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Abstract: The article presents the results of a study of the influence of B, Bi, Ca, Sn, and Sb additives
on the structure, composition, and properties of individual phases and mechanical properties of
castings made of hypereutectic high-chromium cast iron (HCCI), similar in composition to
G-X300CrMo27-1 cast iron. Additives of these elements were introduced into the melt before cooling
at an amount of 0.2 wt.%. The ingots were obtained at a melt cooling rate in the crystallization range
of 0.083-0.116 <T/s and at 4.67-5 <T/s. When studying the structure, the parameters and proportion
of primary carbides, and the proportion of eutectic carbides were determined and a description was
given of the change in the austenitic matrix. Using microprobe analysis and microhardness
measurements, changes in the composition and hardness of primary, eutectic carbides and the matrix
were determined. Hardness HV, bending strength, and abrasive wear resistance were determined. It
has been shown that depending on the cooling rate, the effect of these additives on the structure and
properties of castings changes. The mechanism of influence of these elements on the process of
crystallization of primary carbides in HCCI is considered. Based on the data obtained, it is proposed
to use Ca as a modifying additive when producing castings from HCCI of a hypereutectic composition
under slow cooling conditions, and B under fast cooling conditions. This makes it possible to increase
the wear resistance of castings.
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1. Introduction

High-chromium cast irons (HCCI), due to their high wear resistance, are widely used for the
manufacture of parts intended for mining, metallurgical, and cement equipment. An increase in the
service life of such parts can significantly reduce the economic costs of mining, metallurgical, and
processing enterprises [1].

The improved wear resistance of HCCI is achieved by a combination of the structure and
properties of the phases that form these alloys. These cast irons are a martensitic matrix with inclusions
of Me7Cs, Me23Cy carbides after austenitization and quenching [2]. It is known that the wear resistance
of cast iron improves with increasing dispersion of the carbides included in their composition, and with
an increase in the proportion of carbides [3]. Meanwhile, the eutectic point is at a carbon concentration
of 3.2-3.4 wt.% according to the phase diagram of Fe-Cr-C [4], with a Cr content of 18-28 wt.%.
Accordingly, when the alloy contains a higher amount of carbon, it becomes hypereutectic. In this case,
primary chromium carbides (Cr,Fe)7Cz appear in the structure. The crystals of this compound have an
acicular shape and are significantly larger in size than precipitates of eutectic carbides. The size of
such crystals increases significantly with a decrease in the crystallization rate [5,6]. The tendency
of (Cr,Fe)7Cs carbide to transcrystallization significantly worsens the mechanical properties of castings
from these cast irons. For this reason, hypereutectic chromium cast irons can be considered promising
it dispersed crystals of primary (Cr,Fe);Cs carbides are formed. When these alloys are cast in sand
molds with a refrigerator, in graphite or steel molds, a fine-grained structure can be achieved near the
heat-removing surface. However, as one moves away from such a surface, a significant increase in the
size of primary carbides occurs [7], as a result of which the mechanical properties over the cross section
of the casting differ significantly [8], and this is undesirable. In this regard, it becomes necessary to
exert a volumetric effect on the crystallizing melt for casting large castings from hypereutectic
chromium cast irons. The review paper [9] considers various methods of volumetric action on
hypereutectic high-alloy chromium cast irons. One of these methods of effect is the introduction of
modifying additives. This method is widely used in industry for the production of castings from steels,
cast irons, and non-ferrous metal alloys.

There are works to study the influence of modifying additives such as B additives [10,11], rare
earth elements—Ce, La, Y [12-17], and carbide-forming elements such as Ti [18,19], W [20,21],
V [22,23], Nb [24,25], Mo [26]; which do not form metal carbides—Cu [27], Si [28] and complex
modifying additives [3,13], on the structure and properties of HCCI castings. These elements,
dissolving in the melt, have a different effect on the crystallization process of hypereutectic HCCI, as
a result of which the properties of the castings change. The sources cited to indicate that the addition
of some of these elements can affect the size of the primary carbide (Fe,Cr);Cs without affecting their
morphology. At the same time, there is a change in mechanical properties and wear resistance. At the
same time, there are also contradictions when some authors describe an increase in the characteristics
of alloys with the introduction of certain additives while others indicate the absence of effect or even
deterioration of properties. This is probably due to the difference in the conditions of the experiments
and, in particular, in connection with the difference in the cooling rate of the castings in the
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crystallization interval. At the same time, an increasing number of publications describe an increase in
the characteristics of alloys with the addition of complex modifiers. The most interesting results were
obtained by adding a complex of modifying (N + Ti + V + REE (rare earth elements)-Mg) additives
to hypereutectic HCCI by the authors of [3]. As a result, they were able to reduce the size of the primary
Me7C3 carbide by 60 %. It resulted in a 75 % increase in wear resistance in dry sliding conditions
and 98.1 % in corrosive wear conditions. The authors of this work believe that the refinement of the
primary carbide Me7Cs can be explained by two mechanisms: (1) refinement due to heterogeneous
nucleation of TiC and VC and (2) due to the adsorption of a combination of elements—N, Ti, and V
on the preferred growth surface of Me;C3 (0001).

Besides, the direction of modification of hypereutectic HCClIs with inoculants added to the melt
in the form of refractory particles of TiC [29], TiAIB [15,30], B4C [31], and rare earth oxides [30,31]
are of great interest. A noticeable decrease in the size of primary carbides and an increase in mechanical
properties and wear resistance were achieved under laboratory conditions, with the introduction of
such powders. However, these modifiers are considered unreliable since the uniform distribution of
powders in the melt is very difficult under industrial conditions [9].

An analysis of these and other scientific papers on the problem of how to modify the structure of
hypereutectic HCCI indicates that no effective modifying additives have been found at present that
could significantly affect the morphology and size of primary carbides and especially in large-sized
castings. Also, the mechanism of the effect of various elements on the growth of precipitates of primary
carbide (Cr,Fe)7Cs is not completely clear. This problem is also pointed out by the authors of the review
article [9]. Since HCCls are multicomponent, the mechanism of the effect of additionally introduced
additives can be diverse. Besides additional alloying of the phases that form cast iron, it is possible to
separate new phases and adsorb them on the surface of growing grains and local supercooling of the
melt. New carbides are formed with the introduction of carbide-forming elements, as a result, the
distribution of carbon changes, and the proportion of primary carbide (Cr,Fe)7Cz decreases. These and
other possible mechanisms for modification of the HCCI structure are described in [9].

Very encouraging results on the modification of the structure of low-chromium cast iron of
eutectic composition were shown by the addition of Bi under conditions of use in complex modifiers,
including RE [32]. It was found that Bi, along with RE, is localized at the carbide/austenite interface
which slows down growth. It suggested that the modification mechanism is based on the fact that the
accumulation of Bi and RE atoms near the surface of the carbide plate reduces the temperature of the
local solid/liquid equilibrium that slows down its growth.

Snand Sb in gray cast iron promote the formation of finer lamellar pearlite [33,34]. The papers [34,35]
describe the effect of the addition of these elements on the shape of graphite precipitates in gray cast
iron. It was shown in [36] that the addition of 0.045 wt.% Sn together with 0.15 wt.% Nb to the
composition of gray cast iron contributes to an increase in its wear resistance.

The effect of small B additives on the structure and properties of chromium cast irons is also of
practical interest. It is believed [37] that B reduces the solubility of C in austenite, causing higher
precipitation of C, hence increasing the number of nuclei before eutectic precipitation of carbide. The
authors of [38] described the effect of boron additions from 0.18 to 1.25 wt.% B on the structure and
properties of eutectic HCCI. They showed that the maximum level of strength and wear resistance of
castings is achieved at a content of 0.23 wt.% B (0.1%-0.3%). The structure of cast iron becomes
hypereutectic with an increase in the boron content to 1.25 wt.% while the hardness increases and the
impact strength decreases. At the same time, the article [39] shows a positive effect of significantly
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higher boron concentrations on the hardness and impact toughness of castings from white cast irons
containing 4 wt% Cr. At the same time, it was pointed out in [40] that even small boron impurities
increase the hardness but decrease the impact strength of HCCI.

Despite the significant development of research aimed to find effective structure modifiers for
hypereutectic HCCI, industrially used modifying additives for these cast irons have not yet been
developed. At the same time, taking into account that castings from hypereutectic HCCI are characterized
by a higher corrosion and wear resistance compared to widely used hypoeutectic HCCI [41], it makes
further research aimed to find more efficient and economical ways to modify the structure of such cast
irons relevant.

In this regard, it is necessary to study further the effect of various additives on the structure and
properties of castings obtained under various cooling conditions to develop effective methods intended
to modify hypereutectic HCCI. There is a need to expand understanding of the mechanism by which
such additives affect the HCCI crystallization process. Bi, Ca, Sn, Sh, and B are more readily available
for industrial use. The presence of evidence for the positive effect of small additions of these elements
on the structure and properties of hypereutectic HCCI makes it important to continue research to clarify
their effect under crystallization conditions that reproduce the production of thin-walled and
thick-walled castings.

The aim of the research was to study the effect of B, Bi, Sb, Sn, and Ca additives in an amount
of 0.2 wt.% on the structure and properties of ingots from hypereutectic cast iron of G-X300CrMo27-1
Grade under the conditions of its crystallization at a cooling rate of 4.6-5 <C/s and 0.08-0.11 <C/s.
This work is a continuation of a similar work [14], in which the influence of small REE additives on
the structure and properties of cast iron of a similar composition was studied.

2. Materials and methods

Two series of experiments were carried out with a hypereutectic cast iron alloy with a
similar composition to the G-X300CrMo27-1 brand, but with increased chain voltage up
to 4.1-4.2 wt.% (Table 1) for a standard increase in the proportion of primary carbides (CrFe)7Cz in
casting conditions. The effect of B, Sh, Bi, Ca, and Sn separately on the structure and mechanical
properties of castings was assessed as part of the experiments. Additives of these metals in the amount
of 0.2 wt.% were introduced into the melt at a temperature of 60-80 <C above the liquidus line and
held for 5 min. This introduction mode for a modifying additive and holding the melt simulates the
conditions of out-of-furnace modification. In the experiments, we tried to reproduce the conditions of
crystallization in the production of large-sized thick-walled castings in sand casting molds and under
the conditions to obtain castings in a chill mold. Accordingly, in the first series of experiments, the
cooling rate during crystallization was 0.083-0.116 <C/s while the melt remained in an alundum
crucible in the furnace. In the second series of experiments, the melt was poured into a graphite mold
and obtained an ingot &24 and 300 mm long. In this case, the melt cooling rate in the crystallization
interval was 4.6-5 <C/s. In the first and second series of experiments, tests were carried out on a
pre-melted alloy according to the method and using charge materials described in the article [14]. The
conditions for obtaining samples in series 1 and 2 of the experiment reproduced the conditions
described in [14].

Bi, Sb, and Sn were introduced into the melt in the form of pure elements (99.999 wt.% of the
main component). B was introduced in the form of FeB ferroalloy with a concentration of 23 wt.% B.
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Cawas introduced in the form of silicocalcium SC20 ferroalloy with a calcium concentration of 20 wt.%.
In the case of ferroalloys, the required weight was calculated from the content of Ca and B. The
obtained ingots were not subjected to destabilizing annealing and other types of heat treatment. The
structure and properties of ingots after modification were compared with unmodified ingots (WMA).
These ingots were obtained under identical conditions.

Table 1. Composition of chromium cast iron samples.

Alloy Chemical composition, wt.%
Fe Cr C Mo Ni Mn Si P S Ti
G-X300CrMo27-1 rest 23-28 3-35 1-2 <1.2 05-15 0.2-1 <o0.1 <0.06

HCCI used in experiments  rest 23-24 4142 05-1 0.2-0.3 0.7-0.8 0.8 0.02 0.04 0.13

The distribution of modifying additives and the composition of the phases were studied with
samples without preliminary etching of the structure on a Jeol JXA-8230 microprobe analyzer using
energy dispersive spectroscopy (EDS) and wavedispersive spectroscopy (WDS) microanalysis systems.
Since boron is identified by these methods only at its high concentrations, the potentiometric titration
method was used to determine its content in the composition of carbides and the matrix. To do this,
the samples were dissolved at room temperature in a solution of 100 mL HCI + 7 mL H2SO4 + 30 g CuSO4
for a within 30 days. As a result, the matrix was dissolved, and the carbides settled on the bottom. The
carbide powders thus obtained were repeatedly washed with distilled water. The analysis of cast iron
and carbides made it possible to establish the content of boron in them.

The study of the microstructure, measurement of hardness and microhardness, wear resistance tests
with determination of relative wear resistance were carried out according to the methods described in [14].

3. Results
3.1. Alloy microstructure analysis

The study of the microstructure of ingots obtained at a cooling rate in the crystallization range
of 0.083-0.116 and 4.67-5 <T/s showed that their structure is characteristic of hypereutectic
high-chromium wear-resistant cast irons (Figures 1 and 2). The structure is formed by needle-shaped
primary carbide precipitates (FeCr)7Cs, eutectic carbides (FeCr);Cs of different morphology, and an
austenitic matrix. Austenite is partially precipitated in the dendritic form at a cooling rate
of 4.67-5 <C/s (Figure 2). At a cooling rate of 0.083-0.116 <C/s, part of the austenite undergoes
decomposition with the formation of martensite and pearlite. Martensite precipitates predominantly at
the interface between carbides and austenite. Pearlite begins to form in the center of the austenite grains.
The reason for it is the uneven distribution of elements over the cross section of the austenitic matrix
between carbide precipitates.
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Figure 1. Effect of additives of 0.2 wt.% Bi, B, Ca, Sn and Sb on the microstructure of
HCCI ingots obtained at a cooling rate 0.083-0.116 <C/s(x150): (a) WMA,; (b) B; (c) Ca;
(d) Bi; (e) Sn; (f) Sh.
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Figure 2. Effect of additives of 0.2 wt.% Bi, B, Ca, Sn and Sb on the microstructure of
HCCI ingots obtained at a cooling rate 4.67-5 <T/s (x750): (a) WMA, (b) B; (c) Ca; (d) Bi;
(e) Sn; (f) Sh.

It was found that the introduction of modifying additives (Bi, B, Ca, Sn and Sb) does not have a
significant effect on the morphology of primary and eutectic carbides. In ingots obtained at a cooling
rate of 0.083-0.116 <C/s, the proportion of eutectic carbides is 20-23 vol.%, and primary—14-19 vol.%.
Bi and B additives have the greatest effect on the ratio of primary and eutectic carbides. Thus, the
addition of Bi increases the proportion of eutectic carbides by ~2 vol.% and reduces the proportion of
primary carbides by ~3 vol.%. The addition of boron increases the proportion of primary carbides
by 2 vol.% and reduces the proportion of eutectic carbides by 1 vol.%. Additives of Ca, Sn, and Sb do
not have a significant effect on the proportion of primary and eutectic carbides when compared with
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an ingot without additives. In ingots obtained at a cooling rate of 4.67-5 °C/s, the proportion of eutectic
carbides is 12.9-18.9 vol.%, and primary carbides—14.4-17.9 vol.%. In this case, the addition of
boron reduces the proportion of eutectic carbides by ~2 vol.% and increases the proportion of primary
carbides by ~3 vol.%. Additions of Ca and Sn increase the proportion of eutectic carbides by ~2 vol.%
and reduce the proportion of primary carbides by ~2 vol.%. Bi addition does not have a significant
effect on the proportion of primary and eutectic carbides when compared with an ingot without additives.

The introduction of Bi, Ca, Sn, and Sb additives leads to a decrease in the minimum cross-section
of primary carbides by 6.7%-28.2% in ingots obtained at a cooling rate of 0.083-0.116 <C/s (Figure 3a).
Under such crystallization conditions, the introduction of additive B causes an increase in the minimum
cross-section of primary carbides by 49%. An increase in the minimum cross-section of a needle-shaped
crystal leads to a significant increase in its cross-sectional area (by 290%) and a reduction in the total
amount of precipitation of such carbides per unit volume of the ingot.
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Figure 3. Effect of the modifying additive on the size of primary carbides (Fe,Cr)7Cs in
HCCI ingots obtained at different cooling rates: (a) 0.083-0.116 <C/s; (b) 4.67-5 <CIs.

Modifying additives have a different effect on the size of primary carbides in HCCI ingots
obtained with a crystallization rate of 4.67-5 <C/s. Thus, the opposite effect is exerted by the
introduction of B (Figure 3b) which results in a decrease in the minimum cross section of primary
carbides by ~28%. At the same time, the additions of Bi, Sn, Sh, without significantly affecting the
minimum cross section (+10%, —15% and —4%, respectively), lead to an increase in the cross-sectional
area of primary carbides (by 69%, 73% and 32%, respectively) caused by the elongation of the
needle-shaped crystals. The addition of Ca, as in the case of a low cooling rate, leads to a decrease in
the minimum cross section and cross sectional area of primary carbides by 18% and 15% compared to
the WMA sample.

Thus, the introduction of 0.2 wt % B, Ca, Bi, Sn, and Sb into the HCCI melt does not significantly
affect the morphology of precipitates of primary and eutectic carbides (FeCr);Cs and on the degree of
decomposition of austenite during the cooling of ingots. Depending on the cooling rate in the HCCI
crystallization interval, the effect of B, Ca, Bi, Sn, and Sb additives on the size of primary carbide
precipitates may differ. The effect of additive B changes most significantly with the cooling rate. The
addition of this element during slow crystallization (0.083-0.116 <C/s) causes a significant increase in
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the size of primary carbides in HCCI ingots. Under such crystallization conditions, the sizes of primary
carbides are positively influenced by the additions of Ca, Bi, Sn, and Sb. At a high cooling
rate (4.67-5 <T/s), a decrease in the size of primary carbides causes the introduction of B and Ca.
Additives B, Ca Bi, Sn, and Sb refer to the proportions of primary and eutectic carbides. The most
significant effect is exerted by the development of B, which does not depend on the cooling rate of the
melt and leads to an increase in the proportion of primary carbides and a decrease in the proportion of
eutectic carbides. To increase the proportion of eutectic carbides, the additions of Bi (at 0.083-0.116 <T/s),
Ca, and Sn (at 4.67-5 <T/s) are introduced, while the proportion of primary carbides decreases. This
indicates that when such measurements are carried out, a slight displacement of the eutectic point occurs.

3.2. Analysis of the content of the modifying additive in the composition of ingots and HCCI phases

Analysis of the composition of samples of HCCI ingots obtained in two cooling modes showed
that the concentration of modifying Bi, Ca, Sh, and B additives in them differs from the specified
one (Table 2).

Table 2. Actual concentration of modifying agents.

Experiment series number Concentration. wt.%

B Ca Bi Sn Sh
1 0.159 0.151 not found 0.192 0.195
2 0.176 0.197 not found 0.171 0.120

A comparison of the phase composition of WMA castings obtained at two cooling rates indicates
their differences (Tables 3-5). Thus, the content of Cr (by 1.2 at.%) and Mo (by 0.24 at.%) does not
significantly decrease in primary carbides, while the content of Fe (by 1.0 at.%) and Mn (by 0.24 at.%)
increases. The composition of eutectic carbides has changed more significantly. In particular, the
content of Cr decreased (by 6.6 at.%) and the content of Fe (by 6.3 at.%) and Mn (by 0.42 at.%)
increased. Besides, Ni was dissolved in eutectic carbides in small amounts under such cooling
conditions. The content of Cr increased (by 3.0 at.%) and the content of Fe (by 2.4 at.%), Mn (by 0.3 at.%),
Mo (by 0.22 at.%), and Si (by 0.19 at.%) in the composition of the austenitic matrix.

Microprobe analysis showed that the addition of 0.2 wt.% Ca, Bi, Sn, and Sb affects the
composition of primary and eutectic (Tables 3 and 4). At the same time, modifying additives were not
found in their composition. The addition of these elements leads to a decrease in the content of Cr, an
increase in the content of C, Mn, and Fe in eutectic carbides. In primary carbides, the addition of Bi
reduces the concentration of Cr and increases the concentration of Mn and Fe. The addition of Ca
reduces the concentration of iron and slightly increases the concentration of carbon. Additions of Sn
and Sb increase the concentration of Mn while the addition of Sb does not significantly reduce the
concentration of Cr. The addition of 0.2 wt.% Ca, Bi, Sn, Sb to the composition of HCCI leads to a
decrease in the concentration of Mn and Cr in the matrix (Table 5). An increase in the Si concentration
in the HCCI composition with the addition of Ca is associated with the introduction of silicocalcium
into the melt. In this case, there is no change in the composition of the carbides and no fluctuations in
the content of elements across the cross-section of the austenitic matrix.

The addition of 0.2 wt.% Bi, Sn, Sb does not significantly affect the composition of the primary
carbide under cooling conditions at a rate of 4.67-5 <C/s (2 series of experiments). The content of Cr
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and C does not significantly decrease, and the content of Fe, Mn, and Mo increases with the
introduction of an additive of 0.2 wt.% B in the composition of primary carbides. At the same time,
fluctuations in the content of Fe and Cr increase significantly, which indicates an expansion of the
concentration range of existence of the (FeCr)7Cs phase. It indicates an expansion of the concentration
range of the (FeCr)7Cz phase existence when B is dissolved in it. The influence of additions of 0.2 wt.%
Bi, Sb on the composition of eutectic carbides is similar to that observed in ingots obtained at a cooling
rate of 0.083-0.116 <C/s. In particular, the introduction of these elements reduces the Cr, Mn
concentration and increases the Fe concentration. The addition of 0.2 wt.% Sn under such cooling
conditions does not affect the content of Cr, Fe but reduces the Mn concentration. The Mo content in
eutectic carbides increases the Sn content and reduces the additions of Bi, Sb, and B. In ingots with an
increase of 0.2 wt.% Bi, Sn, Sb, and B in the composition of eutectic carbides identified by Si. This
distinguishes them from WMA samples and ingots obtained at low cooling rates. The austenite
composition indicators are less good. Thus, B and Sb additives cause disrespect for Cr health.
Additives of Bi, Sn, and Sb increase the concentration of Mn in the austenite composition. The addition
of Sb increases the stability of Ni. The distribution of Sn and Sb in austenite is uneven, which indicates
different changes in the sizes of these elements.

Table 3. Composition of primary carbides in HCCI ingots obtained at different cooling rates.

Modifying Cooling rate, Concentration, at.%

agent Tls c Cr Mn Fe Mo
WMA 0.083-0.116  29.4%9:72 43,9%571 0.67+3:2¢ 24.5%322 0.841318
4.67-5 29.61535 42.8%512 1.1%5:85 25.5%318 0.673:33
Bi 0.083-0.116  29.6*14 41.9%%9 11554 26.11315 0.7%333
4.67-5 30.1%}:38 42.2%081 1.01313 25.7%0:33 0.6791%
Sh 0.083-0.116  30.8*97¢ 42.7493% 1.2153% 2411072 0.8+93%
4.67-5 28.617044 4321522 0.9%3:91 26.21931 0.6%525
Sn 0.083-0.116  29.1%9:%3 43.8%5:3¢ 1.2%541 24.7+349 0.8793%
4.67-5 29.8+92¢ 4274532 0.9+33° 2521931 0.67331
Ca 0.083-0.116  31.2+98¢ 43,7+0:32 0.81923 2264928 0.6733%
4.67-5 - - - - -
B 0.083-0.116  29.0%12% 4431548 1.04952 24.5%05% 0.879%%
4.67-5 28.61044 42.1*13% 1134333 27.0%337 0.7+3.58
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Table 4. Composition of eutectic carbides in HCCI ingots obtained at different cooling rates.

Modifying Cooling rate,  Concentration, at.%
agent <Tls

C Cr Mn Fe Mo Si Ni
WMA 0.083-0.116  29.1719% 42.3%13%  0.88133 264131, 097135 - -
4.67-5 29.8%59°¢  356103% 1310248 32.7%959  1.01%032 - 0.3%51*
Bi 0.083-0.116  30.4*162 37.9%268 13415338 2861139 1.33%53%F - -
4.67-5 2941048 34.9701%  1.0213%7 33.6108 0.77%03%F 0.6701F  0.4%03%
Sh 0.083-0.116  31.7X173 38.1*157 1.19%315 27.6%957 12183 - -
4.67-5 3041981 3361259 0971537 3441831 0.89733, 0.53%33*  0.3%51,
Sn 0.083-0.116  32.67932 36.4198% 1.16%337 27.6%3°7 1.43%3%8% - -
4.67-5 302412, 31.0787° 1174332 362783  1.13%3%7 031318 041513
Ca 0.083-0.116  32.6735% 36.4%9%, 1161337 27.675¢7 1.50%381 - -
4.67-5 - - - - - - -
B 0.083-0.116  29.8713§ 40.4*1%3%  0.78%0% 27.6%%1¢ 0.85%33% - -
4.67-5 26.670%5  29.6115,  1.01%537  41.419%  0.93%93% 0.5%012 0.4152,

Table 5. Matrix composition in HCCI ingots obtained at different cooling rates.

Modifying  Cooling rate, Concentration, at.%

agent <Tls Si Cr Mn Fe Ni Mo Sb Sn

WMA 0.083-0.116 2.61*3%¢ 10.3+}32 1.281955 85.51333 1.47%512 0.91%53¢ - -
4.67-5 2421035 1331985 0.98%52% 83.1241 1.42%538 0.69%538 - -

Bi 0.083-0.116  2.91%33% 9.1+97% 1.071327 86.21329 1.86%51%2 1.12%543 - -
4.67-5 2.91%32¢  13.14%0¢%¢ 1.3%31, 82,5733 1.38%92%7 0.68%5%] - -

Sh 0.083-0.116  2.91*25, 9.1%974. 1.07%329 86.271% 1.86%312 1.1213%3 0.17%53¢ -
4.67-5 241033 12570%2 1157033 83.0%0¢7 1.667035 0.82793% 032133, -

Sn 0.083-0.116 2.77+06t g rlle 1.45+057 85.9+075 149¥044 1514093 . 0.54103;
4.67-5 2.50%075  142%005 {3101 g{ 5009 44013 (14034 0.4725%;

Ca 0.083-0.116 5.06*117 9.5+137 1152333 82.9%03 17233 1.05%335 - -

B 0.083-0.116 2.89%57° 1131337 14837 84.811§5 1.88133] 1.17138} - -
4.67-5 2.66103%  12.2%3%7  0.96139¢ 83.3%57, 1.471337 0.49%537 - -

Thus, the concentration of these additives in the composition of the melt changes with the
introduction of 0.2 wt.% B, Ca, Bi, Sn, and Sb into cast iron melts during their holding and cooling.
Thus, the Bi concentration decreases to almost 0%. The concentrations of Sn, Ca, B, and Sb decrease
to a lesser extent. It indicates intense evaporation of Bi and less intense evaporation of Ca. This is
explained by the fact that these elements do not dissolve in liquid iron and have a high vapor pressure
at the fusion temperature [42]. Confirmation of the possibility of separating small impurities from the
melt due to differences in vapor pressure in a vacuum are the results of [43]. Sb and Sn, according to
state diagrams Fe-Sb and Fe-Sn, form solid and liquid solutions with iron which slows down their
evaporation. In addition, the minimal change in Sn concentration is explained by its low vapor pressure,
which, according to the data given in [43], is (10~ mmHg at 1372 <C). Boron is characterized by low
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vapor pressure but at the same time, being a deoxidizer, it can evaporate from the melt surface in the
form of boron oxide.

The introduction of Ca, Bi, Sn, and Sb additives into HCCI results in a change in the composition
of primary and eutectic carbides, as well as in the matrix. In this case, only Sn and Sb form solid
solutions with austenite; in other cases, these elements do not form compounds and solid solutions
with HCCI phases.

3.3. Microhardness of phases, hardness and strength of HCCI ingots after modification

The introduction of 0.2 wt.% B, Ca, Bi, Sn, Sb causes a decrease in the hardness of HCCI ingots
obtained at a cooling rate of 0.083-0.116 <T/s (Figure 4). The greatest decrease occurs from the
introduction of B (by ~14%) and Bi (by ~5.7%). An analysis of the measurement results for the
microhardness of individual phases of ingots after a modification indicates that the additions of B, Sn,
and Ca cause an increase in the microhardness of primary carbides by 4.7%, 2.5%, and 4.1%,
respectively (Figure 5a), and the addition of Sb leads to a decrease in their microhardness by 3.1%.
The addition of Bi increases the microhardness of eutectic carbides by 4.5% while the additions of B,
Sn, and Sb decrease it by 15.7%, 8.8%, and 6.0%. The microhardness of austenite is increased only by
the additions of Sn and Ca by 2.6% and 3.2% while the additions of B, Sh, and Bi reduce it
by 6.3%, 9.9%, and 8.3%, respectively (Figure 5a). Thus, only the addition of Ca has a positive effect
on the microhardness of primary carbides and austenite and practically does not affect the
microhardness of eutectic carbides. Additives—B, Bi, Sn, and Sb adversely affect the microhardness
of one or more phases of cast iron castings obtained at a cooling rate of 0.083-0.116 <T/s.

At a cooling rate of ingots of 4.67-5 <T/s, the addition of B, Ca, Bi, Sn, and Sb causes an increase
in the hardness of HCCI (Figure 4). The most significant increase is caused by additions of B (by ~8.7%)
and Ca (~5.7%). However, the measurement of the microhardness of primary carbides showed that
only Bi additives increase it by ~1.7%. Additives—B, Ca, Sn, Sb reduce the microhardness of primary
carbides by 5.5%, 3.8%, 8.1%, and 11.0%, respectively (Figure 5b). The increase in the hardness of
castings obtained at this cooling rate may be caused by an increase in the hardness of the matrix and
eutectic carbides. The strength of castings obtained at a cooling rate of 4.67-5 <C/s, after the introduction
of Ca and Bi additives, increases by ~20% and ~3.5%, respectively (Figure 6). With the introduction
of B, Sn, and Sb, the strength of castings decreases by ~12.0%, 5.5%, and 5.9%, respectively.

Thus, the introduction of 0.2 wt.% B, Ca, Bi, Sn, and Sb additives into the HCCI melt has a
different effect on the mechanical properties of ingots crystallized with different cooling rates. A
general decrease in hardness is observed with the introduction of all additives at a low cooling
rate (0.083-0.116 <C/s). In this case, only the addition of Ca increases the hardness of the primary
carbides and the matrix. Ca and Bi additions increase the hardness and strength of the casting at a high
cooling rate (4.67-5 <C/s). In the case of Ca, this can be explained by an increase in the proportion of
eutectic carbides and a decrease in the proportion and size of primary carbides in the structure of the
castings. The addition of Bi does not significantly increase the microhardness of primary carbides.
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Figure 4. Effect of the modifying additive on the hardness of HCCI ingots obtained with
different cooling rates.
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Figure 5. Effect of the modifying additive on the microhardness of phases in HCCI ingots
obtained at a cooling rate: (a) 0.083-0.116 <C/s; (b) 4.67-5 <Tl/s.
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Figure 6. Effect of the modifying additive on the tensile strength of HCCI ingots obtained
at a cooling rate of 4.67-5 <C/s.

3.4. Tribo testing of HCCI ingots modified with various elements

The B, Ca, Bi, Sn, and Sb additives have a different effect on the wear resistance of HCCI ingots
obtained with different cooling rates by analogy with the effect on the structure and mechanical
properties. Thus, the addition of B significantly (by 153%) increases the wear rate at low cooling rates
of 0.083-0.116 <C/s (Figure 7). Ca, Bi, Sn, and Sb additives reduce the wear rate by ~47%, 26%, 56%,
and 53%, respectively. The study of the wear surface structure showed that the wear of samples with
the addition of Ca, Bi, Sn, and Sb develops more intensively in the eutectic regions. Primary carbides
wear out mainly with the formation of chips (Figure 8a). Samples with additive B wear similarly but
with the destruction of large primary carbides.

Castings obtained at a high cooling rate (4.67-5 <C/s) are characterized by opposite wear resistance.
When B is added, the wear rate is reduced by ~20% (Figure 7). When Ca, Bi, Sn, and Sb are added,
the wear rate increases by ~81%, 14%, 69%, and 162%, respectively. The wear surface study showed
that the wear of the eutectic and primary carbides occurs more evenly in comparison with the samples
obtained at a low cooling rate. However, eutectic wear prevails over primary carbides and develops
more significantly in samples with additions of Ca, Bi, Sn, and Sb in comparison with the original
sample and with a sample with B addition. The wear of primary carbides in such samples occurs
without chips and cracks (Figure 8Db).
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Figure 7. Effect of modifying additive on wear resistance of HCCI ingots produced at
different cooling rates.

Thus, the effect of modifying B, Ca, Bi, Sn, and Sb additives on the wear resistance of castings,
changes significantly depending on the cooling rate of ingots during crystallization. So, Ca, Bi, Sn,
and Sb render a positive effect on the wear resistance of ingots obtained at a low cooling rate. At a
high cooling rate of the ingots, only the B additive increases the wear resistance.

(a) (b)

Figure 8. Effect of the modifying additive on the microhardness of phases in HCCI ingots
obtained at a cooling rate: (a) 0.083-0.116 <TC/s; (b) 4.67-5 <Tl/s.
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4. Discussion

Table 6 summarizes the results described above on the effect of additives of 0.2 wt.% B, Ca, Bi,
Sn, Sb on the structure and properties of hypereutectic HCCI ingots obtained at two cooling rates.

Table 6. Changes in the structure, composition, and microhardness of phases and
mechanical properties of ingots modified with 0.2 wt.% of various additives and obtained
at different speeds (7: increase in indicator; {: decrease in indicator; uv: unchanged value;
highlighted in green (1): improving characteristics; highlighted in red (1!): deteriorating

characteristics).

Modifying additive B Bi Ca Sn Sh

Cooling rate 0.083-0.116 <C/s

Proportion of primary carbide T \ uv uv uv

Proportion of eutectic carbide 2 T uv uv uv

Average minimum cross-section of T \ = = -

primary carbides

Average cross-sectional area of primary T v \ { \

carbides

Content of elements in the composition Not changed Crd, Fe?, CT,Fel Mn?t Mn*, Crl

of primary carbides Mn?t

Content of elements in the composition - Crl,CT Fet, Crl,Ct Fef, Crl,CT Fet, Crl,CH Fef,

of eutectic carbides Mn?t Mn?t Mn?t Mn?t

Content of elements in the matrix - Crl, Mnl SiT, Crl, Crl,Mnl Crl, Mn!

(austenite) Mnl

Microhardness of primary carbides T uv 0 0 =

Microhardness of eutectic carbides 2 T uv 2 v

Matrix microhardness 2 \ T T v

Hardness HV L \J ! {

Tensile strength =

Relative wear resistanc 2 T T T T

Cooling rate 4.67-5 <Cls

Proportion of primary carbide T uv - - uv

Proportion of eutectic carbide \ uv 0 0 uv

Average minimum cross-section of \ \ \

primary carbides T

Average cross-sectional area of primary | \ T T

carbides T

Content of elements in the composition Crl, Cl, Fet, uv - uv uv

of primary carbides Mnt, Mot

Content of elements in the composition Mol, Sit Crl, Fet, - Mn?, Mot, Crl, Fet,

of eutectic carbides Mn!, Mol, Sit Mnl, Mol,
Sit Sit

Content of elements in the matrix Crl Mn?t - Mn?T Crl, MnT,

(austenite) Ni?

Microhardness of primary carbides \ T i i i

Microhardness of eutectic carbides -

Matrix microhardness -

Hardness HV T T T T T

Tensile strength 1 T T \ \

Relative wear resistanc T { \: \ )
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The B, Bi, Ca, Sn, and Sb additives considered in this article should be distinguished by their
interaction with the HCCI components. For example, it is known that Bi and Ca do not form liquid and
solid solutions with iron which precludes their dissolution in austenite and, at high concentrations, can
lead to melt separation. Sn with Fe and Cr forms monotectics and limited solid solutions. Sb is
infinitely soluble in iron melt and form solid solutions with austenite. B is highly soluble in iron melt
but practically does not form solid solutions with austenite. Bi, Sn and Sb are not carbide forming
elements. Accordingly, they cannot form new carbides in the HCCI structure but they can potentially
dissolve in the primary and eutectic carbide (FeCr)7Cs in very small amounts. Ca and B are carbide
forming elements. It is known that B forms solid solutions with carbide (FeCr)7(C,B)3 [44] and is also
soluble in other carbides [45]. The formation of CaC> does not occur when calcium is dissolved in cast
iron melts, since it is known that CaC, decomposes into Ca and C when introduced into the melt which
makes it possible to use it as a refining additive [46].

The experimental results presented in this article show that B, Bi, Ca, Sn, and Sb additions affect
both the structure and properties of hypereutectic HCCI. However, depending on the cooling rate of
the ingots in the crystallization interval, the effect of these additives varies significantly. In hypereutectic
HCCI ingots obtained under conditions of low cooling rate, with the introduction of Bi, Ca, Sn, and
Sh additives, the sizes of primary carbides (FeCr);Cs decrease. Obviously, this is because these
elements do not dissolve in carbides. As a result, during crystallization, these elements, accumulating
at the solid/liquid interface, cause a change in equilibrium which leads to a slowdown in the growth of
carbides, and a reduction of their size. In addition, in the case of introducing Bi, the crystallization
process is affected by the mechanism of local supercooling caused by its evaporation. It is confirmed
by the absence of Bi in the composition of the ingots obtained at both cooling rates. Despite the lack
of solubility of Bi, Ca, Sn, and Sb in (FeCr)7Cs, their introduction causes a change in the elemental
composition of both primary and eutectic carbides. A decrease in the content of Cr and an increase in
the content of C, Mn, and Fe in eutectic carbides, as well as an increase in the proportion of such
carbides, indicate the removal of the eutectic point from the iron angle of the phase diagram. This is
also indicated by the decrease in the proportion of primary carbides discovered during the studies.
Besides, the introduction of these elements into the composition of HCCI leads to a decrease in the
concentration of Mn and Cr in the matrix. Since it is known that the hardness of (FeCr);Cz carbides
increases with an increase in the Cr concentration in them, the observed decrease in microhardness is
explained by a decrease in the concentration of this element. The different effect of modifying elements
on the hardness of the matrix is associated both with a change in its composition and with a different
proportion of austenite decomposition. This effect, as well as a decrease in the size of primary carbides
and a change in the composition and ratio of primary and secondary carbides caused by the introduction
of Bi, Ca, Sn, and Sb additives, can explain the increase in the abrasive wear resistance of HCCI ingots
obtained under slow cooling conditions.

When Ca is used as a modifying additive, this element is not found by microprobe analysis in the
composition of the matrix and carbides. However, in X-ray fluorescence analysis, especially of
samples prepared (cut and polished) without the use of water cooling, Ca is clearly identified. As
mentioned above, Ca does not form solid solutions with austenite. It suggests that it is washed out from
the surface of the section during its preparation upon contact with water.

More elongated primary acicular crystals of carbide (FeCr);Cs are precipitated during the
crystallization of hypereutectic HCCI ingots with additions of Bi, Sn, and Sb under conditions of
accelerated cooling (4.67-5 <C/s). Since the minimum cross section of primary carbides after the
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introduction of such additives under these crystallization conditions does not change, the effect of the
accumulation of these elements at the solid/liquid contact boundary should be excluded. Consequently,
the addition of these elements reduces the number of crystallization centers and (or) limits the growth
of individual nuclei under conditions of melt supercooling. The observed decrease in the size of
primary carbides in Ca-modified HCCI ingots can be associated with both additional alloying with
silicon and the precipitation of refractory CaC> particles in the melt bulk but it requires additional
studies. So, the effect of silicon was investigated by the authors of [47]. They report an improvement
in the structure and state that Si inhibits the growth of carbide. However, it was found in [37,48] that
Si reduces the nucleation process, does not affect the growth of carbide, and leads to a coarser structure.

A relatively small increase in the hardness of ingots (~5.7% in case of Ca) after the introduction
of Ca, Bi, Sn, and Sb additives into them and a slight decrease in the microhardness of primary
carbides (in the case of Ca, Sn, Sb) and strength (in the case of Bi, Sn, Sb) also confirms that these
elements do not significantly affect the crystallization process under such cooling conditions (4.67-5<C/s).
Since the addition of Bi caused the melt to boil under a vacuum, this could refine the melt from
non-metallic inclusions. This led to an increase in the hardness of the primary carbides (FeCr)-Cs but
increased their size due to a decrease in crystallization centers. The increase in the strength of the
Ca-modified ingots is most likely due to the hardening of the matrix caused by co-doping with Si. The
decrease in wear resistance after the introduction of Ca, Bi, Sn, and Sb is obviously associated with
both an increase in the cross-sectional area of primary carbides and a change in the properties of the matrix.

The conducted studies have shown that, unlike Ca, Bi, Sn, Sb, additive B dissolves in carbides
(FeCr)7Cs. However, considering that B does not dissolve in the y-phase, the actual content of this
element in carbides is significantly lower than expected. This is probably due to melt deoxidation and
evaporation of B>O3z oxide. The effect of B additives on the structure and properties of HCCI changes
significantly with the change in the cooling rate during the crystallization of the ingot. There is a
significant increase in the size of primary carbides in the alloy and an increase in their microhardness
but the hardness and wear resistance of the alloys decrease at a low crystallization rate (0.083-0.116 <T/s).
A decrease in the size of primary carbides and a decrease in their microhardness are observed with an
increase in the cooling rate to 4.67-5 <C/s, on the contrary, while the bending strength of the castings
decreases, and the hardness and wear resistance increase. It allows us to conclude that B has a significant
effect on the crystallization process. First, B dissolves in carbide (FeCr)-Cs, as a result, regardless of
the cooling rate, it causes an increase in its proportion. But since the proportion of eutectic carbides
decreases with an increase in the cooling rate, it may indicate the overcooling of the melt. It led to a
shift of the eutectic point towards Fe. Since B reduces the solubility of C in austenite [37], at a low
cooling rate, it causes a decrease in the strength of the matrix and, as a consequence, a decrease in the
hardness of the ingot. In this case, under conditions of slow cooling, there is no significant shift of the
eutectic point but an increase in the hardness of primary carbides indicates their higher alloying degree.

Thus, a significant change in the effect of additions of 0.2 wt.% B, Bi, Ca, Sn, and Sb on the
structure and properties of hypereutectic HCCI ingots was found, depending on the cooling rate in the
crystallization interval. Obviously, it is due to a change in the mechanism of action of these additives
depending on the supercooling degree of the melt. This indicates the need for prudent use of additives
of such elements to modify HCCI castings. Meanwhile, since HCCls are widely used in the production
of large-sized sand castings, the problem to improve their performance is very serious. In this regard,
the positive effect of Bi, Ca, Sn, and Sb additions on the structure and properties of ingots cooled at a
rate of 0.083-0.116 <C/s, described in this article, is of interest for further verification when these
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castings are obtained. Particularly noteworthy is the addition of Ca also considered as a refining one.
The need for refining HCCI cast irons is justified by the use of a large proportion of scrap in their
production and, as a result, by contamination with non-metallic particles [49].

5. Conclusions

The addition of 0.2 wt.% B, Bi, Ca, Sn, and Sb to the melt of hypereutectic HCCI does not have
a significant effect on the morphology of primary and eutectic carbides (FeCr);Cs in ingots obtained
at a cooling rate in the crystallization range of 0.083-0.116 and 4.67-5 <C/s. Depending on the cooling
rate, the degree of influence of these additives on the size of primary carbides, the proportion of primary
and eutectic carbides, the composition of phases, and the mechanical properties of castings changes.

In the case of cooling the HCCI melt at a rate of 0.083-0.116 <C/s with the introduction of Bi, Ca,
Sn, and Sb additives that do not form carbides and are limitedly soluble in the melt (Bi, Ca, Sn), a
decrease in the size of primary carbides (FeCr)7;Cs is noted, change in phase composition. The
mechanism of influence of such elements is associated with their accumulation in the melt near the
crystallization front and, as a consequence, with a change in equilibrium. In addition, Bi and Ca are
inoculants due to their high vapor pressure. The introduction of these elements leads to a decrease in
the hardness of HCCI but to an increase in their relative wear resistance.

At a cooling rate of 4.67-5 <T/s of an HCCI melt with additions of 0.2 wt.% Bi, Sn, and Sb, a
decrease in the size of primary carbides does not occur. The addition of Ca reduces the size of primary
carbides and, along with the addition of Sn, increases the proportion of eutectic carbides and reduces
the proportion of primary carbides. At such a cooling rate, a large number of crystallization centers
appear, which naturally increases the total surface area of the carbides near the crystallization front.
As a result, the required concentration of these elements is not achieved, which could lead to a
slowdown in their growth. The Ca addition probably creates additional crystallization centers. Ingots
obtained with the addition of these elements are characterized by greater hardness, but less resistance
to abrasive wear.

Boron dissolves in primary and eutectic HCCI carbides to form the compound (FeCr)7(C,B)s. As
a result, the proportion of eutectic carbides decreases and the proportion of primary carbides increases.
This, in the case of ingots obtained at a cooling rate of 0.083-0.116 <C/s, causes a sharp decrease in
all mechanical properties. In hypereutectic HHCI modified with boron, at a melt cooling rate
of 4.67-5 Tl/s, additional crystallization centers are formed, which leads to the precipitation of more
dispersed primary carbides. This, as well as an increase in hardness, leads to an increase in the abrasive
wear resistance of castings.

Based on the data obtained, it is proposed to use 0.2 wt.% Ca as modifying additives when
producing castings from HCCI of hypereutectic composition under slow cooling conditions,
and 0.2 wt.% B under rapid cooling conditions.
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