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with a Two-Layer Ledeburitic–Martensitic Shell
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Abstract—The structure of a precipitation-hardened composite material, which consists of hard graphite
inclusions coated with a two-layer ledeburite–martensite shell and uniformly distributed in a ductile metallic
base, forms in the transition layer of high-strength spheroidal graphite cast iron chilled by surface quenching
with melting. A process of volume heat treatment is proposed to form this structure in the volume of a product
and to increase the abrasive wear resistance, the strength, and the impact toughness.
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INTRODUCTION
The materials of machine components that operate

under the severe conditions of abrasive wear, high
contact pressures, and significant impact actions must
have high wear resistance, high strength characteris-
tics, and high impact toughness [1, 2]. As follows from
Charpy’s principle, this set of properties can be
ensured by heterophase matrix microstructures, which
should consist of isolated hard particles uniformly dis-
tributed in a continuous and high-strength matrix. A
similar principle of structure formation is used in
modern technologies of production of precipitation-
hardened composites.

During operation, solid particles in a structure
undergo the maximum contact loads and withstand
the shear action of abrasive grains from the environ-
ment. A continuous matrix holds these particles in a
material and serves for the redistribution and averag-
ing of an external load and for the decreasing and
relaxation of appearing stresses. In addition, micro-
plastic deformation, which hinders the brittle fracture
of a contact layer, develops in this matrix.

Cast iron is a promising material for producing
articles with high tribotechnical and strength charac-
teristics [3, 4]. Changing the chemical composition
and the cooling rate during solidification or heat treat-
ment, researchers can form a wide spectrum of struc-
tures, which have a wide variety of phase composi-
tions, sizes, and morphologies of structural constitu-

ents, meet Charpy’s principle, and have high wear
resistance and impact toughness.

White cast iron, which contains high contents of
chromium, molybdenum, other carbide-forming ele-
ments, nickel, and copper, has the maximum wear
resistance. However, white chromium–nickel cast
iron ingots cannot be machined and are susceptible to
brittle fracture. Therefore, in spite of a high hardness
and abrasive wear resistance, white cast iron is rarely
used in mechanical engineering. The high-hardness
carbide phase in the microstructure of white cast iron
forms a continuous skeleton throughout a bainitic or
martensitic–austenitic metallic base. However,
according to Charpy’s principle, complete inversion of
hard inclusions in a ductile matrix is required (i.e.,
hard particles should be isolated from each other).

A eutectic has signs of inversion in the form of acic-
ular carbides, which are uniformly distributed from
the center of a eutectic colony in a continuous austen-
itic matrix in vanadium white cast iron [5]. The wear
resistance of vanadium cast iron with an inverted
eutectic approaches that of high-speed steel and can
be machined with a hard-alloy cutting tool at a
strength σu ≤ 1000 MPa, plasticity δ ≤ 2.5%, and a
hardness HB 388. However, the high cost of the alloy-
ing elements, an insufficient impact toughness, and
some technological difficulties restrict a wide applica-
tion of vanadium white cast iron in, e.g., agriculture,
road building, and mining.
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Fig. 1. Micrographs ((a) ×250, (b) ×1400) of the transition layer in spheroidal graphite cast iron after LHT with surface melting.

40 μm 10 μm(a) (b)
The structure formation in plain graphitized and
partly chilled cast iron usually does not correspond to
Charpy’s principle, since eutectic cementite in it
forms along austenite–graphite cell boundaries and
creates layers in the form of a spatial continuous or
partly discontinuous network.

At present, many Russian and foreign researchers
[6–10] propose to use high-strength cast iron with
spheroidal graphite and eutectic cementite to produce
wear-resistant machine components. This cast iron
was called carbidic austempered ductile iron (CADI).
In essence, CADI is high-strength spheroidal graphite
cast iron, the structure of which contains 10–30 vol %
cementite and can be formed during eutectic solidifi-
cation due to alloying and supercooling. The micro-
structure of a metallic base is formed by isothermal
quenching and can be bainitic, ausferritic,1 or marten-
sitic–ferritic depending on the properties to be
achieved. CADI castings operate well under abrasive
wear and are inferior to graphitized bainitic cast iron
with spheroidal graphite in viscoplastic characteristics
and machining. The main causes of these disadvan-
tages are the large sizes and unfavorable morphology
of cementite inclusions, which have sharp edges and
an acute-angled shape. In addition, when the number
of these inclusions is large, they form a network along
eutectic cell boundaries and promote brittle dislodg-
ing of eutectic cells under high contact pressures.

A combination of wear resistance and a high
strength with a high impact toughness is achieved in
spheroidal graphite cast iron castings with a “hard eye
structure” [11, 12]. This structure mainly consists of a
ferrite matrix and spheroidal graphite inclusions,

1 Bainitic structure consisting of acicular ferrite and austenite.
RU
around which bainite or martensite microshells form
during heat treatment.

The mechanism of the influence of the hard eye
structure on the impact toughness of cast iron consists
in the fact that the hard bainite or martensite shell at
the graphite/matrix interface has a high strength and
hardness and, hence, substantially hinders its fracture,
increasing the crack nucleation energy.

The phase composition and the size and morpho-
logical characteristics of the hard eye structure in
high-strength spheroidal graphite cast iron (HSSGCI)
make it possible to attribute it to the category of pre-
cipitation-hardened particle-reinforced composites
according to Frommeyer’s classification [13].

The reinforcing action of particles in the hard eye
structure increases with the hardness of the shells sur-
rounding spheroidal graphite.

The metallographic studies [14, 15] of HSSGCI
hardened by laser heat treatment (LHT) with surface
melting revealed a thin layer in the transition zone,
which has well-pronounced signs of the hard eye
structure. Specifically, graphite globules coated with a
hard ledeburite shell are uniformly distributed in a
martensitic–austenitic metallic matrix (Fig. 1).

The formation of ledeburite shells around graphite
inclusions during LHT was assumed to be related to
intense laser radiation absorption by graphite particles
and to a decrease in the melting temperature of the
neighboring carbon-rich metal regions [15]. As a
result, a thin contact metal layer at the graph-
ite/metallic base interface undergoes contact melting,
and a metastable eutectic (ledeburite) forms in this
layer upon solidification at a large supercooling.

Contact melting, which was first described by
Saratovkin, manifests itself as the solid–liquid phase
transition in eutectic systems in the zone of contact of
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 3



WEAR-RESISTANT CAST IRON CONTAINING SPHEROIDAL GRAPHITE 233

Table 1. Chemical composition and mechanical properties of experimental VCh50 cast iron

Element content, wt % Mechanical properties

C Mn Si S P Mg
σu  σy

δ, % HB
MPa

3.39 0.51 2.71 0.041 0.100 0.04 613 446 5.0 268

Table 2. HT schedules for VCh50 cast iron (1, schedule for standard (grade 45 steel); 2–6, schedules for cast iron)

HT schedule HT conditions

1 Normalizing at 880°C
2 Surface laser quenching: track overlapping of 30%, power P = 2 kW, beam speed v = 480 mm/min, 

beam diameter d = 9 mm
3 RF current surface quenching: power P = 180 kW, frequency ν = 45 kHz
4 Volume isothermal quenching: heating in salt bath to t = 950°C, holding for τ = 2 h, transfer to bath 

with t = 380°C, holding for τ = 1 h, water cooling
5 Volume HT: heating in BaCl2 salt bath to t = 1160°C in τ = 1 min, transfer to salt bath with t = 380°C, 

holding for τ = 1 h, water cooling
6 Volume HT: heating in BaCl2 salt bath to t = 1160°C in τ = 1 min, oil cooling
different phases at a temperature lower than the melt-
ing temperatures of the individual substances corre-
sponding to these phases. Contact melting begins at an
almost eutectic temperature, and a liquid phase can
appear in the contact zone upon very rapid heating at
temperatures below the equilibrium eutectic point in
the systems where intermetallics can form [16].

The purpose of this work is to study the structure
and the properties of the transition layer in HSSGCI
castings with the surface melted upon heat treatment.
Graphite globules in this layer are coated with a lede-
burite shell. We also formed such a structure in mac-
rovolumes to use its advantages to increase the reliabil-
ity of the machine components operating under abra-
sive wear and high contact and dynamic loads.

EXPERIMENTAL

We studied VCh50 cast iron samples with spheroi-
dal graphite, which were cut off from experimental
ingots with a wall thickness of 24 mm cast into a dry
sand–clay mold. Table 1 gives the chemical composi-
tion and the mechanical properties of the cast iron
samples.

The microstructure of the ingots consisted of a
pearlitic–ferritic metallic base with spheroidal graph-
ite inclusions. Ferrite was located around the graphite
inclusions and its content did not exceed 30%.

The chill layer at the VCh50 cast iron sample sur-
faces was formed by LHT with surface melting and by
RF current quenching with surface melting.
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Heating during volume heat treatment (HT) was
performed in a barium salt bath. Cooling was carried
out according to the following two schedules: contin-
uous and isothermal quenching. Table 2 presents the
general characteristics of HT used to form the given
properties of cast iron. At the end of volume HT, we
performed tempering at t = 260°C for τ = 2 h.

The microstructures of the samples were analyzed
with a Neophot-21 optical microscope on polished
sections etched by 4% nital. The hardnesses of the
phases and structural constituents of cast iron were
determined using a PMT-3 device. The total hardness,
strength, and impact toughness were estimated by
standard test methods according to GOSTs 9012–59,
9013–59, 1497–84, 9454–78, and 9450–76.

The abrasive wear resistance of cast iron samples
with different structures was determined by comparative
tests performed on an end-face device with fixed abra-
sive. Carborundum with a grain size of 100–125 μm was
used as the abrasive counterbody.

The wear of the samples was determined from the
sample mass decrement in the same time intervals
during tests. For a comparative estimation of the wear
resistances of various materials, we used the relative
wear resistance

where Δmi and Δmst are the sample i and standard mass
losses, respectively, under the same wear conditions.
The standard was normalized grade 45 steel.

ε = Δ Δ st,i im m
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Fig. 2. Micrographs of the chill and transition layers in the VCh50 cast iron samples subjected to surface melting during HT:
(a) laser HT (×250) and (b) RF current HT (×250).

50 μm 50 μm(a) (b)

Fig. 3. Micrographs of the multilayer shells around graphite inclusions in VCh50 cast iron, which formed during (a) laser (×800)
and (b) RF current quenching (×800).

10 μm 10 μm(a) (b)
RESULTS AND DISCUSSION

A thin transition layer, where only contact melting
at the graphite/metallic base interface takes place,
forms in the microstructure of the spheroidal graphite
cast iron after laser and RF current quenching with
surface melting. This layer is adjacent to the zone sub-
jected to complete melting at the stage of heating and
having a ledeburite structure after HT. The molten
metal solidified at a high supercooling and ledeburite
formed due to intense heat removal to the cold sample
volume (Fig. 2).
RU
The thickness of the chill layer with a ledeburite
structure in the LHT-quenched sample is 0.12 mm,
and the transition layer thickness is 0.095 mm. In the
sample after RF current quenching, these parameters
are 0.90 and 0.084 mm, respectively.

Multilayer shells form around graphite inclusions
as a result of contact melting, graphite dissolution,
intense diffusion saturation of the metallic base by car-
bon, and subsequent fast cooling (Fig. 3).

The inner layer of the shell after laser quenching
consists of fine acicular martensite and a ledeburite
layer is then located. The next layers are as follows:
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 3
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Fig. 4. Micrographs of the two-layer shells around the graphite inclusions in VCh50 cast iron after (a) continuous (×700) and
(b) isothermal (×1000) quenching from 1160°C.

20 μm 20 μm
(a) (b)
austenitic–martensitic layer with coarse needles, mar-
tensitic layer, troostite layer, and a layer of the ferritic
shell retained from the initial structure. The metallic
matrix is mainly represented by troostite and marten-
site. After RF current quenching, the shells around
graphite inclusions only have the first two layers, and
the metallic base consists of austenite and martensite.

The general schedule of volume HT for the forma-
tion of a ledeburite shell around graphite globules was
based on an analysis of the available data on the con-
ditions of formation of such structures in the transition
zone in the cast iron quenched by LHT or RF current
with surface melting and our preliminary experimental
results. This schedule included fast heating of the cast
iron samples to the eutectic temperature in the salt
BaCl2 melt. The melting temperature (°C) of the
eutectic in the cast iron under study was calculated
using the following formula from [17], where the
influence of the cast iron components was studied:
te = 1153 +4[Si] – 2[Mn] – 30[P] = 1153 + 4 × 2.71 –
2 × 0.51 – 30 × 0.1 = 1159.82°C.

The time of holding the samples in the salt bath at
t = 1160°C was chosen to heat them to this tempera-
ture at a depth of at least 15 mm and to melt a thin layer
at the austenite/graphite interface without melting of
the eutectic throughout the metal volume. The best
result was achieved at a holding time τ = 1 min. The
deceleration of the heating rate during 10-min holding
at t = 850°C suppressed contact melting: a liquid phase
appeared along eutectic cell boundaries rather than at
the graphite/metallic base interface.

Cooling of the samples from t = 1160°C was carried
out during continuous oil quenching. Isothermal
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
quenching was performed in a saltpeter bath at t =
380°C on holding for τ = 1 h, and the samples were
then water cooled. As a result of this treatment, a
microstructure with graphite inclusions surrounded
by a shell consisting of martensite, ledeburite, and
bainite layers forms throughout 24 × 24-mm VCh50
cast iron samples (Fig. 4).

The metallic base of the samples subjected to con-
tinuous quenching has the structure of coarse acicular
martensite and austenite in an amount up to 40%.
After isothermal quenching, the structure consists of
bainite and austenite.

The microhardnesses of the shells around graphite
inclusions are as follows: the ledeburite layer has a
microhardness of 9200–9900 MPa; the martensitic–
austenitic layer, 6300–6700 MPa, and the troostite–
martensite layer, 3300–3600 MPa.

After volume isothermal quenching from 950°C
according to schedule 4 (Table 2), the microstructure
of cast iron consists of ausferrite and graphite inclu-
sions.

Figure 5 and Table 3 present the results of wear
resistance tests and the mechanical properties of the
VCh50 cast iron with different structures of the metal-
lic base and the high-carbon component.

The comparative tests demonstrate that the cast
iron samples with the chill surface layer formed upon
laser or RF current quenching have the maximum
wear resistance. However, the chill layer has been
worn in a short time and the wear intensity of the sam-
ples increases rapidly and approaches the level of the
untreated metal. For many rapidly worn parts, the for-
mation of a chill layer, the thickness of which is com-
 3
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Fig. 5. Wear dynamics of the samples subjected to abrasive
wear resistance tests (l is the friction path length): (1) grade
45 steel, normalizing (standard for comparison);
(2) VCh50 cast iron, laser quenching with melting;
(3) VCh50 cast iron, RF current quenching with melting;
(4) VCh50 cast iron, volume isothermal quenching;
(5) VCh50 cast iron, contact melting, isothermal quench-
ing at t = 380°C; and (6) VCh50 cast iron, contact melting,
oil quenching.
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parable with the allowable wear thickness, during HT
is restricted by the possibilities of modern equipment.

The HSSGCI samples after volume HT according
to schedules 5 and 6 have the best set of properties,
which determines a high operate reliability of prod-
ucts. The precipitation-hardened structure that meets
Charpy’s principle formed in the samples after HT
according to these schedules. The formation of hard
RU

Table 3. Mechanical properties and wear resistance of the V
ules 2–6 (see Table 2)

HT schedule
Mechanical propert

σu, MPa KC, J/cm2 Н50,

2 610 12.5 Surface—10210

3 610 12.5 Surface—10012

4 1380 91.0

5 1410 87.3

6 1367 17.0
shells around graphite inclusions in the cast iron with
an ausferrite metallic base almost doubled its wear
resistance at a high retained level of strength and
impact toughness. Continuous quenching-induced
cooling (schedule 6) for the formation of a martensi-
tic–austenitic structure in the metallic base slightly
increased the wear resistance, and the impact tough-
ness decreased. However, it exceeded its value in the
initial as-cast state of the cast iron due to a high con-
tent of retained austenite.

An important advantage of volume HT, when only
contact melting takes place, is the absence of surface
casting defects (blowholes, surrounding roughness),
which form after complete melting of a surface layer.

The hardness of the ledeburite shells of graphite
inclusions is significantly higher than those of the
bainite and martensite shells in the hard eye structure.
Therefore, the formation of ledeburite shells around
graphite globules enhances their efficiency as reinforc-
ing particles and opens up fresh opportunities for
improving the properties of cast iron due to the use of
a ferritic or pearlitic–ferritic matrix and a wide spec-
trum of structures, including ausferrite, bainite, and
martensite + austenite. As a result, the field of appli-
cation of materials with a hard eye structure for the
production of products, the service requirements of
which include strength characteristics, high wear
resistance, and brittle fracture resistance, is signifi-
cantly widened.

CONCLUSIONS
(1) The microstructure of HSSGCI, which con-

sists of an ausferrite metallic matrix and uniformly dis-
tributed graphite globules coated with a shell of mar-
tensite and ledeburite layers, ensures high wear resis-
tance, strength, and impact toughness of as-cast
products according to Charpy’s principle of producing
precipitation-hardened composites.

(2) This structure of HSSGCI can be formed by
volume HT, which consists of rapid heating to the
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 3

Ch50 cast iron samples subjected to HT according to sched-

ies
εi

 MPa (total HB)

 ± 1403; (total—238) Chill layer—5.0, then to 1.6

 ± 1723; (total—238) Chill layer—4.46, then ≤2.31

(525) 2.03

(510) 3.70

(620) 4.00
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eutectic transformation temperature, holding for τ = 1
min, isothermal quenching at t = 380°C for τ = 1 h,
water cooling, and tempering at t = 260°C.
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