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A method for obtaining composite surface-alloyed castings from gray cast iron SCh25 by cavityless casting

with the use of master alloys containing chromium and ferroboron deposited as a paste layer on the surfaces of

the casting molds is considered. The microstructure and the phase composition of the surface layer and the

microhardness of the structural components are determined. Mechanical tests of the cast samples for compres-

sion and wear are carried out. Self-propagating high-temperature synthesis is shown to occur between the

components of the master alloys deposited on the surfaces the molds during the production of the castings.

The types and compositions of the borides and carboborides formed in the alloyed layer are determined. The

effect of the parameters of the alloyed layer on the properties of the composite castings is analyzed.

Key words: composite castings, borides, carboborides, alloyed layer, self-propagating high-tem-

perature synthesis, cavityless casting.

INTRODUCTION

Aspects of elevation of endurance and reliability of parts

and assemblies of equipment are very important in recent

mechanical engineering. A great variety of methods for ma-

nufacturing materials, deposition of coatings, and heat and

thermochemical treatments are used to improve the operating

characteristics [1 – 3].

In the casting production, high operating properties are

provided by making composite bimetallic [4 – 6], ceram-

ics-reinforced [7], and surface-alloyed [8] castings. Ceramic

components are often introduced into castings by methods of

self-propagating high-temperature synthesis (SHS) in combi-

nation with various forming techniques. For example, works

[9 – 12] describe aluminum matrix composites with reinforc-

ing phases (titanium borides and carbides) formed in the pro-

cess of synthesis between the components of the powder re-

action mixtures introduced into the melt. Works [13, 14] are

devoted to the method of synthesis of titanium carbide and

boride components in the surface layer of castings produced

by the method of cavityless casting (CC).

The CC process can be used to produce complex-config-

uration castings. In this case, the casting mold is disposable

and commonly made of foamed polystyrene [15]. The ser-

vice properties of the CC castings are improved by surface

and volume alloying, when modifying or alloying additions

are introduced onto the surface or into the volume of the

mold [16, 17]. Such casting molds interact with the poured

melt forming alloyed regions in the casting. When the master

alloy is a multicomponent powder mixture interacting with

the melt by the mechanism of self-propagating high-tempe-

rature synthesis, the alloyed regions formed in the casting

possess an elevated resistance to abrasive wear. This occurs

because the synthesis produces hard ceramic components

(borides, carbides, silicides, etc.). Borides of some metals in-

cluding chromium are used to obtain protective coatings, ce-

ramic and cermet materials with a high level of wear resis-

tance [18 – 20].
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Such castable iron-carbon alloys as gray cast irons,

which possess good castability and operating characteristics

and are relatively inexpensive, have found wide application

in mechanical engineering. In their turn, the operating pro-

perties of castings from gray cast irons can be elevated by

methods of surface alloying to widen their applicability.

The aim of the present work was to study the effect of

master alloys based on the chromium-ferroboron system on

the properties, wear resistance and structural and phase com-

positions of the surface of castings from gray iron produced

by the method of cavityless casting.

METHODS OF STUDY

The iron was melted in a laboratory induction furnace

with basic lining. The casting was obtained by the method

of CC. The matrix iron-carbon alloy was gray cast iron

SCh25 of the following chemical composition (in wt.%)

[21]: 3.2 – 3.5 C, 2.0 – 2.4 Si, 0.5 – 0.8 Mn, 0.1 – 0.2 Cr,

0.1 – 0.2 Ni.

In order to form chromium- and iron-based boride com-

ponents in the surface layer of the castings, we used master

alloys consisting of powder mixtures of chromium and

ferroboron FB17 (17% B) in different proportions. The com-

positions of the powders were prepared in accordance with

the stoichiometry of the reaction of formation of CrB
2
boride

(the product of interaction between chromium and the boron

from FB17) and with a twice higher content of chromium

[22]. To obtain castings with an alloyed surface layer, the ini-

tial powder master alloys were mixed with a gluing composi-

tion, and these pastes were deposited onto the surface of the

casting models (foam polystyrene models) forming a layer

with a thickness of about 1 and 3 mm. When making the

models, we also used the method of deep alloying. It con-

sisted in introduction of the powder master alloys together

with preliminarily foamed granules of polystyrene into de-

pressions on the surface of the casting mold. This technique

allowed us to fix the alloying additions in the bulk of the

polystyrene models at a deeper level as compared to paste

deposition. The powder additions were introduced into the

surface layer of the casting molds to a depth of 8 – 10 mm.

The phase composition was determined using a DRON-6

x-ray diffractometer in copper K
�
radiation. The microhard-

ness of the structural components was measured in an

ITV-1-A hardness tester at a load of 100 g. The microstruc-

ture was analyzed with the help of a Neophot 21 metallo-

graphic microscope and a FEI Quanta S scanning electron

microscope with an attachment for x-ray microanalysis. The

mechanical compressive tests were carried out in a

REM-100-A-1-2 electromechanical testing machine. The

wear resistance characteristics were assessed under the con-

ditions of dry friction against the surface of a fixed abrasive

(an electrocorundum abrasive paper). The tested sample

clamped in the fixing unit of the bench moved reciprocally

over the surface of the paper. The test parameters were as fol-

lows: the grain size of the abrasive 28 – 40 �m (paper P400)

and 200 – 250 �m (paper P80); the force of compression of

the samples 0.25 N�mm2, the time of one test 60 sec. The

wear resistance of the materials was evaluated in terms of the

loss in the mass of the samples after the tests.

RESULTS AND DISCUSSION

The phase compositions of the alloyed layers and the ul-

timate compressive strength of the composite castings are

presented in Table 1. The surface layers of samples 1 and 2

were formed by deposition of chromium-ferroboron addi-

tions in the form of pastes. The thickness of the alloyed layer

in these castings was about 1 and 3 mm for samples 1 and 2

respectively. The compositions of the addition alloys in the

samples differed in the chromium content. The surface layer

in sample 1 was formed by a chromium-ferroboron addition

containing twice more chromium than it is required by the

stoichiometry of the reaction of formation of CrB
2
boride.

The addition in sample 2 corresponded to the stoichiometry

of CrB
2
. The castings for sample 3 were obtained with the

same alloying mixture as for sample 2. The difference be-

tween sample 3 from the other sample consisted in introduc-

tion of the addition without a gluing binder together with

preliminarily foamed granules of expanded polystyrene into

preliminarily formed depressions in the casing molds (deep

alloying). This technique produces much deeper alloyed re-

gions in the castings as compared to the case of paste deposi-

tion onto the surface of the mold. The alloying composition

was installed together with preliminarily foamed granules of

expanded polystyrene during fabrication of the casting molds

to a depth of 8 – 10 mm.

The results of the x-ray diffraction analysis (see Table 1)

show that the structure of the alloyed layers in samples 1 and

2 consists of a Fe – Cr solution, (Fe, Cr)
4
B and (Fe

1.1
Cr

0.9
)B

0.9

borides, (Fe, Cr)
23
(C, B)

6
carboborides, and (Fe, Cr)

23
C
6
and
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TABLE 1. Phase Composition of Surface Layer and Ultimate Compressive Strength of Composite Castings

Sample Main phases of alloyed layer h,* mm �
c
, MPa

1 Fe – Cr, (Fe
1.1
Cr

0.9
)B

0.9
, (Fe, Cr)

4
B, (Fe, Cr)

23
(CB)

6
, (Fe, Cr)

23
C
6
, (Fe, Cr)

7
C
3

1 900 – 980

2 Fe – Cr, (Fe
1.1
Cr

0.9
)B

0.9
, (Fe, Cr)

4
B (Fe, Cr)

23
(CB)

6
, Fe

2
B, (Fe, Cr)

23
C
6
, (Fe, Cr)

7
C
3

3 620 – 650

3 Fe – Cr, (Fe, Cr)
23
(CB)

6
, (Fe, Cr)

23
C
6

8 – 10 450 – 510

*
Thickness of the alloyed layer.



(Fe, Cr)
7
C
3
carbides. In sample 2, the surface layer also con-

tains a Fe
2
B iron boride. The borides form in the alloyed

layer as a result of the synthesis occurring between chro-

mium and ferroboron, while the formation of (Fe, Cr)
23
C
6

and (Fe, Cr)
7
C
3
borides is caused by the processes interac-

tion between the components of the master alloys and the

products of destruction of the casting molds, as well as the

iron melt. When the molds are filled, their material (ex-

panded polystyrene) gasifies under the thermal impact of the

melt, and this yields solid carbon and gaseous lower hydro-

carbons [15]. Since the carbide-forming capacity of chro-

mium is high, this results in formation of carbides. The inter-

action between chromium and the carbon of the iron melt

also promotes appearance of a carbide phase. By the data of

[23], when chromium is used as an alloying coating in CC,

growth of its content in the melt intensifies carbide formation

and yields (Fe, Cr)
23
C
6
and (Fe, Cr)

7
C
3
carbides in the al-

loyed layer.

It is known that boron can partially substitute carbon

atoms in carbides. Specifically, the cast irons bearing more

than 0.003% B in their structure acquire compounds of type

(Fe
3
C, B) of a variable composition [21]. Carboborides

(Fe, Cr)
23
(C, B)

6
form in the alloyed layer by the same

mechanism due to substitution of carbon atoms in the M
23
C
6

carbides. The presence of Fe
2
B boride in the alloyed layer of

sample 2 is connected with the proportion of components in

the master alloy. The FB17 ferroboron contains iron and FeB

boride [24], which serves a source of boron upon interaction

with chromium. The composition of the addition powder for

sample 2 was prepared in accordance with the stoichiometry

of formation of CrB
2
due to the interaction between chro-

mium and Fe
2
B iron boride without allowance for other reac-

tions. It can be seen from the results of the x-ray diffraction

analysis (see Table 1), that the actual formation of the al-

loyed layer is accompanied by different interaction processes

in the system “addition alloy – products of destruction of the

model – metallic melt” including formation of a Fe – Cr

solid solution. This results in bonding of some chromium, as

a result of which a part of the boron is retained in the form of

a Fe
2
B boride bearing less boron than the initial FeB. The

use of deep alloying (sample 3 ) produces a Fe – Cr solid so-

lution and (Fe, Cr)
23
(C, B)

6
and (Fe, Cr)

23
C
6
carboborides in

the surface layer. The structural and phase compositions of

the surface layer in deep alloying depends much on the inter-

action between the master alloy and the metallic melt. When

the casting molds are filled after deposition of alloying

pastes, the master alloy interacts with the melt only on one

contact side, and the high temperature initiates reactions pri-

marily between the components of the coating. In its turn, the

presence of the powder addition in the bulk of the model en-

larges the contact area in the addition-melt system. There-

fore, when the models are filled and the castings are crystal-

lized, the reactions between the components of the alloying

coating are accompanied by interaction between the addition

alloy and the metallic melt. In has been shown in [25] that

formation of a casting with volume alloying by insertion of

porous briquettes based on ferroalloys into the casting molds

is accompanied by some physicochemical processes occur-

ring in the insert–melt system including dissolution, mass

transfer and crystallization. This more manifested interaction

between the chromium–ferroboron alloying composition and

the iron melt in deep alloying is responsible for formation of

carboboride and carbide components.

The structure of the composite castings obtained with de-

position of alloying additions in the form of pastes onto the

surface of the mold contains three regions, i.e., an alloyed

layer, a transition zone, and matrix metal (Fig. 1). The

microstructure of the alloyed layer (Fig. 2a ) in samples 1

and 2 contains polygonal inclusions 30 – 100 �m in size and

white-etching regions with a net over grain boundaries. A

transition zone with a thickness of 500 – 700 �m is observ-

able between the alloyed layer and the matrix metal. Its

structure consists of white-etching regions with acicular and

eutectic patterns located in the matrix metal (Fig. 2b ). The

presence of chromium in the master alloys used does not in-

fluence considerably the structure of the alloyed layer and of

the transition zone in the composite castings, but changes the

composition and the hardness of their structural components.

12 P. G. Ovcharenko et al.
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Fig. 1. Microstructure of castings of samples 1 (a) and 2 (b ): A ) alloyed layer; B ) transition zone; C ) matrix

metal.



According to the results of the scanning electron microscopy,

the polygonal inclusions in the alloyed layers of samples 1

and 2 correspond to borides, the white-etching regions corre-

spond to a Fe – Cr solid solution, and the net over their

boundaries corresponds to carboborides and carbides

(Fig. 3a ). By the data of the microanalysis, increase in the

chromium content of the chromium-ferroboron addition re-

sults in its higher content both in the ceramic phases and in

the Fe – Cr solid solution. This determines the hardness of

the structural components of the alloyed layer and of the

transition zone in the castings. The hardness of the borides in

the alloyed layer of sample 1 attains 1480 – 2850 HV, that of

the carboborides, borides and Fe – Cr solid solution amounts

to 970 – 1160 HV, and that of the components of the transi-

tion zone amounts to 732 – 850 HV. In the alloyed layer and

in the transition zone of sample 2, the content of chromium

in the (Fe, Cr)
4
B, (Fe, Cr)

23
(C, B)

6
, and Fe – Cr structural

components is lower than in sample 1, which somewhat re-

duces their hardness. The hardness of the borides in sample 2

is equal to 1087 – 1250 HV, that of the carboborides, borides

and Fe – Cr solid solution amounts to 732 – 915 HV, and that

of the transition zone amounts to 660 – 727 HV.

The structure of the casting with deep alloying (sam-

ple 3 ) also contains an alloyed layer and a transition zone on

the interface with the matrix metal (Fig. 4a ), like in samples

1 and 2. The microstructure of the alloyed layer is also repre-

sented by white-etching regions with a net over grain bound-

aries (Fig. 4b ), but in contrast to samples 1 and 2 it does not

contain polygonal inclusions of (Fe, Cr)
4
B and

(Fe
1.1
Cr

0.9
)B

0.9
. The structure of the transition zone in sample

3 is the same as in the first two samples and contains

white-etching regions with dominantly acicular and eutectic

structure in combination with the structural components of

the matrix metal (Fig. 4c ). The thickness of the transition re-

gion is 300 – 500 �m. The results of the microanalysis show

that the alloyed layer in the casting of sample 3 consists of a

Fe – Cr solid solution in the form of a white-etching region

and (Fe, Cr)
23
(C, B)

6
carboborides arranged over grain

boundaries in the form of a net (Fig. 3b ). The carboborides

have a variable composition and differ in the contents of

chromium and boron; the darker regions correspond to the

carboborides with a higher content of chromium and boron.

Carbides (Fe, Cr)
23
C
6
are chiefly located in the transition

zone on the interface with the matrix metal. The absence of

borides in the alloyed layer of sample 3 is responsible for a
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50 m� a b

Fig. 2. Microstructure of the alloyed layer (a) and transition zone (b ) in sample 1.

a b

I

II

III

IV

V

Fig. 3. Morphology of the structural components of alloyed layer in castings of samples 1 (a, � 2700) and 3 (b, � 700)

(SEM): I) (Fe, Cr)
4
B, (Fe

1.1
, Cr

0.9
)B

0.9
; II) (Fe, Cr)

23
(C, B)

6
, (Fe, Cr)

7
C
3
; III) Fe – Cr; IV) (Fe, Cr)

23
(C, B)

6
.



lower hardness level as compared to samples 1 and 2. For

example, the hardness of the structural components of the al-

loyed layer in sample 3 ranges within 865 – 915 HV and that

of the transition zone is 704 – 732 HV. The hardness of the

matrix metal SCh25 in all the three samples is 400 – 474 HV;

its structure corresponds to that of a gray cast iron with

flaked graphite.

The results of the tests of the samples for compression

show that the strength of the composite castings obtained

with alloying compositions in the form of pastes does not de-

pend on the composition of the alloying coating and is

mainly determined by the thickness of the alloyed layer (see

Table 1). When a load is applied to a sample with alloyed

layer about 1 mm thick, the matrix and the alloyed zone are

fractured simultaneously. When the thickness of the layer in

the castings is increased to about 3 mm, loading causes frac-

ture of only the alloyed layer. This is explainable by the fact

that the 3-mm-thick alloyed zone contains more micropore

defects that the 1-mm-thick layer, and this lowers the

strength of the surface-alloyed casting. On the average,

growth of thickness of the alloyed layer lowers the strength

of the castings by 30%. When a chromium–ferroboron addi-

tion alloy is used for deep alloying, the composite has an ulti-

mate compressive strength �
c
= 450 – 510 MPa, which is

lower than when the addition is deposited in the form of a

paste (see Table 1). By the data of [21], the ultimate com-

pressive strength of gray cast irons SCh10, SCh15 and

SCh25 amounts to 530, 650 and 950 MPa respectively. Com-

parative analysis of the values of �
c
shows that the strength

of the composites with alloyed layer about 1 mm thick corre-

sponds to the strength of the matrix (SCh25), while the cast-

ings with an alloyed layer about 3 mm thick have a strength

close to that of SCh15. After the deep alloying, the strength

characteristics of the castings correspond to those of cast iron

SCh10.

The results of the comparative tests of the alloyed layers

of the castings for resistance to abrasive wear are plotted in

Fig. 5. The reference sample is chromium cast iron ChKh32

containing (in wt.%): 1�6 – 3.2 C, 30 – 34 Cr, about 1 Mn,

1.5 – 2.5 Si [25]. The results of the tests were used to deter-

mine the wear resistance coefficient K
w
, i.e., the ratio of the

decrease in the masses of the samples studied. At K
w
> 1, the

material possessed a higher resistance to abrasive wear than

ChKh32 and vice versa. We chose ChKh32 as a reference

material for the evaluation of the wear resistance characteris-

tics due to its wide use for fabrication of castings serving un-

der various conditions including the case of abrasive wear

[25 – 27].

The results obtained show that the alloyed layer in the

castings from gray iron has a high level of resistance to abra-

sive wear. In the tests against abrasive paper with particles

28 – 40 �m in size, sample 1 is superior to ChKh32 with re-

spect to abrasive resistance by a factor of 10.9 and sample 2

is superior by a factor of 8.5. The wear resistance of sample 3

is virtually comparable to that of chromium cast iron. In-

crease in the size of abrasive particles intensifies the wear of

all the samples. The results of tests of the materials against

paper P80 (abrasive particles 200 – 250 �m in size) show

that samples 1 and 2 are superior to the samples of chromium

cast iron with respect to wear resistance by a factor of 3.9
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Fig. 4. Microstructure of the casting (a), of the

alloyed layer (b ) and of the transition zone (c)

of sample 3: A ) alloyed layer; B ) transition

zone; C ) matrix metal.



and 3.7 respectively. The wear resistance of sample 3 is 20%

lower than that of cast iron ChKh32. Application of chro-

mium–ferroboron pastes produces alloyed regions on the

surface of the castings from gray iron, which contain ceramic

components in the form of borides, carbides and carbobo-

rides; under the conditions of microcutting this provides a

high level of wear resistance in the castings. The lowering of

the abrasive wear resistance of the castings with deep alloy-

ing is connected in the first turn with absence of boride com-

ponents having a higher hardness than the carboborides and

the carbides. However, deep alloying makes it possible to

create castings containing considerable alloyed regions

(8 – 10 mm thick), the wear resistance characteristics of

which are comparable to those of chromium cast iron

ChKh32.

The technological reliability and justness of application

of a material depends on the actual operating conditions that

determine to a great extent the required complex of physical,

mechanical and service properties. The studies performed

show that the use of additions of the chromium–ferroboron

system makes it possible to obtain composite castings from

gray cast iron with elevated resistance to abrasive wear com-

bined with high enough technological strength by the method

of CC.

CONCLUSIONS

1. The use of master alloys of the chromium–ferroboron

system in combination with cavityless casting makes it pos-

sible to obtain composite castings from gray iron with a sur-

face layer with composition and structure determined by the

interaction of the components of the used master alloy be-

tween each other and with the components of the metallic

melt.

2. Deposition of master alloys in the form of pastes onto

the casting molds provides surface layers represented by a

Fe – Cr solid solution, borides, carboborides and carbides.

The presence of such phases provides high characteristics of

resistance of the surface layer of the castings to abrasive

wear and a high compressive strength (at a layer thickness of

up to 1 mm).

3. Formation of the structure and composition of surface

layer in castings obtained by deep alloying is chiefly deter-

mined by the interaction between the components of the

master alloy and the metallic melt. The alloyed layer is repre-

sented by a Fe – Cr solid solution, (Fe, Cr)
23
(C, B)

6
carbo-

borides, and (Fe, Cr)
23
(C)

6
carbides. After the deep alloying

with a chromium–ferroboron mixture the strength of the

composite castings is lower than that of the matrix metal.

The formed alloyed layer has a considerable thickness and its

wear resistance under the conditions of dry friction against a

fixed abrasive is comparable to that of chromium cast iron

ChKh32.

The measurements have been performed using the equip-

ment of the common access center “Center for Physical and

Physicochemical Methods of Analysis and Research of Pro-

perties and Characteristics of Surfaces, Nanostructures, Ma-

terials and Products” of the Udmurt Federal Research Cen-

ter of the Ural Branch of the Russian Academy of Sciences.
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