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REGULARITIES IN THE FORMATION OF THE STRUCTURE
AND MECHANICAL PROPERTIES OF GRAY CAST IRON
DEPENDING ON THE COOLING CONDITIONS
AND CROSS-SECTION OF CASTINGS

Abstract. Gray cast iron is one of the basic casting materials in industry, widely used
for the manufacture of parts for automotive, machine-building and railway equipment
due to the combination of high casting properties, satisfactory mechanical
characteristics and relatively low cost. In the context of increasing costs of primary raw
materials and increased requirements for resource efficiency, the technology of
smelting synthetic gray cast iron using steel scrap in induction furnaces is becoming
increasingly widespread. Along with technological advantages, this approach
determines the specific features of the formation of the microstructure of castings,
especially in the presence of variable cooling conditions. One of the key factors
determining the structure and properties of synthetic gray cast iron is the cross-section
of castings, which directly affects the rate of heat removal during crystallization and
subsequent cooling. Non-uniformity of thermal conditions can lead to changes in the
dispersion of the pearlite matrix, the morphology of graphite inclusions and, as a result,
to variations in the mechanical properties of the material. The complex of studies
included Brinell hardness control, determination of tensile strength, and metallographic
analysis. It was established that the microstructure of the studied material is represented
by a pearlite matrix with lamellar graphite and finely dispersed phosphide eutectic. It
was shown that an increase in the cross-section of the casting is accompanied by a
decrease in the cooling rate, which is manifested in a decrease in the homogeneity of
the pearlite matrix and an increase in the size of graphite cells. It was found that larger
graphite inclusions contribute to a decrease in the tensile strength due to stress
concentration, while the hardness level is determined mainly by the state of the pearlite
matrix and the chemical composition of the alloy. The results obtained are of practical
importance for optimizing the technological modes of casting synthetic gray cast iron,
in particular when designing parts of different cross-sections and selecting cooling
conditions in order to ensure a given set of mechanical properties.

Key words: gray cast iron, mechanical properties, carbon, hardness, tensile,
microstructure.
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Introduction

Gray cast iron is one of the most common materials in modern metallurgy
and metallurgy and is widely used for the manufacture of castings in the
automotive, mechanical engineering, railway and civil engineering industries
[1-5]. Typical areas of its use are diesel engine parts, brake elements, piston
rings, grates, pipes, casting molds and elements of heat engineering
equipment. Such popularity is due to the combination of good casting
properties, sufficient strength, wear resistance and relatively low cost.

Traditionally, iron was the main raw material for the production of cast
iron, however, today manufacturers are increasingly using steel scrap to
reduce production costs for the production of cast iron. Such cast iron is now
commonly called synthetic cast iron [6].

This method has been used for about 60 years and has already achieved
significant progress. First of all, this allowed smelting to be carried out in
coreless electric induction furnaces. Another advantage is the possibility of
casting a liquid material of a given composition using almost 100% scrap [6].
At the beginning of the production of synthetic cast iron, it was observed that
this material demonstrates higher hardness compared to cast iron produced
by the traditional method, provided that the same alloying and addition of
carburizers [7-10]. The obtained hardness had a number of advantages and
disadvantages in certain areas of application, for example, it created
difficulties during mechanical processing at the stages of finishing castings.
In addition, synthetic cast iron is prone to increased internal stresses, which
is explained by the nitrogen content due to the use of steel scrap [11-12].
Solidification of the melt in the mold, caused by cooling, leads to the
production of castings of certain shapes and sizes; however, this process also
introduces a number of disadvantages associated with natural settling in the
mold, uneven cooling rates at different cross-sections and volume changes
during phase transformations [13]. Given this, this work will focus on
studying the impact of one of the above-mentioned shortcomings
encountered today, which is associated with uneven cooling rates depending
on the cross-section.

Purpose

The purpose of this work is to establish the influence of the cross-section
of castings, as a factor determining the cooling rate during crystallization, on
the features of the formation of the microstructure, the morphology of
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graphite inclusions and the level of mechanical properties of gray cast iron
smelted in an induction furnace using steel scrap.

Materials and research methods

In the work, the object of the study was the experimental samples of gray
cast iron with the chemical composition presented in Table 1. The
experimental samples were melted in an induction furnace and cast into sand
molds as control samples (cylindrical shape). These samples were cast with
different cross-sections (No. 1 -24 mm, No. 2- 48 mm) to analyze the
influence of the cross-section on the level of mechanical properties and
microstructure. This approach allowed us to analyze the influence of the
casting cross-section on the level of mechanical properties and microstructure
features.

Table 1. Chemical composition of the experimental cast irons, wt%.

Number C Si Mn Cr Cu Ni P S Mo
1 2,84 18 0,87 0,12 0,2 0,7 0,07 | 0,03 0,3
2 2,69 1,78 0,93 0,12 0,2 0,7 0,07 | 0,02 0,3

The control of mechanical properties was performed on pre-cut test
samples along the cross-section of the workpiece. All test samples were
prepared mechanically using CNC machines - HAAS. As a result of the
preparation, test samples were obtained from two ingots measuring
?22x10 mm (3 samples each) for hardness control, which were taken from
the bottom, center and top of the test ingot; a tensile test sample to determine
the tensile strength with a working zone diameter of 10 mm (Fig. 1); a
microstructure control test sample @20x10 mm (3 samples each).
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Figure 1 — Tensile test specimen

Test specimens for microstructure control were pre-prepared
mechanically on vertical grinding and polishing machines using sandpaper of
different grain sizes (P120...P1000) followed by polishing with a cloth. The
structure was detected using a solution of nital. The microstructure was
analyzed using a Carl Zeiss Axio Vert Al optical microscope.

Hardness control was performed on a stationary hardness tester TSh-2M,
the indenter was a metal sphere with a diameter of 10 mm and a load of
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3000 kgf with a holding time of 10 s at this load. The resulting hole was
controlled using a specialized MPB-2 reference microscope.

Determination of the tensile strength was performed on an Amsler tensile
testing machine with a maximum load of 5 t and a traverse speed of 0.5 mm/s.

Results and discussion

As a result of the conducted research, it was found that the hardness of
the test samples of ingot No. 1 during hardness testing showed an average
hardness of 285, while ingot No. 2 has an average hardness of 269 HB, which
is 16 HB lower than ingot No. 1. When testing the hardness, no fluctuations
in hardness were observed along the height of the ingot, and the increased
level of hardness is associated not only with the cross-section of the ingot,
but with the probable influence of the carbon content, which is higher by
0.15%.

When determining the strength limit of test ingots No. 1 and No. 2, it was
found that the strength limit of test ingot No. 1 has a value of 285.4 MPa. At
the same time, the strength limit of test ingot No. 2 is 268.5 MPa, which is
probably also related to the carbon content in the test ingots, but this
conclusion is preliminary and requires additional analysis of the
microstructure.

R

Figure 2 — Microstructure of test ingot No. 1
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At the next stage, the microstructure of the experimental ingot No. 1 was
analyzed (Fig. 2). As a result of the microstructure analysis, it was found that
the structure consists of pearlite and lamellar graphite (Fig. 2, a). The graphite
is lamellar rectilinear (Fig. 2, b, ). The length of the graphite inclusions is
approximately 45 um. The graphite colonies are mainly distributed evenly
and correspond to a score of 3 (GOST 3443). The analysis of the number of
graphite inclusions is approximately 6%. The dispersion of pearlite is not
uniform and mainly has a size of 0.3-1.0 (GOST 3443), the presence of a
uniform phosphide eutectic, namely a ternary fine-grained.

As a result of the microstructure analysis of the experimental ingot No. 2
(Fig. 3), it was shown that the structural component consists of pearlite of
different dispersion and lamellar graphite (Fig. 3, a). Graphite, as in ingot
No. 1, is lamellar rectilinear (Fig. 3, b, c¢) with a length of 45 um.
Graphite colonies are mainly distributed evenly and correspond to a score
of 3 (GOST 3443), by the number of graphite inclusions ~ 6%.
Pearlite dispersion is uniform 1.0 (GOST 3443), which indicates the
presence of both coarse-plastic cells and fine-dispersed ones. Also, as in ingot
No. 1, a finely dispersed phosphide eutectic with a uniform distribution was
detected.

Thus, as a result of the analysis of the microstructure and its comparison
with standard requirements, it can be concluded that one of the distinguishing
elements is the dispersion of pearlite, which can affect the mechanical
properties, in addition to the content of the main strengthening element -
carbon.

Taking into account minor differences in the microstructure, an additional
analysis was carried out, namely, measuring the size of graphite cells and
their number (Fig. 4). The analysis showed that in the field of view of the
control ingot No. 1, 5 cells with a diameter of 14-40 pm were detected, in
ingot No. 2, 4 cells were detected, but with a larger diameter from 25 to
52 pm.

Taking into account the analysis of graphite cells, it was found that the
presence of larger cells with a lower carbon content plays a significant role
in the indicators of bulk hardness, namely, a decrease in this characteristic.
When testing for tensile strength, the tensile strength is lower, probably this
is also due to the size of the graphite cells. It should also be noted that the
presence of larger graphite cells in ingot No. 2 may be one of the reasons for
the smelting conditions and longer dissolution and redistribution of graphite,
which had a larger cross-section.
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Figure 4 — Graphite in test samples No. 1 (a) and No. 2 (b)

Conclusions

1. It was established that the microstructure of the studied synthetic gray
cast iron is represented by a pearlite matrix with evenly distributed lamellar
graphite and phosphide eutectic.

2. An increase in the size of graphite cells contributes to stress
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concentration and a decrease in the tensile strength.

3. The level of hardness is determined mainly by the state of the pearlite
matrix and the chemical composition of the alloy, while the influence of
graphite morphology is secondary.

4. The mechanical properties of gray cast iron are formed under the
complex influence of the chemical composition, cooling rate and geometry
of castings, which must be taken into account when developing casting
technologies for parts of various cross-sections.
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3AKOHOMIPHOCTI ®OPMYBAHHS CTPYKTYPU TA MEXAHIYHUX
BJACTHUBOCTEM CIPOI'O YABYHY 3AJIEXAHO BIJI YMOB
OXOJIOJKEHHSA TA IIEPEPI3Y BUJIMBKIB

AnoTtanis. Cipuii 4aByH € OHUM 13 6a30BHUX JIMBAPHUX MaTepiajiiB B IPOMHUCIOBOCTI,
0 IIMPOKO 3aCTOCOBYETBCS JUII BHTOTOBJICHHS JAETAlled aBTOMOOIIBHOT,
MAaIIMHOOYIIBHOT Ta 3aJIi3HMYHOI TEXHIKHM 3aBJSKU MO€THAHHIO BHCOKHX JIMBAPHUX
BJIACTUBOCTEH, 3a/JI0BUIBHMX MEXaHIYHMX XapaKTepUCTUK 1 BIAHOCHO HHU3BKOI
cobiBapTocTi. B ymMoBax 3pocTaHHsS BapTOCTI NEPBUHHOI CHPOBHHH Ta ITiABUIECHUX
BUMOT 10 pecypcoe(eKTHBHOCTI BCE OUIBIIOr0 MOLIMPEHHs HaOyBae TEXHOJOTis
BUIUTaBKM CHHTETHYHOTO CIPOTO YaBYHY 3 BHUKOPHCTAHHSIM CTaJIeBOro OpyXTy B
IHAYKIIHHAX Tiedax. Pa3oM i3 TEXHOJIOTIYHUMH TIepeBaraM TaKuil MiAXix 3yMOBITIOE
cnenudiuHi ocobmmBocTi (HOpPMYBaHHS MIKPOCTPYKTYPH BHIIMBKIB, 0COONHBO 3a
HasBHOCTI 3MIiHHHX YMOB OXOJIOJUKeHHS. OIHHUM 13 KIIIOUOBHX (aKTOpiB, IO
BU3HAUAE€ CTPYKTYpPY Ta BIACTUBOCTI CHHTETHYHOTO CIpOTO YaByHYy, € Iepepi3
BWJIMBKIB, SIKMi Oe3rmocepeHhO BILIMBAE HA IIBUJIKICTh TEIUIOBIJBEICHHS i 4ac
KpHCTani3amii Ta MOJaJbUIOr0 OXOJIO/PKeHHS. HepiBHOMIPHICTH TEIUIOBHX YMOB
MOX€ NPHU3BOAWUTH A0 3MIHM JUCHEPCHOCTI MepniTHOi Marpuii, Mopdoorii
rpadiToBUX BKJIKOYCHb i, SK HACTIJOK, MO Bapiamid MeXaHIYHHX BJIACTUBOCTEH
Marepiany. Kommiekc nocimikeHb BKIIOUYAaB KOHTPOJb TBEPIAOCTI 32 METOAOM
Bpunenns, Bu3HaueHHA TpaHWI MIOHOCTI TIpH pO3TATYBaHHI, a TaKOXK
Metanorpadiuyanii aHami3. BcraHOBIEHO, MO MIKPOCTPYKTYpa IOCHIIKYyBaHOTO
MaTepiajy NpeNCTaBIeHA IEPIiTHOI0 MaTPUIEI0 3 IUIACTUHYACTHM TpaditoM i
npioHoaucniepcHoo GocdinHoro eBTekTHKO0. [TokazaHo, 1m0 301IbLICHHS Mepepi3y
BUJIMBKA CYTIPOBOJIKYETHCSA 3HUKECHHAM IJ_IBI/IJIKOCTi OXOJIOIKEHHS, 11O IIPOABJIACTHCA
y 3MEHIICHHI OJTHOPIHOCTI MepJIiTHOT MaTpHILli Ta 301IbIICHHI PO3MipiB rpadiToBHX
ocepenkiB. BusBieHo, mo Ounbini rpadiToBi BKIIOYCHHS CHPHUSIOTH 3HIKEHHIO
TpaHHII MIITHOCTI IPH PO3TATYBaHHI BHACITIJOK KOHIICHTpAIii HANPYXKEHb, TOMI K
PIBEHB TBEPAOCTI BU3HAYAETHCS IEPEBAKHO CTAHOM IEPIITHOI MATPHII Ta XIMIYHAM
ckinagoM cmaBy. OTpuMaHi pe3ysnbTaTd MalOTh NPAKTHYHE 3HAYCHHS Ui
ONTUMI3alii TEXHOJIOTIYHUX PEKUMIB JIUTTS CHHTETHYHOTO CIPOTO YaBYHY, 30KpeMa
IPH IPOEKTYBaHHI AeTaneil pi3HOro nepepizy Ta BUOOPi YMOB OXOJIOMKESHHS 3 METOIO
3a0e3eyeHHs 3a/1aHOT0 KOMITJIEKCY MEXaHIYHUX BIaCTHBOCTEH.
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