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Abstract—A metal matrix composite material was obtained by self-propagating high temperature synthesis
(SHS) from powder mixtures of titanium, carbon (carbon black), and high chromium cast iron of PG-S27
trademark. Synthesized products were crushed and sieved to get a composite powder for plasma spraying of
wear resistant coatings. The coatings were tested for hardness and abrasive wear resistance. According to
X-ray diffraction and scanning electron microscopy investigation, the structure of coatings involved fine TiC
particles uniformly distributed over the cast iron matrix. It was ascertained that the coatings plasma sprayed
with the SHS composite powder had a hardness 2 times greater and abrasive wear resistance 3.5 times greater
than that of plasma sprayed with the cast iron powder.
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INTRODUCTION
High abrasive wear resistance of the products from

high-chromium cast iron [1] is provided by a signifi-
cant content of carbides, in particular, trigonal car-
bide (Cr,Fe)7C3 having a fairly high hardness HV =
12–15 GPa. However, the trigonal lattice of this car-
bide results in a remarkable growth anisotropy upon
crystallization, owing to which the crystals of
(Cr,Fe)7C3 carbide have a prolate hexagonal prism
shape. A particularly strong coarsening of structure is
observed in hypereutectic cast iron with large primary
crystals of trigonal carbide. For this reason, hypereu-
tectic chromium cast iron has increased brittleness
and susceptibility to the appearance of quenching
cracks along with high abrasive wear resistance.

High-chromium cast iron powders are also used for
the powder cladding [2, 3] and spraying [4] of wear
resistant coatings. Owing to high cooling rates during
cladding and, particularly, upon spraying, the coatings
have a more dispersed structure than castings. Disper-

sion of the structure results in the increase in hardness
and crack resistance of products. Additional disper-
sion of the structure of cladded coatings is also
achieved through the introduction of disperse particles
of titanium carbide [5]. Titanium carbide is usually
added to the coatings as an additive mechanical mix-
ture of titanium carbide and metallic binder powders.
However, employment of composite powders with the
structure of metal-matrix composite representing
disperse particles of the strengthening phase, which
are uniformly distributed in the metal matrix (binder),
is a more sophisticated approach. Self-propagating
high-temperature synthesis (SHS) in the reaction
powder mixtures of titanium, carbon, and metal or the
alloy, which does not participate in the synthesis and
forms a metal binder, is the most efficient method for
the fabrication of metal-matrix composite powders
based on titanium carbide. We previously prepared
and studied SHS composite powders based on tita-
nium carbide with the binder made from titanium [6],
R6M5 high-speed steel [7], and Ni–Cr–B–Si alloy
558
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Fig. 1. Morphology of sprayed powders: (a) PG-S27; (b,
c) SHS (TiC + 50% PG-S27).
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[8]. These powders were used for cathode-ray clad-
ding of the coatings [9, 10], while titanium carbide–
titanium carbide binder powder was also used for
plasma spraying. It was determined that employment
of composite powder for spraying provides a 7.6-fold
increase in the abrasive wear resistance of the coating
as compared to that of the coating sprayed with steel
powder [11, 12].

The aim of this work is to study the plasma coatings
sprayed by “titanium carbide–PG-S27 high-chro-
mium cast iron binder” SHS composite powder in
order to evaluate the effect of dispersed titanium car-
bide on the wear resistance of high-chromium cast
iron.
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MATERIALS AND METHODS
A sprayed PG-S27 cast iron powder and a TiC +

50 vol % PG-S27 composite powder prepared through
dispersion and subsequent grading of porous SHS sin-
ters was used for plasma spraying. The sinters were
synthesized from the powder mixtures of titanium,
carbon (soot), and cast iron. The sprayed cast iron
powder had a predominantly spherical shape (Fig. 1a),
while composition powder had chunky-splintery
shape (Figs. 1b, 1c). The procedure for the preparation of
composition powder through the synthesis from powder
mixtures is described in detail in [6, 7], while the
employed equipment and process features of plasma
spraying of the coatings are described in [4, 11].

The sprayed powders and coatings were studied
using scanning electron microscopy (EVO 50, Zeiss,
Germany) and X-ray diffraction (DRON-3 diffrac-
tometer, Burevestnik, Russia). Microhardness of the
coatings was measured on a PMT-3 instrument at var-
ious loads on indenter. The abrasive wear tests were
carried out according to GOST 23.208-79 “Wear
resistance testing of materials by friction against
loosely fixed abrasive particles”. Electrocorundum
no. 16-P with the grain size of 160–200 μm was used
as abrasive during tests.

RESULTS AND DISCUSSION
Phase Composition of Powders and Coatings

According to the results of X-ray phase analysis,
the PG-S27 sprayed powder contains three phases,
namely, solid solutions based on α-Fe (ferrite), γ-Fe
(austenite, whose content is three times as large as that
of ferrite), and chromium-iron carbide based on Cr7C3
lattice. The carbide content decreases almost by a factor
of three in the coating sprayed with cast iron powder,
while the ferrite content increases by a factor of two
(Fig. 2, Table 1). The change of the relative phase con-
tent is caused by different cooling conditions during
the preparation of the initial cast iron and sprayed
coating.

The titanium carbide content in the sprayed com-
posite powder exactly corresponds to the calculated
value (50%) and the content of chromium-iron car-
bide in the cast iron binder of the composite powder is
also similar to its content in the initial cast iron pow-
der. In this case, the ferrite and austenite content in
the cast iron binder differs significantly from their
content in the cast iron powder. The metal base of the
cast iron binder almost completely consists of ferrite,
whose content was three times lower than that of aus-
tenite in the cast iron powder. Different cooling rates
during the preparation of cast iron powder through
spraying of melt and during the synthesis of composi-
tion powder or the presence of titanium and carbon,
which arise in the melt solution during synthesis, can
be the reason for such a drastic change in the compo-
sition of the metal base. A subsequent change in the
 11  No. 3  2020
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Fig. 2. X-ray patterns of sprayed powders (1) and plasma sprayed coatings (2): (a) PG-S27; (b) SHS (TiC + PG-S27).
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phase composition of metal the binder of the compos-
ite powders occurs at the coating spraying stage. There
is no chromium-iron carbide in the coating sprayed
with composite powders; however, austenite appears in
an amount similar to the ferrite content. In this case, the
austenite content in the sprayed composite powders was
one order of magnitude less than that of ferrite. Such
change in the content of austenite indicates that the cool-
ing rate, which decreases in the order spraying of coating
(up to 108 K/s) → spraying of cast iron melt during prepa-
ration of powder (up to 104 K/s) → synthesis of compos-
ite powders with cooling in reactor (up to 102 K/s), is
the main factor which affects its content. The austen-
ite content in cast iron of initial powder and metal
binder decreases in nearly the same sequence. The fact
that the ferrite-to-austenite ratio differs marginally in the
coatings sprayed with cast iron powder and composition
powder additionally containing titanium and carbon is
additional confirmation of the decisive role of the cool-
ing rate on the austenite content.

Structure of Powders and Coatings

The coating surface sprayed with the cast iron pow-
der has a smoothed surface (Fig. 3a), which indicates
complete fusion of cast iron powder particles in
plasma, which fall as drops onto the substrate. The
hummocky surface of the coating sprayed with com-
posite powders is formed upon dropping of partially
INORGANIC MATE

Table 1. Phase composition of sprayed powders and plasma s

Object under study
Phase content

TiC

Powder PG-S27 –
Coating PG-S27 –
Powder SHS (TiC +50% PG-S27) 50.1
Coating SHS (TiC +50% PG-S27) 53,8
fused particles of composite powders. Owing to the
short-time contact of titanium carbide particles with
the cast iron binder melt, their dissolution is minimal
at spraying and they remain unchanged. Titanium car-
bide particles of micron and submicron size are seen
both on the surface (indicated by arrows in Fig. 3c)
and on the cross section of the coating (Fig. 3d). Their
size is similar to the mean size of carbide inclusions in
the sprayed composite powders [13]. Both coatings
have a curved structure, which is intrinsic to sprayed
coatings (Figs. 3b, 3d); however, the structure of the
coating sprayed with composite powders is more
disperse owing to the modifying effect of solid tita-
nium carbide particles on the formation of structure
during crystallization of the cast iron binder on the
substrate surface.

Hardness and Wear of Coatings

Table 2 shows the results of microhardness mea-
surements of the coatings and abrasive wear tests. Dif-
ferences in microhardness values at various loads on
the indenter are explained by the fact that the micro-
hardness values obtained at the load of 200 g corre-
spond to the integral hardness of the coating, because
a large indent involves all structural components
including cast iron matrix, solid inclusions, and pores.
The microhardness of individual structural compo-
nents (except for pores) was measured at the load of 20 g.
RIALS: APPLIED RESEARCH  Vol. 11  No. 3  2020

prayed coatings

Cr7C3
α-Fe γ-Fe

21.1 64.9 14.0
41.9 52.9 5.2
39.6 3.9 6.4
23.9 22.3 —
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Fig. 3. Microstructure of coatings plasma sprayed with the cast iron powder (a, b) and with the composite powder (c, d): (a, c) the
surface of the coatings; (b, d) microstructure of cross section. TiC particles in the coatings sprayed with composite powder
(c, d) are marked with arrows.
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Fig. 4. Appearance of worn surfaces of the coatings plasma sprayed with powders PG-S27 (a) and SHS (TiC + 50% PG-S27) (b).
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It is clear that the integral hardness of the coating
sprayed with the composite powders exceeds the hard-
ness of the coating sprayed with the cast iron powder
by almost a factor of two. An increase in the micro-
hardness Hμ 20 of the coatings containing titanium car-
bide is significantly less, while the dispersion of the
values exceeds 27%, which is caused by the dispersion
of the structure of the coatings (Fig. 3d).

The abrasive wear resistance of the coatings
sprayed with the composite powders exceeds the wear
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
resistance of the coatings sprayed with the cast iron
powder by a factor of 3.5. Such an increase is two times
smaller than that previously obtained on the coatings
sprayed with the titanium carbide–HSS steel binder
powder [11, 12]. A lower effect of the increase in the
abrasive wear resistance by the introduction of tita-
nium carbide to the cast iron-based coatings as com-
pared to the coatings based on high-speed steel is
caused by the larger difference of the abrasive wear
resistance of steels and white cast iron.
 11  No. 3  2020
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Table 2. Microhardness and wear rate of the coatings plasma
sprayed with PG-S27 and SHS (TiC + 50% PG-S27) powders

Coating
Hµ200,

GPa
Hµ20,

GPa
Wear rate, 

g/h

PG-S27 6.6 ± 0.7 10.2 ± 1.7 71.4 ± 3.0
TiC + 50 vol % 
PG-S27

11.0 ± 0.9 14.65 ± 4.07 20.4 ± 1.2
According to the appearance of worn surfaces, the
mechanisms of abrasive wear of the sprayed coatings dif-
fer. Thin discrete parallel scratches, which are oriented
along the polished section, are observed on the surface of
the coating sprayed with the cast iron powder (Fig. 4a),
which indicates the cutting mechanism or plastic edging
of the cast iron coating material by sharply angular grains
of the abrasive. Such scratches are almost absent on the
surface of the coating sprayed with the composite powder
(Fig. 4b), because disperse inclusions of titanium carbide
with the hardness of up to 28 GPa prevent the wear of the
cast iron binder by abrasive grains.

CONCLUSIONS
Using plasma spraying with the PG-S27 high-

chromium white cast iron and TiC + 50 vol % PG-S27
SHS composite powder, coatings with different phase
composition, hardness, and wear resistance have been
prepared.

Disperse titanium carbide particles inclusions to
the structure of coating to the structure of the coating
based on high-chromium cast iron results in the dis-
persion of structure due to the modifying effect of
high-melting particles during crystallization of the
cast iron matrix (binder).

The coatings sprayed with the composite powder
have the hardness that is 2 times greater and the abra-
sive wear resistance that is 3.5 times greater than those
of the coating sprayed with the cast iron powder.
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