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Abstract. Introduction. The structure of the material determines its properties, but it is impossible to
establish a mutually unambiguous correspondence between the parameters of the structure and the
properties using traditional methods. Topicality. As shown in many studies, the fractal (small) dimension
of the structural elements of many materials correlates with their properties. The purpose of the work.
Investigate the influence of the structure of cast irons on their hardness using multifractal analysis. Ma-
terials and methods. The spectrum of statistical dimensions of the cast iron microstructure was calcu-
lated using the Renyi formula. The hardness of chromium-nickel cast iron was determined at three points
of the sample. Results of experiments. It was found that the pairwise correlation coefficients for predict-
ing hardness by traditional structure characteristics (length, diameter, area) were R®> = 0.73...0.87.
When assessing hardness indicators by multifractal characteristics, the correlation coefficients are
0.78...0.88 for the pearlite structure with flake graphite and 0.81...0.93 for the pearlite structure with
spherical graphite. The sensitivity coefficients of the hardness indicators of CIIXH-43 rolls to the infor-
mation and correlation dimensions of carbides, as well as to the fractal and statistical D_100 dimensions
of flake graphite were determined. The sensitivity of hardness indicators to the fractal and statistical
D100 dimensions of carbides and to the fractal and correlation dimensions of flake graphite was deter-
mined for CIIXH®-47 rolls. Conclusions. Based on the results obtained, an approach to assessing the
hardness of CIIXH-43 and CIIXH®-47 rolls was developed, which includes: 1). Determination of the
statistical dimension spectrum of the cast iron structure elements. 2). Determination of the sensitivity
coefficients of hardness indicators to the spectrum of dimensions of structural elements. 3). Creation of a
mathematical model for predicting the hardness of rolls. The considered approach can be interpreted
as an alternative method for assessing the quality criteria of cast irons based on the analysis of their
structure.
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Introduction

The technology for the production of most
metal castings is multi-parameter [1; 2] and
multi-criteria [3; 4]. It follows that the predic-
tion of quality criteria for chromium-nickel cast
iron materials is complicated by the influence of
various technological factors, some of which can
vary in a relatively wide range of values.

Analysis of publications

On the other hand, conducting full-scale tests
on the target product is not always possible, as
this can lead to a violation of its integrity [5-7].
Therefore, in materials science, various types of
modeling are widely used to control and predict
the quality criteria materials [8-10]. Models
based on the analysis of the influence of the
chemical composition are especially common
(see, for example, [11-14]). There are also many
models based on the influence of structure on
properties, for example [15-17]. Most models
are based on the study of the influence of Eu-

clidean characteristics of structural elements
(area, length, diameter) on mechanical proper-
ties [18; 19]. However, the results of property
prediction based on Euclidean characteristics do
not always satisfy the objectives. The relation-
ship between the structure and properties of
materials is one of the main tasks of materials
science, since the choice of metrics in the identi-
fication of the object of study plays an important
role in the evaluation of structural elements with
a complex geometric configuration [20; 21].
The incompleteness of the formal axiomatics
that arises when assessing the structure of mate-
rials using Euclidean geometry can be compen-
sated for by using various approaches: fractal
analysis [22]; multifractal analysis [23], wavelet
theory [24], estimation of the region of property
compromise, etc.

Since the structure of chromium-nickel cast
iron materials is mostly heterogeneous, it makes
sense to use multifractal analysis to identify it.
Multifractals used to study heterogeneous ob-
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jects are characterized by a spectrum of statisti-
cal Renyi dimensions [25]. The existing meth-
ods for predicting the mechanical properties of
metals were analyzed, where the pairwise corre-
lation coefficients in the equations for predicting
hardness indicators were R? = 0.71 and R? = 0.85
for cast iron with an austenitic matrix and R? =
0.95 and R? = 0.89 for chromium carbides. The
results obtained in these studies indicate the
prospects of applying the theory of multifractals
to the prediction of quality criteria for cast iron
rolls based on the analysis of the spectrum of
dimensions of their structure elements.

Goal and problem statement

To study the effect of multifractal evalua-
tions of the structure of cast iron rolls with a
pearlite matrix and carbides on the hardness of
the working zone of the roll barrels.

Job tasks include:

1. Determination of the multifractal spectrum
of the dimensional spectrum of spherical and
lamellar graphite, carbides.

2. Establishing the sensitivity between mul-
tifractal estimates of the structure of the working
zone of the roll barrels and their hardness.

3. Modeling of hardness indicators using es-
tablished dependencies.

Materials and methods of the study

The paper investigates the effect of the struc-
ture elements of the chromium-nickel cast iron
rolls (CTIXH-43 and CILIXH®-47) on the hard-
ness of materials from chromium-nickel cast
iron, which was evaluated using traditional
methods of quantitative metallography and ex-
isting standards and multifractal analysis. These
rolls are used in roughing mills, light and medi-
um-gauge mills and pipe rolling mills in the

Table 1 — Chemical composition of cast irons

manufacture of critical pipes for the nuclear
industry, so their quality also depends on the
quality of the equipment on which they are
manufactured.

Rolls made of CITXH-43 cast iron are classi-
fied as section rolls (C), with flake graphite (IT)
inclusions in the structure, and the surface of the
working layer is alloyed with chromium (X) and
nickel (H).

Rolls made of CIIXH®-47 cast iron also be-
long to the sectional rolls (C), the structure of
graphite inclusions is characterized by spheroi-
dal (III) graphite, the surface of the working
layer is alloyed with chromium (X), nickel (H)
and vanadium ().

Table 1 shows the chemical composition of
cast irons after two melts without heat treatment
(cast iron rolls CITXH-43 and CHIXH®-47) of
their structure elements, which was evaluated
using traditional methods of quantitative metal-
lography and existing standards and multifractal
analysis. Rolls for roughing mills, light and me-
dium sections, and pipe rolling mills are made
from CIIXH-43 cast iron; rolls for break-down
and roughing mills of section rolling mills are
made from CIIIXH®-47 cast iron.

Rolls made of CITXH-43 cast iron are classi-
fied as section rolls (C), with flake graphite (IT)
inclusions in the structure, and the surface of the
working layer is alloyed with chromium (X) and
nickel (H).

Rolls made of CHIXH®-47 cast iron also be-
long to the section rolling (C), the structure of
graphite inclusions is characterized by spheroi-
dal (III) graphite, the surface of the working
layer is alloyed with chromium (X), nickel (H)
and vanadium (®).

Table 1 shows the chemical composition of
cast irons after two melts without heat treatment.

Grade of chromium-nickel cast iron C Si Mn p S Cr Ni V Cu
CIIXH-43 3.50 0.95| 0.54 | 0.070 | 0.012 | 0.63 | 1.22 - 0.27
CIIXH®-47 3.00 1.40 | 0.50 | 0.051 | 0.012 | 0.57 | 1.05 | 0.10 -

The dimensions of the cast iron rolls of
CITXH-43 grade are as follows: body diameter
520 with a length of 1,000 mm (520x1,000
mm); the dimensions of the rolls of CIIIXH®-
47 grade are as follows: body diameter 680 with
a length of 1,000 mm (680x1,000 mm).

Table 2 shows the hardness values of the
samples determined by the Shore method. When
determining the hardness of rolls using the
Shore method, control measurements were made

at three points evenly spaced along the length of
the roll body.

Ten samples were selected for the study:
one sample of 5 cast iron rolls of CITXH-43
design and one sample of 5 cast iron rolls of
CHIXH®-47 design according to TU U 14-2-
1188-97. The samples were made from body
chips taken from cast sections. The mass frac-
tion of chemical elements was also determined
from these chips.
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Table 2 — Roll hardness

CIIXH-43 CIHIXH®-47
Sample No. | Hardness of the working surface, HSD | Sample No. | Hardness of the working surface, HSD
1 48 1 54
2 49 2 53
3 50 3 53
4 50 4 52
5 49 5 52

Fig. 1 shows the structure of cast iron rolls of
CITXH-43 design at magnifications of 500 and
1,000. The microstructure analysis showed that
the cast iron has a pearlite matrix (Fig. 1 a, b, ¢),
microalloyed with chromium and nickel with an
average content of carbides (FesC) (Fig. 2.2 b).
The shape of graphite inclusions is flake
(Fig. 1 c).

No chill layer was found on the surface of
the CITXH-43 roll cast iron (Fig. 1 d).

Fig. 2 shows the structure of cast iron rolls
of CIIXH®-47 at magnifications x500 and
x1,000. In the structure of pearlite cast iron of
different dispersion (Fig.2a, c), spherical
graphite (Fig. 2 e), carbides of different shapes
(FesC) (Fig. 2 b) were found. No chill layer was
found on the working surface of the cast iron
rolls (Fig. 2 d).

For the multifractal analysis of digital pho-
tographs of cast iron, a statistical sum %piq

i=1
consisting of fractal subsets of variable dimen-

¢, x1,000

sions was introduced, where the degree index g
can take any value in the range from —oo to +co.
Using this sum, the main multifractal Renyi
spectrum D(q) is calculated for each microstruc-
ture image. The Renyi spectrum is a set of di-
mensions, each of which has its own physical
meaning and is introduced by the following
relation [25]:

mipﬁ
i i1 1
150 Ine )

D(q) =
@=o=

where S — are the dimensions of a cell, which is
a unit element of a square grid that covers the
object under study (in this case, photographs of
the microstructure of roll cast iron) to calculate
the dimensional spectrum; p; is the probability
of a point (pixel for a computer) located on the
object under study falling into the i-th cell of a
square grid with linear size 6.

Carbides

d, x500

Fig. 1. Microstructure of cast iron rolls CIIXH-43
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Graphite
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Carbides

e, x500

Fig. 2. Microstructure of cast iron rolls CIIXH®-47

The defined dimensions have the following
physical meaning:
- Do — is a fractal dimension at q=0;
- D1 — is an information dimension (entropy) at
a=1;
- D; describes the rate of growth of the infor-
mation amount and shows how the information
required to determine the location of a point in
the cell covering the object of study increases
with the size of the cell 6—0;
- D, — is a correlation dimension that character-
izes the probability of finding two points of an
object in the same cell;
- D, — is a dimension that characterizes the
sparsest space on the object (the lightest ele-
ments of the structure) and the most concentrat-
ed space;
- D.., — is the dimension of the darkest elements
of the structure. For the calculations, the limits
of g values from -100 to 100 were taken.

Results and discussion
The pearlite matrix of CIIXH-43 rolls is
about 62...70 % (P70); the share of carbides (in

this case, it is mainly cementite of ledeburite
eutectic) accounts for 25...35 % (C25) and the
share of flake graphite (FG4) varies within the
range of 3..5 %. For CIIXH®-47 rolls, the
share of pearlite matrix is 64...76 %; the share of
carbides is 20...31 %, and the share of nodular
graphite is 4...7 %.

An increase in the amount of cementite and a
decrease in the amount of pearlite leads to an
increase in hardness (Fig. 3 a, b) due to the fact
that cementite has a higher hardness compared
to pearlite. This can also explain the increase in
hardness with an increase in the average area of
the largest cementite inclusions (Fig. 3 c, d).
Graphite, compared to carbides and pearlite, has
lower mechanical properties because its pres-
ence in the structure weakens the metal matrix,
in this case, pearlite. Reducing the amount of
flake graphite (Fig. 3 a), as well as the linear
dimensions of its inclusions (Fig. 3 e), leads to
an increase in hardness due to the fact that the
ends of its plates serve as concentrators of mi-
crocracks and therefore reduce tensile strength.
The content of flake graphite is reduced by heat
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treatment, such as annealing. On the contrary,
cast irons with nodular graphite have higher
tensile strength and hardness (Fig. 3, f) due to its
spherical shape, which has a more suitable con-
figuration for preventing microcrack propaga-
tion. Therefore, the smaller the diameters of
nodular graphite inclusions, the higher the me-
chanical properties of cast iron, in particular, the
hardness.

Based on the analysis of the data obtained,
the relationship between the structure and hard-
ness of roll cast irons of CIIXH-43 and
CIOXH®-47 was established. Regression equa-
tions (2-11) were obtained that describe the
dependence of hardness on structure parameters:
the percentage of its elements, the area of the
largest cementite inclusions, and the linear di-
mensions of graphite inclusions.

CIIXH-43 CIIXH®D-47
80 ~ " 80 1~ Pearlite
0 4 o, Pearlite 20 4 8\%\0
60 - © 60 -
B ®
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pearlite: HSD = —2.5769-Sp + 193.5; R2 = 0.65, (2) cementite: HSD = 4.2857-Sc — 202.29; R? = 0.73, (6)
cementite: HSD = 3.1923-Sc — 128.5; R2 = 0.84, (3) nodular graphite:
flake graphite: HSD = 0.8571-Snc — 39,857; R2=10.40 (7
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where Scmax — area of the largest cementite inclusions
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e
HSD =-7.6923-L + 461; R2=0.70, (10)
where L is length of flake graphite inclusions

R2=0.64, where Scmax — area of the largest cementite inclusions

HSD =-9.3571.d + 542.86; R2=0.72,

70 -
60 A A
€ A
< 50 - A
=
40 -
A
30 . . .
51 52 53 54
HSD
f

(11)

where d is the diameter of nodular graphite inclusions.

Fig. 3. Relationship between structure and hardness of roll cast irons



Bicuuk XHALRY, Bun. 103, 2023

127

The analysis of the obtained equations
shows that a relatively high correlation R? =
=0.73...0.87 for linear models is observed be-
tween the percentage of pearlite, cementite, and
flake graphite [3-6]. In other cases, the pairwise
correlation coefficients are relatively low and
range from 0.4 to 0.7. This confirms the existing
incompleteness of the formal axiomatics in
identifying the structure and properties of roll
cast iron using traditional methods. The mul-
tifractal analysis apparatus was used to partially
compensate for the existing incompleteness.

An example of calculating the multifractal
spectrum of the statistical dimensions of flake
pearlite (Fig. 1 a) using formula (1) is shown in
Fig. 4.

275

t t t t t 1 T g t
-80 -850 -40  -20 0 20 40 &0 a0 100
q

Fig. 4. Spectrum of pearlite dimensions

The following relation (12) was used to se-
lect the most adequate hardness characteristics
and statistical dimensions (12):

K =Y = Yipal/|Xi = Xipl, (12)
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where X; i X;,; — values of quality criteria at

two reference points (in this case, hardness indi-
cators); Y; and Y;,; values of the dimensions of

the structural elements at these points. The coef-
ficients of sensitivity of the fractal dimensionali-
ty of the structure elements of mild steel Cr3mc
to its mechanical properties were recorded in the
range of 0.2..0.9, which made it possible to
increase the accuracy of predicting these proper-
ties by up to 10 %.

The construction of fractal models for pre-
dicting the hardness of rolls was carried out on
the basis of studies of the highest sensitivity coef-
ficients, which are shown in Fig. 6. In some cas-
es, despite the relatively high sensitivity values,
there was a weak correlation between the hard-
ness indicators and the dimensions of the struc-
ture elements. Such cases were recorded for the
statistical dimension of carbides D1, When the
sensitivity coefficient was 0.68 (Fig. 5 a), while
the pairwise correlation coefficient was 0.57. For
the dimensionality of D.oo carbides (Fig. 5 c)
with Ki = 0.47, the correlation coefficient was
0.62, and for the dimensionality of D.ip carbides
(Fig. 5 ¢) with K;= 0.47, the correlation coeffi-
cient was 0.62. Due to the relatively low correla-
tion coefficients established, the correlation be-
tween these characteristics was not given. This
indicates the fact that the use of sensitivity coeffi-
cients to establish a relationship between the
studied values is in some cases insufficient,
which initiates the search for more stable indica-
tors.
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Fig. 5. Sensitivity of hardness to dimensions of roll structure elements of CITXH-43 (a, b) and CIIXH®»-47
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where D.1g0 — dimension of graphite at g = -100

Fig. 6. Correlation between the dimensions of carbides (a, b), graphite (c, d) and hardness of

CIIXH-43 rolls

Fig. 6 shows the correlation (Fig. 6) be-
tween hardness indicators and dimensions with
the highest values of sensitivity coefficients
determined by (12), except for the cases de-
scribed above.

The values of the pairwise correlation coef-
ficients R? = 0.78...0.88 (13-16) in determining
the hardness of cast iron rolls of CITXH-43 de-
sign indicate a higher degree of prediction com-
pared to traditional methods of quantitative
metallography [5-11] and the expediency of
using multifractal theory to assess the quality of
long-range cast iron rolls. We recorded a de-
crease in hardness indicators with an increase in
the information (Fig. 6 a) and correlation
(Fig. 6 b) dimensions of carbides, since these
dimensions have a greater effect on the distribu-
tion of graphite in the volume.

An increase in the dimensionality of flake
graphite on the studied grinding plane
(Fig. 6 ¢, d) leads to an increase in hardness,
since cast iron with graphite with an equiaxed
geometric shape has better mechanical proper-
ties than cast iron with a complex flake shape.
The flake shape of graphite effectively utilizes
only 30-50 % of the strength of the metal base

of cast iron and there is practically no possibility
of using its plastic properties. This is due to the
fact that the boundaries of flake graphite inclu-
sions serve as concentrators of microstresses,
and an increase in its content weakens the metal
matrix of cast iron, which indicates the influence
on the mechanical properties of cast iron of both
the content, size, and distribution of graphite and
the geometric configuration of graphite inclu-
sions. A calculation metric is set to describe the
geometric configuration of the structure ele-
ments. The accuracy of calculations of the di-
mension of the object of study depends on the
choice of the metric.

The correlation coefficients for the models
for predicting the hardness of rolls with a sphe-
roidal shape of graphite CLUXH®-47 (Fig. 7)
varied within the range of 0.81...0.93 [17-20],
which also indicates the adequacy of using the
fractal geometry language in modeling the struc-
ture and properties of metal.

The results obtained indicate the possibility
of using multifractal analysis in modeling the
structure and properties of rolls with flake and
spheroidal forms of graphite.
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where D — correlation dimension of graphite

Fig. 7. Correlation between the dimensions of carbides (a, b), graphite (c, d) and hardness of

CHIXH®-47 rolls

The degree of influence of the multifractal
characteristics of the structure elements of cast
iron rolls CITXH-43 and CHIXH®-47 (pearlite,
carbides, and graphite) on their hardness parame-
ters was determined. The application of the mul-
tifractal theory in modeling the structure of sec-
tion-roll cast iron rolls with flake and spheroidal
forms of graphite indicates a higher degree of
prediction of their hardness values compared to
the prediction values determined by traditional
methods of quantitative metallography.

Conclusions

The paper investigates the influence of mul-
tifractal structure characteristics (dimensions Do,
Di, D2, Do and Digg) on the hardness of sec-
tional cast iron rolls with pearlite matrix and
flake and nodular graphite. A comparative analy-
sis of the multifractal and traditional approaches
to assessing the structure of cast iron was carried
out. It has been established that the pairwise cor-
relation coefficients for predicting the hardness
of rolls based on traditional structure characteris-
tics (area, diameter, and length) are R? =
0.40...0.87, and for predicting hardness by mul-
tifractal characteristics for rolls of CIIXH-43

design are 0.78...0.88; for rolls of CLIXH®-47
design they are 0.81...0.93.

The obtained results confirm the importance
of choosing a metric that is inherent in the state
space of the object of identification (in this case,
when calculating the dimension of the structure).
The correct choice of the metric is reflected in the
results of the forecast of cast iron quality criteria
using a multifractal spectrum of dimensions.
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HocaimzkeHHs] BIUIMBY CTPYKTYPH BAaJIKOBOIO 4a-
BYHY Ha ii0oro TBepAicTh

Anomayia. Bemyn. Cmpyxmypa mamepiany eusnavae
11020 8rACMUBOCHI, aje 8CMAHOBUMU B3AEMHO OOHO3-
HauHy GIONOBGIOHICHb MIJIC NAPAMEMPAMU CIPYKIYPU
ma e1acmueoOCmamu 3 GUKOPUCTHAHHAM MPAOUYITIHUX
Memooie HeMoHcIuGo. Akmyanvhicmo. K nokazano 6
bacamvox 00CHiONCeHHAX, ppakmanvha (Opobua) po3-
MipHicmb elemenmie cmpykmypu 6azamvox mamepia-
e xopemoc 3 ix eracmugocmamu. Mema pobomu.
Jlocnioumu énnue cmpykmypu 4asyuie na ix meepoicmo
3 BUKOPUCMAHHAM MYIbIMUDPAKMATLHO2O — AHATI3Y.
Mamepianu it memoou. Po3paxynok cnekmpa cmamu-
CMUYHUX — pO3IMIpHOCMEN  MIKDOCMPYKIMYPU — 4A8VHY
30iticHiosanocs sa gpopmynoro Penvi. [lokasnuku meep-
docmi XpOMOHIKeNe8020 4A8YHY BUSHAUANUCA 8 MPbOX
moukax 3paska. Pesynomamu ma ix o06z06openns.
Yemanoeneno, wo roegpiyienmu napnoi xopenayii 3a
VYMOBU NPOSHO3Y MEePOOCmI 3a MPAOUYIUHUMU XaAPa-
KMepucmukamy cmpykmypu (0osocuna, oiamemp,
nrowa) cmanoérams R? = 0,73...0,87. 'V npoyeci
OYiHIOBANHA MEepOOCmi 3a MYIbMU@PPAKMAanIbHUMU
Xapakmepucmukamy NOKA3HUKU KOpenAyii Cmanos-
JAMb Ol NepAiMmHOI CmpYKmypu 3 NiACMUHYAMUM
epagimom 0,78...0,88, ons neprimnoi cmpykmypu 3
Kyavkonodionum epagimom — 0,81...0,93. Buseneno
KoeqhiyicHmu  uymaugicms NOKA3HUKIE  MEepOOoCmi

sanxie CIIXH-43 0o ingopmayitinoi ma xopenayitinoi
po3mipHocmeti Kapbidie, a makodic 00 DpakmarbHoi

ma cmamucmuynoi Doy  posmipnocmeii naacmunya-
moeo epagimy. [na eanxie CIIXHD-4T1 ycmanosnena

YYMAUBICMb NOKA3HUKIE MEepoocmi 00 QpakmanbHoi
ma cmamucmuunoi Do posmiprocmeti kap6ioie i 0o
pakmanbroi ma KopeusyitiHoi po3mipHocmell KyabKo-
noodionoeo epaghimy. Bucnoexu. Ha niocmasi docse-
HYMUX pe3yibmamis po3pooaeHo nioxio 0o oyinio8anHs
noxasnuxie meepoocmi sanxie CIIXH-43 i CIIXH®D-47,
wo nepedbauae: 1) GusHaAUEeHHs CheKmpa CMamucmuy-
HUX PO3MIPHOCMEU eleMeHmie CMpYKmypu YasyHis,
2) usHaueHHs KOepIyicHmis uymausocmi NOKA3HUKIE
meepoocmi 00 CNeKmpa pPOIMIPHOCMEU  e/leMEeHMIG
cmpyxkmypu;, 3) nob6yooea MamemamuyHoi MoOeui npo-
2Ho3y meepoocmi eaiKie. Posensinymuil nioxio mooicna
86adCAMU  ANLMEPHAMUBHUM MEMOOOM OYIHIOBAHHS
Kpumepiig AKOCmi 4agyHi6 HA OCHOBI aHAni3y ix cmpy-
Kmypu.

Knruosi cnoea. cmpykxmypa, myremughpaxmain, wym-
Jusicmb, MoOeb, NPOSHO3, Kpumepii AKOCMi.
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