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MODERN APPROACH TO DETERMINING THE HETEROGENEITY
OF CAST IRON
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Abstract. In the process of designing and optimizing materials for industrial applications, there is a
need for a comprehensive analysis of their mechanical properties. Some of these properties, by their
physical nature, have opposite growth trends. In particular, an increase in the hardness of iron-
carbon alloys is accompanied by a decrease in plasticity and an increase in brittleness, which makes it
difficult to achieve an optimal balance between these characteristics. In this regard, the task of assess-
ing the area that defines the limits of the combination of mechanical properties, or the so-called com-
promise area, arises. For the study, short-rolling rolls produced by the USSR Steel Mill were selected,
and the sample was based on 283 melts with a total mass of over 800 tons. Analysis of cast iron rolls
manufactured using the SSCHN technology allowed us to determine the compromise area, which in-
cludes the ranges of permissible values of mechanical properties: tensile strength (oB) within 240—
460 MPa, bending strength (o3ryy) in the range of 330-940 MPa, impact strength (KS) from 9 to
33 kJ/m? and Shore hardness (HSD) within 40-60 units. These values were obtained taking into ac-
count the full range of material cooling parameters in metal molds. The proposed method for assess-
ing the compromise area makes it possible to set priorities regarding the set of mechanical characte-
ristics of rolls required by the consumer, to predict changes in the parameters of the technological
process and to carry out its adaptive adjustment. In particular, the methodology provides for the pos-
sibility of automated regulation of the chemical composition of the material in accordance with the
specified operating conditions.

Keywords: carbon alloys, multiracial, structure, hardness, statistical dimensions, orderliness, regu-
larity.

Introduction

Establishing the relationship between the
structure and quality criteria of materials is one
of the main tasks of materials science. However,
the real structure of many materials has a com-
plex morphology [1-3]. Such structures include
the surfaces of materials after various types of
spraying, heat treatment, non-metallic inclu-
sions, etc. [4-7].

Analysis of publications

The structure of iron-carbon alloys, which is
formed as a result of the decomposition of aus-
tenite, has a complex geometric configuration.
For the quantitative identification of such struc-
tural elements as martensite, bainite, pearlite,
carbides, and interphase boundaries, the lan-
guage of fractal geometry [8-10], in particular
multifractal theory, is successfully used [11, 12].

Multifractal theory is a powerful tool for ana-
lyzing heterogeneous structures that exhibit
complex hierarchical organization at different
scales. In materials science, its application al-
lows for a deeper understanding of the relation-
ship between a material's microstructure and its
macroscopic properties.

Materials often have complex morphology
due to random or deterministic processes of
crystal grain growth, porosity, impurity distribu-
tion, etc. [13-16]. Multifractal analysis allows:

- assess the non-uniformity of phase distri-
bution in composites, metals and ceramics;

- to identify patterns in the distribution of
pores in porous materials;

- describe the multiscale organization of
grains in polycrystals.

Thanks to the multifractal approach, it is possi-
ble to quantitatively assess the mechanical hetero-
geneity of a material, which directly affects its
strength, plasticity and fracture resistance. For
example, the analysis of the multifractal stress
spectrum in materials allows predicting their resis-
tance to fatigue fracture; identifying patterns of
local plastic deformation in metal alloys.

The multifractal approach is effective in
studying the topography of materials, especially
when analyzing surfaces that have undergone
wear, corrosion, or other degradation processes:
studying the structure of surface defects in thin
films, assessing wear and surface roughness of
structural materials, and studying the dynamics
of corrosion destruction of metals.
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Multifractal theory provides a wide range of
tools for the analysis of complex structures in
materials science. It allows not only to quantita-
tively assess the heterogeneity of materials, but
also to establish regularities between their mi-
cro- and macrostructure. This opens up new
opportunities for predicting the mechanical,
electrophysical and other operational characte-
ristics of materials, which is important for the
creation of new high-performance materials with
specified properties [17-19].

Purpose and statement of the task

In view of the above, the main goal of this
study is to apply the fractal approach to analyze
the heterogeneity of the surface structure of car-
bon alloys, as well as to establish the relation-
ship between the spectrum of dimensions of
structural elements and the mechanical characte-
ristics of the material. To achieve this goal, the
following tasks were solved:

1 study of interphase boundaries and morpho-
logical features of the alloy structure;

2 assessment of the level of material hetero-
geneity using multifractal analysis;

3 determination of correlations between mul-
tifractal characteristics of the structure and alloy
hardness.

Material and research methods
Carbon alloy samples with the chemical
composition (Table 1) were studied.

Table 1 — Chemical composition of carbon alloy

C Si Mn P S Cr
295 | 1.22 | 0.56 | 0.034 | 0.012 | 0.63
Ni Mo Cu \% Mg -
355 | 043 | 0.10 | 0.008 | 0.058 -

The microstructure of the samples was
analyzed using a Neophot 2 optical microscope,
and the resulting images were captured with an
Olympus C-50 digital camera with a resolution
of 2288%1712 pixels. This allowed us to obtain
detailed images necessary for further processing
and analysis.

The images were presented in BMP format
with 256 grayscale levels, which provides
sufficient color depth for analyzing the
heterogeneity of the material structure. The use
of the gray color spectrum allows for a more
accurate assessment of interfacial boundaries,
microdefects, and the distribution of structural
components.

Fig. 1

shows the microstructure of

SShKhNM-55 cast iron after multi-stage heat
treatment.

Fig. 1. Microstructure of carbon alloy: a — spheroidal graphite ~3%; b — matrix: Bainite + Martensite +
Cementite (~18%); ¢ — matrix: Martensite + Pearlite ( ~5%) + Cementite ( ~13%); d — matrix: Mar-
tensite + Bainite + Sorbite-like Pearlite + Cementite ( ~13)
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The obtained microstructure images will be
used for further multifractal analysis, which will
allow establishing quantitative characteristics of
the material heterogeneity and the relationship
between the dimensional spectrum and the
mechanical properties of the alloy.

Experimental results and their discussion

Multifractal analysis is based on the assess-
ment of statistical characteristics of elements of
a metal structure, which are calculated on the
basis of the spectrum of statistical dimensions of
the Renyi D(q). It allows to determine the most
significant contribution to the statistical sum

N

> p! for given values of the exponent g. This
i=1

statistical sum reflects the probability distribu-
tion over all points of the studied surface [20]:

1 Ini p
D(q) = lim—=L—, 1)
g-1e>= Ing

where p ; is the probability of detecting the
studied point (computer pixel) belonging to the
object in the i -th cell of a square grid of size &
In this work, the value of the exponent q varied
from -300 to 300.

To determine the degree of heterogeneity of
the structure, the spectrum of singularities f(o)
was calculated: This spectrum is described by
the filling of square cellse with equal probabili-

ties p,(e) =&”.

O
dq @
f (o) =gt~ 7(q)

The spectrum f(a) was calculated by perform-
ing the Legendre transform of the function (q).

Based on the results of the analysis of the
spectrum of statistical dimensions D(q)D(q)D(q)
and the spectrum of singularities f(a), the fol-
lowing statistical characteristics of the structure
were calculated:

- the heterogeneity of the structure is deter-
mined by the uneven distribution of points over
the regions into which the structure is divided,
i.e. its geometrically identical elements are filled
with points with different probabilities. In this
case, the left or right part of the spectrum f(a) is
different from zero. From the point of view of
materials science, such heterogeneity determines
the local defectivity of the studied structure, its
porosity or roughness of individual elements;

- orderliness A = D ; — D 3q0 and regularity
K = D_3p — Dsgo. Dimensionality D ; is called
information dimension and is calculated from
the spectrum of dimensions at g =1. These cha-
racteristics describe the degree of symmetry
breaking in the structure or the level of non-
equilibrium state of the system. The higher the
numerical values of the indices A and K, the
greater the content of periodic components (re-
peating structural elements of one phase) in the
structure, and therefore, the more ordered it is.

Fig. 2 presents the results of calculations of
the spectra of functions D(q) and f(a) for the
microstructure of the carbon alloy.

6)

Fig. 2. Spectrum of statistical dimensions of
Renyi D(q) (a) and heterogeneity f(a) (b) of
the carbon alloy structure

Statistical dimensions structures D-zy changed
from 4.18 to 2.47 (Fig. 3), which indicates the
compactness of filling the space with martensite,
bainite, pearlite. The indicators of the statistical
dimensionality of cementite are described by the
dimension D 34, Which are in the range from 2.18
to 1.55. Fractal Dy, information D;, correlation D,
dimensions of martensite, bainite, pearlite also
changed in a wide range of dimensions (Fig. 3).
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Fig. 3. Multifractal indicators of the heterogeneity of the structure of a carbon alloy

Inhomogeneity indices of martensite, bainite,
pearlite f 39 changed from values of 1.18 to
1.86, the indices of cementite heterogeneity f 00
varied from 0 to 1.72 (Fig. 3).

Multiparametric model describing the influ-
ence of the indicators of heterogeneity and frac-
tality of the structure on the hardness indicators:

HSD =60.05 + 12,42 - D gy +
+ 3,429 - Dgyp —1.57-A—-32.62 -K—
—-214 Dy + 0.85-D ;- 3.45D, R* =0.89.

The obtained results indicate the possibility
of identifying complex geometrically and hete-
rogeneous structures of carbon alloys after mul-
ti-stage thermal treatment.

Conclusions

During the work, the following results were
obtained:

1 the interphase boundaries and morpholog-
ical features of the carbon alloy structure were
investigated, indicating a fractal structure and a
complex configuration of structural elements,
which are difficult to describe using Euclidean
geometry;

2 assessment of the level of material hete-
rogeneity using multifractal analysis;

3 a mathematical model has been con-
structed that describes the dependence of multi-
fractal indicators of the structure and hardness of
the alloy with the pair correlation coefficient
R2=0.89.
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MUCTO08020 3ACMOCYBAHHA BUHUKAE HeOOXiOHicmb )
KOMNJIEKCHOMY AHANI3T IXHIX MEeXAHIYHUX 81ACMUBOC-
meil. [eski 3 yux eracmugocmelil 3a ceoimu Qizux-
HUMU BIACMUBOCHIAMU MAIOMb NPOMULEHCHT MPEHOU
30LIbUEeHHS, 30KpeMa, NIOGUUEHHS MEepOOoCmi 3ai-
308y2neyesux CHAABi8 CYNPOBOONCYEMbCI ZHUINCEH-
HAM RAACIMUYHOCIE MA 30ITbUWEHHAM KPUXKOCHI, WO
VCKAAOHIOE O0CACHEHHS. ONMUMANBHO20 OANAHCY MIdHC
yumu xapaxmepucmuxamu. Y 363Ky 3 yum axmy-
ANbHUM € 3A80AHHA AHANIZY 001aCMi, WO BUHAYAE
MedCi NOEOHAHHA MEeXAHIYHUX eracmugocmet, moo-
mo mak 38aHoi cgpepu komnpomicy. Mema ma 3aoa-
ui Qocnidicenna. 3 020y Ha Guue3a3Hayere OCHO-
BHOIO MEMOI0 Yb020 OOCHIONCEHHS € 3ACTNOCYBAHHSL
@dpaxmanbHo20 nioxody Ons AHaLi3y HeOOHOPIOHOCHI
CMPYKMYpu NO6epxHi Gy2ieyesux Cniaeie, a maxoic
BU3HAYUEHHS 38 A3KY MIJC CNEeKmMpPOM pOo3Mipie eie-
MeHmi8 KOHCMPYKYI ma MexXanidYHuMu Xapakmepuc-

mukamu mamepiany. [[na OocacHeHHA NOCMABNeHol

Memu 8Upiuy8anucs maxi 3a60aHHs: 1 0ocniodcenHs
midcaszuux medxc i mopgonoziunux ocobaugocmet
CMPYKMYpu CHAaey; 2 USHAYEHHs DIGHS HeOOHOPIO-
Hocmi Mamepiany 3a 00ONOMO2010 MYIbMUPPAKMAailb-
HO20 auanizy; 3 BU3HAUEHHS KOperayiliHux 36'a3Kie
MIDIC MYTMUDPAKMATLHUMU  XAPAKMEPUCIUKAMU
cmpykmypu ma meepdicmio cniagy. Mamepianu ma
MemoouKu 00Cnioyicennua. J{ns nposedenHs 0ocui-
0d1ceHHst OYI0 UOPAHO COPMONPOKAMHI BANIKU 6UPO-
onuymea CLIXH, ix eubip 30iiCHIO8A6CS HA OCHOGI
283 nnasox i3 3aecanvnoio macoio Oinvue wnise 800
monH. Pe3ynomamu docnidiceny ma ix 062oeopen-
HA. AHANI3 YABYHHUX BAJIKIB, 8UCOMOGIEHUX 34 MeX-
nonozieto CILIXH, o0ozeéonus euswauumu obaacmo
KOMApOMICY, KA mMicmumbs O0ianazoHu OONYCMUMUX
3HAYEHb MEXAHIYHUX 81ACTUBOCME: MeHca MIYHO-
cmi nio wac posmsieysanns (oB) — y meocax 240-460
MTla, mesxca miynocmi nio uac seunanus (O3ryy) — ¥
oianasoni 330-940 Mlla, yoapna 8’azxicme (KC) —
610 9 0o 33 kl]xc/m? ma meepdicme 3a wikanow ILlo-
pa (HSD) — y meacax 40-60 oounuys. Li 3navenus

ompumani 3 0enady Ha Oianaszon napamempie 0xo-
JIOOJICEHHS MAmepiany 8 Memanesux gopmax. 3anpo-
NOHOBAHUL MemoO aHAizy obaacmi KOMnpomicy oae
3M02y eusHauumu npiopumemu wooo HeobXiOH020
0711 CROJICUBAYA KOMNIEKCY MEXAHIYHUX XapaKmepu-
CMUK 6anKig, CNpo2HO3y6amu 3MIHY napamempie
MEXHON02I4H020 npoyecy ma 30IUCHUmMY 16020 adan-
muene KopueysauHs. Memoodonocisa nepedbauae
MOJMCIUBICMG — ABMOMAMUZ0BAHO20 — PecyH08AHHS
XiMIYHO20 CKIAOy Mamepiany 8i0nosioHo 00 3a0aHUx
excnayamayitinux ymos. Bucnoeku. I1i0 yac pobomu
oynu ompumani maxi pezyaemamu: 1 oocrioxceHo
midcgpazui mexci ma mopgonoiuni  ocobausocmi
CMpPYKMypu 8y2eyego20 CHAA8y, W0 6KA3YIomb Hd
@dpaxmanvhy cmpykmypy ma CK1aoHy Kongizypayiio
CMPYKMYPHUX eNleMeHmis, AKI 8ajxiCKo onucamu 3d
00NOMO20I0 eBKII0080T 2eoMempii; BU3HAUEHO PIGEHD
2emepoceHHocmi mamepiany 3a 00HOMO20I0 M)Jib-
MUGPaKmanbHo2o auaizy; Nnobyoo8aHo mamema-
MUYHY MOOeNb 3ANeHCHOCMI MYTbMUDPAKMATbHUX
NOKA3HUKIE@ CMPYKmMypu ma meepoocmi chniasy 3
napuum koegiyicumom xopenayii R? = 0,89.

Knrouosi cnosa: eyeneyesi cniasu, mynvmugpax-
man, CMpYKmypda, meepoicmb, CMAMUCUYHI pPO3-
MipHOCmi, 6NOPAOKOBAHICNY, PE2YNIAPHICIb.
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