control the  microstructure and phase 
composition of  multicomponent cermets synthesized 
by the SHS method.
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Аннотация. В работе исследовано влияние механической активации (МА) порошков титана и бора в шаровой мельнице на 

процесс горения в композиции Ti + 2B. Получены экспериментальные зависимости температуры и скорости горения 
шихтовых образцов, спрессованных из исходных и активированных реагентов. Показано, что зависимости этих параметров 
от плотности прессованных образцов имеют ярко выраженный максимум. Установлено, что с ростом плотности шихтовых 
прессовок повышение температуры горения обусловлено увеличением площади контакта между частицами титана и 
бора  (Ti–B), а ее снижение  – с увеличением площади контакта между частицами титана  (Ti–Ti). Установлено, что МА 
оказывает разнонаправленное действие на реагенты: она снижает удельную поверхность порошка Ti, уменьшая площадь 
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Abstract. The influence of mechanical activation (MA) of titanium and boron powders in a ball mill on the combustion behavior 

of Ti + 2B mixtures has been investigated. Experimental dependences of the combustion temperature and combustion-wave velocity 
on the density of compacts prepared from starting and mechanically activated powders were obtained. It was shown that the depen-
dences of these parameters on the compact density exhibit pronounced maxima. With increasing density, the rise in combustion 
temperature is governed by the growth of the Ti–B reaction-interface area, whereas its subsequent decrease is associated with 
an increase in the Ti–Ti contact area. Mechanical activation exerts opposite effects on the reactants: it reduces the specific surface 
area of titanium powder, thereby decreasing the Ti–B contact area, but at the same time destroys the arch-like structure of amorphous 
boron and disperses its agglomerates, which increases the reaction-interface area. The overall result is an increase in the maximum 
combustion temperature to 2900 °C. It was experimentally established that, at compaction pressures above 30 MPa, mechanically 
activated boron exhibits limited plasticity, enabling consolidation of Ti + 2B mixtures to relative densities of 0.7–0.8. A correlation 
was found between electrical resistivity and combustion temperature: the highest combustion temperatures correspond to a resis-
tivity range of R ≈ 105.0 – 105.5 Ω·cm, while a further decrease in resistivity – related to the growth of the Ti–Ti contact area – leads 
to a reduction in the combustion temperature. 

Keywords: mechanical activation, titanium and boron powders, powder properties, compaction, Ti + 2B reactive mixture, combustion 
temperature, combustion-wave velocity
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IntroductionIntroduction
Titanium diboride, owing to its unique properties – 

including ultrahigh melting point, high hardness, and 
strong neutron absorption capability – is widely used 
in mechanical engineering, metallurgy, and the nuclear 
industry [1–7]. A promising route for producing dense 
TiB2 ceramics is SHS compaction (SHS – self-propa
gating high-temperature synthesis)  [8; 9]. However, 
achieving high-density TiB2 ceramics by this method 
is challenging due to the insufficiently developed stage 
of  preparing the  reactive mixtures prior to  synthesis. 
Earlier studies on obtaining dense TiB2 focused primar-
ily on combustion processes [10–15] and hot pressing 
of reaction products [16; 17]. In contrast, the prepara-
tory treatment of  reactive mixtures received limited 
attention, despite its substantial influence on com-
bustion parameters, morphology, microstructure, and 
ceramic properties [18; 19]. 

It was shown in [20] that mechanical activation 
of the reactants increases the combustion temperature, 
enhances structural integrity, and reduces both residual 
porosity and TiB2 grain size. Our earlier works [18; 19] 
demonstrated that the  combustion temperature (Tc ) 
of Ti + 2B mixtures can be increased to  the adiabatic 
level (3190 °C  [20]) by increasing the  reaction inter-
face between titanium and boron particles. The main 
technological approaches for increasing Tc included 
selecting titanium powders with a high specific surface 
area (1.0–1.5 m2/g)  [18] and mechanical activation 
of the reactants during mixing [19]. 

Despite these positive results, several issues con-
cerning the  conditions for preparing the  reactive 
mixtures and the  mechanisms by which these condi-
tions affect combustion behavior remain unresolved. 
Changes in the  characteristics of  the  reactants during 
mechanical treatment in a ball mill, as well as dur-
ing compaction, and the  influence of  these changes 
on combustion parameters have not been sufficiently 
investigated.

The aim of the present work was to study the influ-
ence of mechanical activation of the initial reactants – 
titanium and boron – on the physical and technological 
properties and combustion behavior of Ti + 2B powder 
mixtures.

Materials and methodsMaterials and methods
Titanium powder grade PTM (TU 14-22-57-92) 

and amorphous boron powder (TU 113-12-132-83) 
were used in the  experiments. Their characteristics  –
including the content of main components, oxygen and 
hydrogen levels, bulk density (Θb ), tap density (Θt ), 
and particle-size distribution (d)  – are presented in 
Table 1.

Mechanical activation of  the  starting powders 
was performed in a 2.5 L ball mill at a drum rota-
tion speed of 60 rpm, with a charge-to-ball mass ratio 
of  Мch/Мball = 1:15. The milling media were ShKh15 
bearing steel balls, 25 mm in diameter. Titanium and 
boron powders were mixed in the stoichiometric molar 
ratio Ti + 2B, corresponding to  the  following mass 

Table 1. Characteristics of the powder reactants 
Таблица 1. Характеристики порошковых реагентов

Reactant
Composition, wt. %

Bulk density,  
Θb , rel. units

Tap density,  
Θt , rel. units d, μmMain 

component [O] [H]

Ti 97 0.6 0.3 0.32 0.35 <50.0
В 93 4.1 0.6 0.14 0.21 <0.2

контакта Ti–B, но одновременно разрушает аморфную структуру бора, диспергируя его агломераты, что увеличивает реак-
ционную поверхность. Результирующим эффектом является повышение максимальной температуры горения до 2900 °C. 
Экспериментально обнаружено, что при уплотнении выше давления 30 МПа порошок бора после МА способен прояв-
лять пластические свойства, что позволило консолидировать порошковые смеси Ti + 2B до плотности 0,7–0,8. Обнару-
жена корреляция между уровнем электрического сопротивления и температурой горения: максимальные значения темпера-
туры горения соответствовали уровню удельного электросопротивления шихтовых прессовок R ≈ 105,0 – 105,5 Ом·см, ниже 
которого температура горения снижалась, что связано с увеличением площади контактной поверхности между частицами 
титана.  

Ключевые слова: механическая активация, свойства порошков титана и бора, прессование, реакционная смесь Ti + 2B, 
температура и скорость горения
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fractions in the mixtures: 69 wt. % Ti and 31 wt. % B. 
Mixtures were prepared using both the initial powders 
(Tiini and Вini ), and powders mechanically activated in 
the ball mill – titanium for 40 h (TiМА ) and boron for 
30 h (ВМА ). 

To avoid introducing uncontrolled changes in 
the  powder characteristics during mixing, all mix-
tures were prepared by manual blending in a ceramic 
mortar. In total, four mixtures were obtained: 
1 – (Tiисх + 2Вini ), 2 – (TiМА + 2Вini ), 3 – (Tiini + 2ВМА) 
and 4 – (TiМА + 2ВМА ).

The bulk density (Θb ) was measured according 
to GOST 19440-94 (ISO 3923-1-79), and the tap den-
sity (Θt ) according to GOST 25279-93 (ISO 3953-85). 
Each value represents the  average of  3–5 measure-
ments. The  relative increase in density after tapping 
was calculated as

  
 

 

The relative density of  the mixture was calculated 
using the  densities of  titanium (4.5 g/cm3), amor-
phous boron (1.8 g/cm3), and the  theoretical density 
of the Ti + 2B mixture (3.08 g/cm3). 

The specific surface area of  the  powders was 
evaluated using nitrogen adsorption (BET method). 
The  relative measurement uncertainty did not exceed 
6 %. Titanium (25 g), boron (15 g), and their reac-
tive mixtures (20 g) were compacted in a 30-mm die 
at pressures of 5–170 MPa to achieve a relative density 
of 0.50–0.88. Axial elastic springback after unloading 
was measured in accordance with GOST 29012-91 
(ISO 4492-85). 

The electrical resistance (R) of the pressed samples 
(30 mm in diameter, 10–15 mm in height) was mea-
sured by a two-point method using a V7-40/4 digital 
voltmeter. Sample height served as the  measurement 
baseline. 

The maximum combustion temperature (Тmax ) 
and the  average combustion front velocity (Uc ) were 
determined using 200 μm tungsten–rhenium thermo-
couples following the methodology described in [18]. 
Thermocouple signals were recorded with an analog-to-
digital converter and stored on a computer; the samp
ling frequency was 1 kHz. The reported combustion 
temperature and combustion velocity values represent 
the  average of  three experiments. The measurement 
error did not exceed 3 %.

Experimental resultsExperimental results
Mechanical activation  Mechanical activation  

of titanium and boron powderаof titanium and boron powderа
Important characteristics of  powders are the  bulk 

density and the relative increase in density on tapping, 
which are governed by interparticle friction and depend 
on particle shape and surface roughness  [21]. Their 
variation with mechanical activation time МА (Fig. 1).

Initially, titanium particles have a dendritic, 
sponge-like morphology with both open and closed 
porosity (Fig. 3, a), and a bulk density of  Θb = 0.32. 
The  smooth particle surface results in a minimal 
increase in density on tapping (∆Θt = 11 %). During 
treatment with the grinding media, fragmentation and 
smoothing of  the  Ti particle shape occur. In the  first 
stage of  mechanical activation (up to  20 h), two pro-
cesses proceed simultaneously: milling-induced frag-
mentation of  large sponge-like titanium particles and 
rounding of dendritic particles. The first process leads 
to a more uniform distribution of the smaller fragments 
between the  larger particles, an increase in bulk den-
sity, and an increase in the  specific surface area Ssp 
of  the  titanium powder (Fig. 2). The resulting irregu-
lar, angular fragments have a more defective surface 
compared to  the  starting particles, which increases 
∆Θt to 17 %. The second process – rounding of the Ti 
particles – also increases the bulk density but reduces 
the specific surface area of the particles. As a result, in 
the first stage (0–20 h of MA) the value of Ssp emains 
almost unchanged, while Θb and ∆Θt increase (Fig. 1).

Figure 2 also shows the evolution of  the electrical 
resistivity (R) of  the  titanium powder as a function 
of mechanical activation time. The higher initial resis-
tivity of the starting titanium powder (R ≈ 108.5 Ω·cm) 
is associated with the  presence of  an oxide film on 

Fig. 1. Dependance of bulk density and change  
in tap density on mechanical activation time  

for Ti and B powders 

Рис. 1. Зависимости насыпной плотности  
и изменение плотности при утряске  
от времени МА для порошков Ti и B
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the  Ti particle surface. During 5–15 h of  MA this 
film is destroyed, which increases the  true contact 
area between titanium particles and reduces the resis-
tivity to  R ≈ 101.5 Ω·cm. Fragmentation of  the  large 

sponge-like Ti particles is essentially completed after 
20–30 h of MA. Rounding of the titanium particles and 
smoothing of  their shape continue, accompanied by 
an intensive increase in the number of surface defects 
(Fig. 3, c). As a result, the powder characteristics dete-
riorate: Θb decreases from 0.46 to 0.43, ∆Θt decreases 
to 13 %, Ssp decreases to 0.35 m2/g, while R increases 
to ≈101.9 Ω·cm in the  interval from 20 to 50 h of MA 
(Fig. 2). This behavior is attributed to  a decrease 
in the  real contact area between titanium particles 
(see Fig. 1) caused by the  increased defectiveness 
of the particle surfaces (Fig. 3, c).

The starting boron powder forms an arch-like 
packing structure, which is easily destroyed during 
tapping. This arching effect is associated with the for-
mation of pores in the powder bed whose dimensions 
exceed the size of the largest particles. Such a packing 
structure results in a low bulk density of  boron 
(Θb = 0.14) and a high relative increase in density on 
tapping (∆Θt = 50 %) (see Fig. 1). The starting pow-
der contains agglomerates 1–2 μm in size composed 
of  individual boron particles 0.1–0.3 μm in diameter 
(Fig. 4, a). As shown in our measurements, the  spe-
cific surface area remains practically unchanged dur-
ing interaction with the  steel balls, staying within 
8–9 m2/g. However, the  tendency to  form arch-like 

Fig. 2. Dependance of specific surface area  
and electrical resistivity of titanium powder  

on mechanical activation time 

Рис. 2. Зависимости удельной поверхности  
и удельного электросопротивления порошка титана  

от времени МА

Fig. 3. Micrographs of the starting titanium powder (a)  
and after 20 h (b) and 50 h of (c) of mechanical activation 

Рис. 3. Микрофотографии исходного порошка титана (а)  
и после МА 20 ч (b) и 50 ч (c)

Fig. 4. Micrographs of the starting boron powder (a)  
and after mechanical activation (b) 

Рис. 4. Микрофотографии исходного порошка бора (а)  
и после МА (b)
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structures decreases, and the  agglomerates of  boron 
particles are gradually destroyed (Fig. 4, b), which 
reduces ∆Θt to 27 % and increases Θb to 0.37 (Fig. 1). 
Individual boron particles 0.2–0.3 μm in size are vis-
ible in Fig. 4, b. 

Compaction of elemental powders  Compaction of elemental powders  
and their mixturesand their mixtures

Powder densification is conventionally divided into 
three stages  [21; 22]: structural, elastic, and plastic 
deformation. For real powder systems this classifica-
tion is approximate, and in practice the transition from 
structural deformation to  elastoplastic deformation is 
usually gradual. Fig. 5 shows the dependence of den-
sity, axial elastic springback, and specific electrical 
resistivity of titanium compacts on the applied pressure. 
The compaction curve of mechanically activated tita-
nium lies above that of the starting powder (Fig. 5, a). 
This behavior is explained by the higher bulk density 
of TiМА (Θb = 0.45), compared with Tiini (Θb = 0.32). 

One way to  determine the  onset of  plastic defor-
mation is to analyze the pressure dependence of axial 
elastic springback (Δr) together with the  compac-
tion curve. The appearance of elastic springback with 
increasing compaction pressure indicates that the struc-
tural deformation stage has ended and the elastoplastic 
deformation stage has begun. The initial increase in 
Δr is caused by the  accumulation of  elastic stresses 
at interparticle contacts, where the bonding strength is 
still low. As the applied pressure increases and exceeds 
the yield strength of the particles, the plastic deforma-
tion stage begins; at this stage Δr decreases because 
the  rate of  bond strengthening between particles 
becomes higher than the rate of elastic stress accumu-
lation. With further pressure increase, Δr begins to rise 
again, as the rate of elastic stress build-up at contacts 
once more exceeds the rate of bond strengthening [21].

Figure 5, a shows the  axial springback as a func-
tion of pressure for the starting and mechanically acti-
vated titanium powders. The plastic deformation stage, 
indicated by a decrease in Δr, begins above 85 MPa. 
The  higher true contact area between TiМА particles 
compared with Tiini results in higher elastic stresses 
(elastic springback). The value of  Δr is determined 
by the contact area between titanium particles, where 
these stresses are generated. The larger the contact area, 
the higher Δr at the same compaction pressure [21]. 

The contact surface area between particles deter-
mines the electrical conductivity of titanium powders. 
Within the  investigated pressure range, the  electrical 
resistivity of TiMA compacts is lower than that of Tiini 
(Fig. 5, b), due to the rounding of the particles during 
mechanical activation and the  resulting increase in 
the true contact area. At the onset of the plastic defor-
mation stage (P ≈ 85 MPa), a pronounced decrease in 
lgR is observed, which is associated with the  accele
rated growth of the interparticle contact area (Fig. 5, b). 

Figure 6 shows the evolution of relative density and 
axial elastic springback as a function of  compaction 
pressure for the  starting and mechanically activated 
boron powders. The compactability of  BMA is higher 
than that of Bini . The shape of the Δr curve for BMA cor-
responds to curves typical of ductile powders, such as 
titanium (see Fig. 5, a). In the  range P = 30–50 MPa, 
a  decrease in Δr is observed for BMA , indicating 
the onset of the plastic deformation stage. With further 
pressure increase above 60 MPa, the elastic springback 
of BMA rises again, similar to the behavior observed for 
titanium powders. 

The springback curve for Bini lies above that for 
BMA . This reflects the stronger elastic response of Bini 
during compaction. Up to  about 85 MPa (Fig. 6), 
the  compaction energy is spent mainly on breaking 

Fig. 5. Dependence of relative density  
and axial elastic springback (а), and specific  
electrical resistivity (b), on the compaction  

pressure for the starting and  
mechanically activated titanium powders 

Рис. 5. Зависимости относительной плотности,  
упругого последействия (a) и удельного  
электросопротивления (b) от давления  

прессования порошков исходного титана  
и после МА

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(6):16–26 
Богатов Ю.В., Щербаков В.А. Влияние механической активации титана и бора на уплотнение и горение смесей ...



21

the arches and agglomerates that define the structural 
packing of the starting boron powder. For this reason, 
the plastic deformation stage in Bini begins later than in 
BMA , at pressures exceeding 85 MPa.

Compaction of Ti + 2B mixturesCompaction of Ti + 2B mixtures
Titanium and boron powders  – both starting and 

mechanically activated for 40 h (TiMA ) and 30 h (BMA ), 
respectively  – were used for preparing the  mixtures. 
Since mixing in a ball mill may introduce uncontrolled 
changes in powder characteristics, the  mixtures were 
blended manually in a ceramic mortar to  avoid such 
effects. 

Fig. 7 shows the  evolution of  relative density and 
axial elastic springback for compacts produced from 
mixtures  1–4 as a function of  compaction pressure. 
In  mixtures  1 and 2, which contain Bini , the  loading 
volume of  boron exceeds that of  titanium by fac-
tors of 2.6 and 3.6, respectively (Table 2). Therefore, 
curves 1, 2 and 5, 6 are governed primarily by the elas-
tic properties of  the  starting boron powder. When 

the volume fraction of boron is reduced in mixtures 3 
and 4 (50/50 and 58/42, respectively), the mixtures can 
be consolidated to higher relative densities, Θp = 0.8. 

A sample calculation of  the  component loading 
volumes for mixture 1 is shown below: 

• mass of Ti powder in 100 g of mixture: 69 g;

• bulk density of Tiini (ΘTi ):  0.32·4.5 = 1.44 g/cm3 
(4.5 g/cm3 is the density of Ti);

• titanium volume (VTi ) in 100 g of  mixture: 
69 g / 1.44 g/cm3 = 47.9 cm3;

• mass of boron powder in 100 g of mixture (Ti + 2B): 
31 g;

• bulk density of  Вini (ΘB ):  0.14·1.8 = 0.25 g/cm3 
(1.8g/cm3 is the density of amorphous boron);

• boron volume (VB ) in 100 g of  mixture  1: 
31 g / 0.25 g/cm3 = 124 cm3;

• volume ratio В/Ti in 100 g of mixture: VB/VTi = 
= 124 / 47.9 ≈ 2.6;

• ratio of  the  volume fractions of  the  components 
(В/Ti) in the mixture: 72/28 %.

The calculated values for mixtures 2–4 are presen
ted in Table 2.

The shape of  the  elastic springback curves for 
mixtures  1 and  2 (curves  5,  6 in Fig. 7), where one 
of  the components is Bini , indicates that elastic defor-
mation dominates across the  entire pressure range, 
and the plastic deformation stage is essentially absent. 

Table 2. Characteristics of mixtures 1–4 
Таблица 2. Характеристики смесей 1–4

Mixture 
No. Composition ΘTi ,

g/cm3
ΘB ,

g/cm3 VB /VTi
B/Ti,

vol. %
1 Tiini + 2Вini 1.44 0.25 2.6 72/28

2 TiМА + 2Вini 2.03 0.25 3.6 78/22

3 Tiini + 2ВМА 1.44 0.67 1.0 50/50

4 TiМА + 2ВМА 2.03 0.67 1.4 58/42

Fig. 6. Dependence of relative density and axial  
elastic springback on the compaction pressure  

for the starting and mechanically activated  
boron powders 

Рис. 6. Зависимости относительной плотности  
прессовок и упругого последействия  

от давления прессования исходного порошка бора  
и после МА

Fig. 7. Dependence of relative density (1–4)  
and axial elastic springback (5–8)  

on the compaction pressure for Ti + 2B mixtures
1, 5 – Tiini + 2Bini ; 2, 6 – TiМА + 2Bini ;  
3, 7 – Tiini + 2BМА ; 4, 8 – TiМА + 2BМА 

Рис. 7. Зависимости относительной плотности (1–4)  
и упругого последействия (5–8) для прессовок  

из смесей Ti + 2B от давления прессования
1, 5 – Tiini + 2Bini ; 2, 6 – TiМА + 2Bini ;  
3, 7 – Tiini + 2BМА ; 4, 8 – TiМА + 2BМА
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When BMA is used, a decrease in Δr is observed 
at  P = 50–70 MPa (Fig. 7), which can be interpreted 
as the  onset of  the  plastic deformation stage. In this 
pressure interval, plastic deformation can occur only 
in boron particles, because the  yield strength of  tita-
nium lies above 85 MPa (Fig. 5). At pressures above 
30 MPa (Fig. 6), BMA particles exhibit limited plas-
ticity and may act as a lubricant during the  compac-
tion of  larger titanium particles. Mixtures containing 
BMA can be consolidated to  higher relative densities, 
Θp = 0.7–0.8  (Fig. 7). This conclusion is supported 
by electrical resistivity measurements. As seen in 
Fig. 8, b, samples compacted from mixtures  3 and  4 
exhibit higher electrical resistivity at higher densities 
compared with those made from mixtures  1 and  2. 
This behavior is likely associated with the  ability 
of boron – after acquiring limited plasticity as a result 
of mechanical activation – to spread between titanium 
particles at pressures above 30 MPa, thereby suppress-
ing the growth of the Ti–Ti contact area. 

Combustion of Ti + 2B mixturesCombustion of Ti + 2B mixtures
Previous studies [12; 13] have shown that the com-

bustion temperature of  Ti + 2B mixtures depends 
on the reaction-interface area between the starting com-
ponents Ti and B: the  larger the  interparticle contact 
area, the higher the temperature within the combustion 
wave. The maximum attainable contact area is limited 
by the specific surface area of the coarser component – 
in this case, titanium powder (Ssp = 0.4–0.6 m2/g). 
Therefore, the  higher the  specific surface area 
of  the  titanium powder, the  larger the  Ti–B reaction 
interface and the  higher the  combustion temperature. 
The reaction-interface area also depends on  the  den-

sity of  the  compacted mixtures. However, as shown 
in  [12; 13], increasing density enhances combus-
tion temperature only until the  Ti–Ti contact area 
begins to  grow rapidly; this enhanced heat dissipa-
tion from the reaction zone may lower the combustion 
temperature.

Figure 9 shows the dependence of combustion tem-
perature and combustion-wave velocity on the  rela-
tive density (Θp ) of  samples compacted from mix-
tures  1–4. Samples produced from mixtures  3 and  4, 
which contain BMA , burn at higher temperatures 
(Тmaх ≈ 2800÷2900 °С) The maxima of  for mixtures 
containing BMA (curves 3 and 4) occur at higher densi-
ties (Θp = 0.72 and 0.74) compared with mixtures con-
taining Bini (Θp = 0.64, curves 1 and 2). The rise in Тc 
to its maximum value results from the increased Ti–B 
contact area with increasing density. The decrease in Тc 
beyond the maximum coincides, for all mixtures, with 
a drop in electrical resistivity below R ≈ 105 Ω·cm, 
which indicates intensive growth of  the Ti–Ti contact 
area (see Fig. 8). The maximum combustion tempera-
tures for mixtures 1–4 correspond to resistivity values 
lgR ≈ 5.0÷5.5; at lower values of R, Тc decreases. 

Fig. 9, b shows the  combustion-wave velocities. 
The maxima of Tc and Uc for mixtures 3 and 4 occur 
at  different density values, whereas for mixtures  1 
and 2 both maxima coincide at Θp = 0.64. In the den-
sity interval Θp = 0.56÷0.70, compacts  1 and  2 burn 
with higher velocities (9.5–10 cm/s) than compacts  3 
and  4 (4.8–5.5 cm/s), which correspond to  a higher 
density interval Θp (0.6–0.78).

The combustion-wave velocity is strongly affected 
by the conditions of off-gas escape. Increasing the com-

Рис. 8. Зависимости удельного электросопротивления от давления прессования (а)  
и относительной плотности смесей Ti + 2B 1–4 (b)

Fig. 8. Dependence of specific electrical resistivity on compaction pressure (а)  
and relative density of Ti + 2B mixtures 1–4 (b)
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pact density hinders removal of impurity gases released 
in the combustion wave, thereby reducing the combus-
tion-wave velocity. 

Discussion of resultsDiscussion of results
The results demonstrate a pronounced dependence 

of the combustion parameters of Ti + 2B powder com-
pacts on the conditions used for preparing the charge. 
The combustion temperature and combustion-wave 
velocity are critically important for controlling 
the SHS-compaction process, which ultimately governs 
the microstructure and properties of the resulting TiB2 
ceramic. The higher the  combustion temperature  – 
and, consequently, the  temperature during hot pres
sing – the denser and more refined the microstructure 
of the TiB2 ceramic obtained. The maximum attainable 
reaction-interface area between titanium and boron 
particles, which determines the  combustion tempera-
ture, depends primarily on the  specific surface area 
of  the  titanium powder. The larger this surface area, 
the greater the Ti–B reaction interface and the higher 
the  combustion temperature that can be achieved 
during synthesis. 

Mechanical activation of titanium powder in a ball 
mill, as shown earlier (Fig. 2), reduces its specific sur-
face area and therefore can only decrease the combus-
tion temperature. Thus, to achieve synthesis conditions 
that ensure the  maximum combustion temperature, 
the  mixing of  titanium and boron powders in a ball 
mill must be performed under “mild” conditions, with 
minimal interaction between titanium and the milling 
media, while still ensuring homogeneous distribution 
of components within the mixture.

In contrast, mechanical activation of boron powder 
leads to the destruction of the arch-like packing struc-
ture, fragmentation of  agglomerates, more homoge-
neous distribution of  boron particles among titanium 
particles (as confirmed by electrical resistivity mea-
surements, Fig. 8), and an increase in the reaction-inter-
face area between the  reactants. During compaction, 
BMA particles act as a lubricant, allowing the  charge 
compacts to  reach relative densities of  0.70–0.75 
without a significant increase in the Ti–Ti contact area 
(lgR ≈ 5.0÷5.5). For this reason, preliminary mechani-
cal activation of  boron before mixing with titanium 
yields a positive effect by increasing the  combustion 
temperature.

The dependencies of  combustion temperature and 
combustion-wave velocity on compact density (Fig. 9) 
show distinct maxima. For mixtures 1 and 2 containing 
Bini , Тc maximum is reached at Θp = 0.64, whereas for 
mixtures 3 and 4 the maxima occur at Θp = 0.72–0.74. 
The electrical resistivity of  the  charge compacts 
at  the  combustion temperature maxima corresponds 
to  lgR ≈ 5.0÷5.5 (Figs. 8 and  9), indicating identical 
Ti–Ti contact areas for all mixtures at these points. 
Mixtures  3 and  4, at the  same Ti–Ti contact area as 
mixtures  1 and  2 (as indicated by lgR ≈ 5.0÷5.5), 
but at higher density, likely possess a larger Ti–B 
reaction-interface area. Thus, maximum combustion 
temperatures are achieved at elevated Ti–B contact 
area and minimal Ti–Ti contact area. When the Ti–Ti 
contact area increases and the  electrical resistivity 
drops below 105 Ω·cm, the  combustion temperature 
decreases (Fig. 9, a). This decrease may be caused by 
enhanced heat removal from the reaction front, as well 

Fig. 9. Dependence of combustion temperature and combustion-wave velocity (a)  
on the relative density of samples compacted from mixtures 1–4 (b) 

Рис. 9. Зависимости температуры и скорости горения (a)  
от относительной плотности образцов, спрессованных из смесей 1–4 (b)
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as impeded off-gas evacuation due to  increased com-
pact density and the formation of closed porosity.

The combustion-wave velocity is an important 
technological parameter in SHS-compaction because 
it defines the available time window for initiating hot 
pressing. It was shown in [23] that Uc depends mainly 
on the  off-gas removal conditions and only weakly 
on the  combustion temperature (Fig. 9). The results 
of the present work confirm this conclusion. Although 
mixtures 3 and 4 exhibit higher combustion temperatures  
(  ≈ 2800 and 2900 °С), their maximum combus-
tion-wave velocities (  ≈ 4.8 and 5.5 cm/s) are 
lower than those of mixtures 1 and 2 (  ≈ 9.5 and 
10.2 cm/s at  ≈ 2650 and 2550 °С). This behavior 
is most likely related to the higher density of the com-
pacts, which hinders the escape of impurity gases and 
therefore reduces the combustion-wave velocity. A cri
tical density of  about 0.8 was identified: compacted 
mixtures 3 and 4 with densities of 0.8 and higher could 
not be ignited. 

ConclusionsConclusions
1. It has been shown that preliminary mechanical 

activation of  titanium and boron powders has a pro-
nounced effect on the densification behavior and com-
bustion characteristics of Ti + 2B mixtures. Mechanical 
activation reduces the specific surface area of the tita-
nium powder, leading to a decrease in the Ti–B reac-
tion-interface area and a corresponding reduction in 
the combustion temperature.

2. Mechanical activation of  boron results in 
the  destruction of  its arch-like packing structure and 
fragmentation of  its agglomerates, which increases 
the Ti–B reaction-interface area and raises the combus-
tion temperature within the reaction front. 

3. It was established that, at compaction pressures 
above 30 MPa, BMA exhibits limited plasticity, which 
enables consolidation of  Ti + 2B powder mixtures 
to relative densities of 0.7–0.8. The use of mechanically 
activated boron in the reactive mixtures with titanium 
increased the combustion temperature to 2900 °C.

4. The dependencies of  combustion temperature 
and combustion-wave velocity on compact density 
exhibit distinct maxima. For mixtures containing 
Bini , the maximum values of Uc and Tc were achieved 
at  a  relative density of  0.64. For mixtures with BMA , 
the Tc maxima occurred at Θb = 0.72÷0.74, and the Uc 
maximum at Θp = 0,68. 

5. No direct correlation between combustion tem-
perature and combustion-wave velocity was found. 
Mixtures containing BMA burn at a higher temperature 
(≈2900 °C) but with a lower combustion-wave velo

city (≈5.5 cm/s) compared with mixtures containing 
Bini , for which  ≈ 2650 °С at  ≈ 10.2 cm/s. 
The  lower velocity in mixtures with BMA is likely 
caused by hindered filtration and removal of impurity 
gases at higher compact densities. 

6. A correlation was observed between electri-
cal resistivity and combustion temperature: maxi-
mum Тc values correspond to  a resistivity range 
of  R ≈ 105.0 – 105.5 Ω·cm. A further decrease in resis-
tivity below this range  – associated with an increase 
in the  Ti–Ti contact area  – results in a reduction in 
the combustion temperature.
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Abstract. This study examines how additions of Si, Al, Cu, and Cr powders to the stoichiometric 3Ti–Si–2C (at. %) charge influence 

the formation of the Ti3SiC2 MAX phase during self-propagating high-temperature synthesis (SHS) performed in air within a sand 
bed, without a sealed reactor or controlled atmosphere. The effect of partially or fully substituting elemental Ti and Si powders with 
TiSi2 on the Ti3SiC2 yield is also assessed. Microstructural characterization of the SHS products was conducted using scanning 
electron microscopy equipped with energy-dispersive spectroscopy, and the phase composition was quantified by X-ray diffraction. 
An addition of 0.1 mol Si to the stoichiometric mixture increases the Ti3SiC2 content in the product to approximately 70 vol. %. 
Incorporating 0.1 mol Al decreases the Ti3SiC2 fraction to 39 vol. % and results in the formation of TiAl. In contrast, combining 
a silicon excess with 0.1 mol Al in the 3Ti–1.25Si–2C + 0.1Al system markedly enhances the Ti3SiC2 yield, reaching ~89 vol. %. 
For synthesis in the TiSi2–C system, the share of the MAX phase decreases while secondary phases become more prevalent; 
the maximum Ti3SiC2 content in this system is 56 vol. %. When TiSi2 fully replaces elemental silicon in the 2.5Ti–0.5TiSi2–2C 
mixture, the Ti3SiC2 fraction drops to 20 vol. %. 

Keywords: self-propagating high-temperature synthesis (SHS), reactorless SHS, Ti3SiC2 MAX phase, powders, microstructure, X-ray 
diffraction
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IntroductionIntroduction
The Ti3SiC2 MAX phase is a promising layered ter-

nary carbide that combines key ceramic and metallic 
properties, including excellent oxidation resistance, 
high thermal and electrical conductivity, thermal-
shock resistance, high-temperature plasticity, creep 
resistance, low density, and good machinability [1; 2]. 
These properties make Ti3SiC2 a potential alternative 
to conventional ceramics. 

Many published synthesis approaches require expen-
sive equipment, long high-temperature dwell times, and 
protective atmospheres, all of which increase the cost 
and complexity of  MAX-phase production  [3–6]. 
In  contrast, the  highly exothermic and economically 
efficient process of  self-propagating high-temperature 
synthesis (SHS) significantly simplifies the fabrication 
route, requires no special hardware, and proceeds much 
faster than furnace sintering  [7; 8]. A simple method 

for producing MAX-phase cermets was recently pro-
posed, based on infiltrating molten metals into a porous 
Ti3SiC2 skeleton synthesized via SHS in air [9]. During 
Ti3SiC2 formation, the reaction temperature may reach 
2260 °C  [10], while the  maximum adiabatic combus-
tion temperature is reported to be 2735 °C [11]. 

Formation of  Ti3SiC2 proceeds through several 
stages. Initially, TiC particles and a Ti–Si melt form 
simultaneously. At the  next stage, TiC dissolves into 
the Ti–Si liquid, followed by crystallization of Ti3SiC2 
platelets  [12–14]. Because SHS evolves extremely 
rapidly  – values below 3–4 s are typical for the  first 
stage  – post-ignition control of  the  process is practi-
cally impossible. Therefore, establishing optimal syn-
thesis parameters is essential to  maximize the  purity 
of  the  final Ti3SiC2 product. Deviations from charge 
stoichiometry and insufficient high-temperature dwell 
associated with fast post-reaction cooling commonly 

  umeroff2017@yandex.ru
Аннотация. В работе рассмотрено влияние добавок порошков Si, Al, Cu и Cr к стехиометрическому составу шихты 

3Ti–Si–2C (ат. %) при получении МАХ-фазы Ti3SiC2 в режиме самораспространяющегося высокотемпературного синтеза 
(СВС) на воздухе в засыпке из песка без применения закрытого реактора и специальной атмосферы или вакуума. Показано 
влияние частичной или полной замены элементных порошков шихты Ti и Si на TiSi2 на выход Ti3SiC2 . Проведен анализ 
микроструктуры полученных СВС-продуктов с помощью растрового электронного микроскопа с приставкой для энергоди-
сперсионной спектрометрии. Исследованы качественный и количественный фазовые составы порошковых СВС-продуктов 
с помощью рентгеновского дифрактометра. Установлено, что добавка 0,1 моль порошка кремния к стехиометрическому 
составу шихты увеличивает количество MAX-фазы Ti3SiC2 в продукте до 70 % от объема. Введение 0,1 моль Al-порошка 
в исходную шихту приводит к уменьшению количества Ti3SiC2 до 39 % от объема и появлению новой фазы TiAl. При этом 
совместный избыток кремния вместе с добавкой 0,1 моль Al в системе 3Ti–1,25Si–2C + 0,1Al существенно повышают содер-
жание Ti3SiC2 до ⁓89 об. %. Установлено, что при синтезе в системе TiSi2–C в продуктах реакции доля МАХ-фазы умень-
шается, а количество побочных фаз возрастает. Максимальное содержание Ti3SiC2 в продукте при синтезе в системе TiSi2–C 
достигает 56 % от общего объема. При увеличении количества TiSi2 до полной замены элементного кремния в исходной 
шихте 2,5Ti–0,5TiSi2–2C доля МАХ-фазы Ti3SiС2 в продукте падает до 20 %.  

Ключевые слова: самораспространяющийся высокотемпературный синтез (СВС), безреакторный синтез, MAX-фаза Ti3SiC2 , 
порошки, структура, рентгенофазовый анализ
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lead to increased fractions of secondary phases such as 
TiC and TiSi2 . 

The reactions leading to  TiC and the  Ti–Si melt 
compete for the  available titanium, as both interme-
diates form simultaneously within a single reactive 
system. Consequently, a deficiency of  one interme
diate and the excess of  the other inevitably decreases 
the Ti3SiC2 yield in the SHS product. 

TiC is frequently reported as the primary secondary 
phase in Ti3SiC2 synthesis, indicating an insufficient 
amount of Ti–Si melt available for MAX-phase platelet 
growth. Therefore, many studies  [15–22] use chemi-
cal precursors instead of elemental Ti and Si powders. 
One such precursor is titanium disilicide (TiSi2 ), which 
has the lowest crystallization temperature among Ti–Si 
compounds (1330 °C). 

The Ti–Si melt crystallizes within the 1480–1570 °C 
range, where Ti3SiC2 formation becomes significantly 
slower. Additions of  aluminum are known to  reduce 
the  crystallization temperature of  the  Ti–Si melt, 
thereby increasing the time during which TiC can react 
with the liquid and form the MAX phase during cooling. 
For example, the SHS system 3Ti–Si–2C–0.1Al (at. %) 
synthesized under argon after vacuum drying yielded 
a product containing 89 wt. %1  Ti3SiC2  [23]. 
The  authors noted that the  addition of  aluminum 
to  the  stoichiometric 3Ti + Si + 2C mixture sup-
presses the  reaction responsible for TiC formation, 
which in turn increases the Ti3SiC2 yield. In the SHS 
system 3Ti + 1.2Si + 2C + 0.1Al, the  Ti3SiC2 phase 
yield reached approximately 83 %, accompanied by 
13 % TiC and 4 % Ti5Si3 in the product [24]. The bene
ficial role of  a slight silicon excess has also been 
repeatedly emphasized  [25–27], and may likewise be 
attributed to  the  crystallization behavior of  the Ti–Si 
melt [28–30]. 

According to the Ti–Si phase diagram, at 50 at. % Si 
the crystallization temperature is 1570 °C; a slight Si 
excess reduces it to about 1480 °C, and at >67 at. % Si 
it decreases further to approximately 1330 °С. 

Copper additions of 5–10 % to Ti and Si also reduce 
the melting temperatures of  the  corresponding binary 
systems [31; 32] and may therefore lower the crystal-
lization temperature of the Ti–Si–Cu melt, potentially 
promoting an increased Ti3SiC2 yield. However, Ti3SiC2 
is known to decompose in contact with molten Cu via 
Si deintercalation, forming Cu(Si) and TiCx [33; 34]. 

Additions of 10 at. % Cr reduce the melting tempe
ratures of Ti–Cr and Si–Cr alloys from 1670 to 1550 °C 
and from 1414 to 1305 °C, respectively [35; 36].

No data have been reported on the interaction of mol-
ten Cr with Ti3SiC2 , which is attributed to  the  high 
melting temperature of  chromium (1856 °C), while 
Ti3SiC2 begins to decompose at about 1450 °С [1].

Controlling the  mechanism of  Ti3SiC2 formation 
under SHS conditions offers the  possibility of  deve
loping energy-efficient and technologically simple 
synthesis routes for MAX phases. Typically, SHS 
of Ti3SiC2 is carried out in sealed reactors under pro-
tective atmospheres or in vacuum, which significantly 
increases production costs and limits scalability. 
Therefore, the present study aims to identify a simpler 
and more accessible method for synthesizing Ti3SiC2 
with minimal secondary phases. This work focuses on 
evaluating the effects of Si, Al, Cu, Cr, and TiSi2 addi-
tions on Ti3SiC2 formation during reactor-free SHS in 
air under a sand bed.

Materials and methodsMaterials and methods
Powders used as starting reagents for synthesis 

included porous titanium powder TPP-7 with a coarse 
particle size (d ~ 300 µm, purity 98 %), technical car-
bon T900 (d ~ 0.15 µm, agglomerates up to  10 µm, 
purity 99.8 %), colloidal graphite C-2 (d ~ 15 µm, 
purity 98.5 %), silicon Kr0 (d ~ 1–15 µm, purity 
98.8 %), aluminum PA-4 (d ~ 100 µm, purity 98 %), 
copper PMS-1 (d ~ 100 µm, purity 99.5 %), chromium 
Kh99N1 (d ~ 100 µm, purity 99.0 %), and titanium 
disilicide TiSi2 (d ~ 100 µm, purity 99.0 %).

The starting powders were weighed on a labora-
tory balance with an accuracy of  0.01 g and mixed 
in a ceramic mortar for 5 min to  obtain homoge-
neous mixtures corresponding to  the  following sys-
tems: 3Ti–Si–2C + 0.1Al, 3Ti–Si–2C + 0.1Cu, and 
3Ti–Si–2C + 0.1Cr, as well as TiSi2–C, where elemen-
tal Si and Ti were replaced by TiSi2 in amounts of 15, 
50, and 100 % (complete substitution), calculated for 
the formation of Ti3SiC2 MAX phase.

Cylindrical compacts with a diameter of 23 mm and 
a mass of 20 g were produced from the prepared pow-
der mixtures by single-action pressing at 22.5 MPa. 
SHS (combustion) was initiated using an electrically 
heated Ni–Cr coil. The samples were synthesized by 
combustion in air under a sand layer, which reduces 
oxidation of the combustion products [25]. The general 
scheme of the experiment is shown in Fig. 1. As seen, 
the  pressed powder mixture is completely isolated 
from the  ambient air by the  sand bed to  limit oxida-
tion of  the  reaction products. After the SHS reaction, 
secondary Ti3SiC2 formation processes proceed in 
the cooling sample, also under the sand layer.

Microstructural examination and chemical analysis 
were performed using a Tescan Vega3 (Czech Republic) 

1 Unless otherwise noted, all compositions are in mass percent 
(wt. %).
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scanning electron microscope equipped with an X-act 
energy-dispersive spectroscopy attachment. The phase 
composition was determined by X-ray diffraction using 
an ARL  X’trA-138 diffractometer (Switzerland) with 
CuKα radiation, operated in continuous-scan mode over 
2θ = 5–80° at a scan rate of 2°/min. Quantitative phase 
analysis was carried out using the  reference intensity 
ratio (RIR) method. 

Results and discussionResults and discussion
The SHS reaction produces a porous skeleton, 

which has been repeatedly described in previous 
studies  [9; 12; 25]. After mechanical pulverization, 
the SHS skeleton is converted into a fine powder, and 
its particle-size distribution is adjusted using sieves 
of the required mesh size.

To evaluate the possibility of increasing the Ti3SiC2 
MAX-phase yield during SHS in air, a series of experi-
ments was performed in which 10 % of Si, Cr, Al, or 
Cu was added to the 3Ti–1Si–2C charge composition.

In the  sample obtained with an excess of  silicon 
(Fig. 2, a), the unreacted titanium carbide is non-stoi-
chiometric and corresponds approximately to  TiC0.6 . 
Elemental analysis of the lighter Ti–Si regions showed 
an atomic ratio Si:Ti = 60:40, which is consistent with 
TiSi2 . The layered morphology and elemental ratios 
also confirm the presence of Ti3SiC2 regions. A simi-
lar microstructural pattern is observed when 10 % Cr 
is added (Fig. 2, b); however, in this case only trace 
amounts of Ti3SiC2 are present, while chromium is con-
centrated within the TiSi2 phase. In the Cu-containing 
sample (Fig. 2, d), the  light-grey regions contain pre-
dominantly copper and silicon in a ratio of about 50:15, 
along with up to  10 at. % carbon. No Ti3SiC2 MAX 
phase is detected, and the non-stoichiometric titanium 
carbide corresponds to  TiC0.5 . Despite the  presence 
of  significant amounts of TiSi2 in direct contact with 
TiC0.5 , Ti3SiC2 does not form under these conditions. 

These findings suggest that additions of 10 % Cu or Cr 
inhibit the formation of Ti3SiC2 ; however, the mecha-
nism governing their influence on MAX-phase for-
mation under SHS conditions requires further study. 
This may be due to  the  fact that Cu and Cr cannot 
occupy the A-site in MAX phases, and their presence 
in the Ti–Si melt hinders Ti3SiC2 structural formation.

In the sample containing aluminum (Fig. 2, c), thin 
dark-grey regions surrounding the  Ti3SiC2 platelets 
were observed. EDS results indicate that these regions 
correspond to a mixture of TiAl2 and TiSi2 . The crystal-
lization temperature of TiAl2 (1175 °C) is significantly 
lower than that of  the  Ti–Si melt (1330–1480 °C, 
depending on the Ti/Si ratio). Considering that Ti3SiC2 
forms via the interaction of solid TiC with liquid Ti–Si, 
it can be inferred that Al reduces the  crystallization 
temperature of the Ti–Si melt, extending the time dur-
ing which the  melt remains liquid under SHS condi-
tions. This prolongs its interaction with TiC and allows 
Ti3SiC2 structure formation to  continue for a longer 
duration, ultimately increasing the MAX-phase content 
in the SHS product.

These observations are consistent with previous 
findings reported in  [25], where the  addition of  Al 
increased the  Ti3SiC2 yield under reactor-based SHS 
conditions. The authors showed that a combined excess 
of 20 % Si and 10 % Al in the Ti:Si:C:Al = 3:1.2:2:0.1 
system increases the Ti3SiC2 content from 64 to 83 %. 

It is reasonable to assume that further optimization 
of  the  3Ti–1xSi–2C–yAl system, with respect to  both 
the  silicon excess  (x) and the  aluminum addition  (y), 
may produce even higher Ti3SiC2 yields during SHS 
in air. To verify this, several charge compositions con-
taining different silicon excesses and Al additions were 
investigated. The results are presented in Table 1. A sili-
con excess of 15–25 % combined with 10 % Al substan-
tially increases the  Ti3SiC2 content, reaching a  maxi-
mum of  ~89 vol. % in the  3Ti–1.25Si–2C + 0.1Al 
system. Varying the Al amount in the absence of excess 

Fig. 1. Scheme for SHS of Ti3SiC2 under a sand layer 

Рис. 1. Принципиальная схема синтеза Ti3SiC2 под слоем песка
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Si does not significantly affect the Ti3SiC2 yield, which 
remains within 38–47 vol. %. Microstructural images 
of  the  sample containing the  maximum Ti3SiC2 con-
tent are shown in Fig. 3. The sample consists predomi-
nantly of  characteristic, randomly oriented Ti3SiC2 
platelets, while the pore surfaces are coated with a thin 
(10–15 µm) layer of densely packed equiaxed TiC par-
ticles. The width of most Ti3SiC2 platelets ranges from 2 
to 5 µm, and their length varies between 10 and 50 µm.

Diffraction patterns of  the  SHS products with 
the highest and lowest Ti3SiC2 contents are shown in 
Fig. 4. Based on these data (Fig. 4, a), the intensity ratio 
of the main Ti3SiC2 peaks (39.5 and 42.4°) to the TiC 
peaks (36.0 and 41.8°) corresponds to  approximately 
80 vol. % Ti3SiC2 . In Fig. 4, b, the TiC peaks are sig-

nificantly more intense than those of Ti3SiC2 , which is 
consistent with ~30 % Ti3SiC2 in the product. In addi-
tion, distinct graphite peaks (at ~26.5°) are observed in 
all samples listed in Table 1, as illustrated in Fig. 4, b. 
This indicates that part of  the  carbon does not com-
pletely react during SHS. Notably, the  initially amor-
phous carbon black used as a reagent becomes crys-
tallized into graphite during combustion, as described 
previously for Ti–C SHS systems [37; 38]. A slight shift 
of  certain Ti3SiC2 peaks is also observed, which may 
indicate partial incorporation of  Al into the  Ti3SiC2 
lattice during SHS, a phenomenon previously noted in 
the literature [23].

Porous SHS skeletons were also synthesized using 
TiSi2 as a chemical reagent to  replace elemental Ti 
and Si in quantities of  10, 50, and 100 %. Analysis 
of  the  XRD patterns revealed that such substitution 
results in an increased amount of  secondary phases 
compared to  the Ti3SiC2 MAX phase (Fig. 5). A new 
secondary phase, SiC, also appears. The maximum 
Ti3SiC2 content in this series  – 56 %  – was obtained 
when silicon was replaced by 10 % TiSi2 . However, 
increasing the  TiSi2 fraction to  100 % reduced 
the  Ti3SiC2 content to  20 %. For comparison, SHS 
conducted using elemental Ti, Si, and C powders in 
the  stoichiometric 3Ti–1Si–2C charge composition 
yields up to  66 % Ti3SiC2  [25]. This reduction may 
be attributed to  insufficient temperature in the  TiSi2-
containing SHS systems, which shortens the  lifetime 
of  the  Ti–Si melt and prevents the Ti3SiC2 structure-
formation process from fully completing.

Fig. 2. Microstructures of the samples after introducing 10 % (0.1 mol) of Si (a), Cr (b), Al (c) and Cu (d) into the 3Ti–1Si–2C system 

Рис. 2. Микроструктуры образцов после введения в систему 3Ti–1Si–2C по 10 % (0,1 моль) Si (a), Cr (b), Al (c) и Cu (d)

Phase composition of SHS products  
in the 3Ti–xSi–2C + yAl system 

Содержание фаз в СВС-продукте системы  
3Ti–xSi–2C + yAl

Charge composition Ti3SiC2 , vol. % TiC, vol. %
3Ti–1.00Si–2C 36 64

3Ti–1.15Si–2C + 0.1Al 88 12
3Ti–1.20Si–2C + 0.1Al 78 22
3Ti–1.25Si–2C + 0.1Al 89 11
3Ti–1.00Si–2C + 0.05Al 38 62
3Ti–1.00Si–2C + 0.08Al 61 39
3Ti–1.00Si–2C + 0.12Al 47 53
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ConclusionsConclusions
1. It was established that the  combined addition 

of excess Si and Al in the 3Ti–1.25Si–2C + 0.1Al charge 
composition substantially increases the Ti3SiC2 content, 
reaching ~89 vol. % under SHS conditions in air using 
a sand layer without a reactor or protective atmosphere.

2. Additions of Cu and Cr in the 3Ti–1Si–2C + 0.1Cu 
and 3Ti–1Si–2C + 0.1Cr systems lead to  an almost 
complete suppression of Ti3SiC2 formation in the SHS 
product.

3. Partial (10 and 50 %) and complete (100 %) sub-
stitution of the elemental Ti and Si powders with TiSi2 
significantly reduces the  yield of  the  Ti3SiC2 MAX 
phase during SHS in air. 

4. It is likely that further optimization of  the 
3Ti–1.25Si–2C + 0.1Al system with respect to the par-

Fig. 3. SEM images of the microstructure of the sample synthesized from the 3Ti–1.25Si–2C + 0.1Al system

Рис. 3. СЭМ-изображения микроструктуры образца, синтезированного из системы 3Ti–1,25Si–2C + 0,1Al

Fig. 4. XRD patterns of the 3Ti–1.25Si–2C + 0.1Al (a) and 3Ti–1.00Si–2C + 0.05Al (b) systems 

Рис. 4. Дифрактограммы систем 3Ti–1,25Si–2C + 0,1Al (a) и 3Ti–1,00Si–2C + 0,05Al (b)

Fig. 5. Dependence of the phase composition  
of the SHS product on the degree of Si and Ti substitution  

by TiSi2 in the 3Ti–1Si–2C green mixture 

Рис. 5. Зависимость содержания фаз в продукте СВС  
от степени замещения Si и Ti на TiSi2 в исходной  

шихтовой смеси 3Ti–1Si–2C
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ticle-size distribution of  the starting powder reagents, 
as well as scale-up factors, may allow the Ti3SiC2 con-
tent to exceed 90 % under reactorless SHS conditions.
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  vikasuprunchuk@gmail.com
Аннотация. В ходе работы осуществлен синтез керамики на основе иттрий-алюминиевого граната (YAG), легированного 

атомами рутения. Порошок-прекурсор получен методом соосаждения. Легирующий агент в виде хлорида рутения  (III) 
вводили на разных технологических стадиях: в ходе синтеза порошков-прекурсоров и на этапе деагломерации керамичес
кого порошка, с формированием двух серий образцов. Методом рентгенофазного анализа изучали фазовый состав готовой 
керамики. Согласно полученным данным присутствие вторичных и примесных фаз не выявлено. С помощью дифферен
циально-термического анализа установлено снижение катионной однородности порошка-прекурсора. При введении рутения 
в структуру граната наблюдалось смещение экзотермического пика его кристаллизации в сторону больших температур. 
Спекание образцов керамик осуществляли при температуре 1815 °С в течение 20 ч с последующим отжигом на воздухе 

  vikasuprunchuk@gmail.com
Abstract. Yttrium–aluminum garnet (YAG) ceramics doped with ruthenium atoms were synthesized in this study. The precursor 

powder was obtained by the coprecipitation method. The dopant, in the form of ruthenium (III) chloride, was introduced at different 
technological stages: during precursor powder synthesis and during deagglomeration of the ceramic powder, resulting in two series 
of samples. The phase composition of the sintered ceramics was examined by X-ray diffraction (XRD). According to the obtained 
data, no secondary or impurity phases were detected. Differential thermal analysis (DTA) revealed a decrease in the cationic homo-
geneity of the precursor powder. Incorporation of ruthenium into the YAG structure led to a shift of the exothermic crystallization 
peak toward higher temperatures. The ceramic samples were sintered at 1815 °C for 20 h, followed by annealing in air at 1500 °C 
for 2 h. Optical characterization of the ceramics showed that the method of dopant introduction affected both the optical transmi
ttance and the band gap energy. The transmittance at 1100 nm for undoped YAG ceramics was 77.04 %, while for the ruthenium-
containing samples it decreased to 65.1 and 74.5 %, depending on the dopant incorporation route. The band gap energy was deter-
mined from differential absorption spectra: for pure YAG it was 4.92 eV, and for the Ru-doped ceramics it decreased to a minimum 
of 4.4 eV. 

Keywords: YAG:Ru, ceramics, optical properties, band gap energy, coprecipitation method, ceramic powder
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IntroductionIntroduction
Yttrium–aluminum garnet (YAG) is a crystalline 

material with a cubic structure characterized by high 
thermal conductivity, chemical stability, and excellent 
physical and optical properties. These features make 
it suitable for a wide range of  industrial applications. 
YAG is widely used in most laser systems  [1], light-
emitting diodes (LEDs), and various optical and elect
ronic devices. It can be produced in both single-crystal 
and polycrystalline forms. Recently, polycrystalline 
materials doped with rare-earth elements have gained 
attention as alternatives to single crystals [2], the fab-
rication of which often poses challenges in achieving 
uniform dopant distribution [3]. 

In contrast to  single crystals, ceramic processing 
allows not only for homogeneous atomic-level dopant 
distribution but also for the fabrication of components 
with controlled geometry and dimensions. Particular 
attention has been given to  doping YAG with triva-
lent rare-earth ions  [4]. The incorporation of  impu-
rity ions follows the  general principles of  ionic size 
and charge compatibility with the  substituted garnet-
forming ions  [5]. It is well established that doping 
and variation of  dopant concentration can alter 
the  optical  [6], mechanical, and thermal properties 
of the material [4; 7]. 

Ruthenium, a 4d-transition metal cation, is an attrac-
tive dopant owing to the diversity of its electronic states, 
which impart unique electronic, magnetic  [8], photo
refractive, and photochromic properties to  the  host 
matrix [9; 10]. Most studies on Ru applications focus 
on catalyst development  [11; 12], conductive metal-
lic coatings for electrochemical gas sensors  [13], and 
chromatographic detectors  [14]. In ceramic systems, 
ruthenium has been introduced into oxide matrices 
to enhance electronic conductivity  [15; 16], dielectric 
permittivity [17], and electrical resistivity control [18], 

and to develop intermediate-temperature ion-transport 
ceramic membranes [19].

The behavior of Ru has been extensively studied in 
certain oxide systems, such as perovskite-type structures 

  [12; 16; 20]. However, no literature reports 
were found on the fabrication of optically transparent 
YAG:Ru ceramics. It can be assumed that the  intro
duction of Ru into the YAG structure may enable tar-
geted modification of its optical characteristics. 

The present work aimed to  obtain optically trans
parent YAG:Ru ceramics and to determine the optimal 
synthesis route. Our previous results demonstrated 
the  feasibility of  incorporating Ru into the  garnet 
structure during ceramic powder synthesis  [21]. 
Further study of  YAG:Ru materials may reveal their 
potential for applications in the  production of  poly-
crystalline optical isolators, absorbers, and LEDs. 
Therefore, in this work, YAG:Ru compositions were 
synthesized using different methods of Ru incorpora-
tion into the YAG lattice, and the effects of Ru addition 
on the microstructural features, phase transformations 
of powders, phase composition, and optical properties 
of the final ceramics were investigated. 

Materials and methodsMaterials and methods
The ceramic materials were synthesized using 

the following reagents: 
– ammonia (25 %, pure grade, SigmaTek, Russia);
– aluminum chloride hexahydrate (99 %, Nevatorg, 

Russia);
– ruthenium (III) chloride (99 %, Anhui Herrman 

Impex Co. Ltd., China);
– yttrium chloride hexahydrate (99.9 %, Nevatorg, 

Russia);
– ammonium sulfate (99 %, Stavreakhim, Russia);

при t = 1500 °С, τ = 2 ч. При определении оптических характеристик керамических материалов было установлено, что 
способ введения лигатуры приводит к изменению показателя светопропускания, а также снижению энергии запрещенной 
зоны. Показатель светопропускания керамики на длине волны 1100 нм для нелегированного иттрий-алюминиевого граната 
составил 77,04 %, а для керамических образцов, содержащих рутений, этот показатель снизился до 65,1 и 74,5 % в зави
симости от способа введения примесных ионов. Энергию запрещенной зоны образцов рассчитывали из дифференциальных 
спектров поглощения: ширина запрещенной зоны для чистого граната составила 4,92 эВ, а для легированного – она снизи-
лась до минимального значения 4,4 эВ.  

Ключевые слова: YAG:Ru, керамика, оптические свойства, энергия запрещенной зоны, метод соосаждения, керамический 
порошок
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– isopropyl alcohol (99.7 %, Khimprom LLC, 
Russia);

– calcium chloride (99 %, Vekton, Russia);
– magnesium chloride (99.9 %, Interkhim, Russia). 
Deionized water was used to prepare all solutions.
To determine the  optimal stage for introducing 

the dopant, three types of samples were prepared: S_0 – 
pure YAG; S_Ru  – YAG:Ru, where the  dopant was 
added during precursor synthesis; S_0_Ru – YAG:Ru, 
where Ru was introduced during the deagglomeration 
of the ceramic powder in a ball mill. 

The precursor powders S_0 and S_Ru were synthe-
sized by the coprecipitation method. For this purpose, 
solutions of  yttrium and aluminum salts (and addi-
tionally ruthenium salts for S_Ru) were added drop-
wise into a 2.7 % ammonia precipitant solution using 
a peristaltic pump. The salt solution also contained 
NH4(SO4)2 at a concentration of 0.08 M. The resulting 
precipitate was washed with 0.045 M ammonium sul-
fate solution, followed by isopropyl alcohol, and dried 
at 60 °C for 15 h. The dried precipitate was sieved 
through a 200-mesh screen, ground, and mixed with 
sintering additives. Grinding was carried out in a plane
tary ball mill (Pulverisette 5, Fritsch, Germany) using 
alumina balls (2 mm) for 30 min at 150 rpm in 0.2 M 
ammonium sulfate solution. The mass ratio of  mill-
ing medium:grinding media:powder was 4.5:4.5:1.0. 
Magnesium oxide (MgO) and calcium oxide (CaO) 
were added as sintering aids at 0.1 at. % each. The pow-
ders were calcined in air at 1150 °C for 2 h in a high-
temperature furnace (Nabertherm 40/17, Germany). 

The S_0 powder was divided into two portions, 
and ruthenium  (III) chloride was introduced into 
one of  them. All powder samples were then ground 
in a planetary ball mill with alumina balls (1 mm) 
at a medium-to-ball-to-powder ratio of 3.5:5.5:1.0 for 
20 min at  150 rpm. The resulting suspensions were 
dried and sieved through a 200-mesh screen. The pow-
ders were uniaxially pressed at 50 MPa and sintered 
under vacuum at 1815 °C for 20 h. The sintered samp
les were ground to a thickness of 2 ± 0.1 mm, polished 
using a QPol-250 setup, and annealed in air at 1500 °C 
for 2 h (Nabertherm 40/17). 

The particle-size distribution was analyzed by laser 
diffraction (LDA) using a SALD-7500 nano analyzer 
(Shimadzu, Japan). The morphology of  the  powders 
and ceramics was studied by scanning electron micros-
copy (SEM) using a MIRA3-LMH microscope (Tescan, 
Czech Republic) equipped with an AZtecEnergy 
Standard/X-max 20 EDS system. The specific surface 
area was determined by the  Brunauer–Emmett–Teller 

(BET) method on a 3Flex analyzer (Micromeritics, 
USA) by nitrogen adsorption at Т = 77 K.

Thermal behavior of  the  precursor powders was 
studied by differential thermal analysis (DTA) and 
thermogravimetry (TG) using an STA  449  F5 Jupiter 
analyzer (NETZSCH-Gerätebau GmbH, Germany) 
in the  temperature range 20–1300 °C under air flow 
(25 °C/min). Phase composition of  the  ceramics was 
examined by X-ray diffraction (XRD) on a TD-3700 
diffractometer (Tongda, China) equipped with a CuKα 
radiation source (λ = 1.5406 Å).

Optical transmittance in the  wavelength range 
λ = 200–1100 nm was measured using an SF-56 spect
rophotometer (OKB-Spektr, Russia).

Results and discussionResults and discussion
At the  first stage, YAG and YAG:Ru precursor 

powders were synthesized and characterized in terms 
of particle-size distribution. Fig. 1 shows the cumula-
tive particle-size curves of both powders. In both cases, 
a monomodal distribution with similar values was 
observed. The median particle diameters (d50 ) for S_0 
and S_Ru were 2.3 and 2.6 μm, respectively, indicating 
a negligible effect of cationic composition on powder 
dispersion.

The morphology of YAG and YAG:Ru powders was 
examined by SEM. As shown in Fig. 2, the  particles 
form loose, coarse agglomerates. They have an elon-
gated shape and may consist of several crystallites con-
nected by necks. No morphological differences were 
observed between S_0 and S_Ru powders. 

The specific surface areas were also comparable – 
11.06 m2/g for YAG and 10.28 m2/g for YAG:Ru – indi-
cating a branched surface structure. Thus, the introduc-
tion of Ru did not significantly affect the morphology 
of the ceramic powders.

Fig. 1. Cumulative particle-size distribution curves of precursor 
powders S_0 (1) and S_Ru (2) 

Рис. 1. Кумулятивные кривые распределения частиц порош-
ков-прекурсоров образцов S_0 (1) и S_Ru (2)
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Thermal analysis curves of  precursor powders 
S_0 and S_Ru are shown in Fig. 3. Both samples 
exhibited pronounced weight loss. The first criti-
cal weight-loss region (≈30 %) occurred between 
100 and 450 °C and was attributed to  the  removal 
of  adsorbed and chemically bound water, ammonia, 
and nitro groups  [22; 23], as indicated by the  endo-
thermic peak at 200 °C. The second weight-loss region 
(900–1100 °C) included two endothermic and one 
exothermic peak. The endothermic peaks correspond 
to  the  decomposition of  sulfates and oxysulfates and 
desorption of sulfate groups [24], while the exothermic 
peak near 940 °C is associated with YAG crystalliza-
tion [25]. In the Ru-doped sample, this crystallization 
peak shifted toward higher temperatures, likely due 
to reduced cationic homogeneity of the precursor pow-

der. Broadening of  this peak suggests the  formation 
of intermediate phases prior to YAG crystallization.

The phase composition of  the  ceramics after 
vacuum sintering at 1815 °C for 20 h was determined 
for S_0, S_Ru, and S_0 _Ru samples. XRD patterns 
(Fig. 4) confirmed that all samples were single-phase 
solid solutions with a garnet structure and contained 
no secondary or Ru-bearing impurity phases such as 
RuO2 . This indicates structural uniformity of the syn-
thesized YAG ceramics regardless of the Ru introduc-
tion method. 

Optical characterization of  the  ceramics was then 
carried out. Prior to  measurement, all samples were 

Fig. 2. SEM images of ceramic powders S_0 (a) and S_Ru (b) 

Рис. 2. СЭМ-изображения керамических порошков S_0 (а) и S_Ru (b)

Fig. 3. Thermogravimetric (TGA) and differential thermal 
analysis (DTA) curves of precursor powders S_0 and S_Ru 

Рис. 3. Кривые термогравиметрического (ТГА)  
и дифференциального термического (ДТА) анализов  

порошков-прекурсоров S_0 и S_Ru

Fig. 4. XRD patterns of YAG ceramics 
S_0 (1), S_Ru (2), and S_0 _Ru (3) 

Рис. 4. Рентгеновские дифрактограммы керамики  
S_0 (1), S_Ru (2) и S_0 _Ru (3)
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annealed in air at 1500 °C for 2 h. The transmittance 
spectra (Fig. 5, a) revealed that the linear optical trans-
mittance at 1100 nm was 77.04 % for YAG, 65.1 % 
for S_Ru, and 74.5 % for S_0_Ru. These results indi-
cate that Ru doping decreases the optical transparency 
of  YAG, particularly when Ru is introduced during 
hydroxide precipitation. 

Reduced transmittance was observed across 
the  entire wavelength range (200–1100 nm), which 

may be attributed to  color changes induced by Ru 
incorporation into the garnet lattice (Fig. 6). The gray 
coloration likely results from the  formation of  oxy-
gen vacancies that act as color centers due to electron 
association and remain partially stable after air annea
ling [26]. Therefore, the observed coloration is directly 
related to the dopant ions introduced. 

Additionally, a shift in the  absorption edge was 
observed, which can be associated with lattice disor-
der caused by Ru doping and a decrease in the  band 
gap energy. The latter was calculated from the absorp-
tion spectra derived from transmittance data  [27] and 
differentiated (Fig. 5, b). The differential absorption 
spectrum (rate of  absorbance change dA/dλ) of  pure 
YAG exhibits a single absorption edge corresponding 
to  a band gap of  4.92 eV. For the  S_Ru and S_0_Ru 
samples, two absorption edges were observed, likely 
due to  intrinsic absorption of  ruthenium ions through 
Ru3+ → Ru4+ transitions. The calculated band gap 
energies for S_Ru and S_0_Ru were 4.4 and 4.54 eV, 
respectively.

Thus, the  sample doped during the  deagglomera-
tion stage exhibited higher optical transmittance and 
a smaller absorption-edge shift, indicating that this 
method provides the most favorable route for obtaining 
optically transparent YAG:Ru ceramics.

Conclusions Conclusions 
YAG:Ru ceramic powders were synthesized by 

the  coprecipitation method, and the optimal stage for 
introducing ruthenium  (III) chloride into the  system 
was identified. According to DTA, incorporation of Ru 
into the garnet lattice shifts the exothermic YAG for-
mation peak to  higher temperatures, which is consis-
tent with reduced cation homogeneity in the YAG pre-
cursor. Ru in the garnet structure also decreases optical 
transmittance across the  entire measured wavelength 
range (200–1100 nm): from 77.04 % for undoped YAG 
to a minimum of 65.1 % for YAG:Ru. 

Ceramics obtained when the  dopant was intro-
duced during deagglomeration of  the  ceramic pow-
der exhibited a higher linear transmittance (74.5 %) 
and a smaller absorption-edge shift  – with the  band 
gap decreasing from 4.92 eV (pure YAG) to  4.54 eV 
(YAG:Ru)  – which makes this route the  preferred 
method for producing optically transparent YAG:Ru 
ceramics.

Although Ru doping lowers transmittance, it 
modulates the  optical response relative to  pure YAG. 
The  combined effects  – band-gap narrowing and 
enhanced absorption – are promising for the develop-
ment of  broadband absorbers, neutral-density optical 
filters, and passive optical limiting devices. 

Fig. 5. Optical transmittance spectra (a) and differential 
absorption spectrum (b) of YAG ceramics 

Рис. 5. Спектры светопропускания (а)  
и дифференциальный спектр поглощения (b)

Fig. 6. Photographs of ceramic samples S_0, S_Ru, and S_0_Ru
Captured with Pixel 8 Pro, ISO 41, f/1.95, exposure 1/336 s,  

D65 daylight; reference sample: S_0 

Рис. 6. Фотографии образцов керамики S_0, S_Ru и S_0_Ru
Режим съемки: камера Pixel 8 Pro ISO 41, f/1.95; выдержка 1/336 c; 

дневное освещение (D65); контроль: образец S_0 
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Аннотация. Проведены исследования, направленные на получение алюмоматричных композитов, армированных частицами 

аморфного микрокремнезема. Установлена возможность получения материалов системы Al–5SiO2 (мас. %) с использо-
ванием методов литья с интенсивным перемешиванием и полутвердого металлического литья. Наибольшую эффектив-
ность продемонстрировал второй способ с последующей жидкой штамповкой. Показана возможность использования 
магния в качестве поверхностно-активной добавки, способствующей удалению кислорода с поверхности дисперсных 
частиц и  улучшению механических свойств композиционного материала в процессе термообработки. Полученный 
композит имеет равномерное распределение дисперсных частиц микрокремнезема в объеме металла, обладает твер-
достью, коррозионной стойкостью и удельным весом, превосходящими аналогичные характеристики исходного 
алюминиевого сплава. Таким образом, полученные с использованием разработанной технологии материалы могут 
быть востребованы во всех сферах транспортного машиностроения, а также в отраслях авиационной и космической 
промышленности.  

  mike12008@yandex.ru
Abstract. Studies were carried out to develop aluminum matrix composites reinforced with amorphous microsilica particles. The feasi-

bility of producing Al–5 wt. % SiO2 materials using both stirring-assisted casting and semisolid metal processing was established. 
The latter method, when combined with subsequent squeeze casting, demonstrated the highest efficiency. Magnesium was shown 
to function as a surface-active additive that removes oxygen from the surfaces of the dispersed particles and enhances the mechanical 
properties of the composite during heat treatment. The resulting material exhibits a uniform distribution of microsilica particles 
throughout the aluminum matrix and demonstrates hardness, corrosion resistance, and reduced specific weight superior to those 
of the base AlSi7 alloy. Therefore, the composites produced using the developed technology are promising for applications in trans-
port engineering as well as in the aerospace and space industries. 

Keywords: aluminum, composite materials, aluminum matrix composites, silicon dioxide, amorphous microsilica, stirred casting, 
semisolid metal processing, squeeze casting

For citation: Kuz’min M.P., Kuz’mina M.Yu., Kuz’mina A.S. Aluminum matrix composites Al–SiO2 produced using amorphous 
microsilica. Powder Metallurgy аnd Functional Coatings. 2025;19(6):44–51. https://doi.org/10.17073/1997-308X-2025-6-44-51

Aluminum matrix composites 
Al–SiO2 produced 

using amorphous microsilica
M. P. Kuz’min , M. Yu. Kuz’mina, A. S. Kuz’mina

Получение алюмоматричных композитов 
Al–SiO2 с использованием 

аморфного микрокремнезема
М. П. Кузьмин , М. Ю. Кузьмина, А. С. Кузьмина

Research article 
Научная статья

© 2025.  M. P. Kuz’min, M. Yu. Kuz’mina, A. S. Kuz’mina

Иркутский национальный исследовательский технический университет
Россия, 664074, г. Иркутск, ул. Лермонтова, 83

Irkutsk National Research Technical University
83 Lermontov Str., Irkutsk 664074, Russia

Refractory, Ceramic, and Composite Materials 
Тугоплавкие, керамические и композиционные материалы

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(6):44–51 
Кузьмин М.П., Кузьмина М.Ю., Кузьмина А.С. Получение алюмоматричных композитов Al–SiO2 ...

https://doi.org/10.17073/1997-308X-2025-6-44-51
mailto:mike12008@yandex.ru
mailto:mike12008@yandex.ru
https://powder.misis.ru/index.php/jour/search/?subject=aluminum
https://powder.misis.ru/index.php/jour/search/?subject=composite materials
https://powder.misis.ru/index.php/jour/search/?subject=aluminum matrix composites
https://powder.misis.ru/index.php/jour/search/?subject=silicon dioxide
https://powder.misis.ru/index.php/jour/search/?subject=amorphous microsilica
https://powder.misis.ru/index.php/jour/search/?subject=stirred casting
https://powder.misis.ru/index.php/jour/search/?subject=semisolid metal processing
https://powder.misis.ru/index.php/jour/search/?subject=squeeze casting
https://doi.org/10.17073/1997-308X-2025-6-44-51
mailto:mike12008%40yandex.ru?subject=
mailto:mike12008%40yandex.ru?subject=


45

IntroductionIntroduction
The advancement of modern engineering is inse

parable from the  use of materials  – both alloys and 
composites  – possessing specific physical, chemical, 
mechanical, and operational properties, as well as from 
the continuous improvement of technologies for their 
production.

The development of composite materials consisting 
of a metallic matrix reinforced by dispersed particles 
is among the highest-priority directions in contempo-
rary metallurgy and materials science. In many cases, 
only composites can meet the  stringent requirements 
of advanced engineering applications, which increa
singly demand higher loads, operational speeds, tem-
peratures, environmental aggressiveness, and reduced 
structural weight. Among metal-matrix composites, 
aluminum-based systems are the  most widely used 
owing to their high specific strength, low density, and 
advantageous combinations of mechanical and opera-
tional properties [1–10]. 

A broad range of technologies is available for 
the  fabrication of aluminum matrix composites 
(AMCs), including powder metallurgy, mechanical 
dispersion, liquid metal infiltration, and various cast-
ing techniques [1; 4; 11]. Casting assisted by intensive 
stirring is the  most accessible and widely employed 
method. This process involves introducing reinforcing 
particles into molten aluminum followed by mechani-
cal or electromagnetic stirring [12–14]. A known limi-
tation of this method is the agglomeration of the added 
particles due to their inherently low wettability in 
an aluminum melt [15]. 

Several studies have demonstrated that semisolid 
metal processing (SSM) represents one of the  most 
cost-effective approaches to producing aluminum 
matrix composites. In this method, the  melt is pro-
cessed within the  temperature interval between liqui-
dus and solidus, where the alloy exhibits a slurry-like 
rheology, enhancing particle incorporation  [16; 17]. 
Three closely related SSM routes are distinguished: 
thixocasting, rheocasting, and thixomolding  [18–20]. 
To reduce porosity and refine the microstructure of fin-
ished products, high-pressure die casting is commonly 
applied as an auxiliary step [21]. Most research on 
AMCs focuses on reinforcing particles such as Al2O3 , 

ZrO2 , MgO, SiC, as well as carbon nanotubes [10–30]. 
The use of dispersed reinforcing materials is limited by 
the technological complexity of composite fabrication 
and by their cost, which is strongly influenced by mar-
ket conditions and varies significantly among different 
types of ceramic powders depending on their chemical 
composition, particle size, and degree of purity. 

In recent years, significant effort has been directed 
to  ward reducing the  cost of AMC production by 
employing inexpensive and widely available raw mate-
rials. In this study, microsilica  – an ultrafine mate-
rial composed of spherical SiO2 particles – is used as 
a modifying agent [4; 5]. Depending on the manufac-
turer, its market price ranges from 550 to 870 USD/t. 
A promising route to cost reduction is the use of dust 
collected from gas-cleaning systems of silicon-pro-
duction furnaces as a low-cost source of microsilica 
(~1500 RUB/t) [11]. 

The aim of the  present study was to develop 
a  method for producing Al–SiO2 composites contain-
ing up to 5 wt. % of reinforcing particles using inten-
sive stirring casting and semisolid metal processing, 
and to evaluate the influence of SiO2 particles on their 
microstructure and properties.

Materials and methodsMaterials and methods
For the laboratory studies aimed at producing com-

posites using amorphous silica, a hypoeutectic AlSi7 
silumin alloy was used as the matrix metal; its chemi-
cal composition was as follows (wt. %): 

Si . . . . . . . . .
Fe . . . . . . . .
Mg . . . . . . .
Mn . . . . . . .
Cu . . . . . . . .
Zn . . . . . . . .
Ga . . . . . . . .

7.00
0.19
0.25
0.10
0.05
0.07
0.001

Amorphous microsilica was collected from the gas-
cleaning system of JSC Kremniy (Shelekhov, Russia) 
and enriched by flotation  [17]. To improve the  wet-
tability of the  microsilica particles and suppress 
agglomeration during their introduction into the melt, 
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the  powder was subjected to ultrasonic treatment in 
acetone, rinsing with distilled water, drying, and sub-
sequent heat treatment at 200–300 °C. In parallel with 
thermal conditioning of the microsilica, the melt was 
alloyed with magnesium, added as MG-90 master alloy 
in an amount of 1 wt. % to enhance interfacial wetting.

Two processing routes were employed to produce 
the aluminum matrix composites: 

– intensive mechanical stirring followed by gravity 
casting; 

– semisolid metal processing followed by squeeze 
casting. 

To enable an objective comparison of the  micro-
structure and physicomechanical properties, the  base 
aluminum alloy was remelted using the  continuous 
casting method. 

During stirred casting, microsilica particles were 
introduced at 730 °C, whereas in semisolid process-
ing they were introduced at 585–615 °C, i.e., between 
the  solidus and liquidus temperatures of the  AlSi7 
alloy. All subsequent casting operations were per-
formed at temperatures above the  liquidus (730 °C). 
The SiO2 particles, preheated to 200–300 °C, were fed 
into the melt at 5 g/min while the melt was stirred with 
a rotor at 200 rpm. The final forming step consisted of 
squeeze casting on a 25-ton hydraulic press. After that, 
the  ingots were subjected to heat treatment at 500 °C 
for 14 h, followed by quenching in warm water (70 °C) 
and precipitation, or age hardening, at 165 °C for 
8 h. The T6 heat-treatment mode was applied to both 
the unreinforced alloy and the composite and consisted 
of solution treatment at 525 °C for 12 h, followed by 
quenching in warm water at 80 °C and aging at 165 °C 
for 8 h. 

Phase analysis was performed using a Shimadzu 
XRD-7000 diffractometer within a 2θ range of 10–70°. 
Microstructural analysis in secondary-electron and 
backscattered-electron modes was carried out using 
a  JEOL JIB-4500 scanning electron microscope 
equipped with an Oxford Instruments X-Max EDS 
detector. Metallographic observations were conducted 
using an Olympus GX-51 optical microscope. Hardness 
was measured using a Zwick Brinell hardness tester 
with a 2.5-mm indenter and a 62.5-kg load. Corrosion 
behavior was examined by potentiodynamic polari
zation using a three-electrode cell with a saturated 
calomel reference electrode and platinum counter elec-
trode. Density was measured by hydrostatic weighing 
according to GOST 8.568-97. Cubic samples (10 mm 
edge length) were degreased and dried at 105 °C for 
1 h to remove adsorbed moisture.

Results and discussionResults and discussion
SEM images of the  spherical microsilica particles 

(Fig. 1) reveal a wide particle-size distribution and 
the adhesion of smaller particles to the surfaces of larger 
spheres due to their high surface energy (Fig. 1, b).

The microsilica used in this study had the following 
chemical composition (wt. %): 

SiO2 . . . . . . . . . . . . . .
Al2O3 . . . . . . . . . . . . .
Fe2O3 . . . . . . . . . . . . .
CaO . . . . . . . . . . . . . .
MgO . . . . . . . . . . . . .
Na2O . . . . . . . . . . . . . .
K2O . . . . . . . . . . . . . .
C . . . . . . . . . . . . . . . . .
S . . . . . . . . . . . . . . . . .

95.0
0.55
0.61
0.96
1.21
0.31
0.84
0.25
0.27

Fig. 2, a shows the  microstructure of the  initial 
hypoeutectic AlSi7 silumin, consisting of dendrites of 
the  aluminum solid solution (α-Al) and the α-Al + Si 
eutectic located in the interdendritic regions.

Fig. 1. SEM images of microsilica particles 

Рис. 1. СЭМ-изображения частиц микрокремнезема
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The AlSi7 alloy produced by high-pressure die cast-
ing exhibits a refined microstructure with an average 
grain size of 15 μm and no shrinkage or gas porosity. 
The microstructure of the Al–SiO2 composite produced 
by casting with intensive mechanical stirring and sub-
sequent pouring at 720 °C (Fig. 2, b) is characterized 

by agglomeration of the  microsilica particles and 
the  formation of regions of shrinkage porosity. This 
indicates a high degree of SiO2 particle agglomera-
tion, which increases in direct proportion to the casting 
temperature. 

Fig. 2, c presents the microstructure of the Al–SiO2 
composite fabricated via semisolid metal processing 
at 600 °C with intensive mechanical stirring followed 
by squeeze casting. Under these conditions, the com-
posite exhibits a uniform distribution of the microsilica 
particles throughout the material, to gether with grain 
refinement and the  elimination of shrinkage porosity. 
Because the squeeze-casting process allows the metal 
to be processed in the  form of a semisolid slurry, 
the dispersed reinforcing particles become highly uni-
formly distributed and their agglomeration is effec-
tively prevented.

Semisolid processing was conducted within 
the temperature interval between the liquidus and soli-
dus, during which the  alloy containing primary α-Al 
dendrites was stirred at 590 °C. Processing the  alloy 
in this semisolid state enabled a uniform distribution 
of the  SiO2 particles throughout the  matrix  – an out-
come that could not be achieved by intensive stirring 
of the fully molten metal. The diffraction pattern of this 
sample shows reflections corresponding to Al, Si, 
and SiO2 (Fig. 3). The most intense peaks arise from 
metallic aluminum (2θ = 28.7°, 32.4°, 43.5°), crystal-
line silicon (2θ = 35.1°, 47.4°, 57.5°, 68.4°), silicon 
dioxide (2θ = 25.5°, 38.1°, 45.3°, 52.7°, 57.3°, 66.5°), 
and aluminum oxide (2θ = 37.6°, 41.9°, 44.8°). X-ray 
diffraction also revealed the  presence of MgAl2O4 
and Mg17Al12 , formed as a result of the  additional 

Fig. 2. Microstructures of the base AlSi7 alloy (a),  
the composite produced by casting with intensive  

mechanical stirring (b), and the composite produced  
by semisolid metal processing (c) 

Рис. 2. Микроструктуры исходного алюминиевого сплава 
AlSi7 (а), композита, полученного литьем с интенсивным 

механическим перемешиванием (b), и композита, 
полученного методом полутвердого металлического литья (c) 

Fig. 3. Diffraction pattern of the Al–SiO2 composite  
in the 2θ range of 10÷70° 

Рис. 3. Дифрактограмма композита Al–SiO2  
в диапазоне 2θ = 10÷70° 

Powder Metallurgy аnd Functional Coatings. 2025;19(6):44–51 
Kuz’min M.P., Kuz’mina M.Yu., Kuz’mina A.S. Aluminum matrix composites Al–SiO2 produced ...



48

magnesium introduced into the  base silumin alloy. 
Magnesium improves the wettability of the microsilica 
particles by the  aluminum matrix through the  for-
mation of MgAl2O4 spinel, which removes surface 
oxides  [10; 17]. The  Mg17Al12 phase formed during 
heat treatment further contributes to strengthening 
of the composite.

The results show that the SiO2 content in the com-
posite material matches the  target value of 5 wt. %. 
This demonstrates that the  amount of dispersed par-
ticles introduced into the  aluminum matrix can be 
accurately controlled. However, to avoid the  forma-
tion of the Al3Mg2 intermetallic phase, which degrades 
the strength of the composite, the magnesium addition 
to the aluminum matrix should be limited to 2 wt. %. 

Brinell hardness data for the  cast AlSi7 silumin 
and the  composites produced from it by the  different 
processing routes are presented in Fig. 4. These results 
indicate that the  incorporation of amorphous micro-
silica particles into the cast silumin, provided they are 
uniformly distributed, leads to an increase in hard-
ness. The SiO2 particles in the aluminum matrix act as 
nucleation centers and promote grain refinement, while 
the mismatch in the coefficients of thermal expansion 
between the microsilica and the matrix alloy generates 
interfacial strain, which serves as a barrier to disloca-
tion motion.

The hardness of the composite materials is governed 
primarily by the  processing route and by the  degree 
of  dispersion of the  reinforcing particles. The  com-
posite obtained by casting with intensive mechanical 

stirring shows, even after heat treatment, a marked 
reduction in hardness relative to the base AlSi7 alloy. 
This deterioration is associated with the  pronounced 
agglomeration of microsilica particles and the resulting 
formation of shrinkage porosity. By contrast, the com-
posite produced by semisolid metal processing fol-
lowed by squeeze casting exhibits the highest hardness. 
This improvement is due to the more uniform disper-
sion of microsilica throughout the matrix and to grain 
refinement caused by crystallization under pressure in 
the presence of numerous nucleation sites. 

The tensile strength of the  composite produced 
by semisolid metal processing was 257 MPa, which 
is essentially equal to that of the  base AlSi7 alloy 
(σb = 269 MPa). In addition to its high strength, this 
composite showed enhanced corrosion resistance 
(Fig. 5). This enhancement is attributed to the  for-
mation of interfacial reaction products arising from 
the  interaction of aluminum, magnesium, and micro-
silica, which are less susceptible to corrosive attack. 
Phases such as MgAl2O4 , Al2O3 , and SiO2 form a pro-
tective oxide layer on the material surface.

The density of the  composite obtained by casting 
with intensive mechanical stirring is slightly lower 
(2.58 g/cm3) than that of the  base alloy (2.64 g/cm3). 
This reduction is explained by the  presence of shrin
kage porosity and agglomerates of SiO2 particles, as 
revealed by microstructural analysis (Fig. 2, b).

The lowest density (2.47 g/cm3) was measured for 
the composite produced by semisolid casting followed 
by squeeze casting. Despite its lower density, this 
material exhibited the best mechanical properties and 

Fig. 4. Brinell hardness of the base AlSi7 alloy (a)  
and of the composites produced by casting  

with intensive mechanical stirring (b),  
and by semisolid metal processing (c)

 – Al;  – Al + SiO2 
Рис. 4. Твердость исходного алюминиевого сплава AlSi7 (a)  

и композитов, полученных литьем с интенсивным  
механическим перемешиванием (b) и методом  

полутвердого металлического литья (c)

 – Al;  – Al + SiO2

Fig. 5. Potentiodynamic polarization curves  
of the base AlSi7 alloy (1) and the composite  
produced by semisolid metal processing (2) 

Рис. 5. Кривые потенциодинамической поляризации 
исходного алюминиевого сплава AlSi7 (1) и композита,  

полученного методом полутвердого  
металлического литья (2)
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no macroporosity. The main reasons for the  reduced 
density in this case are.

1. The presence of a low-density reinforcing phase. 
Amorphous SiO2 particles have a density of about 
2.2 g/cm3, which is lower than that of the  aluminum 
matrix (~2.7 g/cm3). The addition of 5 wt. % SiO2 
therefore naturally reduces the  overall density 
of the composite.

2. Densification under pressure. Squeeze cast-
ing produces a material with a more homogeneous 
microstructure and minimal porosity, as confirmed by 
the micrographs (Fig. 2, c). 

Thus, in this case the decrease in density is not asso-
ciated with defects but rather with the uniform distribu-
tion of the lightweight ceramic phase within the metal-
lic matrix.

ConclusionsConclusions
This study confirms the  feasibility of producing 

Al–SiO2 composites using intensive stirring cast-
ing and semisolid metal processing with subsequent 
squeeze casting. The latter method proved most effec-
tive, enabling the  fabrication of composites contain-
ing 5 wt. % uniformly distributed microsilica par-
ticles. The  results showed that magnesium enhances 
the wettability of the dispersed microsilica particles by 
removing oxygen from their surfaces and by suppress-
ing further oxide formation through the generation of 
the  MgAl2O4 intermetallic phase. An improvement 
in the  mechanical properties of the  composite during 
heat treatment was also observed, which is attributed 
to the formation of the Mg17Al12 phase. The resulting 
composite exhibited higher hardness and superior cor-
rosion resistance compared to the base AlSi7 alloy. 

The proposed processing routes  – casting with 
intensive mechanical stirring and semisolid metal pro-
cessing – enable the production of Al–SiO2 composi
tes with high strength, excellent corrosion resistance, 
and low porosity, making them promising for trans-
port engineering as well as the aviation and aerospace 
industries. The findings expand current understanding 
of the use of micro- and nanoscale powders as alloy-
ing and modifying agents in next-generation composite 
materials. 
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Abstract. TiC–Cu ceramic–metal composites (cermets) have been extensively discussed in recent literature in terms of their properties 

and structure. However, in most cases the formation conditions considered involve the introduction of TiC particles into an over-
heated Cu melt. In the present work, samples were synthesized in air without crucible reactors by combining a thermite reaction 
to produce a copper melt for subsequent infiltration of a porous Ti + C powder charge and initiation of its combustion by self-
propagating high-temperature synthesis (SHS) of titanium carbide. As a result, TiC–Cu cermets were formed. The effect of Cu addi-
tion to the Ti + C SHS charge and of compaction pressure on the completeness of infiltration by the copper melt generated during 
combustion of the copper thermite mixture is analyzed. The influence of these factors on the structure of the synthesized cermets 
is also examined. TiC–Cu cermets were synthesized with 5, 10, and 15 wt. % Cu added to SHS charges compacted at 22, 34, 45, 
56, and 69 MPa. The completeness of infiltration was evaluated from the appearance of polished sections, microstructure, and 
phase composition. Optimal conditions were identified that provide composites with maximum density, minimal structural defects, 
the desired phase composition, and enhanced mechanical properties. The microstructure, composition, and physico-mechanical 
properties (density, Brinell hardness, compressive strength) of the new composites were investigated. It was established that the 
highest infiltration completeness and density of TiC–Cu samples are achieved at 10 wt. % Cu addition to  the  SHS charge and 
a compaction pressure of 45 MPa, while increasing Cu content in the charge leads to higher mechanical properties (hardness and 
compressive strength). 

Keywords: self-propagating high-temperature synthesis, SHS-aluminothermy, copper, titanium carbide, infiltration
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Аннотация. В литературных источниках последних лет достаточно широко рассмотрены свойства и структура керамико-

металлических композитов (керметов) системы TiC–Cu. Однако условия их образования в большинстве своем затра-
гивают случаи введения частиц TiC в перегретый расплав Cu. В данной работе образцы синтезировались на открытом 
воздухе без применения тиглей-реакторов путем сочетания термитной реакции для получения расплава меди, последу-
ющей инфильтрации пористой порошковой шихты Ti + C расплавом и инициации ее горения самораспространяющимся 
высокотемпературным синтезом (СВС) карбида титана. В результате образовывался кермет состава TiC–Cu. Представлен 
анализ влияния добавки меди в СВС-шихту Ti + C и давления ее прессования на полноту пропитки медным расплавом, 
полученным в результате горения медной термитной смеси. Также рассмотрено влияние вышеизложенных факторов на 
структуру синтезируемого кермета. Проведены исследования по синтезу керметов TiC–Cu при введении 5, 10, 15 мас. % Cu 
в СВС-шихты, спрессованные под давлением 22, 34, 45, 56, 69 МПа. Полнота инфильтрации определялась по внешнему 
виду шлифа сечения кермета, микроструктуре и составу. Определены оптимальные условия, при которых получаются 
композиты с наибольшей плотностью, наименьшим количеством дефектов структуры, заданным фазовым составом 
и  высокими механическими характеристиками. Исследованы микроструктура, состав и физико-механические свойства 
(плотность, твердость по Бринеллю, прочность при сжатии) новых композитов. Установлено, что наибольшие полнота 
пропитки и плотность полученных образцов TiC–Cu достигаются при добавке меди в СВС-шихту в количестве 10 мас. % 
и давлении прессования СВС-шихты 45 МПа. Показано, что с увеличением доли меди в шихте возрастают значения меха-
нических свойств (твердость, предел прочности на сжатие).  

Ключевые слова: самораспространяющийся высокотемпературный синтез, СВС-металлотермия, медь, карбид титана, 
инфильтрация
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IntroductionIntroduction
Copper and copper-based alloys are widely used 

as structural materials in mechanical engineering due 
to  their high electrical and thermal conductivity and 
chemical stability. However, these materials exhibit 
relatively low strength and wear resistance. Improving 
their mechanical and tribological properties remains 
an important task aimed at  expanding the  application 
range of  copper and its alloys, increasing efficiency 
of  use, and enhancing service life and operational 
reliability. Metal-matrix composites are actively being 
developed, in which a copper matrix is typically rein-
forced with hard and stiff particles of ceramics, inter-
metallics, carbon nanotubes, and similar phases [1–3]. 
To impart self-lubricating properties, the most common 
hardening phases include SiC  [4], TiC  [5], AlN  [6], 

Al2O3  [7], TiB2 [8], WC [9], as well as graphite [10], 
carbon nanotubes  [11], and MoS2  [12]. Titanium car-
bide is an attractive reinforcement for metallic matri-
ces because it possesses a high elastic modulus, high 
hardness, a high melting point, and moderate electrical 
conductivity [13]. In addition, TiC exhibits virtually no 
interaction with copper; therefore, its incorporation into 
a copper matrix does not adversely affect the physical 
or electrical properties of TiC–Cu composites [14].

For producing TiC–Cu composites, powder metal-
lurgy offers several established routes, including con-
ventional sintering, microwave sintering, spark plasma 
sintering (SPS), and hot pressing. Minimizing residual 
porosity in such composites requires applying high 
pressure and temperature to achieve sufficient densifi-
cation of the initial powder materials. The physical and 
mechanical properties of TiC–Cu composites are also 
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governed by the adhesion at  the metal–ceramic inter-
face, which is controlled by the wetting of TiC particles 
by molten copper. The wetting angle in the TiC–Cu sys-
tem depends on both temperature and contact time: for 
example, at 1200 °C it decreases from 130 to 90° within 
25 min  [15]. Lower temperatures increase the  wet-
ting angle. Furthermore, oxidation of  TiC surfaces 
decreases their wettability by molten copper because 
it inhibits the partial dissolution reactions of  titanium 
carbide in copper that facilitate wetting [16]. 

The high temperatures and pressures required 
to  fabricate TiC–Cu composites significantly compli-
cate manufacturing and increase energy consumption, 
which affects their cost. In this regard, the  method 
of  self-propagating high-temperature synthesis (SHS) 
represents a promising basis for future energy-effi-
cient fabrication technologies for TiC–Cu compo
sites. SHS enables the  synthesis of  various ceramic 
compounds through a highly exothermic reaction that 
does not require external heating, proceeds in a self-
sustaining regime, and can raise product temperatures 
to 2500–3000 °C [17]. For example, STIM-type alloys 
(synthetic hard tool materials) are produced by adding 
up to 40–50 vol. % of a metallic binder (copper, nickel, 
etc.) to an initial Ti + C powder mixture. After initiating 
the SHS reaction Ti + C → TiC, the binder metal melts, 
and pressure up to 180 MPa is applied. The resulting 
TiC–Cu composites can achieve a relative density 
of 99 % [18]. Further development of this method has 
led to  the  fabrication of  TiC–TixCuy–Cu composites 
containing 48–68 %1 TiC, 32–48 % TixCuy intermetal-
lics, and up to 2.5 % free copper, exhibiting high abra-
sive resistance at hardness levels of 50–52 HRC [19].

A recently developed approach eliminates the need 
for external pressing equipment: SHS is used to  pro-
duce porous TiC (or TiC mixed with the MAX-phase 
Ti3SiC2–TiC), followed by spontaneous infiltration 
with molten metal (Al, Sn, Cu) without applying 
external pressure [20–22]. However, when using cop-
per melt generated solely by the heat of  the SHS TiC 
reaction from the initial Cu powder, it was found that 
the  available amount of  molten copper was insuffi-
cient to fill the entire pore volume of the TiC preform. 
At  the same time, preparing copper melt in a furnace 
at  1100 °C  – i.e., using an external heat source  – 
does not provide adequate wetting of TiC at this tem-
perature, preventing spontaneous infiltration of  mol-
ten copper into the TiC framework. The present work 
addresses this issue by employing a higher-temperature 
copper melt generated via the aluminothermic reaction 
3CuO + 2Al → Al2O3 + 3Cu, which can heat the cop-
per above its boiling point [23]. 

SHS can also proceed concurrently with a metal-
lothermic reaction within a single highly exothermic 
reactive system used to synthesize ceramic–metal com-
posite materials [24; 25]. In [26], TiC–Fe powders were 
produced via coupled reactions in Fe2O3 + 2Al and 
Ti + C mixtures in an energy-saving and technologi-
cally simple mode. However, the product of the com-
bined SHS and aluminothermic reaction was a highly 
porous Fe(Al)–Fe3Al–Al2O3–TiC or TiC–Fe cermet 
that could be easily crushed into powder. To explore 
the possibility of producing a dense (or low-porosity) 
cermet, it is promising to separate the aluminothermic 
and SHS reactions into two independent reactive sys-
tems that generate a metal melt and a porous ceramic 
body (preform) separately. These can then be combined 
into a monolithic cermet through capillary wetting 
at the elevated temperature achieved during the alumi-
nothermic and SHS processes. 

Earlier [27], we developed a special graphite refrac-
tory reactor consisting of  two cylindrical crucible-
reactors positioned vertically. The working volume 
of the upper reactor serves for the aluminothermic reac-
tion that produces the copper melt. The lower crucible 
holds the  SHS Ti + C charge that forms the  porous 
TiC ceramic preform. The two reaction chambers are 
separated by a graphite plate with an opening through 
which the  thermite melt can flow into the  lower cru-
cible. To ensure phase separation between the molten 
copper and alumina produced during aluminothermy, 
the  opening is covered by a copper or steel washer 
that delays the outflow of the thermite melt for several 
seconds. 

In [28], it was demonstrated that SHS and alumino-
thermy can be combined without a special two-crucible 
setup by conducting the synthesis on an open sand sub-
strate, where a compacted SHS briquette is simply sur-
rounded by a copper-thermite mixture. TiC–Cu cermets 
were obtained in this manner, and it was shown that 
the compaction pressure of the SHS charge and the addi-
tion of  5 % copper significantly influence the  phase 
composition of the materials, which – besides the main 
phases  – may contain TixCuy intermetallics and free 
graphite. Proper optimization of the SHS charge com-
position and compaction pressure can ensure uniform 
TiC–Cu composites with minimized residual porosity 
and, consequently, enhanced physical and mechanical 
properties.

The objective of this study was to examine the effect 
of SHS charge compaction and Cu additions in the SHS 
mixture on the  structure and mechanical properties 
of TiC–Cu composites produced by combining alumi-
nothermy and SHS in air without refractory crucible 
reactors.1 Unless otherwise specified, all compositions are given in wt. %.
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Materials and methodsMaterials and methods
Titanium carbide porous preforms were synthe-

sized using titanium powder grade TPP-7 (d ≤ 300 μm, 
purity 99 %) and carbon in the  form of  P701 car-
bon black (d = 13–70 nm, purity 99 %) to  prepare 
a  15 g SHS Ti + C charge. Copper powder PMS-A 
(d = 100 μm, 99.5 %) was added in amounts of  0, 
0.75, 1.5, and 2.25 g to reduce the combustion rate and 
obtain a  more homogeneous TiC preform. A copper 
thermite mixture (TU 1793-002-12719185-2009), 40 g 
in total, served both as the SHS ignition source and as 
the primary source of molten copper. The mixed SHS 
charge with copper addition was uniaxially compacted 
using a manual press in a steel die of 23 mm diameter. 
The minimum compaction pressure was 22 MPa, which 
provided sufficient strength for handling and preser
ving the shape of the compact during combustion.

The samples were synthesized by combining alu-
minothermy and SHS in air without using refractory 
crucible reactors. Under these conditions, both the alu-
minothermic reaction 3CuO + 2Al → Al2O3 + 3Cu, 
with phase separation of  the  oxide and copper melts 
followed by release of  the  latter after melting a thin 
steel washer  [27; 28], and the  SHS process produc-
ing the porous TiC preform, occurred simultaneously. 
The overall experimental layout is shown in Fig. 1. 

The compacted cylindrical SHS briquette was 
placed into a cavity formed in a sand substrate and 
uniformly covered with the  copper thermite mixture. 
An  electrical heating coil initiated the  thermite reac-
tion, whose thermal impulse triggered the  SHS reac-
tion. During combustion of the copper thermite mixture 
and formation of  the  copper melt, a sufficiently high 
temperature was reached to initiate SHS of the porous 
TiC preform, which was instantaneously infiltrated by 
the  incoming molten copper through capillary action. 
As a result of  synthesis and spontaneous infiltration, 
dense TiC–Cu cermet bodies were obtained.

The completeness of preform infiltration was pre-
liminarily assessed by visual examination of  poli
shed sample surfaces (macrosections) and by den-
sity measurements using the  Archimedes method. 
Microstructural analysis of  the  synthesized samples 
was performed using a JSM-7001F scanning elect
ron microscope (Jeol, Japan). The phase composi-
tion of  the  synthesis products was determined by 
X-ray diffraction (XRD). Diffraction patterns were 
recorded on an automated ARL X’trA diffractometer 
(Thermo Scientific, Switzerland) using CuKα radiation 
in continuous scan mode over 2θ = 20–80° at 2°/min. 
The diffraction data were processed using the WinXRD 
software package. Hardness was measured accor
ding to the Brinell method using a 5 mm ball indenter 

at a load of 98 N in accordance with GOST 9012-59. 
Compression tests were carried out following 
GOST 25.503-97 on cylindrical samples with a dia
meter of 20.1 ± 0.1 mm and a height of 19.4 ± 0.8 mm 
using a Bluehill 3 testing machine (Instron, USA) 
at a cross-head speed of 1 mm/min. 

Results and discussionResults and discussion
Fig. 2 shows macro-images of  polished sections 

of  the  synthesized TiC–Cu cermet samples produced 
from the  Ti + C SHS charge without Cu addition 
at  different compaction pressures (P). Regardless 
of  the applied pressure, the  resulting samples contain 
numerous unfilled pores, pronounced delamination, 
and even cracking. At P = 69 MPa, the  composite 
underwent complete destruction during synthesis.

Figs. 3–5 macro-images of  polished sections of 
TiC–Cu cermet samples synthesized from SHS charges 
containing Cu at different compaction pressures.

Analysis of Fig. 3 shows that even a relatively small 
amount of  copper (0.75 g) in the  charge markedly 
affects the macrostructure of the resulting composites. 
The 5 % Cu addition significantly improves the infilt
ration completeness of  the  thermite copper melt into 
the  synthesized TiC preform. As the  compaction 
pressure increases, the  defect morphology changes: 
at P = 22 MPa, the composite contains a considerable 
fraction of open pores, whereas higher pressures lead 
to  progressively more complete infiltration across 
the sample cross-section. However, the nature of defects 
shifts from pore-dominated to crack-dominated. 

When the Cu addition is increased to 10 %, all samp
les become infiltrated and exhibit only residual poro
sity (Fig. 4). At lower compaction pressures, infiltra
tion remains incomplete (Fig. 4, a, b). Numerous small 

Fig. 1. Schematic representation of the combined aluminothermic 
reaction and SHS process used to produce ceramic–metal 

composite materials 

Рис. 1. Схема сочетания реакции металлотермии и СВС  
для получения керамико-металлических композитов
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pores and cracks are observed along the  periphery 
of  the  samples. It is worth noting that at P = 45 MPa 
the samples show the lowest defect density among all 
conditions studied in this work, and infiltration occurs 
throughout the  entire TiC preform volume. Further 
increases in compaction pressure lead to  composite 
delamination and crack formation. 

 The samples with 15 % Cu exhibit an increased 
defect density in their macro-structure, accompanied 

by a change in defect morphology. In the micrographs 
shown in Fig. 5, individual isolated pores are almost 
completely absent; instead, the  defects appear predo
minantly as clusters of fine pores arranged in crack-like 
formations.

The masses of  the  synthesized cermet samples 
obtained under different synthesis conditions  – Cu 
addition to  the  SHS charge and compaction pres-
sure – are listed in Table 1 and presented graphically in 

Fig. 2. Macro-images of polished sections of synthesized TiC–Cu cermet samples  
produced from the Ti + C SHS charge without Cu addition at different compaction pressures

Р, MPa: 22 (a), 34 (b), 45 (c), 56 (d) 

Рис. 2. Фотографии шлифов синтезированных образцов керметов TiC–Cu из СВС-шихты  
без добавки меди Ti + C при различных давлениях ее прессования 

Р, МПа: 22 (a), 34 (b), 45 (c), 56 (d)

Fig. 3. Macro-images of polished sections of synthesized TiC–Cu cermet samples  
produced from the SHS charge with 5 % Cu addition at different compaction pressures

Р, MPa: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e) 

Рис. 3. Фотографии шлифов синтезированных образцов керметов TiC–Cu из СВС-шихты  
с 5 %-ной добавкой меди при различных давлениях ее прессования

Р, МПа: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e)

Fig. 4. Macro-images of polished sections of synthesized TiC–Cu cermet samples  
produced from the SHS charge with 10 % Cu addition at different compaction pressures

Р, MPa: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e) 

Рис. 4. Фотографии шлифов синтезированных образцов керметов TiC–Cu из СВС-шихты  
с 10 %-ной добавкой меди при различных давлениях ее прессования

Р, МПа: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e)
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Fig. 6. These data show that at P = 45 MPa all samp
les demonstrate a distinct mass maximum, indicating 
the  most complete infiltration, particularly for SHS 
charges containing 5 and 10 % Cu. 

To evaluate the completeness of infiltration, the den-
sity of the synthesized cermets was calculated as

ρ = m/V,

where m is the mass and V is the volume of the body. 
The obtained results are presented in Table 2 and in 
graphical form in Fig. 7. The data show that the den-

Fig. 5. Macro-images of polished sections of synthesized TiC–Cu cermet samples  
produced from the SHS charge with 15 % Cu addition at different compaction pressures

Р, MPa: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e) 

Рис. 5. Фотографии шлифов синтезированных образцов керметов TiC–Cu из СВС-шихты  
с 15 %-ной добавкой меди при различных давлениях ее прессования

Р, МПа: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e)

Table 1. Dependence of cermet sample mass (g)  
on synthesis conditions 

Таблица 1. Зависимость массы (г) образцов кермета  
от условий синтеза

Cu addition, 
wt. %

Compaction pressure, MPa
22 34 45 56 69

0 15.6 18.2 26.4 21.6 22.7
5 27.4 30.65 31.7 30.9 27.4
10 22.0 29.2 31.6 27.6 27.9
15 26.8 31.0 28.5 31.3 28.4

Table 2. Density (ρ, g/cm3) of the synthesized cermet 
samples as a function of Cu addition  

to the SHS charge and compaction pressure

Таблица 2. Плотность полученных образцов  
керметов (ρ, г/см3) в зависимости от условий синтеза – 
добавки меди в СВС-шихту и давления прессования

Cu addition, 
wt. %

Compaction pressure, MPa
22 34 45 56 69

0 3.13 2.51 3.24 2.65 0
5 3.78 3.38 3.89 3.79 3.78
10 3.47 3.90 5.07 3.59 3.62
15 3.48 3.61 3.70 4.61 5.01

Fig. 6. Dependence of the mass of synthesized TiC–Cu cermet 
samples on the compaction pressure of the SHS charge  

with different Cu additions
1 – 0, 2 – 5 %, 3 – 10 %, 4 – 15 %

Рис. 6. Зависимость массы синтезированных образцов 
керметов от давления прессования СВС-шихты  

с различным количеством добавки меди
1 – 0, 2 – 5 %, 3 – 10 %, 4 – 15 %

Fig. 7. Dependence of the density of synthesized TiC–Cu cermet 
samples on the compaction pressure of the SHS charge  

with different Cu additions
1 – 0, 2 – 5 %, 3 – 10 %, 4 – 15 %

Рис. 7. Зависимость плотности синтезированных образцов 
керметов TiC–Cu от давления прессования СВС-шихты  

с различным количеством добавки меди
1 – 0, 2 – 5 %, 3 – 10 %, 4 – 15 %
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sity increases with increasing Cu content in the  SHS 
charge. In addition, a distinct peak of maximum denity 
is observed at 45 MPa for the 10 % Cu addition. 

To analyze the  phase composition of  the  obtained 
TiC–Cu composites, X-ray diffraction (XRD) was 
performed. The corresponding diffraction patterns are 

shown in Figs. 8–10. All TiC–Cu samples produced 
from SHS charges without Cu addition contain a sig-
nificant fraction of  Ti–Cu intermetallic compounds, 
and all diffraction patterns exhibit shifts of Cu peaks, 
which may indicate stable incorporation of  a small 
amount of Ti in the copper matrix (Fig. 8).

Fig. 8. Diffraction patterns of synthesized TiC–Cu cermet samples obtained from the SHS charge  
without Cu addition at different compaction pressures

Р, MPa: 22 (a), 34 (b), 45 (c), 56 (d) 

Рис. 8. Дифрактограммы синтезированных образцов керметов TiC–Cu из СВС-шихты  
без добавки меди при различных давлениях ее прессования

Р, МПа: 22 (a), 34 (b), 45 (c), 56 (d)
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Fig. 9. Diffraction patterns of synthesized cermet samples obtained from the SHS charge with 5 % Cu addition  
at different compaction pressures

Р, MPa: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e) 

Рис. 9. Дифрактограммы синтезированных образцов керметов с 5 %-ной добавкой меди
Р, МПа: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e)
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Fig. 10. Diffraction patterns of synthesized cermet samples obtained from the SHS charge  
with 10 % Cu addition at different compaction pressures

Р, MPa: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e) 

Рис. 10. Дифрактограммы синтезированных образцов керметов с 10 %-ной добавкой меди
Р, МПа: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e)
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As follows from Fig. 9, the introduction of 5 % Cu 
into the charge eliminates the Ti–Cu intermetallic peaks 
on the  diffraction patterns. However, peaks of  free 
graphite (Gr) appear. Considering that the carbon phase 
(carbon black) in the initial SHS charge corresponded 
to the stoichiometry of TiC, the observed free carbon in 
the form of graphite should lead to non-stoichiometric 
titanium carbide TiCx . The shift of the TiC peaks sup-
ports this interpretation. The graphite peak may also 
indicate graphitization of the amorphous carbon black 
introduced into the  reaction mixture. Partial graphiti
zation of carbon black during SHS of titanium carbide 
was previously reported in SHS–pressing experi-
ments [29], where amorphous carbon transformed into 
graphitic nanofilms. 

It is also important to note that under the conditions 
of intensive thermite combustion in air without the use 
of  a special crucible for the  metallothermic reaction 
(Fig. 1), where gravitational phase separation of liquid 
copper and alumina might not proceed to  comple-
tion, the  presence of  Al2O3 in the  TiC–Cu cermets 
was expected. However, XRD data show that none 
of  the  synthesized cermet samples contain alumina 
contamination. This result can be explained by the fact 
that at  high combustion temperatures the  relatively 
low-viscosity thermite copper melt wets the  ceramic 
TiC preform and infiltrates it, whereas the  more vis-
cous Al2O3 melt does not wet the preform sufficiently 
and therefore does not infiltrate  [30]. Thus, in this 
case the phase separation of Cu and Al2O3 produced in 
the thermite reaction is governed by their strong diffe
rences in viscosity and wettability of the TiC preform.

As seen from Fig. 10, with increasing Cu content 
in the charge, the SHS process is still initiated despite 
the expected reduction in exothermicity, leading to TiC 
formation. At the same time, Ti–Cu intermetallic com-
pounds are generated, accompanied by partial graphiti-
zation of the carbon black.

XRD results for samples with 15 % Cu addition are 
not shown because they are identical to those presented 
in Fig. 10.

Based on these observations, it can be concluded 
that in all examined cases the molten copper completely 

infiltrates the  porous SHS-produced TiC preform. 
In  every experiment, stable combustion of  the  SHS 
charge and the  formation of  the  TiC preform were 
observed. The purest samples – those free of interme-
tallic inclusions – were obtained with 5 % Cu addition 
to  the  Ti + C SHS charge at  a compaction pressure 
of 45 MPa. 

To investigate hardness (HB), a TH600 hardness 
tester (Time Group Inc., China) was used. The results, 
based on four measurements for each sample, are pre-
sented in Table 3. The highest hardness values (95 HB) 
were achieved at 5 and 10 % Cu additions with a com-
paction pressure of  34 MPa, whereas at  the  optimal 
pressure of  45 MPa and 15 % Cu addition a compa-
rable value of 88.5 HB was reached.

For compression strength (σc ), samples synthesized 
under optimal conditions (P = 45 MPa) were selected. 
Samples produced without Cu addition were excluded 
because of high residual porosity and structural hete
rogeneity, which significantly reduce strength com-
pared to samples derived from Cu-containing charges. 
The obtained results are summarized in Table 4.

The data clearly show a substantial increase in 
compressive strength with increasing Cu content in 
the  composite. This is associated with the  fact that 
adding 5–15 % Cu to the Ti + C SHS charge promotes 
the  formation of a more homogeneous SHS-produced 
TiC preform and ensures more complete infiltration by 
the thermite copper melt. As a result, structurally more 
uniform TiC–Cu composites with minimal residual 
porosity and significantly higher hardness and comp
ressive strength are obtained.

Table 3. Brinell hardness (HB) of the synthesized TiC–Cu cermet samples 
Таблица 3. Твердость по Бринеллю (HB) полученных образцов керметов

Cu addition, 
wt. %

Compaction pressure, MPa
22 34 45 56 69

0 90.00 ± 12.5 78.75 ± 4.3 22.00 ± 8.6 53.00 ± 9.0 0
5 68.50 ± 16.4 95.75 ± 13.9 75.25 ± 20.9 81.50 ± 15.4 45.25 ± 22.5
10 81.25 ± 12.1 95.00 ± 7.4 31.75 ± 11.0 50.00 ± 19.0 33.00 ± 7.2
15 71.75 ± 6.5 52.00 ± 4.3 88.50 ± 5.1 65.00 ± 25.5 56.25 ± 25.2

Table 4. Compressive strength (σc , MPa)  
of TiC–Cu cermet samples synthesized  

from SHS charges with and without Cu addition 
Таблица 4. Значения прочности при испытании  

на сжатие (σв , МПа) образцов керметов  
из СВС-шихты с добавкой меди

Cu,  
wt. % 0 % 5 % 10 % 15 %

σс , MPa 161.5 ± 9 240 ± 38 264.5 ± 23 390 ± 24
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Conclusions Conclusions 
1. The feasibility of synthesizing TiC–Cu composi

tes by combining aluminothermy to produce a copper 
melt with subsequent SHS initiation to form a porous 
TiC preform in air without the use of crucible reactors 
has been demonstrated.

2. It has been established that the copper melt gene
rated by the  aluminothermic reaction spontaneously 
infiltrates the still-hot porous SHS-produced TiC pre-
form, in contrast to  alumina, which is also formed 
during aluminothermy but does not infiltrate and 
remains outside the TiC preform. 

3. Microstructural examination of  the  TiC–Cu 
composites showed that the  compaction pressure 
of  the Ti + C SHS charge and the  addition of  copper 
powder significantly affect the completeness of infiltra-
tion by the thermite copper melt. The highest infiltra-
tion completeness and density of the TiC–Cu samples 
(3.89 g/cm3), combined with minimal structural defects, 
are achieved at 10 wt. % Cu addition to the SHS charge 
and a compaction pressure of 45 MPa.

4. The hardness of TiC–Cu composites obtained from 
SHS charges compacted at  45 MPa reaches 88.5 HB 
for a 15 wt. % Cu addition, which is close to the maxi
mum value of  95 HB observed at  P = 34 MPa with 
5–10 wt. % Cu.

5. The compressive strength increases markedly 
with increasing copper content in the  initial SHS 
charge and reaches a maximum value of  414 MPa 
at 15 wt. % Cu and P = 45 MPa.
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Abstract. Corrosion is one of the primary causes of failure in oil and gas equipment, affecting not only its service life but also opera-

tional safety. In the Russian Federation, crude-oil production is increasingly complicated by the high water content of produced 
fluids, which significantly accelerates corrosion processes. The use of internal polymer coatings in pipelines partly mitigates this 
problem; however, the proportion of corrosion-related failures remains high. Effective protection of oil pipelines using polymer 
coatings requires a clear understanding of their degradation mechanisms, including under conditions that closely approximate 
field operation. Such understanding enables the development of effective solutions that help maintain the operating stock of oil 
wells in serviceable condition. This work summarizes the principal mechanisms of degradation of polymer coatings on metallic 
surfaces, including under exposure to aggressive environments. The key factors governing coating failure in oil pipelines are iden-
tified: diffusion and absorption of water molecules within the polymer matrix; disruption of molecular interactions in the polymer 
network; delamination due to loss of adhesion between the coating and the metal; interfacial corrosion; cathodic delamination; 
blister formation; and erosion-driven damage. The study presents results of the examination of various epoxy–novolac-based 
anticorrosion coatings removed from pipelines after field service and provides representative images of coatings at different degra-
dation stages. The aim of the work was to consolidate current knowledge on the degradation mechanisms of polymer coatings 
on metals under diverse conditions and to refine the staged description of coating degradation in oil pipelines. 
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IntroductionIntroduction
All polymers are, in principle, permeable to  well 

fluids encountered during oil production, and this per-
meability ultimately results in corrosion and delamina-
tion of internal polymer coatings (IPCs) used in oilfield 
pipelines  [1]. The permeability of water, oxygen, and 
electrolyte ions through the  coating is a fundamental 
characteristic governing the  progression of  coating 
degradation and the  subsequent corrosion of  pipeline 
steel [2]. The failure mechanism of IPCs includes: 

• ingress of water and ions into the coating, where 
water diffuses through the polymer matrix and initiates 
changes in its properties; 

• chemical degradation of  the  polymer molecular 
structure, in which water cleaves reactive sites within 

the  epoxy network, causing hydrolysis-induced chain 
scission;

• accumulation of  water within micropores 
of  the  coating, forming pathways for ion transport 
and ultimately leading to  coating delamination from 
the metal surface [2]. 

Water absorption (hydration) within epoxy coatings 
is one of the primary causes of failure in pipeline coa
ting systems [3].The uptake of water softens and plas-
ticizes the  polymer network, promotes blister forma-
tion, cracking, and localized delamination of the epoxy 
layer. During prolonged exposure to water and aggres-
sive chemical species, water molecules displace 
polar interfacial bonds between the coating and steel, 
weakening adhesion. Underfilm corrosion represents 
the  final stage of  degradation, where the  combined 

  yudin@npcsamara.ru

Аннотация. Коррозия является одной из главных причин выхода из строя нефтегазового оборудования. Помимо уменьшения 
его срока службы, она оказывает влияние на безопасность при его эксплуатации. В настоящее время добыча нефти в РФ 
осложнена обводнeнноcтью скважинной продукции, что в значительной степени интенсифицирует процессы коррозии. 
Применение внутренних полимерных покрытий трубопроводов частично решает данную проблему, однако доля отказов, 
связанных с коррозией, до сих пор остается на высоком уровне. Для эффективной протекторной защиты нефтепроводов 
с использованием полимерных покрытий необходимо понимание механизмов их разрушения, в том числе в приближенных 
к реальным условиях эксплуатации. Это позволит находить эффективные решения, способствующие поддержанию эксплу-
атационного фонда нефтяных скважин в работоспособном состоянии. В настоящей работе описаны основные механизмы 
разрушения полимерных покрытий на металлических поверхностях, в том числе при их эксплуатации в агрессивных средах. 
Выделены основные факторы, обуславливающие разрушение покрытий нефтепроводов: диффузия и абсорбция молекул 
воды внутри полимерной матрицы; нарушение связей внутри полимерной сети покрытия; отслоение покрытий из-за потери 
адгезии между ним и металлом; межфазная коррозия; катодное отслоение; образование пузырей; эрозионные процессы. 
Приведены результаты исследования различных антикоррозионных покрытий нефтепроводов на эпоксиноволачной основе 
после эксплуатации на месторождениях. Продемонстрированы изображения покрытий на различных этапах разрушения. 
Цель работы заключалась в обобщении механизмов разрушения полимерных покрытий на металлах в различных условиях 
и уточнении стадийности разрушения покрытий нефтепроводов.  

Ключевые слова: коррозия, эрозия, полимерные покрытия, внутренние антикоррозионные покрытия (ВАКП), нефтепроводы, 
насосно-компрессорные трубы (НКТ), диффузия, деградация, расслоение
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effects of  adhesion loss and osmotic pressure cause 
cracking and delamination, resulting in coating failure 
and a substantial reduction in pipeline service life [3].

The corrosion process is governed by anodic 
and cathodic reactions at the  metal–polymer inter-
face  [4; 5]. Cathodic reactions at the  metal surface 
generate hydroxide ions, producing a highly alkaline 
environment [6; 7] that can raise the local pH to values 
above 14 beneath the  coating near the  delamination 
front [7]. Cathodic delamination may therefore arise 
from:

– electrochemical reduction of the oxide layer [8]; 
– alkaline hydrolysis [9] or electrochemical degra-

dation  [10] of  the  interfacial polymer region respon-
sible for adhesion; 

– alkaline breakdown of interfacial bonds [8]. 
The interfacial polymer layer is also degraded by 

free radicals generated through Fenton-type reactions 
involving Fe2+ and H2O2 or organic peroxides [11; 12]. 
These peroxide intermediates form during oxygen 
reduction and react with iron cations in the  electro-
lyte near the metal–polymer interface. Radical-driven 
degradation weakens interfacial adhesion and accele
rates delamination  [11; 12]. Cathodic polarization 
additionally promotes molecular hydrogen evolution 
at the metal surface [13; 14]. The evolution of molecu-
lar hydrogen gas at the  metal–polymer interface can 
generate high interfacial pressures and additional 
mechanical stresses within the  delamination zone. 
This effect is supported by the established correlation 
between the  electrolytic hydrogen uptake current in 
the metal and the rate of cathodic delamination [13].

This review summarizes the  general mechanisms 
of  polymer-coating degradation on metallic surfaces 
in atmospheric environments or ionized water – where 
oxygen acts as the primary corrosive agent. It further 
examines the  behavior of  internal anti-corrosion coa
tings used in gathering pipelines, water lines, and 
tubing strings, and presents an updated staging model 
for IPC degradation in oil pipelines.

Cathodic delamination  Cathodic delamination  
of coatingsof coatings

A schematic representation of  cathodic delamina-
tion is presented in  [15] (Fig. 1), based on an experi-
mental study of  the  degradation of  a polybutadiene 
coating on steel exposed to  a 0.5 M NaCl solution 
under a  cathodic potential of  –1.5 V for 1000 h  [8]. 
At the  edge of  the  delaminated region, a pronounced 
decrease in oxide-film thickness was observed com-
pared with the  central area  [8]. The increase in 
pH at the  delamination front promotes dissolution 
of  the  oxide layer; however, as the  interfacial gap 
(the distance between the metal surface and the lifted 
coating) increases, the  pH gradually decreases and 
the oxide layer thickensagain.

X-ray photoelectron spectroscopy (XPS) analy-
sis [8] within the delaminated region revealed a metal-
lic surface beneath the coating that was essentially free 
of oxide. According to  the authors, this indicates that 
the  surface oxide layer undergoes either reduction or 
dissolution. This process results in intraphase degrada-
tion of interfacial bonds and leads to interfacial sepa-
ration along the metal/oxide boundary, with the oxide 

Fig. 1. Schematic representation of the processes occurring in a defective polymer coating  
and leading to cathodic delamination of the coating [15]

a – processes within the defect and beneath the delaminated coating; b – processes within the defect and beneath the delaminated coating,  
with detailed representation of the metal–polymer interface and the delamination zone 

Рис. 1. Схема процессов, протекающих в дефектном полимерном покрытии и приводящих  
к катодному отслоению покрытия [15]

а – процессы в дефекте и под отслоившимся покрытием; b – процессы в дефекте и под отслоившимся покрытием  
с детализацией границы раздела металл–полимер и зоны отслоения покрытия
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layer being removed together with the  delamina
ted coating. Outside the  interfacial separation zone, 
the coating detaches cleanly from the metal substrate 
without cohesive damage [8].

Anodic corrosionAnodic corrosion
Filiform corrosion, a form of anodic underfilm cor-

rosion, has been observed on metals with polymer coa
tings exposed to a humid atmosphere, the aggressive-
ness of which is enhanced by artificial or natural con-
taminants such as sulfur dioxide or chlorides [16; 17]. 
This type of  corrosion (Fig. 2) typically initiates at 
discontinuities in regions containing porosity and 
voids, mechanical defects, or areas of reduced coating 
thickness. Filiform corrosion is characterized by linear 
propagation paths, where local accumulation of water 
at the  metal/coating interface triggers electrochemi-
cal processes  [18; 19]. Localized anodic reactions 
on the steel are coupled with oxygen reduction, which 
in turn promotes cathodic degradation of  adhesion 
at the interface.

Diffusion of reactants  Diffusion of reactants  
through polymer coatingsthrough polymer coatings

Fig. 3 illustrates the stages of coating delamination 
under high hydrostatic pressure as proposed in  [20]. 
In an epoxy-varnish coating, the applied pressure sig-
nificantly accelerates the  diffusion of  water toward 
the coating–substrate interface and leads to the forma-
tion of numerous small, water-filled blisters.

One of the most important degradation mechanisms 
is coating aging, which results in a loss of barrier per-
formance and deterioration of  mechanical properties. 
Aging occurs under the combined influence of elevated 

temperature, chemically aggressive species, pressure, 
and mechanical loading  [21]. Another critical failure 
mechanism is blister formation during decompres-
sion. As described in  [21], gases penetrate the  pores 
of  the material at high pressure; when the pressure is 
rapidly reduced, the  dissolved gases expand, genera
ting blisters within the coating and causing its failure 
(Fig. 4, a). Corrosion also develops at sites where 
the coating is mechanically damaged (Fig. 4, b). In such 
cases, the  base metal of  the  pipe is directly exposed 
to  the  aggressive environment, leading to  active cor-
rosion. When defects are present, the rate of corrosion 
progresses with similar intensity regardless of the coat-
ing type [21].

The authors of  [22] nvestigated the  effect of  pro-
longed exposure (85 weeks) to hot water at 65 °C on 
epoxy powder barrier coatings used to protect metallic 
surfaces, including components of  oil and gas equip-
ment. It was shown that degradation of  the  coating 
begins after only 8 weeks, while oxidation of the sub-
strate becomes noticeable after 182 days. Adhesion-
strength measurements demonstrated that the bonding 
strength of the coatings decreases rapidly due to water-
induced plasticization, but subsequently exhibits 
a  slight recovery attributed to  secondary crosslinking 
of the epoxy network [22].

A study presented in [23] examined the degradation 
mechanisms of  coatings based on amine-cured epoxy 
novolac (EN) and bisphenol-F (BPF) resins under 

Fig. 2. Schematic representation of anodic delamination  
driven by corrosion, and the potential distribution along  

the metal–coating interface [16] 

Рис. 2. Схема анодного отслоения покрытия  
под воздействием коррозии и распределение потенциала 

вдоль границы основы и покрытия [16]

Fig. 3. Schematic representation of the coating-failure process 
under high hydrostatic pressure [20] 

Рис. 3. Схематическое изображение процесса разрушения 
покрытий под высоким гидростатическим давлением [20]
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high-pressure, high-temperature (HPHT) conditions. 
The coatings were subjected to autoclave testing. It was 
established that the degradation mechanisms of EN and 
BPF protective coatings under HPHT conditions are 
governed by the combined action of gas, hydrocarbon, 
and aqueous phases and their joint effects on the poly-
mer structure and the substrate. In the gas phase, con-
sisting of  nitrogen and carbon dioxide, the  coatings 
remain unchanged because no significant interaction or 
physical damage occurs. However, contact of the coa
ting surface with hydrocarbons (p-xylene) results in 
solvent diffusion into the  polymer matrix, which 
increases the  free volume within the  coating layer. 
Fig. 5 illustrates the  mechanisms of  coating degrada-
tion under HPHT exposure to  p-xylene during auto-
clave conditioning, as well as during pressure release 
under decompression [23].

The study reported in [24], which involved simulta-
neous exposure to three phases (a gas phase, a hydro-
carbon liquid phase, and mineralized water), investi-
gated the  influence of  carbon dioxide (CO2 ) present 
in the  gas phase under HPHT conditions on the  deg-
radation of amine-cured epoxy novolac (EN) coatings. 
It was established that the combined action of the gas, 
hydrocarbon, and aqueous phases deteriorates the coa
ting performance and leads to  underfilm corrosion. 
When each phase was applied separately under low-
pressure conditions, the  EN network remained intact 
and essentially impermeable. However, in regions 
exposed to hydrocarbons, the  joint action of p-xylene 
and CO2 at elevated pressure and temperature causes 

a reduction in the glass-transition temperature, followed 
by softening of the EN network. This softening allows 
dissolved CO2 to diffuse into the EN structure, forming 
microscopic voids at the coating surface (Fig. 6).

Comparative autoclave tests under high-pressure, 
high-temperature (HPHT) conditions were carried out 
in [25] or epoxy–siloxane hybrid coatings. These coa
tings were shown to  outperform EN-based systems, 
which soften upon exposure to hydrocarbons (such as 
p-xylene), resulting in a reduction in glass-transition 
temperature and an accelerated diffusion of gases and 
ions. 

The long polymer chains in siloxane-based coa
tings (EN-EPDMS) promote the uptake of water mole
cules, especially under high pressure. Such coatings 
tend to  form unruptured blisters during rapid pres-
sure release. In contrast, the  coating modified with 
the  short-chain 3-glycidyloxypropyltrimethoxysilane 
(EN-GPTMS) exhibited high resistance to decompres-
sion (Fig. 7).

Under the assumption that the coating remains intact 
and free of  defects or inclusions, it can therefore be 
concluded that the primary initiating factor for coating 
degradation and the onset of corrosion is the diffusion 
of reactive species through the polymer layer (Fig. 8). 

However, as noted by the authors of the review [26], 
many open questions remain regarding the  swelling 
behavior of polymers and the complexity of describing 
diffusion processes that deviate from ideal Fickian dif-
fusion (Fick’s second law), among other issues (Fig. 9). 

Overall, the  degradation of  a polymer coating is 
governed by the  following processes and/or their 
combination.

• Diffusion and absorption of  water molecules 
within the polymer matrix. These processes are influ-

Fig. 4. Coating failure after corrosion autoclave testing [21]
a – blister formation caused by insufficient film thickness;  

b – corrosion developing in a damaged coating 

Рис. 4. Разрушение покрытия после коррозионных  
автоклавных испытаний [21]

а – образование пузырей из-за малой толщины пленки;  
b – коррозия в поврежденном покрытии

Fig. 5. Water ingress through the coating toward the metal  
and the migration route of iron ions toward the coating surface 

during decompression-driven pressure release [23] 

Рис. 5. Проникновение воды через покрытие к металлу  
и путь ионов железа к поверхности покрытия  
при декомпрессионном сбросе давления [23]
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enced by surface topography, polymer structure, and 
environmental conditions. Free volume and micro-
cracks within the  coating structure provide pathways 
for the  diffusion of  water molecules, which may fol-
low Fickian, non-Fickian, and/or capillary diffusion 
regimes. As they move from the external coating sur-
face toward the  coating/metal interface, water mole
cules may either migrate freely or interact with polar 
segments of the polymer network. Water absorption by 
the polymer leads to structural instability of the poly-
mer network (plasticization), promoting volumet-
ric expansion, interfacial separation, and erosion 
of the coating [27–30].

• Disruption of van der Waals and hydrogen bonds 
within the  polymer network as a result of  interac-

tions between water molecules and polar segments 
of the polymer chain, which causes anisotropic expan-
sion of  the  network. These volumetric changes and 
the associated stresses can irreversibly alter the coating 
microstructure, leading to the initiation and/or growth 
of microcracks within the  coating and at the  coating/
metal interface [31–34].

• Fragmentation of  polymer chains due to  hydro-
lytic degradation of  coatings containing hydrolysable 
bonds. In addition to hydrolysis of the polymer matrix, 
dissolution of  coating components (such as pigments 
and additives) may occur, resulting in mass loss and 
structural changes. The hydrolysis process can further 
accelerate polymer degradation by altering the  local 
pH in regions surrounding the reactive sites [35–37].

Fig. 6. Mechanisms by which the hydrocarbon and aqueous phases affect an epoxy–novolac coating under high-pressure,  
high-temperature conditions, in the presence and absence of carbon dioxide in the system [24] 

Рис. 6. Механизмы воздействия углеводородной и водной фаз на эпоксидно-новолачное покрытие в условиях  
высоких давлений и температур при наличии углекислого газа в системе и без него [24]

Fig. 7. Schematic illustration of crosslinking in EN-EPDMS and EN-GPTMS coatings before and after HPHT exposure [25]
The long and flexible EN-EPDMS chains exhibit trapped water molecules in the HC–SW region, which leads to the formation of unruptured blisters.  

By contrast, the short-chain, EN-GPTMS–crosslinked network shows no detectable changes under high-pressure, high-temperature exposure 

Рис. 7. Схематическая иллюстрация сшивания EN-EPDMS и EN-GPTMS до и после воздействия HPHT [25]
Длинная и гибкая цепь EN-EPDMS демонстрирует захваченные молекулы воды в зоне HC−SW, что приводит  

к образованию нелопнувших пузырей. Напротив, короткая цепь в EN-GPTMS сшитой структуре не показывает никаких изменений  
при воздействии высоких давлений и температур
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Fig. 8. Schematic illustration of changes in water uptake in polymer coatings as a function of exposure time [18] 

Рис. 8. Схематическая иллюстрация изменения водопоглощения в полимерных покрытиях с течением времени [18]

Fig. 9. Schematic representation of water diffusion through a polymer layer toward the metallic surface  
and the associated unresolved questions [26] 

Рис. 9. Схема диффузии воды через слой полимера к металлической поверхности и связанные с этим вопросы [26]
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• Delamination associated with loss of  adhesion, 
driven by damage to molecular bonds between the coa
ting and the metal, disruption of thermodynamic equi-
librium at the metal–polymer interface, and the break-
down of  mechanical interlocking and/or the  develop-
ment of osmotic pressure. Delamination is initiated by 
the permeation of water molecules through the coating 
to  the  metallic substrate, thereby compromising coa
ting integrity and accelerating adhesion loss. Typically, 
delamination is preceded by plasticization and swell-
ing of  the  coating, as well as changes in interfacial 
chemistry [38–41].

• Interfacial delamination caused by corrosion at 
the  metal–coating interface. Variations in pH within 
the interfacial region disturb the thermodynamic equi-
librium established by Lewis acid–base interactions, 
thereby reducing adhesion strength  [18]. Corrosion 
at  the  metal/coating interface disrupts mechanical 
interlocking between the  coating and the  metallic 
substrate, further weakening adhesion. The accu-
mulation of  corrosion products in the  interfacial gap 
generates mechanical stresses due to expansive forces 
(for example, the  formation and growth of  rust)  [42]. 
Moreover, the  hygroscopic nature of  rust enhances 
moisture uptake, leading to  dimensional changes and 
additional mechanical stresses within the  coating. 
These stresses promote interfacial separation and 
cracking. Lateral expansion of  the  separated coating 
region, caused by growth of  corrosion products, can 
also lead to blister formation [43].

• Cathodic delamination of polymer coatings, which 
is driven by the  alkaline environment generated by 
cathodic reactions at the metal–polymer interface. As 
a  result, the  thermodynamic equilibrium at the  inter-
face is disrupted: alkaline species dissolve the  thin 

oxide layer on the metal and induce chemical degrada-
tion of the polymer via alkaline hydrolysis and reactive 
intermediates. This process also promotes substrate 
corrosion by disturbing the  local charge balance and 
facilitating the transport of charged species. Ultimately, 
these mechanisms undermine the  adhesion forces 
between the coating and the substrate [39; 44–46].

• Blister-induced delamination of  the  coating 
arises from water uptake and electrochemical reac-
tions. The accumulation of water and dissolved species 
at the metal–polymer interface, together with the resul
ting osmotic pressure and mechanical stresses, reduces 
the adhesion of the coating to the metallic substrate and 
leads to interfacial delamination [47–52].

Erosion–corrosion processesErosion–corrosion processes
The processes described above, whose combined 

action leads to degradation of  the protective polymer 
coating, proceed at a substantially accelerated rate 
when the  coating is additionally exposed to  flowing 
fluid during service. In  [53], a comparison was made 
between the  deterioration of  barrier properties under 
flow conditions and under static immersion, using 
an experimental setup whose schematic arrangement is 
shown in Fig. 10.

The barrier properties of  the  coating during test-
ing were evaluated using electrochemical impedance 
spectroscopy (EIS). The EIS measurements showed 
that the  impedance modulus of  the  coating decreases 
much more significantly under flow, indicating that 
fluid motion along the  protective coating accelerates 
water ingress into the coating  [53]. A similar conclu-
sion  – that degradation of  an organic coating accele
rates when immersed in two different working fluids 
(DI water and 3.5 wt. % NaCl solution) under laminar-

Fig. 10. Schematic diagram of the setup used to simulate fluid-flow effects on a polymer coating [53] 

Рис. 10. Принципиальная схема установки, моделирующей условия воздействия потока жидкости  
на полимерное покрытие [53]
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flow conditions compared with static immersion – was 
also reported by the authors of [54]. 

A review presented in  [55] summarized existing 
research on tribocorrosion of coatings, i.e., their beha
vior under simultaneous action of  erosive wear and 
corrosion. Under erosive flow, the authors distinguish 
three coating-damage mechanisms:

– surface damage, in which a defect in the passive 
film triggers repassivation and film reconstruction 
on the coating surface (Fig. 11, a):

– corrosive wear of hard coatings on metallic sub-
strates, leading to  the formation of pits and blistering 
of  the  protective coating, followed by mechanical 
damage and delamination (Fig. 11, b);

– abrasive action on the coating surface caused by 
the potential difference between the metallic substrate 
beneath the  coating and entrained abrasive particles, 
which accelerates surface wear (Fig. 11, c).

In  [56], the  authors described the  degradation 
mechanism of  protective epoxy–novolac coatings 
exposed to erosion–corrosion. At the first stage, erosive 
attack produces microcracks exclusively around filler 
particles. These microcracks create a porous structure 
that allows the electrolyte to gradually penetrate deeper 
into the coating. At this stage, however, the coating still 
maintains sufficient barrier performance to prevent cor-
rosion initiation. 

At the  second stage, the  cracks begin to  widen, 
and the barrier properties of the coating weaken under 
aggressive conditions (high temperature, low pH, pres-
ence of CO2 and chlorides). The electrolyte penetrates 
further and reaches the  metal–polymer interface. As 
a  result, local corrosion initiates and produces corro-
sion products (iron oxides) within the pores of the coat-
ing. This decreases the coating resistance, as detected 
by electrochemical measurements. 

At the  third stage, the  mechanical integrity 
of  the coating is severely compromised. As underfilm 
corrosion continues to deepen and spread, the coating 
delaminates and its structure becomes increasingly 
porous. As a result, the  access of  aggressive species 
to the metallic substrate increases, leading to the initia-
tion of new corrosion sites, and the coating ultimately 
loses its barrier functionality. All three stages of coa
ting degradation are shown in Fig. 12.

Thus, the principal stages and regularities of poly-
mer-coating degradation under high-pressure and 
high-temperature conditions, as well as under exposure 
to  abrasive particles, have been examined. In most 
cases, the studies were conducted in atmospheric envi-
ronments or in ionized water, where oxygen is the pre-
dominant corrosion-active species.

Fig. 11. Three coating–failure mechanisms under erosive 
conditions [55]

a – type-1 wear: corrosion of hard coatings on metallic substrates, 
in which damage to the passive film leads to its repassivation and 

regeneration on the coating surface;  
b – corrosive wear of hard coatings on a metallic surface, resulting in 

pitting and blistering of the protective coating, followed by mechanical 
damage and delamination;  

c – abrasive action on the coating surface caused by the potential 
difference between the metallic substrate beneath the coating and 

entrained abrasive particles, which activates surface wear of the coating 

Рис. 11. Три механизма разрушения покрытия в условиях 
эрозионного воздействия [55] 

a – износ 1-го типа: коррозия твердых покрытий на металлических 
подложках, при которой повреждение пассивной пленки приводит 

к повторной ее пассивации и регенерации на покрытии; 
b – коррозионный износ твердых покрытий на металлической  

поверхности, приводящий к образованию питтингов и вздутию  
защитного покрытия и в результате – к его механическому  

разрушению и отслоению;  
c – абразивное воздействие на поверхность покрытия, вызванное 
разнозаряженностью металлической подложки под покрытием 

и абразивными частицами, в результате чего происходит активация 
истирания поверхности покрытия
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Degradation of internal anticorrosion Degradation of internal anticorrosion 
coatings in oil pipelinescoatings in oil pipelines

A review of  degradation mechanisms of  internal 
anticorrosion coatings (IACCs) used in oil-gathering 
collectors, water pipelines, and production tubing 
strings was previously carried out in  [57]. All coa
tings examined were based on epoxy–novolac systems 
with different ratios of  epoxy film-forming compo-
nents to novolac resin. Powder coatings were applied 
by electrostatic spraying, whereas liquid coatings were 
applied using airless spraying followed by drying or 
polymerization.

Several processes occur simultaneously within 
the  coating: diffusion of  corrosion-active species, 
degradation of  interfacial adhesion, and destructive 
changes within the polymer matrix that lead to a reduc-
tion of  cohesive strength. The intensity of  these pro-
cesses depends strongly on temperature and increases 
sharply as the temperature approaches the glass-transi-
tion temperature (Тg) (taking into account its depres-
sion caused by water uptake). Therefore, the behavior 
of  these coatings must be considered specifically in 
their glassy state [58]. 

At the present stage of research, coating degradation 
can be represented by the following sequence (Fig. 13). 
In the first stage, the polymer undergoes water uptake, 
accompanied by significant changes in its physical and 
mechanical properties: Tg decreases by approximately 
30 °C at 1.5 wt. % water uptake, while tensile strength 
decreases by about 20 %  [58]. This initial stage pro-
ceeds relatively rapidly and can be described by the dif-
fusion equation [26]:

where q(t) is the average concentration of the penetrant 
across the polymer layer at time t, s; D is the diffusion 
coefficient for a constant source into a polymer layer 
of thickness l, cm2/s.

The values of  D lie in the  range of  1.0·10–9 
to  5.0·10–8 cm2/s and depend on the  chemical com-
position of  the  film-forming component and curing 
agent, the  degree of  crosslinking, the  type and load-
ing of fillers, as well as the pressure and temperature 
of the environment. 

Fig. 12. Stages of polymer-coating degradation under erosive wear, together with the corresponding EIS  
equivalent circuits for each stage [56] 

Рис. 12. Стадии разрушения полимерного покрытия в результате эрозионного износа,  
а также эквивалентные схемы EIS, соответствующие этим стадиям [56]
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At the  second stage, the  coating undergoes degra-
dation of interfacial adhesion, which is typically loca
lized and appears as spots with a diameter of approxi-
mately ten coating-thicknesses (Fig. 14). This process 
is prolonged when the coating operates at temperatures 
below the  wet glass-transition temperature (wet Tg) 
of  the  polymer and when no application defects are 
present. The key durability criteria include the  ini-
tial adhesion strength, the  diffusion coefficient, and 
the coating’s resistance to chemical and physical deg-
radation under service conditions  – i.e., the  retention 
of  intrinsic coating properties that determine its bar-
rier performance. For example, destructive changes 
in the  polymer structure may produce microcracks 
that enable not only electrolyte diffusion but full mass 
transport through the coating. 

During failure analysis of  internal polymer coa
tings, it is often found that a significant reduction in 
service life results from violations introduced either 
during application or during operation. A  common 
example illustrating how application technology influ-
ences the durability of internal coatings is the frequent 
occurrence of defects at the ends of production tubing. 
The  application of  coatings to  tubing ends involves 
specific operations  – make-up of  the  coupling and 
cleaning of the tube end and threads from factory lubri-
cant (Fig. 15).

Conventional removal of lubricant by solvent clea
ning and mechanical treatment is often incomplete, 
resulting in localized blistering and coating failure, 
even though the  coating remains intact over the  rest 
of  the  pipe surface (Fig. 16). In practice, complete 
removal of lubricant is reliably achieved only by high-
temperature treatment (furnace heating or laser-based 
heat treatment). Characteristic features of  this type 
of  failure are its localization within approximately 
100 mm of the pipe end and the presence of large blis-
ters caused by the lack of adhesion in this region.

In this case, overheating is associated with operation 
at temperatures above the wet-state Tg of the coating. 
Visually, this failure mode differs little from the normal 
degradation mechanism; however, the service life may 
be reduced by more than a factor of ten under elevated-
temperature operation. 

The thermokinetic characteristics of  the  internal 
coating were determined in order to assess the degree 
of cure of the powder-based material using differential 
scanning calorimetry (DSC). Tests were carried out on 
specimens before and after conditioning at 90 °C for 
24 h to  remove moisture from the  coating. The  cor-
responding results are summarized in the  table, and 
the DSC thermograms of the coating material are pre-
sented in Fig. 17. 

Fig. 13. Staged degradation process of internal protective coatings 

Рис. 13. Стадийность процесса разрушения внутренних защитных покрытий

Fig. 14. Localized blistering of the coating after service (2nd degradation stage) 

Рис. 14. Локальные вздутия покрытия после эксплуатации (2-я стадия разрушения)
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Based on the  test results, the  observed difference 
between the  glass-transition temperatures determined 
in the first and second heating cycles for the as-received 
specimens is +13.8 and +12.7 °C, respectively, whereas 
after conditioning the  difference decreases to  +1.5 
and +2.9 °C. This indicates that the  coating absorbs 
moisture during service, which is a typical process 
for polymeric materials [58]. The absence of a curing 
peak in the DSC curves confirms that polymerization 
of  the  coating had been completed. The  Tg values 
after conditioning (111–113 °C) match those of the as-
received coating, demonstrating that no thermo-oxida-
tive degradation occurred. 

The third degradation stage is governed by 
the  growth of  corrosion products and depends on 
the  diffusion coefficient and the  corrosion resistance 
of the steel. This is a long-term process, and its duration 
is determined not only by the  properties of  the  envi-

ronment and the  coating but also by the  absence 
of  mechanical loading on the  internal coating, which 
could otherwise rupture the blister (Fig. 18). 

The composition and morphology of  the corrosion 
products correspond to  the  governing corrosion pro-

Fig. 15. Appearance of damage to the internal coating of production tubing in the nipple region caused  
by improper surface preparation prior to abrasive blasting (a), and microstructure of the damaged zone  

showing areas with corrosion products and cracking within the coating (b) 

Рис. 15. Внешний вид разрушения внутреннего покрытия НКТ в ниппельной части, обусловленного  
нарушением технологии подготовки поверхности перед дробеструйной обработкой (а),  

и микроструктура зоны разрушения с участками образования продуктов коррозии и трещин в покрытии (b)

Fig. 16. Appearance of the internal coating of production tubing, Ø73×5.5 mm (after 512 days of service) (a),  
and the structure of the coating and corrosion products in the damaged region (b) 

Рис. 16. Внешний вид внутреннего покрытия НКТ Ø73×5,5 мм (наработка 512 сут) (а)  
и структура покрытия и продуктов коррозии в области разрушения (b)

Results of determining the degree of coating curing 
Результаты определения степени  

отверждения покрытия

Specimen Тg1, 
°С

Тg2, 
°С

ΔТg = Тg2 – Тg1 , 
°С

1 (as-received) 95,8 109,6 13,8
1 (conditioned) 107,8 109,3 1,5
2 (as-received) 99,8 112,5 12,7
2 (conditioned) 108,9 111,8 2,9

Requirements of GOST R 58346–2019 –5 ≤ ΔTg ≤ +5
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cesses. In CO2 corrosion, the  formation of  FeCO3 is 
observed; the  carbonate inherits the  steel microstruc-
ture because the reaction Fe3C + CO2 does not proceed, 
whereas α-Fe (ferrite) reacts with CO2 to form iron car-
bonate (Fig. 19, a). Blister formation always precedes 
the  growth of  the  corrosion-product layer, because 
this layer does not experience mechanical loading and 
cannot expand freely in the  confined space. A corro-
sion-product layer enriched in chlorine is localized 
at the  metal/corrosion-product interface (Fig. 19, b), 
which is characteristic of corrosion processes occurring 

in oilfield tubing. The identical composition and mor-
phology of the corrosion products indicate the absence 
of  selective diffusion or differences in the  diffusion 
rates of individual components through the coating. 

The height of  coating blisters may reach ten 
times the  coating thickness, which indicates minimal 
destructive changes and preservation of  elasticity. 
In the authors’ experience, failures preceded by signifi-
cant plastic deformation have not been observed even 
after long service periods (over 10 years); therefore, 
adhesion loss and blister formation always proceed 

Fig. 17. DSC thermograms of the coating specimens: 
a, c – specimens in the as-received state; b, d – specimens after conditioning

Tg1 – red curves, Tg2 – blue curves 

Рис. 17. Термограммы ДСК образцов покрытий 
a, c – образцы в исходном состоянии; b, d – образцы после кондиционирования

Тg1 – красные кривые, Тg2 – синие кривые

Fig. 18. A typical example of the appearance and structure of the coating at the third destruction stage 

Рис. 18. Характерный пример внешнего вида и структуры покрытия на третьей стадии разрушения
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faster than aging processes accompanied by a reduc-
tion in ductility. 

The fourth degradation stage is associated with 
the  rapid development of  through-thickness pits. If 
the coating has not been exposed to elevated tempera-
tures, then by the  time this stage is reached substan-
tial destructive changes have often occurred, causing 
the coating to become brittle and fail easily (Fig. 20). 
In the presence of coating defects, corrosion damage is 
intensified for two reasons:

– formation of a galvanic couple in which the blister 
center acts as the anode, followed by accelerated cor-
rosion after pit initiation and the formation of an addi-
tional cathode–anode pair; 

– all corrosive activity is concentrated in a single 
local area; the  medium contains no Fe2+ ions (typi-
cally released during corrosion of  uncoated pipe), 

which otherwise act as inhibitors for corrosion pro-
cesses. In  such cases, the  characteristic failure mode 
is through-wall pitting corrosion, whereas the coating 
remains intact on remote sections of the pipe (Fig. 21). 

ConclusionsConclusions
1. A comprehensive review of the degradation me

chanisms of polymer coatings on metallic substrates has 
been conducted, including water diffusion and absorp-
tion within the polymer matrix, disruption of molecular 
interactions in the polymer network, adhesion loss and 
interfacial delamination, interfacial corrosion, cathodic 
delamination, blister formation, and erosion-driven 
damage. 

2. It has been shown that the degradation of internal 
anticorrosion coatings in oil pipelines can be divided 
into four stages. At the  first stage, water uptake and 

Fig. 19. Structures of corrosion products beneath the coating: iron carbonate (a) and chlorine-rich corrosion products (b)
The red rectangle marks the area of SEM-EDS elemental analysis 

Рис. 19. Структуры продуктов коррозии под покрытием – карбоната железа (а) и хлора (b)
Красным прямоугольником обозначена зона элементного анализа в режиме СЭМ-ЭДС 

Fig. 20. Structure of a single-layer internal coating of production tubing, Ø73×5.5 mm,  
after 934 days of service, and morphology of corrosion products 

Рис. 20. Структура однослойного внутреннего покрытия НКТ Ø73×5,5 мм с наработкой 934 дня,  
а также продуктов коррозии
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diffusion of  transported species occur throughout 
the coating thickness. This is the shortest stage and can 
be described using Fick’s diffusion equation. During 
the  second stage, interfacial adhesion is degraded; 
this is the  longest and the  life-limiting stage in coa
ting performance. The third stage involves blister for-
mation and the  development of  corrosion products 
at  the  metal–coating interface. At the  final stage, 
the blister ruptures, followed by the onset of aggressive 
through-wall pitting corrosion. 

3. Based on the  analysis of  the  composition and 
morphology of corrosion products beneath the coating 
and their comparison with corrosion products formed 
on similar pipe steels operated under comparable con-
ditions, it has been established that diffusion selecti
vity is absent. No substantial limitation on the transport 
of any specific corrosion-active species was observed. 

4. It has been demonstrated that visual inspection 
alone cannot reliably identify the  root cause of  coa
ting failure, because overheating by only a few degrees 
above the  wet-state glass-transition temperature 
of  the polymer may significantly contribute to degra-
dation. Although such overheating does not intensify 
thermo-oxidative processes and is not detectable by 
DSC or FTIR analysis, its presence reduces the coating 
service life by approximately an order of magnitude.
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