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UDC 621.762 Research article
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Self-propagating high-temperature synthesis
of TiC-CoCrNi cermet:
Behavior and microstructure formation

A. S. Rogachev®, A. R. Bobozhanov, N. A. Kochetov, D. Yu. Kovalev,
S. G. Vadchenko, O. D. Boyarchenko, R. A. Kochetkov

Merzhanov Institute of Structural Macrokinetics and Materials Science of the Russian Academy of Sciences
8 Academician Osipyan Str., Chernogolovka, Moscow Region 142432, Russia

&3 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 = 060 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
Acknowledgements: This research was supported by the Russian Science Foundation, project No. 25-13-00040.
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CaMopacnpocTpaHsaowmncs
BbICOKOTEMMNepaTypPHbIU CUHTES
kepmeTa TiC-CoCrNi: 3aKkOHOMEpPHOCTU ropeHus
N CTPYKTypoobpasoBaHUs
A. C. PoraueB®, A. P. bo6oxanos, H. A. Koueros, [I. }0. KoBanes,
C.I. Baguenko, O. [I. bosapuenko, P. A. KoueTkos

HUHCETUTYT CTPYKTYPHOH MaKpPOKMHETHKH U podjieM MaTepuanoBedenus uM. A.I. Mep:xanosa PAH
Poccust, 142432, MockoBckas 00i1., . YepHoronoBka, yi. Akaj. OcunbsHa, 8

&3] rogachev@ism.ac.ru

AHHOTBHMH. KepaMHKO-MeTaJ’IJ’II/I‘IeCKI/Ie KOMITO3HUThI (KepMeTBI) Ha OCHOBC MHOI'OKOMITOHCHTHBIX (1)33 SIBJISIFOTCSI HOBEUIITUM HarpaBs-

JICHUEM HCCIIEIOBAaHUIT B 00JaCTH BBICOKO- M CPEAHEIHTPONNIHBIX MaTepraioB. Kak u TpaanuIMOHHbIE KEPMETHI, OHH COCTOST U3
KepaMUYECKHX 3epEeH U CBSI3KH (Yallle BCET0 METaJUIMYECKOM ), IPU 3TOM XOTsl ObI OflHa M3 9THX (a3 SIBISIETCS BBICOKO- HIIH CPEe-
HEOHTPOIUIHEIM TBEPIBIM PAcTBOPOM 3 U O0jIee KOMIOHEHTOB B COITOCTAaBHMBIX KOHIIEHTpanusiX. B Hacrosimieit pabore BriepBbIe
nccienoBana Bo3MoxHocTh nomydenus: kepmera (100 —x)TiC + xCoCrNi B nuanazone x = 060 mac. % MeTomoM camopacmpo-
cTpasstonerocs Beicokoremneparypaoro cunresa (CBC). ITokaszano, uro pasmep vactur cBsizku CoCrNi, KoTopble J0OaBIISIOTCS
B IIOPOUIKOBYIO PEAKIMOHHYIO CMECh, CYIIECTBEHHO BIMSCT Ha 3aKOHOMEPHOCTH TOPEHUS M CTPYKTYpOOOpa30BaHHE MaTepHala.
[pu ycnonp30BaHUH KPYHHBIX TpaHyd (~1,5 MM) CKOPOCTh TOPEHUS BBIIIE [0 CPABHEHUIO C TOPEHUEM CMeceil C MENKOH CBS3KOM
IIPU OJMHAKOBBIX XUMHUECKOM COCTaBE U TeMIieparype roperus. OTHocUTeNIbHAs pa3HULA B CPEAHEH CKOPOCTU TOPEHHUS BO3PACTAET
ot 30 1o 100 % c yBenmmuenueM conepkanus cBsi3ku oT 10 1o 40 mac. %. O1oT addhext Bo3HHKaeT 61aroaaps MpOX0xkKICHUIO BOJIHBI
ropenus 1o peakunoHHoi cmecu Ti + C Mexay rpaHylIaMi U HAXOAUT OOBSICHEHHE B TIPETIOIOKEHHN TEIIOBOH MUKPOHEOTHOPO/I-
HOCTH pearupyloe cpesl. Mcnons3oBanue 6omnee menkoro nopomrka CoCrNi (~0,2+0,5 MM) O3BOJISIET HOIYYHTH OJHOPOIHYIO
MakpoCTpyKTypy npoaykroB CBC 6e3 KpyHmHBIX TPEIHH U CKOJIOB M 00JIee MEIKO3EpHHUCTYI0 MUKPOCTPYKTYpY. I1pu oTOoM Habmona-
eTcsl B3aUMOJIeHCTBHE CBSI3KY ¢ popmupyroreiics B Bonae CBC kepamunueckoii dazoii TiC, uto BeIpaskaeTcs B 3aBUCHMOCTH Hapa-
MeTpa KPUCTAUIMYECKOH sueKn KapOuIHOH (asbl OT copepkaHus CBs3KH. [1oirydeHHbBIe pe3ysbTaThl MOTYT OBITH HCIIOIb30BAaHBI
JUISL YIIPABIIGHHSI MUKPOCTPYKTYPOH M (pa30BBIM COCTaBOM MHOTOKOMIIOHEHTHBIX KEPMETOB, Iory4daeMbIx MerogoMm CBC.

KnroueBbie cnoBa: camopacnpocTpaHsionuiics Boicokoremneparypubiii cuare3 (CBC), kepMmert, kapOu/ THTaHa, CPEIHEIHTPOIUIHBINA
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Introduction

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-
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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
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of 70 %, and the crack-initiation fracture toughness
(K,,.) exceeds 200 MPa-m'?2. At cryogenic tempera-
tures, the mechanical performance further improves,
with tensile strength exceeding 1.3 GPa, elongation
0f 90 %, and K, =275 MPa-m'? [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 (Ti,,Zr,,Nb ,Ta,,Mo,,)C,~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 (K, ) up to 5.35 MPa-m'? while
maintaining high hardness (21.05 + 0.72 GPa), mak-
ing this material suitable for cutting tool applications.
Theinfluence of differentmetallic 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. %!, 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],
TiB,~CoCrFeNiTiAl [14; 15], TiB,~CoCrFeNiAl [16],
TiB,~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-m'? [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.

! Unless otherwise specified, all compositions are given in wt. %.

Materials 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 pm), carbon black P-804 (d = 1-2 um), nickel
NPE-1 (d =150 um), cobalt PK-1u (d <71 um), and
chromium PKh-1M (d <125 um). 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, @) with a lattice parameter
of @ =3.5697 +0.0017 A. 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, ¢), 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, ). 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/cm?.

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

7
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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)

Puc. 1. PertrenorpaMma mopoIrika nocjie MeXaHnuecKoro CIuiaBieHus (a), ero makpodororpadus (b)
Y BHEUIHUH BUJ KPYIHOI (hpaKkuny rpaHyJTUpOBaHHOTO MOPOIIKA (C)

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 (7,) 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.

Results

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-
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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 £, = 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
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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—#) binder powders

Puc. 2. ®ororpadun obpasuos TiC — ucxoxHoro () u nocne cropanus (b—n): TiC 6e3 cszku (h),
COCTaBHI C MEITKOJUCIEPCHOH (h—g) 1 KPYIMHOAUCIIEPCHOMH (i—#) CBA3KOM

0.5 mm

Fig. 3. Surface morphology of TiC samples before (a) and after SHS (b-1):
TiC without binder (g), compositions with fine (b—f) and coarse (h—/) binder powders

Puc. 3. ®ororpadun nosepxuoctu obpasios TiC — ucxoauoro (a) u nocie cropanwust (b—1):
TiC 6e3 cBsA3KH (g), COCTaBHI ¢ MeTKoAUcTiepcHOH (b—f) u kpynmHoaucniepcHoit (h—/) cBa3Koi

that front distortions and bright localized reaction (FCC) and a solid solution with FCC structure cor-
zones were observed in all compositions. responding to the metallic binder (Fig. 6). In samples
synthesized from mixtures with fine CoCrNi powder,
the relative intensity of the binder peaks increased

9

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

Puc. 4. 3aBUCHUMOCTH CKOPOCTH U TEMIIePaTypbl TOPEHHUS
OT COZIEPXKAHUS CBA3KHU (@) U CKOPOCTH TOPEHHUS
0T TeMneparypsl nporecca (b)

I — pacueTHas annabaTHyUecKasi TEMIIepaTypa FrOPEeHHs;
2 1 4 — U3MEpPEHHbBIE TEPMOIIAPON TEMIIEPATypbl TOPEHUS CMECU
¢ Menkoi (2) n kpynHoii (4) cBA3Koi; 3 U 5 — CKOPOCTH FOPEHUS CMECH
¢ Menkoi (3) u kpynHoii (5) cBA3Koi; 6 U 7 — CKOPOCTH F'OPEHUS CMECH
¢ MeIKoi (6)  KpyIHOii (7) CBsI3KOM Kak (hyHKIHS TEMIIEpaTyphl

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, @). 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).

10

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

Puc. 5. Buneokapbl BOJHBI TOPEHHS CMECH C MEITKOH (a)
U KpynHoH (b) cBsI3KoH

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 pm 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 pm) 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.

Discussion

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

Puc. 7. 3aBUCHMOCTh IAPAMETPOB KPUCTAJLTMYECKOI PEIIETKU OT COMCPIKAHUSI CBSI3KH JUTs KapOua turana (a)
U METaJUTHYEeCKOU CBs3KY (b)

1 —TiC 6e3 cBsi3KM; 2—5 — cBS3Ka BBOAMIIACH B BUJIC MEJIKOTO MopoIka (2, 4) u KpynHbIX rpanyi (3, 5)

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 pm 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 um 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 pum.
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-

il
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Fig. 8. Microstructures of cermets produced by SHS from reactive mixtures (60 % TiC + 40 % CoCrNi)
with fine (a—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

Puc. 8. MUKpOCTpPYKTYpbI KEPMETOB, NostyyeHHbIX MeTogoM CBC n3 peakunonnbsix coctaBos (60 % TiC + 40 % CoCrNi)
¢ MeJIKUM (@—e) 1 KPYITHBIM (f—f) HOPOIIKOM CBSI3KH

a, b, d, f, g, i — n300paxxeHus: BO BTOPUYHEIX JIEKTPOHAX, C, €, l1, j — B 00paTHOPACCEsIHHBIX IEKTPOHAX ¢ KOHTPACTOM II0 aTOMHOMY HOMEpY

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-
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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, # 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-



Poni e e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(6):5-15
Rogachev A.S., Bobozhanov A.R., and etc. Self-propagating high-temperature synthesis ...

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 A)
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 Cr,C, in
Fig. 6, a), which decreases the carbon concentration in
the main carbide phase and correspondingly reduces its
lattice parameter.

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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Self-Propagating High-Temperature Synthesis
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Influence of mechanical activation

of titanium and boron on the densification
and combustion of Ti + 2B powder mixtures
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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 = 103 — 1033 Q-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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BnuvsHue MexaHUUeckom akTUBaLUM TUTaHa 1 6opa
Ha ynJoTHeHune n ropeHue cmecen Ti + 2B

10. B. boraros %, B. A. Illep6akos

HUHCETUTYT CTPYKTYPHOH MAaKPOKMHETHKH U npodjieM MaTepuanoBeaenus umM. A.I. Mep:xanosa PAH
Poccust, 142432, MockoBckas 00i1., . YepHoronoska, yi. Akaj. OcunbsHa, 8

&) xxbroddy@gmail.com

AHHoTayms. B pabote mccreoBaHO BIMSHAE MexaHH4Yeckoil aktuBanuu (MA) mopomkoB TnTana u Oopa B IIapOBOH MENBHHIC Ha
nporecc ropenust B komnosunuu Ti+ 2B. [lomydeHsl skcneprMeHTaIbHBIE 3aBHCHMOCTH TEMIIEPATypbl M CKOPOCTH TOPCHHUS
HINXTOBBIX 00Pa3II0B, CHIPECCOBAHHBIX M3 HCXOIHBIX U aKTHBHPOBAHHBIX pearcHToB. [loka3aHo, 9To 3aBUCUMOCTH ITHX apaMeTpPoOB
OT INTOTHOCTH TIPECCOBAHHBIX 00PA3I[OB HMEIOT SIPKO BBIPAKCHHBIN MAKCHMYM. YCTaHOBIJICHO, YTO C POCTOM IUIOTHOCTH IMIMXTOBBIX
MIPECCOBOK IIOBBINICHUE TEMIEPaTyphl TOpeHHs OOyCIOBICHO yBEIMYEHHEM IUIOMAJH KOHTAKTa MEXIY YacTHUIAMH THTaHA U
6opa (Ti-B), a ee cHIKeHHE — C yBeIMYEHHEM IUIONIAM KOHTAaKTa Mexay dactunamu turtaHa (Ti-Ti). Ycranosneno, uto MA
OKa3bIBacT PA3HOHAIPABICHHOE JECTBHE Ha PEarcHTHI: OHAa CHIDKAET YIENIBHYIO IIOBEPXHOCTh Hopomka Ti, yMeHbIIast IIoImaIh
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koHTakTa Ti—B, HO OHOBpPEMEHHO pa3pymIaeT aMOphHYIO CTPYKTypy O0pa, IUCIEePrHpYs eT0 aIOMEpaThl, YTO YBEIHINBACT PEaK-
IOHHYIO ITOBEPXHOCTH. PesynsrupyronmM 3¢ QexToM sBIseTCs IMOBLIIIEHIEe MaKCHMAIBHON TeMnepaTtypsl roperust 1o 2900 °C.
DKCIIepUMEHTANFHO 00HApPYKEHO, UTO MpH yIUIOTHeHuH Bhinie nasieHust 30 MIla mopomok 6opa mocne MA cnocoGeH mposis-
JISITH TUIACTHYECKUE CBOWCTBA, YTO ITO3BOJMIIO KOHCONUAMPOBATH MOpomkoBele cMecu Ti+ 2B nmo mrornoctu 0,7-0,8. O6Hapy-
JKCHA KOPPEJALUI MEXKIY YPOBHEM MIEKTPUUECKOTO COIPOTUBIICHUS U TEMIIEPATypOil FOPEHUs: MAKCHUMAJIbHBIC 3HAUCHUs TeMIIepa-
TypbI TOPEHHS COOTBETCTBOBAIIM YPOBHIO YIIEILHOIO JIEKTPOCONPOTUBICHHUS IMUXTOBBIX NPeccoBOK R = 1030 — 10%5 Om-cm, Huke
KOTOPOT'O TeMIIepaTypa FOPEHUsSI CHUXKAJIACh, YTO CBA3aHO C YBEIMYCHUEM ILIOIIAAM KOHTAKTHONM OBEPXHOCTH MEX]y YacTULIAMU

THUTaHa.

KnioueBbie csoBa: MexaHHuecKash aKTHBALlMs, CBOMCTBA IOPOLIKOB THTaHAa M 0Opa, NPECcCOBaHHE, PeakUMOHHAs cmech Ti+ 2B,

TeMIepaTypa 1 CKOpOCTh TOPEHNUS

Ansa umTuposarusa: boraros 10.B., lllep6ako B.A. BiusHue MexaHM4Yeckol aKTUBAIlMK THTaHAa U OOpa Ha YIUIOTHCHHE U TOPCHUE
cmeceii Ti + 2B. Uszeecmus 6y306. [lopowkosas memannypeust u ¢ynkyuonanvhvle nokpuimusi. 2025;19(6):16-26.
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Introduction

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
TiB, ceramics is SHS compaction (SHS — self-propa-
gating high-temperature synthesis) [8; 9]. However,
achieving high-density TiB, 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 TiB, 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 TiB, grain size. Our earlier works [18; 19]
demonstrated that the combustion temperature (7,)
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 7 included
selecting titanium powders with a high specific surface
area (1.0-1.5 m?/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 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 (©,), tap density (O,),
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 M /M, = 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

Tabnuya 1. XapakTepucTHKHU MOPOIIKOBBIX PeareHToB

Composition, wt. % Bulk densit Tap density
: ulk density, ap density,
Reecln Main [0] | [H]| ©,.,rel. units ©,, rel. units e o
component
Ti 97 0.6 | 0.3 0.32 0.35 <50.0
B 93 4.1 0.6 0.14 0.21 <0.2
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fractions in the mixtures: 69 wt. % Ti and 31 wt. % B.
Mixtures were prepared using both the initial powders
(Ti,, and B, .), and powders mechanically activated in
the ball mill — titanium for 40 h (Ti,,, ) and boron for

30 h (By,,).

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:
I- (Tincx + ZBini)’ 2- (TiMA + 2Bini)’ 3- (Tiini + 2BMA)
and 4 — (Ti,, +2B,;,).

The bulk density (©,) was measured according
to GOST 19440-94 (ISO 3923-1-79), and the tap den-
sity (®,) 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

®I _®b

A®, 100 %.

b

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

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).

0.5

0.4

AB,, %

Tyas D

Fig. 1. Dependance of bulk density and change
in tap density on mechanical activation time
for Ti and B powders

Puc. 1. 3aBUCUMOCTH HACHIITHOM IJIOTHOCTH
Y U3MEHEHUE TUIOTHOCTH IIPH YTPSCKE
ot Bpemenn MA st noporukos Ti u B
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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 (7 )
and the average combustion front velocity (U,) were
determined using 200 um 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 results

Mechanical activation
of titanium and boron powdera

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 MA (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 ®, =0.32.
The smooth particle surface results in a minimal
increase in density on tapping (A®,= 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 S
of the titanium powder (Fig. 2). The resulting irregu-
lar, angular fragments have a more defective surface
compared to the starting particles, which increases
A®, 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 ®, and AQ, 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 = 10%° Q-cm)
is associated with the presence of an oxide film on
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Fig. 2. Dependance of specific surface area
and electrical resistivity of titanium powder
on mechanical activation time

Puc. 2. 3aBHCUMOCTH y/IC/IbHOM TTOBEPXHOCTH
U yZIeTIbHOTO IEKTPOCONPOTUBIICHHUS IIOPOILKA TUTAHA
oT BpeMeHu MA

the Ti particle surface. During 5-15h of MA this
film is destroyed, which increases the true contact
area between titanium particles and reduces the resis-
tivity to R = 10" Q-cm. Fragmentation of the large

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

Puc. 3. Mukpodotorpaduu HCXOIHOTO HOPOIIKa THTaHA (&)
u ociie MA 20 9 (b) u 50 4 (c)

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, ¢). As a result, the powder characteristics dete-
riorate: ©, decreases from 0.46 to 0.43, A®, decreases
to 13 %, S, decreases to 0.35 m?/g, while R increases
to =10'? Q-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, ¢).

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
(®,=0.14) and a high relative increase in density on
tapping (A®, = 50 %) (see Fig. 1). The starting pow-
der contains agglomerates 1-2 um in size composed
of individual boron particles 0.1-0.3 um 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 m?/g. However, the tendency to form arch-like

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

Puc. 4. MukpodoTtorpadun HCXOTHOTO MOpoIIKa 6opa (a)
u ociie MA (b)
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structures decreases, and the agglomerates of boron
particles are gradually destroyed (Fig. 4, b), which
reduces A®, to 27 % and increases O, to 0.37 (Fig. 1).
Individual boron particles 0.2-0.3 um in size are vis-
ible in Fig. 4, b.

Compaction of elemental powders
and 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 Tiy;, (®, = 0.45), compared with Ti, . (®, = 0.32).

0.7

Tiya

0.6 -

0.5

0 30 60 90 120 150 180
P, MPa

Fig. 5. Dependence of relative density
and axial elastic springback (a), and specific
electrical resistivity (b), on the compaction
pressure for the starting and
mechanically activated titanium powders

Puc. 5. 3aBUCHMOCTH OTHOCUTENLHOM TIOTHOCTH,
YIPYTOTo MOCIEACHCTBUS (@) U YACTBHOTO
3JIEKTPOCONPOTUBICHHUS (b) OT NaBlICHUS
MPECCOBAHMS MOPOIIKOB UCXOHOTO THTAHA
u nocie MA
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One way to determine the onset of plastic defor-
mation is to analyze the pressure dependence of axial
elastic springback (Ar) 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
Ar 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 Ar decreases because
the rate of bond strengthening between particles
becomes higher than the rate of elastic stress accumu-
lation. With further pressure increase, Ar 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 Ar, begins above 85 MPa.
The higher true contact area between Ti,,, particles
compared with Ti, . results in higher elastic stresses
(elastic springback). The value of Ar is determined
by the contact area between titanium particles, where
these stresses are generated. The larger the contact area,
the higher Ar 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 Tiy,, compacts is lower than that of Ti. .
(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
IgR 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 B,,, is higher
than that of B, .. The shape of the Ar curve for B, cor-
responds to curves typical of ductile powders, such as
titanium (see Fig. 5, @). In the range P = 30-50 MPa,
a decrease in Ar is observed for B,,,, indicating
the onset of the plastic deformation stage. With further
pressure increase above 60 MPa, the elastic springback
of B,,, rises again, similar to the behavior observed for
titanium powders.

The springback curve for B, . lies above that for
B,,,- This reflects the stronger elastic response of B, .
during compaction. Up to about 85 MPa (Fig. 6),
the compaction energy is spent mainly on breaking
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Fig. 6. Dependence of relative density and axial
elastic springback on the compaction pressure
for the starting and mechanically activated
boron powders

Puc. 6. 3aBUCUMOCTH OTHOCUTEILHOM IIJIOTHOCTH
[IPECCOBOK M YIPYToro MocaeIeHCTBU
OT JIaBJICHUsI [TPECCOBAHMS UCXOIHOTO TIOpoIKa 6opa
u mociie MA

the arches and agglomerates that define the structural
packing of the starting boron powder. For this reason,
the plastic deformation stage in B, . begins later than in

B,,,» at pressures exceeding 85 MPa.

Compaction of Ti + 2B mixtures

Titanium and boron powders — both starting and
mechanically activated for 40 h (Ti,,, ) and 30 h (B,,,),
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 /—4 as a function of compaction pressure.
In mixtures / and 2, which contain B, ., the loading
volume of boron exceeds that of titanium by fac-
tors of 2.6 and 3.6, respectively (Table 2). Therefore,
curves /, 2 and 3, 6 are governed primarily by the elas-

tic properties of the starting boron powder. When

Table 2. Characteristics of mixtures 7—4

Tabanya 2. XapakTepucTHKHU cMeceit 1—4

M;‘::.lre Composition gi?r,ﬁ g%:f Vol Ve V}?)/IT(I%
1 Ti . +2B, | 144 | 025 | 2.6 | 72/28
2 Ti,, +2B,, | 2.03 0.25 3.6 | 7822
3 Ti  +2B,, | 144 0.67 1.0 | 50/50
4 Tiy,, +2B,,, | 2.03 0.67 1.4 | 58/42

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, ©,=0238.

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

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

* bulk density of Ti. . (®,,): 0.32:4.5=1.44 g/cm’

ini

(4.5 g/cm? is the density of Ti);

s titanium volume (V) in 100 g of mixture:
69 g/ 1.44 g/cm3 =47.9 cm?;

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

* bulk density of B, . (@,): 0.14-1.8 = 0.25 g/cm’
(1.8g/cm? is the density of amorphous boron);

*boron volume (V) in 100 g of mixture I:
31 g/0.25 g/em3 = 124 cm?;

* volume ratio B/Ti in 100 g of mixture: VB/VTi =
=124/479=2.6;

* ratio of the volume fractions of the components
(B/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 / and 2 (curves 5, 6 in Fig. 7), where one
of the components is B, ., indicates that elastic defor-
mation dominates across the entire pressure range,
and the plastic deformation stage is essentially absent.

1.0 8
0.9
0.8
0.7
- 0.6
0.5
04
0.3
0.2
0.1

P, MPa

Fig. 7. Dependence of relative density (I—4)
and axial elastic springback (5-8)
on the compaction pressure for Ti + 2B mixtures
1,5-Ti , +2B, ;2 6Ty, +2B,;

3,7-Ti,. +2B, ;4,8 Ti,, +2B,,

ini
MA>
Puc. 7. 3aBUCHMOCTH OTHOCUTENBHOI TIoTHOCTH (1—4)
W YIIpyroro nocieaenctsus (5—8) st mpeccoBok
n3 cmeceit Ti + 2B oT naBieHus npeccoBaHust
1,5-Ti +2B, 52,6 Tiy, + 2B,
3,7-Ti, +2B,,; 4, 8 Ti,, +2B,,

MA”>
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Fig. 8. Dependence of specific electrical resistivity on compaction pressure (a)
and relative density of Ti + 2B mixtures /-4 (b)

When B,,, is used, a decrease in Ar 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), B,,, particles exhibit limited plas-
ticity and may act as a lubricant during the compac-
tion of larger titanium particles. Mixtures containing
B, can be consolidated to higher relative densities,
©,=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 / 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 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 (S, = 0.4-0.6 m?/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-
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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 ©,) of samples compacted from mix-
tures /—4. Samples produced from mixtures 3 and 4,
which contain B,,,, burn at higher temperatures
(T . = 2800+2900 °C) The maxima of for mixtures
containing B,,, (curves 3 and 4) occur at higher densi-
ties (@p =0.72 and 0.74) compared with mixtures con-
taining B, . (®p = 0.64, curves [ and 2). The rise in T
to its maximum value results from the increased Ti-B
contact area with increasing density. The decrease in T
beyond the maximum coincides, for all mixtures, with
a drop in electrical resistivity below R~ 105 Q-cm,
which indicates intensive growth of the Ti—Ti contact
area (see Fig. 8). The maximum combustion tempera-
tures for mixtures /—4 correspond to resistivity values
IgR = 5.0+5.5; at lower values of R, T, decreases.

Fig. 9, b shows the combustion-wave velocities.
The maxima of T and U, for mixtures 3 and 4 occur
at different density values, whereas for mixtures /
and 2 both maxima coincide at ®p = 0.64. In the den-
sity interval ©,=0.56+0.70, compacts / 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 ®p (0.6-0.78).

The combustion-wave velocity is strongly affected
by the conditions of off-gas escape. Increasing the com-
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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 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 TiB,
ceramic. The higher the combustion temperature —
and, consequently, the temperature during hot pres-
sing — the denser and more refined the microstructure
of the TiB, 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,
B,,, 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
(IgR = 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 / and 2 containing
B, T, maximum is reached at @p = (.64, whereas for
mixtures 3 and 4 the maxima occur at ©,=0.72-0.74.
The electrical resistivity of the charge compacts
at the combustion temperature maxima corresponds
to IgR = 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 / and 2 (as indicated by IgR = 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 10° Q-cm, the combustion temperature
decreases (Fig. 9, a). This decrease may be caused by
enhanced heat removal from the reaction front, as well
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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 U_ 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
(T™ ~ 2800 and 2900 °C), their maximum combus-
tion-wave velocities (U™ ~4.8 and 5.5 cm/s) are
lower than those of mixtures / and 2 (U™ = 9.5 and
10.2 cm/s at T," ~ 2650 and 2550 °C). 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.

Conclusions

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, B,,, 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
B, ., the maximum values of U, and T, were achieved
at a relative density of 0.64. For mixtures with B,,,,
the T maxima occurred at ®, = 0.72+0.74, and the U,
maximum at @p =0,68.

5. No direct correlation between combustion tem-
perature and combustion-wave velocity was found.
Mixtures containing B,,, burn at a higher temperature
(=2900 °C) but with a lower combustion-wave velo-
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city (=5.5 cm/s) compared with mixtures containing
B, ., for which 7" =2650 °C at U™ = 10.2 cm/s.
The lower velocity in mixtures with B,,, 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 7 values correspond to a resistivity range
of R=10%°-10%° Q-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 Ti,SiC, 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
TiSi, on the Ti,SiC, 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 Ti,SiC, content in the product to approximately 70 vol. %.
Incorporating 0.1 mol Al decreases the Ti,SiC, 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 Ti,SiC, yield, reaching ~89 vol. %.
For synthesis in the TiSi—C system, the share of the MAX phase decreases while secondary phases become more prevalent;
the maximum Ti,SiC, content in this system is 56 vol. %. When TiSi, fully replaces elemental silicon in the 2.5Ti-0.5TiSi,—2C
mixture, the Ti;SiC, fraction drops to 20 vol. %.

Keywords: self-propagating high-temperature synthesis (SHS), reactorless SHS, Ti,SiC, MAX phase, powders, microstructure, X-ray
diffraction
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W3BECTUA BY30B

Bauanue Si, Al, Cu, Crun TiSi,

Ha nonyyeHne MAX-dasbi Ti,SiC,
MeTOAOM caMopacnpocTpaHsalolerocs
BbICOKOTEMMEepPaTypPHOro CUHTEe3a Ha Bo3fyxe
9. P. Ymepos©, 1lI. A. Kagsamos, [I. M. [laBbioB,

E. /1. Tatyxun, A. II. AMocos

Camapckuii rocyiapcTBeHHbII TeXHUYeCKHIl YHUBEPCUTET
Poccust, 443100, . Camapa, yn. Mosnonorsapaeiickas, 244

&) umeroff2017@yandex.ru

AHHoTayms. B pabore paccmorpeHo BimsiHHMe no6aBok mopomkoB Si, Al, Cu u Cr K CTeXHOMETPHUYECKOMY COCTaBY IIMXTEI

3Ti-Si-2C (ar. %) npu nomyuennn MAX-¢aser Ti,SiC, B pexuMe caMopacpoCTPaHSIOIIETOCs BHICOKOTEMIIEPATYPHOTO CHHTE3a
(CBC) Ha Bo31yxe B 3aChIIKe U3 Iecka 0e3 MPUMEHEHNsI 3aKPBITOTO PeakTopa 1 clienuaibHol aTMocheps! win BakyyMma. [lokazano
BJIMSIHUC YaCTHYHOM WIIM MOJHOM 3aMEHBI JIEMEHTHBIX MOPOMIKOB MHXThI Ti 1 Si Ha TiSi2 Ha BBIXOJ] TiSSiCz. IIpoBenen ananus
MHKPOCTPYKTYpHI NorydeHHbIX CBC-TIpoIyKTOB ¢ OMOIIBIO PACTPOBOTO MIEKTPOHHOTO MHKPOCKOIIA C IIPUCTaBKON JUISl SHEPTOH-
CIIEPCHOHHOHU creKTpoMeTpuu. McciejoBaHbl KaueCTBCHHBIH U KOJIMUECTBEHHBIH (ha30BbIe cOCTaBbl MOoporrkoBbix CBC-npoxykToB
C TIOMOIIBIO0 PEHTICHOBCKOTO AM(PPAKTOMETpa. YCTaHOBJIEHO, 4To fobaBka 0,1 MOJIb ITOpOIIKa KPEMHHS K CTEXHOMETPHUYECKOMY
COCTaBy IIMXTHI yBeIn4nBaeT konuuectBo MAX-tassr Ti,SiC, B npoxayxre 1o 70 % ot oobema. Beenenue 0,1 mons Al-nopomika
B HCXOJIHYO IIMXTY NPUBOIUT K yMeHbIIeHMIO KonmuuecTtsa Ti,SiC, 10 39 % ot obbema u nosenennto Hosol (aser TiAl. TIpu sTom
COBMECTHBIN H30BITOK KpeMHUsI BMecTe ¢ tooaskoii 0,1 monb Al B cucreme 3Ti—1,25Si-2C + 0,1 Al cyniecTBEHHO MOBBIIIAIOT CONEP-
xanue Ti,SiC, 1o ~89 06. %. Ycranosneno, uto npu cuntese B cucteme TiSi—C B mponykrax peakuuu o011 MAX-(asel ymeHb-
IIaeTCsl, 8 KOJIMIECTBO MOOOUHBIX (a3 Bo3pacTaeT. MakcumainbHoe coneprxkanue Ti,SiC, B nponykre npu cuntese B cucreme TiSi,—C
nocturaet 56 % ot obuiero oobema. [Ipu yBenMYeHUN KOIUYeCTBA TiSi2 JIO0 TIOJTHOW 3aMEHbl 2JIEMEHTHOIO KPEMHHUSI B UCXOJIHOM

MIUXTE 2,5Ti—0,5TiSi2—2C norst MAX-dasbr Ti3SiC2 B ripoaykre mnajgaet 10 20 %.

Knioyessle cyioBa: camopacpocTpaHsomuiics Beicokotemneparyphbiii cuntes (CBC), 6espeakropnriii cuntes, MAX-¢asa Ti,SiC,,

MOPOIIKH, CTPYKTYpa, PEHTTeHO(DA30BbII aHAIH3

BnarogapHocTy: VccnenoBanue BbIOMHEHO 3a cyeT rpanta Poccuiickoro Hayunoro donma Ne 24-79-10187,

https://rscf.ru/project/24-79-10187/.

Ans yntnposanmns: Yvepos O.P., Kagamos 1A, JTaseinos JI.M., Jlaryxun E.1., Amocos A.I1. Bimsuue Si, Al, Cu, Cr u TiSi, Ha no-
syaenne MAX-¢assr Ti,SiC, MeTO10M CaMOPaCcIPOCTPAHSIOIIETOCS BRICOKOTEMIIEPATYPHOTO CHHTE3a Ha BO3/yXe. HM36ecmust 6Y306.
Topowosas memannypeus u Qynxyuonanshvie nokpeimus. 2025;19(6):27-35. https://doi.org/10.17073/1997-308X-2025-6-27-35

Introduction

The Ti,SiC, 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 Ti,SiC, 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
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for producing MAX-phase cermets was recently pro-
posed, based on infiltrating molten metals into a porous
Ti,SiC, skeleton synthesized via SHS in air [9]. During
Ti,SiC, 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 Ti,SiC, 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 Ti,SiC,
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 Ti,SiC, product. Deviations from charge
stoichiometry and insufficient high-temperature dwell
associated with fast post-reaction cooling commonly
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lead to increased fractions of secondary phases such as
TiC and TiSi,.

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 Ti,SiC, yield in the SHS product.

TiC is frequently reported as the primary secondary
phase in Ti,SiC, 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 (TiSi,), which
has the lowest crystallization temperature among Ti—Si
compounds (1330 °C).

The Ti—Si melt crystallizes within the 1480-1570 °C
range, where Ti,SiC, 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. %' Ti,SiC, [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 Ti,SiC, yield. In the SHS
system 3Ti+ 1.2Si +2C + 0.1Al, the Ti,SiC, phase
yield reached approximately 83 %, accompanied by
13 % TiC and 4 % Ti,Si, 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 °C.

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 Ti,SiC, yield. However, Ti,SiC,
is known to decompose in contact with molten Cu via
Si deintercalation, forming Cu(Si) and TiC_[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].

! Unless otherwise noted, all compositions are in mass percent
(wt. %).

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

Controlling the mechanism of Ti,SiC, formation
under SHS conditions offers the possibility of deve-
loping energy-efficient and technologically simple
synthesis routes for MAX phases. Typically, SHS
of Ti,SiC, 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 Ti,SiC,
with minimal secondary phases. This work focuses on
evaluating the effects of Si, Al, Cu, Cr, and TiSi, addi-
tions on Ti;SiC, formation during reactor-free SHS in
air under a sand bed.

Materials and methods

Powders used as starting reagents for synthesis
included porous titanium powder TPP-7 with a coarse
particle size (d ~ 300 um, purity 98 %), technical car-
bon T900 (d~ 0.15 um, agglomerates up to 10 pum,
purity 99.8 %), colloidal graphite C-2 (d ~ 15 um,
purity 98.5 %), silicon Kr0O (d~ 1-15 pm, purity
98.8 %), aluminum PA-4 (d ~ 100 um, purity 98 %),
copper PMS-1 (d ~ 100 pm, purity 99.5 %), chromium
Kh99N1 (d ~ 100 pm, purity 99.0 %), and titanium
disilicide TiSi, (d ~ 100 pm, 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 TiSi~C, where elemen-
tal Si and Ti were replaced by TiSi, in amounts of 15,
50, and 100 % (complete substitution), calculated for
the formation of Ti,SiC, 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 Ti,SiC, 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)
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Heating coil

Initial reagent
mixture

SHS product

Fig. 1. Scheme for SHS of Ti,SiC, under a sand layer

Puc. 1. llpunnmnuansHas cxema cunresa Ti,SiC, nox cinoem necka

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
CuK  radiation, operated in continuous-scan mode over
20 = 5-80° at a scan rate of 2°/min. Quantitative phase
analysis was carried out using the reference intensity
ratio (RIR) method.

Results 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 Ti,SiC,
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 TiC .
Elemental analysis of the lighter Ti—Si regions showed
an atomic ratio Si:Ti = 60:40, which is consistent with
TiSi,. The layered morphology and elemental ratios
also confirm the presence of Ti,SiC, regions. A simi-
lar microstructural pattern is observed when 10 % Cr
is added (Fig. 2, b); however, in this case only trace
amounts of Ti,SiC, are present, while chromium is con-
centrated within the TiSi, 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 Ti,SiC, MAX
phase is detected, and the non-stoichiometric titanium
carbide corresponds to TiC, . Despite the presence
of significant amounts of TiSi, in direct contact with

TiC, 5, Ti,SiC, does not form under these conditions.
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These findings suggest that additions of 10 % Cu or Cr
inhibit the formation of Ti,SiC,; 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 Ti,SiC, structural formation.

In the sample containing aluminum (Fig. 2, ¢), thin
dark-grey regions surrounding the Ti,SiC, platelets
were observed. EDS results indicate that these regions
correspond to a mixture of TiAl, and TiSi, . The crystal-
lization temperature of TiAl, (1175 °C) is significantly
lower than that of the Ti—Si melt (1330-1480 °C,
depending on the Ti/Si ratio). Considering that Ti,SiC,
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
Ti,SiC, 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 Ti,SiC, 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 Ti,SiC, 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 Ti,SiC, 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 Ti,SiC, content, reaching a maxi-
mum of ~89vol. % in the 3Ti—1.25Si-2C + 0.1Al
system. Varying the Al amount in the absence of excess
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2 ¢

Ti,SiC, + 10 % Al |

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

Puc. 2. MukpocTpyKTypsl 00pa3ios nocie Beeaenus B cucremy 3Ti—1Si—2C no 10 % (0,1 mois) Si (a), Cr (b), Al (¢) u Cu (d)

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

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

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

Coaep:xanue ¢pa3 B CBC-npoagykre cucreMbl
3Ti—xSi-2C + yAl

Charge composition Ti,SiC,, 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 + 0.12A1 47 53

nificantly more intense than those of Ti,SiC,, which is
consistent with ~30 % Ti,SiC, 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 Ti,SiC, peaks is also observed, which may
indicate partial incorporation of Al into the Ti,SiC,
lattice during SHS, a phenomenon previously noted in
the literature [23].

Porous SHS skeletons were also synthesized using
TiSi, 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 Ti,SiC, MAX phase (Fig. 5). A new
secondary phase, SiC, also appears. The maximum
Ti,SiC, content in this series — 56 % — was obtained
when silicon was replaced by 10 % TiSi,. However,
increasing the TiSi, fraction to 100 % reduced
the Ti,SiC, 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 % Ti,SiC, [25]. This reduction may
be attributed to insufficient temperature in the TiSi -
containing SHS systems, which shortens the lifetime
of the Ti-Si melt and prevents the Ti,SiC, structure-
formation process from fully completing.
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Fig. 3. SEM images of the microstructure of the sample synthesized from the 3Ti—1.25Si-2C + 0.1 Al system
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Fig. 4. XRD patterns of the 3Ti—1.25Si-2C + 0.1Al (@) and 3Ti—1.00Si-2C + 0.05Al (b) systems
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Conclusions

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 Ti,SiC, 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 Ti,SiC, formation in the SHS
product.

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

4.1t is likely that further optimization of the
3Ti—1.258i-2C + 0.1 Al system with respect to the par-
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Fig. 5. Dependence of the phase composition
of the SHS product on the degree of Si and Ti substitution
by TiSi, in the 3Ti~1Si-2C green mixture
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ticle-size distribution of the starting powder reagents,
as well as scale-up factors, may allow the Ti,SiC, con-
tent to exceed 90 % under reactorless SHS conditions.

10.
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Synthesis of optically transparent YAG:Ru ceramics

V. E. Suprunchuk®, A. A. Kravtsov, V. A. Lapin,
F. F. Malyavin, D. P. Bedrakov

North-Caucasus Federal University
la Pushkin Str., Stavropol 355000, Russia
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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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AHHOTayms. B xozne paboThl OCYIIECTBICH CHHTE3 KEPaMHKH Ha OCHOBe MTTpHi-amomuHueBoro rpanara (YAG), JerupoBaHHOTO
aroMamu pyTeHHs. [loporok-npekypcop HoyuyeH METOAOM coocaxJeHus. Jlerupyromuil areHT B Buae xjopunaa pyrenus (III)
BBOJIMJIH Ha Pa3HbIX TEXHOJOTHYECKHX CTAIUSIX: B XOJ€ CHHTE3a MOPOLIKOB-TIPEKYPCOPOB U HA JTalle JearioMepalini KepaMuiec-
KOTO TIOpOIIIKa, ¢ GOpMHUPOBAHHEM JBYX CepHii 00pa3ioB. MeTogoM peHTreHoda3HOro aHann3a u3ydainu Gpa3oBblii COCTaB TOTOBO
kepaMuky. COIIacHO MOJTydeHHBIM JaHHBIM IPUCYTCTBHE BTOPUYHBIX U MPUMECHBIX (a3 He BbisiBIeHO. C moMoribio auddepeH-
[MAJIbHO-TEPMHUUECKOTO aHaJIM3a YCTaHOBICHO CHIKEHNE KATHOHHOM OIHOPOHOCTH MOPOLIKa-TpeKypcopa. [1pu BBeeHHN pyTeHUS
B CTPYKTYpy I'paHara HaOIIOJaaoCch CMEIIeHHE dK30TePMUYECKOro MUKa €ro KPUCTAIM3AlMU B CTOPOHY OOJBIINX TeMIepaTyp.
Crniekanue 00pasIoB KepaMHK OCYIIECTBISLIN npu Temneparype 1815 °C B Teuenne 20 4 ¢ MOCIEAYIONMM OTXKUIOM Ha BO3IyXe
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npu ¢ = 1500 °C, t=2 4. I[Ipu onpeneneHNN ONTHYSCKUX XapaKTEPHCTHK KEPaMHUUCCKHX MaTepUasioB OBLIO YCTAHOBJICHO, YTO
CII0CO0 BBEJICHUS JIMTATypPhl MIPUBOJUT K N3MEHEHUIO ITOKA3aTelIsl CBETONPOITYCKAHMS, a TAKKEe CHIDKEHHIO YHEPIHH 3alpeIleHHON
3oHbl. [lokazarens CBETONPOIyCKaHUSA KEPAMUKU Ha JuinHe BOIHbI 1100 HM 11 HEelNerupoBaHHOIO UTTPUI-aIIOMUHHUEBOIO rpaHara
cocraBu 77,04 %, a Juist kKepaMUYECKUX 00pa3loB, COAEPIKAIINX PYyTEHHH, STOT IOKa3aresb CHU3MWICS 10 65,1 u 74,5 % B 3aBu-
CHMOCTH OT CIIOC00a BBE/ICHUS IPHMECHBIX HOHOB. DHEPTHIO 3alPEIICHHOM 30HbI 00pa3I[0B PACCUUTHIBAIH U3 JU((epeHIHAIBHBIX
CIEKTPOB IONIOLICHNUS: IIUPUHA 3aIPEIICHHON 30HBI UL YUCTOrO rpaHara cocTasuia 4,92 5B, a 1i1s 1erupoBaHHOIO — OHa CHU3U-

JIach 10 MHHUMAJIBHOTO 3Ha4YcHUs 4,4 3B.
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Introduction

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
AA;B,O,, [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 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);
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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
NH,(SO,), at a concentration of 0.08 M. The resulting
precipitate was washed with 0.045M 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 0.2M
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
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(BET) method on a 3Flex analyzer (Micromeritics,
USA) by nitrogen adsorption at 7= 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-Gerdtebau 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 Cuk
radiation source (A = 1.5406 A).

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

Results 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 (d,,) for S_0
and S_Ru were 2.3 and 2.6 pum, 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 m?/g for YAG and 10.28 m?/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.

7
2 of
5 51
2 4t ?
.S
PO -
o 3 1
L 2+
g
£ 1r
1 1 1 1
0 20 40 60 80 100

Cumulative particle fraction, %

Fig. 1. Cumulative particle-size distribution curves of precursor
powders S 0 (1) and S Ru (2)
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Fig. 2. SEM images of ceramic powders S 0 (a) and S_Ru (b)

Puc. 2. COM-u3o6pakenust kepamuueckux nopomkoB S 0 (a) u S_Ru (b)

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-
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Fig. 3. Thermogravimetric (TGA) and differential thermal
analysis (DTA) curves of precursor powders S 0 and S Ru

Puc. 3. Kpussie TepmorpaBumerpuueckoro (TTA)
u muddepernuansroro Tepmudeckoro (JTA) ananmn3os
nopomkoB-npekypcopoB S O m S Ru

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
RuO,. 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
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Fig. 4. XRD patterns of YAG ceramics
S 0(I),S_ Ru(2),andS_ 0 _Ru(3)
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Fig. 5. Optical transmittance spectra (@) and differential
absorption spectrum (b) of YAG ceramics

Puc. 5. CriekTpbl CBETOIPOITYCKaHUS (@)
n muddepeHHaNbHbINA crieKTp nonomenus (b)

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

Fig. 6. Photographs of ceramic samples S 0, S Ru,and S 0 Ru
Captured with Pixel 8 Pro, ISO 41, /1.95, exposure 1/336 s,
D65 daylight; reference sample: S 0
Puc. 6. Dotorpaduu obpasios kepamuku S 0, S Ruu S 0 Ru

Pexxum cvemku: kamepa Pixel 8 Pro ISO 41, /1.95; Beinepixka 1/336 c;
nHeBHOE ocBenienue (D65); konTpos: obpazerny S_0
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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, ). The differential absorption
spectrum (rate of absorbance change d,/d\) of pure
YAG exhibits a single absorption edge corresponding
to a band gap of 4.92 eV. For the S Ruand S 0 Ru
samples, two absorption edges were observed, likely
due to intrinsic absorption of ruthenium ions through
Ru*" — Ru*" 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

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.
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Abstract. Studies were carried out to develop aluminum matrix composites reinforced with amorphous microsilica particles. The feasi-
bility of producing Al-5 wt. % SiO, 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
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[MonyyeHune antoMoMaTpPUUYHbIX KOMMNO3UTOB
Al-SiO, c ucnonbsosaHunem
aMOpPHOro MMKpOKpeMHeseMa

M. II. Kyspmun ©, M. 10. Kysbmuna, A. C. KyspmMuna

HpkyTckuii HAMOHAIBHBIN HCCIeI0BATEIbCKUNH TEXHUYECKUI YHUBEPCUTET
Poccus, 664074, r. UpkyTck, yia. JlepmonTtosa, 83
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AHHoTayums. [IpoBeieHbI HCClleT0BaHNs, HAlpaBIICHHbBIE HA [TOJTYYCHNE aTIOMOMATPHUYHBIX KOMITO3UTOB, apDMUPOBAHHBIX YACTHLIAMH
aMop(HOro MUKpOKpEMHe3eMa. YCTaHOBJIEHa BO3MOKHOCTB MOJTy4eHHs MaTepuaos cucteMsl Al-5Si0, (Mac. %) ¢ Ucronb30-
BaHHEM METO/IOB JINThsI C HHTEHCUBHBIM ITEPEMEIINBAHUEM H TOIYTBEPAOT0 MeTAJUINYEeCKOTo JINThs. Hanbomnbiryro s dexrns-
HOCTb IPOAAEMOHCTPUPOBAJ BTOPOH CIOCOO C Mocienyommei xKuakol mramMnoBkoi. [TokazaHa BO3MOXKHOCTb UCIIOIb30BaHUS
MarHusi B KaueCTBE IOBEPXHOCTHO-aKTHBHOM J100aBKH, CIOCOOCTBYIONICH yAaJeHHIO KHCIOPOAa C MTOBEPXHOCTH JHCIIEPCHBIX
YacTUI[ U YIYYIICHHI0O MEXaHHYECKUX CBOMCTB KOMIIO3HMIIMOHHOIO MaTepHala B Ipornecce TepMoodpadoTku. ITomydeHHBII
KOMIIO3UT MMEET PaBHOMEPHOE paclpesieleHie AUCIIEPCHBIX YaCTUIl MUKPOKpEMHe3eMa B 00beMe MeTalula, o0siafiaeT TBep-
JIOCTBIO, KOPPO3UOHHOW CTOHKOCTBIO W Y/AEIbHBIM BECOM, NMPEBOCXOMIINMH aHAJOTHYHBbIE XapaKTEPHUCTUKU HCXOIHOTO
AJIIOMMHHUEBOTO CIUIaBa. TakuM 00pa3oM, HOJIyYEHHBIE C UCIIOIb30BAaHMEM Pa3pabOTaHHOW TEXHOJIOTHMHM MaTE€pHasbl MOTYT
OBITH BOCTpeOOBaHBI BO BceX cepax TPaHCHOPTHOTO MAIIMHOCTPOCHHMS, a TAKXKe B OTPACIIAX aBUAIIMOHHOI M KOCMHYECKON
MPOMBIIUIEHHOCTH.
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Introduction

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 Al,O,,

Zr0,, 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 SiO, 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-SiO, 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 SiO, particles on their
microstructure and properties.

Materials 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......... 7.00
Fe........ 0.19
Mg....... 0.25
Mn....... 0.10
Cu........ 0.05
Zn........ 0.07
Ga........ 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 AISi7
alloy. All subsequent casting operations were per-
formed at temperatures above the liquidus (730 °C).
The SiO, 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 20 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-eclectrode 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.
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Results 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. %):

IO, .t 95.0
ALOj. .o 0.55
Fe,0y .o 0.61
CaO.............. 0.96
MgO ..o, 1.21
NaO...oooovnnnn. 0.31
KO oo 0.84
Coviiiii 0.25
S 0.27

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

Fig. 1. SEM images of microsilica particles

Puc. 1. COM-u300paxeHus 4aCTHII MUKPOKpEMHE3eMa
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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 um and no shrinkage or gas porosity.
The microstructure of the Al-SiO, composite produced
by casting with intensive mechanical stirring and sub-
sequent pouring at 720 °C (Fig. 2, b) is characterized

Fig. 2. Microstructures of the base AlSi7 alloy (a),
the composite produced by casting with intensive
mechanical stirring (), and the composite produced
by semisolid metal processing (c¢)

Puc. 2. MuUKpOCTPYKTYpPbI HCXOHOTO aIFOMHHHEBOTO CILIaBa
AlSi7 (a), KOMIIO3UTa, MOTYYSHHOTO JINTHEM C HHTCHCHBHBIM
MeXaHH4YeCKHM TepeMernBanreM (b), 1 KoMnosura,
MOJIy4eHHOTO METOJIOM MOJIYTBEPAOTO METAIINYECKOTO JIUThS (C)

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

Fig. 2, ¢ presents the microstructure of the AI-SiO,
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 a-Al
dendrites was stirred at 590 °C. Processing the alloy
in this semisolid state enabled a uniform distribution
of the SiO, 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 SiO, (Fig. 3). The most intense peaks arise from
metallic aluminum (20 = 28.7°, 32.4°, 43.5°), crystal-
line silicon (20 =35.1°, 47.4°, 57.5°, 68.4°), silicon
dioxide (20 = 25.5°, 38.1°, 45.3°, 52.7°, 57.3°, 66.5°),
and aluminum oxide (26 = 37.6°, 41.9°, 44.8°). X-ray
diffraction also revealed the presence of MgAlO,

and Mg Al,, formed as a result of the additional
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Fig. 3. Diffraction pattern of the Al-SiO, composite
in the 20 range of 10+70°

Puc. 3. Qudpakrorpamma kommosuta Al-SiO,
B nuamasone 20 = 10+70°
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magnesium introduced into the base silumin alloy.
Magnesium improves the wettability of the microsilica
particles by the aluminum matrix through the for-
mation of MgALO, spinel, which removes surface
oxides [10; 17]. The Mg ,Al,, phase formed during
heat treatment further contributes to strengthening
of the composite.

The results show that the SiO, 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 Al,Mg, 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 AISi7 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 SiO, 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
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Fig. 4. Brinell hardness of the base AlSi7 alloy (@)
and of the composites produced by casting
with intensive mechanical stirring (b),
and by semisolid metal processing (c)
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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 AIlSi7 alloy
(6, =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 MgAl,O,, Al,O,, and SiO, 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/cm?) than that of the base alloy (2.64 g/cm?).
This reduction is explained by the presence of shrin-
kage porosity and agglomerates of SiO, particles, as
revealed by microstructural analysis (Fig. 2, b).

The lowest density (2.47 g/cm?®) 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
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Fig. 5. Potentiodynamic polarization curves
of the base AlSi7 alloy (1) and the composite
produced by semisolid metal processing (2)

Puc. 5. KpuBble MOTEHIIMOAMHAMUYESCKON MOISPU3AIINT
HMCXOTHOTO aJltoMuHUeBoro cruiaBa AlSi7 (1) 1 koMIio3uTa,
MOTYYSHHOTO METOIOM IOy TBEPOTO
METaJTHYeCKOTO JIUThs (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 SiO, particles have a density of about
2.2 g/cm3, which is lower than that of the aluminum
matrix (~2.7 g/cm?). The addition of 5 wt. % SiO,
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, ¢).

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.

Conclusions

This study confirms the feasibility of producing
Al-SiO, 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 MgAl,O, 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 Mg, Al,, 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-SiO, 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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BnusaHune pob6aeku Cu 1 paBneHmnsa npeccoBaHus
CBC-wunxTbl Ha UHGUNBTPaLUIO TEPMUTHON MeaU
N MaKpPOCTPYKTYPY CUHTE3UpoBaHHbIX kKepMeToB TiC-Cu

E. A. Kapakuu®, 9. P. Ymepos, B. A. HoBukos,
I1. E. Knuaes, A. II. AMocoB

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

&3 maximcaracki4@gmail.com

AHHOTayms. B nutepaTypHbIX HCTOYHHKAX IMOCJICIHUX JIET JOCTATOYHO LIMPOKO PACCMOTPEHbI CBOMCTBA M CTPYKTYpa KEpaMHKO-

METAUIMYECKUX KOMITO3HTOB (kepmeToB) cucteMbl TiC—Cu. OmgHako ycinoBusi MX 00pa3oBaHUs B OOJBIIMHCTBE CBOEM 3aTpa-
rUBalOT ciy4yan BBeaeHus dactuil TiC B meperpetsiii paciutaB Cu. B manHO# pabore 00pasibl CHHTE3MPOBAIUCH HA OTKPBITOM
BO3yxe 0e3 MPUMEHEHUs TUTICH-PEeakTOPOB MyTEM COYETAHHS TEPMUTHON PEaKIWH IS TOTyUeHMs paciiiaBa MeIH, MOCIery-
fouield HHQUIBTPAMY TOPUCTON MOPOIKOBOH muXTh! Ti + C pacmiaBoM W MHUIMALUH €€ TOPEHHS CaMOPACIPOCTPAHSIOMINMCS
BbICOKOTeMneparypHbIM cuHTe3oM (CBC) xapOuna tutana. B pesynsrare oOpasoBsiBaics kepmeT coctaBa TiC—Cu. [Ipeacrasnen
aHanu3 BnusHUA 106aBku Meau B CBC-muxty Ti+ C u naBneHus ee mpeccoBaHUs HA MOJHOTY MPOMUTKH METHBIM PacIlIaBOM,
MOTyYEHHBIM B PE3YIbTaTe TOPEHUS] METHOM TEPMUTHON cMecH. TakxKe pacCMOTPEHO BIUSHUE BBIMIEH3II0KEHHBIX ()aKTOPOB Ha
CTPYKTYpY CHHTe3HpyeMoro kepmeTa. [IpoBenens! nccnenoBanus o cunresy kepmeroB TiC—Cu npu BBenenun 5, 10, 15 mac. % Cu
B CBC-muxThl, cipeccoBaHHbIe TOA AaBieHueM 22, 34, 45, 56, 69 MIla. [lonHoTa HHOMIBTPAMK ONPEIENISANACH 10 BHEITHEMY
BUy IUTH(A CEUSHUs] KEPMETa, MUKPOCTPYKType U cocTaBy. OmpeneneHbl ONTUMANbHBIE YCIOBHUS, MPU KOTOPBIX MOTYyYarOTCs
KOMIIO3UTBI C HauOOJbIIEH IUIOTHOCTHIO, HAMMEHBIINM KOJIHYECTBOM Ie(EKTOB CTPYKTYpHI, 3aAaHHBIM (Da30BBIM COCTAaBOM
U BBICOKUMM MEXAHHUYECKHMH XapaKTepHCTHKaMH. VccaemoBaHbl MHKPOCTPYKTYypa, COCTaB U (DH3HKO-MEXaHWYECKHE CBOWCTBA
(III0THOCTH, TBEPAOCTH 1O BpHHENI0, MPOYHOCTH MPHU CXKATHM) HOBBIX KOMIO3UTOB. YCTaHOBJIEHO, YTO HAHOONBIINE MOTHOTA
MPOIUTKY U MJIOTHOCTH MOMy4deHHbIX 00pa3noB TiC—Cu pocturarorcs npu gobdaske mean B CBC-mmxty B kommuectse 10 mac. %
u nasnennn npeccosanust CBC-mmuxtet 45 MIla. [Tokazano, 4To ¢ yBeIM4eHHEM A0 MEAH B IIMXTE BO3PACTAIOT 3HAYCHUS MeXa-
HHYECKHX CBOIMCTB (TBEPAOCTD, MPEEN MPOUYHOCTH HA CKATHE).

KnioueBbie croBa: caMopaclpOCTpaHSIONMNCS BhICOKOTeMIeparypHblii cuHte3, CBC-meramiorepmusi, Mexb, KapOWJ THTaHa,
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Introduction

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], AIN [6],

ALO, [7], TiB, [8], WC [9], as well as graphite [10],
carbon nanotubes [11], and MoS, [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

53


mailto:maximcaracki4@gmail.com
https://rscf.ru/project/24-79-10187/
https://doi.org/10.17073/1997-308X-2025-6-52-64
mailto:maximcaracki4%40gmail.com?subject=

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2025;19(6):52-64
Kapakuy E.A., Ymepos 3.P. u 0p. BansHue nobasku Cu 1 gasneHuns npeccoBaHna CBC-LmMxXTI ...

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-Ti_ Cu~Cu composites
containing 48-68 %' TiC, 32-48 % T1 Cu intermetal-
lics, and up to 2.5 % free copper, exhlbltmg 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
Ti,SiC,~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 — Al,O, + 3Cu, which can heat the cop-
per above its boiling point [23].

! Unless otherwise specified, all compositions are given in wt. %.
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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 Fe,O, +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)-Fe,Al-Al,O,-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.
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Materials and methods

Titanium carbide porous preforms were synthe-
sized using titanium powder grade TPP-7 (d < 300 um,
purity 99 %) and carbon in the form of P701 car-
bon black (d=13-70 nm, purity 99 %) to prepare
a 15g SHS Ti+ C charge. Copper powder PMS-A
(d=100 um, 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 — AL O, + 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 CuK  radiation
in continuous scan mode over 26 = 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

Incandescent

Copper coil

thermite

CBC charge

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

Puc. 1. Cxema coueranus peakuny metasutorepmun 1 CBC
JUIS IOJIyYCHUS] KepaMUKO-METAIIIMYECKIX KOMIIO3UTOB

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 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 (0.75g) 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
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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

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

Puc. 2. ®ororpadun numdos cuate3npoBanHbix 00pasos kepmetoB TiC—Cu u3 CBC-1uxThl
6e3 mobasku Menu Ti + C npu pa3IUIHBIX JaBICHHUSX €€ IPECCOBaHUS

P, MITa: 22 (a), 34 (b), 45 (), 56 (d)

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. 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

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

Puc. 3. ®ororpadun nutndos cuHTe3upoBaHHBIX 00pa3ioB kepmeToB TiC—Cu u3z CBC-1uxTh!
¢ 5 %-Holt 106aBKOI MeaM NPH Pa3TUIHBIX JABIECHUAX €€ MPECCOBAHUS

P, MITa: 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

P, MPa: 22 (a), 34 (b), 45 (c), 56 (d), 69 (¢)

Puc. 4. dotorpaduu nutugoB cCHHTE3UPOBaHHBIX 00pa3ioB kepMeToB TiC—Cu n3 CBC-mmxThl
¢ 10 %-Hoii 100aBKOI MU MPH PA3TUUHBIX JABICHUIX €€ TPECCOBAHNUS

P, MITa: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e)
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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

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

Puc. 5. ®ororpaduu o cuute3upoBanHbx 00pa3noB kepmetoB TiC—Cu n3 CBC-muxTer
¢ 15 %-Hoii no6aBKoif MeTM MPH PA3TUYHBIX JIABICHHUSX €€ MPECCOBAHUS

P, MITa: 22 (a), 34 (b), 45 (c), 56 (d), 69 (e)

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

p=mlV,

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-

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

Tabnuya 1. 3apucuMocThb Maccebl (I) 00pa3uoB KepMeTa
OT yCJIOBMii CHHTe3a

Cu addition, Compaction pressure, MPa
wt. % 22 34 45 56 69
0 15.6 18.2 26.4 21.6 22.7
274 | 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 (p, g/cm?) of the synthesized cermet
samples as a function of Cu addition
to the SHS charge and compaction pressure

Tabaunya 2. I110THOCTH NMOJTy4YeHHbIX 00pa310B
KepMeToB (p, r/cM®) B 3aBHCHMOCTH OT YCJIOBHI CHHTE32 —
nodaBku Meau B CBC-1uuxTy M 1aBjieHUs MPeccoOBAHMS

Cu addition, Compaction pressure, MPa
wt. % 22 34 45 56 69
0 3.13 2.51 3.24 2.65 0
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

33
31
29
27
oo 25
g 23
21
19
17
15

34 45 56 69
P, MPa

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%

Puc. 6. 3aBUCHMOCTb MacChl CHHTE3UPOBAaHHBIX 00Pa31oB
KEepPMETOB OT AaBieHus npeccopanus CBC-muxTs
C Pa3JIMYHBIM KOJMYECTBOM JJ00ABKU MEIH

1-0,2-5%,3-10%,4-15%

p, g/cm

0 1 1 1
22 34 45 56 69

P, MPa

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%

Puc. 7. 3aBUCHMOCTB TUIOTHOCTH CHHTE3WPOBAHHBEIX 00pa3IIoB
kepmetoB TiC—Cu ot naBienus npeccoBanust CBC-mmxTs
C Pa3IMIHBIM KOJINYECTBOM JJOOABKU MEH

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).
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= m Cu,,Ti
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Fig. 8. Diffraction patterns of synthesized TiC—Cu cermet samples obtained from the SHS charge
without Cu addition at different compaction pressures

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

Puc. 8. luppaxrorpammbl cuHTe3upoBaHHBIX 00pa3oB kepmetoB TiC—Cu n3 CBC-muxTel
6e3 100aBKH MeH MPH Pa3IHIHBIX AABICHHUSX €€ IIPECCOBAHMS

P, MIla: 22 (a), 34 (b), 45 (c), 56 (d)

58



,9 POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(6):52-64
N PM s FC Karakich E.A., Umerov E.R., and etc. Effect of Cu additions and SHS charge compaction pressure ...
200
® o @ TiC a
L m Cu
160 ® A C (graphite)
120
80 A
40
0 1 1 1 1
400
e TiC b
b m Cu
300 + ° A C (graphite)
200
100
0
120
)
@ TiC ¢
. 100 - m Cu
=1 ® A C (graphite)
g m
£
2
7
=
8
=
120
)
e TiC d
° m Cu
100 + ® A C (garphite)
]
)
A
1
320
280 U @ TiC e
m Cu
240 A A C (graphite)
200 u
160
120 ¢
]
)
80 A, ma
40 VM ‘
0 [ I 1l 1 1 L ‘ 1 ‘

45 50 55 60 65 70 75 80
26, deg

Fig. 9. Diffraction patterns of synthesized cermet samples obtained from the SHS charge with 5 % Cu addition
at different compaction pressures

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

Puc. 9. ludpakrorpaMMbl CHHTE3UPOBAHHBIX 00pa3IoB KepMETOB ¢ 5 %-HOi 100aBKO# Meu
P, MIa: 22 (), 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

P, MPa: 22 (a), 34 (b), 45 (c), 56 (d), 69 ()
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Table 3. Brinell hardness (HB) of the synthesized TiC—Cu cermet samples

Ta6nuya 3. Teepaocts o bpunesnio (HB) nonyyeHHbIX 00pa3oB KepMeToOB

Cu addition, Compaction pressure, MPa
wt. % 22 34 45 56 69
0 90.00£12.5| 78.75+4.3 | 22.00+£8.6 | 53.00+9.0 0
68.50+16.4 | 95.75+13.9 | 75.25+20.9 | 81.50+ 154 | 4525+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

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 TiC . 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 Al,O, 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 Al,O; melt does not wet the preform sufficiently
and therefore does not infiltrate [30]. Thus, in this
case the phase separation of Cu and Al,O, 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 (c_), 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 4. Compressive strength (¢, MPa)
of TiC—Cu cermet samples synthesized
from SHS charges with and without Cu addition

Tabnnya 4. 3HaveHNsl TPOYHOCTH NMPH UCTIBLITAHUT
Ha cikatue (o, MIIa) 00pa3uos kepmeToB
u3 CBC-mmxThl ¢ 100aBKOM Meau

Cu,
e % 0% 5% 10 % 15 %
c,MPa | 161.5+9 | 240+38 |264.5+23 | 390+24
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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/cm?), 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.

Keywords: internal anticorrosion coatings (IACCs), oil pipelines, production tubing, diffusion, degradation, delamination
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AnHoTayums. Kopposust siBIIsieTcsl OHOM U3 TIIABHBIX NPUYMH BBIXOJA M3 CTPOs HedTerazoBoro 006opynoBaHus. [IoMuMo yMEHBIICHUS

€ro cpoka ciry)kObl, OHa OKa3bIBAaeT BIHMSHHE Ha OE30MAaCHOCTD MPU €ro JKCIUTyaTaluu. B HacTosiee Bpems 100bua Hept B PO
OCIIO’)KHEHa OOBOJHEHHOCTHIO CKBAXKMHHOW MPOAYKIUH, YTO B 3HAYMTEIBHON CTENEHH MHTEHCHQHIMPYET MPOIECCH KOPPO3HH.
[MpumMeHeHVe BHYTPEHHUX MOJMMEPHBIX IMOKPBITHI TPyOOIIPOBOIOB YaCTUYHO PEMIAeT JAHHYIO MpOOIeMy, OJHAKO IO OTKA30B,
CBSI3aHHBIX C KOPPO3HUEH, 10 CHX MOP OCTACTCS HA BBHICOKOM ypoBHE. JIist 3 PEeKTHBHON MPOTEKTOPHOM 3aIIUThl HE(PTESITPOBOIOB
C UCTIOIB30BAHIEM MOIUMEPHBIX MTOKPBHITHI HEOOXOAMMO TIOHUMAaHNE MEXAHM3MOB HX Pa3pyLIEHUs, B TOM YHCIIE B MPUOIIKEHHBIX
K peasIbHBIM yCIIOBHSAX 3KCILTyaTallH. JTO MO3BOIUT HAXOAUTH Y(P(heKTUBHBIE PEIIeHH s, CTIOCOOCTBYIOIINE ITOICP/KaHUIO HKCILTY-
aTalMoOHHOTO (hoH/A HETSIHBIX CKBAKHH B pabOTOCIOCOOHOM COCTOSHMU. B HacTosiel paboTe omucaHbl OCHOBHBIE MEXaHU3MBI
Ppa3pymIeHuUs TOTUMEPHBIX MOKPBITUH HAa METAJUTHYECKUX MOBEPXHOCTSIX, B TOM UUCIIE ITPU MX SKCIITyaTaI[1 B arPECCUBHBIX CPEaX.
BrineneHsl 0cHOBHBIE (haKTOpBI, 00YCIAaBIMBAIONINE pa3pyIICHHE TOKPHITHH HedTenpoBonos: auddy3us n abcopOus MoJIeKya
BOJIbI BHYTPH MOJIMMEPHOH MaTPHIIbI; HApyIICHUE CBSI3eH BHYTPH IOJMMEPHOM CETH MOKPHITUS; OTCIOCHUE MOKPHITUIT H3-32 TIOTEPU
aJre3uy MeXly HUM M METauioM; MexdasHas Koppo3usi; KaTOIHOE OTCIOCHHUE; 00pa30BaHKE Iy3bIpeil; SpO3HOHHBIE MPOIECCHI.
[TpuBeneHsI pe3ynbTaThl HCCIEAOBAHUS PA3INYHBIX AHTHKOPPO3HOHHBIX MOKPBITHI HE(QTETPOBOOB Ha STIOKCHHOBOJIAYHOI OCHOBE
MOCJIe HKCILTyaTalluy Ha MecTopokaeHusIX. [IpogeMoHcTprupoBaHbEl H300paskeHUS TIOKPBITHI Ha PA3IMYHBIX JTANax pa3pylICHHs.
Llenb paboThI 3aKiIr04aIach B 0000IEHUH MEXaHN3MOB Pa3pyLICHUsI OJMMEPHBIX MOKPBITHII Ha MEeTaJUIaX B Pa3IMYHBIX YCIOBHUSIX

U YTOYHEHUH CTaANHHOCTH pa3pylIeHHs TOKPBITHI HEPTEMPOBOIOB.

KnroueBbie cnioBa: koppo3usi, 3po3usi, HOIUMEPHbIC MOKPHITUS, BHYTPEHHHE aHTHKOppo3uoHHbIe nokpbitus (BAKII), HedTenpoBoibl,
HacocHo-koMnpeccopusie Tpyos! (HKT), tuddysus, nerpagamus, paccioeHue

BnarogapHocTy: PaboTa yacTHYHO BBIMIOJIHEHA B paMKax rocyaapcrentoro 3aaanus UOIIM CO PAH, rema FWRW-2022-0002.

Ana yntuposanmsa: I0xun ILE., JloxxkomoeB A.C. MexaHU3MBbl pa3pylICHUs] aHTHKOPPO3UOHHBIX MOJHMMEPHBIX MOKPHITHH Ha
METATMYECKUX TTOBEPXHOCTSIX HE(YTEIIPOMBICIOBBIX TPYOOIIPOBOIOB: 0030p. M36ecmus 8y308. [lopowkosas memaniypeus u Qynx-
yuoHnanvhwie nokpvimusi. 2025;19(6):65-82. https://doi.org/10.17073/1997-308X-2025-6-65-82

Introduction

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;

e chemical degradation of the polymer molecular
structure, in which water cleaves reactive sites within
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the epoxy network, causing hydrolysis-induced chain
scission;

s 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
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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 Fe*" and H,0, 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
of 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

|

Diffusion of water

and ions .
through the coating H
Polymer
coating
Metall . i
2H,0 +2e — H, + 20H
a

Excess load on the coating

in a hydrogen bubble

Diffusion of water
and ions

M N\ (7

due to pressure

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

Puc. 1. Cxema npo1eccoB, NPOTEKAINIMX B A¢(EKTHOM ITOIMMEPHOM MOKPBITHH M IPUBOJSIINX
K KaTOJHOMY OTCJIOCHHIO OKPBITHSA [15]

a — IIPOoLECChI B I[C(beKTC U 1101 OTCJIOUBIIUMCS ITOKPBITHEM b— IIpOLIECChI B ae(beKTe U 110 OTCJIOUBIIUMCS ITOKPBITUEM
¢ JeTanu3anuen TpaHuIbl pa3aciia METAJUI-TIOJUMED U 30HbI OTCIOCHUS IIOKPBITUSA
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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 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
through 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

------- d Rust
electrolyte

Coating \
‘i-

FeCl, >
Anode Fe 0, +2H,0 — 40H
cathode

Fig. 2. Schematic representation of anodic delamination
driven by corrosion, and the potential distribution along
the metal—coating interface [16]

Puc. 2. CxemMa aHOTHOTO OTCJIOCHHUS TIOKPBITUS
1071 BO3/IeiicTBUEM KOPPO3UU U paclpeiesieHue OTeHIata
BJI0JIb TPAHULIBI OCHOBBI M HOKPBITHS [16]
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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

Pore channel 4ﬁ ]

Coating —
Steel

‘

Water

Blister

Corrosion ) "

¢ )

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

Puc. 3. Cxemarnieckoe H300pakeHue mporecca pa3pyeHust
MTOKPBITHIA TIOJT BBICOKHM THAPOCTaTHUCCKUM JapieHueM [20]
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Fig. 4. Coating failure after corrosion autoclave testing [21]

a — blister formation caused by insufficient film thickness;
b — corrosion developing in a damaged coating

Puc. 4. Pazpy1ieHne MOKPBITHS OCIIE KOPPO3HOHHBIX
ABTOKJIABHBIX MCIIBITAHUH [21]

a — obpazoBaHNUE Iy3bIPEil H3-3a MaJIOH TONIIMHBI TICHKH;
b — KOppO3Hs B MOBPEXKIACHHOM TTOKPBITHI

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 (CO,) 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 CO, at elevated pressure and temperature causes

2+ .
% Fc iones

W Water as electrolyte

O Pores generated

by PX diffusion
- HC-GP sub zone
el s —
. HC-SW sub zone
CO, +PX +SW AtRGD
interaction at HPHT

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]

Puc. 5. [IpoHUKHOBEHUE BOJIBI Yepe3 MOKPBITUE K METAILTY
U TIyTh NOHOB eJie3a K TOBEPXHOCTHU MOKPBITUS
MIPU JICKOMIIPECCHOHHOM cOpoce aaBieHust [23]

areduction in the glass-transition temperature, followed
by softening of the EN network. This softening allows
dissolved CO, 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-
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Metall
substrate

EN coating

/ Exposure to

| HPHT conditions

\ —_—

HPHT underground pipeline

EN coating
Presence of CO, ’ S '
ubstrate

Underfilm corrosion

EN coating

Absence of CO, Sub
ubstrate

Blister formation but
no underfilm corrosion

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]

Puc. 6. Mexann3Mbl BO3EHCTBUS yITIEBOIOPOIHOM M BOAHOM (ha3 Ha STIOKCHTHO-HOBOJIAYHOE MOKPBITHE B YCIOBHSIX
BBICOKHMX JIaBJICHUH M TEMIIEpaTyp MPU HAJTMYUK YIIIEKHUCIIOTO Ta3a B cCHCTeMe U Oe3 Hero [24]

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-

N ) EN-EPDMS hybrid system
Long chain EPDMS

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].

EN-GPTMS hybri 1
SETNES hybrid system Short chain GPTMS

Crosslinking between epoxy
of EPDMS and amine
from the curing agent

mbhla

Crosslinking between epoxy
of GPTMS and amine
from the curing agent

=bdla

Amine-cured epoxy

Amine-cured epoxy

novolac crosslinking Metall substrate

-Lila
-rrr-

novolac crosslinking

Entapped water f&‘

molecules at the HC-SW :'_: 1
zone after HPHT exposure

Resulting in

/l\ l On HPHT exposure

[N
g e e e

edatalal

No water penetration
observed at the HC-SW
zone after HPHT exposure

formation of blisters

Metall substrate

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

Puc. 7. Cxemarnueckas wiuntoctpanus ciusanusi EN-EPDMS n EN-GPTMS no u nocne Bo3zaeiictus HPHT [25]

Jlmnnas u rudkas nens EN-EPDMS nemoHCTpHpYeT 3axBadeHHbIe MOIEKYIbI Boxsl B 30He HC—SW, uto mpuBoaut
K 00pa30BaHUIO HEJIOMHYBINHX ITy3bIpeit. Hamporus, kopoTkas nens B EN-GPTMS cmmToil cTpyKType He MOKa3bIBaeT HUKAKUX H3MEHEHHUIT
TIPU BO3/IEHCTBUN BBICOKHX JABIECHUN U TEMIIEPATyp
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Fig. 8. Schematic illustration of changes in water uptake in polymer coatings as a function of exposure time [18]

Puc. 8. Cxemaruueckas WITIOCTpanys U3SMEHEHUS BOAOIIOIIONUICHUS B ITOJIMMEPHBIX IMMOKPBITUAX C TCHCHUEM BPEMEHU [18]

Rearrangements
of chemical chains

Changes
) of physical structure

‘What in the ideal process ‘What happens to water
of water diffusing in polymer? in polymer?

What are the main factor
governing the delamination?

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

Puc. 9. Cxema nuddy3nu Bojbl 4epes ciIoii moauMepa K MeTaUTHYeCKON MOBEPXHOCTH M CBSI3aHHBIE C 3THM BOIPOCHI [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].

e 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

N

TR

AT LS

Rotameter

i

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 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-

M R — Air diffuser

AT

Temp
controller

Temp
sensor |

Heater

Gear pump

Fluid reservior

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

Puc. 10. [IpuHuMNUaIbHAs CXeMa YCTaHOBKH, MOJICIIMPYIONICH yCIIOBHS BO3ACHCTBHS MOTOKA YKHJIKOCTH
Ha MOJIMMEPHOE MOKpBITHE [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, ¢).

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 CO, 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.

Recovery
of passive
layer B
Damaged Corrosive
passive fluid Passive layer

layer Counterface (metall oxide)

material

Bulk coating

a
Coating defect Cavity
N/ Hard coating |
[ Sudstrate O ]
Corrosion
deposits

| =< |

Coating blister

JYYYY
% I

M M Corrosive fluid

Cathodic surface (coating)

Abraded
surface

Anodic

Debris counterface

b Corrosive fluid

Cathodic surface (coating)

c

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;
¢ — 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

Puc. 11. Tpu MexaHn3Ma pa3pylICHUs OKPHITUS B YCIOBUSIX
9PO3HOHHOTO BO3JeHCTBUS [S5]

a — 13HOC 1-ro THna: KOppo3ust TBEPIBIX MOKPBITHIA Ha METAJUTMUECKUX
MOAJIOKKAX, IPU KOTOPOH MOBPEKICHUE NACCUBHOMN IJIEHKU MPUBOIUT
K IOBTOPHOM €€ IacCUBAallMU U PETEHEPALIUK Ha OKPBITUH;

b — KOPPO3HOHHBIN H3HOC TBEPABIX IOKPLITHI Ha METAIIHIECKOM
MIOBEPXHOCTH, IPHBOANINII K 00pa30BaHUIO MHTTHHTOB H B3Iy THIO
3aLIUTHOTO MOKPBITHS U B PE3YJIBTATE — K €[0 MEXaHUUECKOMY
pa3pyIIEHUIO U OTCIOEHHUIO;
¢ — abpa3uBHOE BO3ICHCTBHE Ha IIOBEPXHOCTH MOKPHITUS, BEI3BAHHOE
Pa3HO3aPsKEHHOCTHIO METAJUINYECKON MOUI0KKHU T10]] TOKPBITHEM
1 aOpa3sUBHBIMY YACTHI[AMH, B Pe3y/IbTaTe Yero MPOUCXOIUT aKTUBALIHS
HCTHPAHUS IOBEPXHOCTU MOKPBITHSL
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Degradation of internal anticorrosion
coatings 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 (7¢) (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].

Electrolyte

Steel substrate

Electrolyte

Corrosion
product

Steel substrate

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]:

8% (2n+1)2ﬂ:2Dt
= (2n+1)2 412 ’

where ¢(?) is the average concentration of the penetrant
across the polymer layer at time ¢, s; D is the diffusion
coefficient for a constant source into a polymer layer
of thickness I, cm?/s.

The values of D lie in the range of 1.0-107°
to 5.0-10°% cm?/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.

Electrolyte

Corrosion

duct
Steel substrate  PTOC

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

Puc. 12. Crapun pa3pyIiieHus TIOJIUMEPHOTO HOKPBITUS B PE3YIIbTaTe 9PO3HOHHOIO H3HOCA,
a TakoKe YKBUBAJICHTHBIE cxeMbI EIS, cooTBeTcTBYyIomme sTiM cragusam [56]
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Fig. 13. Staged degradation process of internal protective coatings

Puc. 13. CtanuitHOCTB TIpoliecca pa3pyIieH st BHYTPEHHUX 3al[UTHBIX MOKPBITHN

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 7g)
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).

€9

Coatmgs with high adhesion strength

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 7g 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.

Interfacial adhesion failure
without corrosion products

25 um

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

Puc. 14. JlokanbHble B3y THsI HOKPBITHS TOCIE KCIUTyaTanuy (2-s1 cTaaust pa3pyLuieHus)
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Cracks in the coating

Corrosion products

b

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 (), and microstructure of the damaged zone
showing areas with corrosion products and cracking within the coating (b)

Puc. 15. Baemrnwuii Buz paspyuerus BHyTpeHHero nmokpsitist HKT B HunmensHO# yacTi, 00yCIOBICHHOTO
HapyIICHUEM TEXHOJIOTUH MOATOTOBKH MOBEPXHOCTH Iiepe]] IpodecTpyitHoit 06paboTkoii (a),
¥ MHKPOCTPYKTYpa 30HBI Pa3pylIeHHs C yIacTKaMH 00pa30BaHMs IPOAYKTOB KOPPO3HUU U TPEHINH B TIOKPHITHH (D)

Del_@.im'ﬁ

‘-_'_
%
- Delamination \\
. e 2 e . o .

n Two-layer internal coating
of production tubing

/

Through-thickness Coating
crack Corrosion blisters
products
250 pm
—

Fig. 16. Appearance of the internal coating of production tubing, @73x5.5 mm (after 512 days of service) (a),
and the structure of the coating and corrosion products in the damaged region (b)

Puc. 16. Bueurnuii Bun BHyTpeHHero nokpsitist HKT 373x5,5 mm (Hapabotka 512 cyr) (a)
U CTPYKTYpa IMMOKPBITUS H TIPOAYKTOB KOPPO3HMH B 001acTH paspyuieHus (b)

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-
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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-

Results of determining the degree of coating curing

Pe3y.]'leaTl>l onpeaejaeHust CTEIEeHU
OTBEPKACHUSA MOKPLITUHA

Specimen ];gcl’ T;gcz, ATg= Z% ~ Tz
1 (as-received) 95,8 1109,6 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 583462019 —5<ATg<+5




,Q POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(6):65-82
ST PMeFC Yudin P.E., Lozhkomoev A.S. Mechanisms of failure in anti-corrosion polymer coatings on metallic ...
1,0 1.5
} EXO a } EXO b
0.5 1.0 b
on 0r
E ) 05
> 05 Gl_ass transition: Glass transition:
3 Midpoint 109.6°C 0k Midpoint 109.3 °C
U" —-1.0 + Inflection point 110.7 °C Inflection point 109.9 °C
n
A 15| Glass transition: 0.5 Glgss l,m“SitiO“:
Midpoint 95.8 °C Midpoint 107.3°C
20 F Inflection point 96.0 °C -10 Inflection point 112.0 °C
-2.5 1 1 1 —15 1 | |
50 100 150 200 250 50 100 150 200 250
1.0
1.0 f|} ExO c EXO d
t 0.5 —f
0.5
an 0F
= 0
= -0.5 + Glass transition:
>3_ -0.5 Glass transition: . Mi(duoircn 111.8 °C
T Midpoint 112.5 °C -1.0 ]nﬂci\inn )oi;wl 112.2°C
8 -1.0 Inflection point 113.0 °C . : ’
A -15 | -1.5 + Glass transition:
y Glass transition: Midpoint 108.9 °C
20 L Midpqint 99.§ °C -2.0 + Inflection point 110.3 °C
. Inflection point 97.4 °C
_25 | | l | | 25 | | |
0 80 100 120 140 160 180 200 220 240 0 100 150 200 250

Temperature, °C

Temperature, °C

Fig. 17. DSC thermograms of the coating specimens:

a, ¢ — specimens in the as-received state; b, d — specimens after conditioning
Tg, —red curves, Tg, — blue curves

Puc. 17. Tepmorpammbl JICK 06pa3iioB mOKpeITHI

a, ¢ — 00pas3Lbl B UCXOJHOM COCTOSIHUM; b, d — 00pa3iibl OCIIe KOHANIIMOHUPOBAHHS
Tg, — xpacHble KpuBble, g, — CHHUE KPHBbIE

cesses. In CO, corrosion, the formation of FeCO, is
observed; the carbonate inherits the steel microstruc-
ture because the reaction Fe,C + CO, does not proceed,
whereas a-Fe (ferrite) reacts with CO, 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

Two-layer internal coating of production tubing

211.1 um
I 214.4 pm

No corrosion products are present
in the blistered areas

The mottled pattern indicates
that blister formation occurred

250 pm

non-uniformly

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

Puc. 18. XapaxtepHblii IpuMep BHELIHETO BU/A M CTPYKTYPBI IOKPBITHSI HA TPEThEH CTaIUH Pa3pyIICHUs
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Former pearlite colony and preserved
banded structure of the pipe steel

50 pm
—

Corrosion-product la; S

3% : 25 um
containing up to 11.4 % chlorine

—

[Element ] O [ Si [ Fe [ C [ NaJ Cr [Ca[Mn] V [Mg[ Ni JCu]

[Element] C T O [ Si [ S T CIJCr[Mn]Fe]

[ wt.% [29.44]6.02149.88] 7.33]2.03] 1.18 [ 0.70 [ 1.62 [ 0.32 [ 0.36 [ 0.52 [ 0.60 |

[ wt.% [5.57]24.80] 0.78 ] 0.13 [11.46] 0.56 | 0.82 [55.87]

Fig. 19. Structures of corrosion products beneath the coating: iron carbonate (@) and chlorine-rich corrosion products (b)

The red rectangle marks the area of SEM-EDS elemental analysis

Puc. 19. CTpyKTypbl POAYKTOB KOPPO3HH IO MOKPBITHEM — KapOoHara xerne3sa (a) u xiopa (b)

KpacHbIM npsMOYroIbHUKOM 0003Ha4Y€Ha 30Ha 3IEMEHTHOTo aHanu3a B pexume COM-D]JIC

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 Fe?" ions (typi-
cally released during corrosion of uncoated pipe),

Single-layer internal coating of production tubing

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).

Conclusions

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

Single-layer internal coating of production tubing

Corrosion products consisting
of iron carbonate

250 um

Onset of coating degradation

250 pm

Final stage of coating degradation

Fig. 20. Structure of a single-layer internal coating of production tubing, @73x5.5 mm,
after 934 days of service, and morphology of corrosion products

Puc. 20. Crpykrypa oanocioiinoro Bayrperntero nokpeitiss HKT @373%5,5 mm ¢ HapaGoTkoit 934 jius,
a TaKXkKe MPOAYKTOB KOPPO3UHU
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Through-wall pitting corrosion along the lower longitudinal line of the pipe

Fig. 21. Consequences of operating a pipeline with a degraded internal coating

Puc. 21. ITocnenctBus dKCIUTyaTalluy TPYOOIIPOBOA C pa3pylIEHHBIM BHYTPEHHUM HOKPBITHEM

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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