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The influence of the structure of cast irons on their hardness was studied using multifractal analysis. The spectrum
of statistical dimensions of the cast iron microstructure was calculated using the Renyi formula. The hardness of
chromium-nickel cast iron was determined at three points of the sample. It was found that the pairwise correlation
coefficients for predicting 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 CITXH-43 rolls to the information and correlation dimensions
of carbides, as well as to the fractal and statistical D_1oq dimensions of flake graphite were determined. The sensitivity
of hardness indicators to the fractal and statistical Doy dimensions of carbides and to the fractal and correlation
dimensions of flake graphite was determined for CITXH®-47 rolls. Based on the results obtained, an approach to
assessing the hardness of CITXH-43 and CITXH®-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.

INTRODUCTION

The technology for the production of most metal
castings is multi-parameter [1, 2] and multi-criteria
[3, 4]. It follows that the prediction 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. 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 Euclidean characteristics of structural
elements (area, length, diameter) on mechanical
properties [18, 19]. However, the results of property
prediction based on Euclidean characteristics do not
always satisfy the objectives. The relationship between
the structure and properties of materials is one of the
main tasks of materials science, since the choice of
metrics in the identification 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 materials using
Euclidean geometry can be compensated for by using
various approaches: fractal analysis [22]; multifractal
analysis [23], wavelet theory [24], estimation of the
region of property compromise, etc.
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PROBLEM STATEMENT

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 objects are characterized by a
spectrum of statistical Renyi dimensions [25]. The
existing methods for predicting the mechanical
properties of metals were analyzed, where the pairwise
correlation 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.

MATERIALS AND METHODS
OF THE STUDY

The paper investigates the effect of the structure
elements of the chromium-nickel cast iron rolls
(CTIIXH-43 and CHIXH®-47) on the hardness of
materials from chromium-nickel cast iron, which was
evaluated using traditional methods of quantitative
metallography and existing standards and multifractal
analysis. These rolls are used in roughing mills, light
and medium-gauge mills and pipe rolling mills in the
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 classified as
section rolls (C), with flake graphite (II) inclusions in
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the structure, and the surface of the working layer is
alloyed with chromium (X) and nickel (H).

Rolls made of CIIIXH®-47 cast iron also belong to
the sectional rolls (C), the structure of graphite
inclusions is characterized by spheroidal (L) 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 CIIXH-43 and CHIXH®-47) of their structure
elements, which was evaluated using traditional
methods of quantitative metallography and existing
standards and multifractal analysis. Rolls for roughing
mills, light and medium sections, and pipe rolling mills

are made from CITXH-43 cast iron; rolls for break-down
and roughing mills of section rolling mills are made
from CIIXH®-47 cast iron.

Rolls made of CITXH-43 cast iron are classified 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 belong to
the section rolling (C), the structure of graphite
inclusions is characterized by spheroidal (L) 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.

Table 1
Chemical composition of cast irons
Grade of chromium- | - Si | Mn P S Cr | Ni Vv Cu
nickel cast iron
CIIXH-43 350 | 0.95 0.54 0.070 0.012 063 | 1.22 - 0.27
CIIXH®-47 3.00 | 1.40 0.50 0.051 0.012 057 | 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 (520%1,000 mm); the dimensions of the rolls
of CIIXH®-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.

Table 2
Roll hardness
CIIXH-43 CIIXH®-47
Hardness of the Hardness of the
Sample No. working surface, Sample No. working surface,
HSD HSD

1 48 1 54
2 49 2 53
3 50 3 53
4 50 4 52
5 49 5 52

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 CIIXH®-47 design
according to TU U 14-2-1188-97. The samples were
made from body chips taken from cast sections. The
mass fraction of chemical elements was also determined
from these chips.

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

No chill layer was found on the surface of the
CITXH-43 roll cast iron (see Fig. 1,d).
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Fig. 2 shows the structure of cast iron rolls of
CHIXH®-47 at magnifications x500 and x1,000. In the
structure of pearlite cast iron of different dispersion (see
Fig. 2,a,c), spherical graphite (see Fig. 2,e), carbides of
different shapes (FesC) (see Fig. 2,b) were found. No
chill layer was found on the working surface of the cast
iron rolls (see Fig. 2,d).

For the multifractal analysis of digital photographs

N
of cast iron, a statistical sum Y p{ consisting of fractal
i=1

subsets of variable dimensions was introduced, where
the degree index g can take any value in the range from
—o0 10 +o0. Using this sum, the main multifractal Renyi
spectrum D(q) is calculated for each microstructure
image.
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e, x500
Fig. 2. Microstructure of cast iron rolls CLLIXH®-47
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The Renyi spectrum is a set of dimensions, each of
which has its own physical meaning and is introduced
by the following relation [25]:

N
q

In ; P (1)

Ins '
where & — 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 &.

The defined dimensions have the following physical
meaning:

— Dg — is a fractal dimension at q=0;

— D, —is an information dimension (entropy) at q=1;

— Dy describes the rate of growth of the information
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 characterizes
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 elements of the
structure) and the most concentrated 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 CITXH-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 CHIXH®-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
(see Fig. 3,c,d). Graphite, compared to carbides and
pearlite, has lower mechanical properties because its
presence in the structure weakens the metal matrix, in
this case, pearlite. Reducing the amount of flake
graphite (see Fig. 3,a), as well as the linear dimensions
of its inclusions (see Fig. 3,e), leads to an increase in
hardness due to the fact that the ends of its plates serve
as concentrators of microcracks and therefore reduce
tensile strength. The content of flake graphite is reduced
by heat treatment, such as annealing. On the contrary,
cast irons with nodular graphite have higher tensile
strength and hardness (see Fig. 3,f) due to its spherical
shape, which has a more suitable configuration for
preventing microcrack propagation. Therefore, the
smaller the diameters of nodular graphite inclusions, the

D(q) =+
q

—1 6o
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higher the mechanical properties of cast iron, in
particular, the hardness.

Based on the analysis of the data obtained, the
relationship between the structure and hardness of roll
cast irons of CIIXH-43 and CIIXH®-47 was(2)
established. Regression equations (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
dimensions of graphite inclusions.

The analysis of the obtained equations shows that a
relatively high correlation R?=0.73...0.87 for linear
models is observed between 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 multifractal 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 (see Fig.
1,a) using formula (1) is shown in Fig. 4.

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

K =¥ —Yial/|Xi = Xjpa| 2
where Xj i Xjq — values of quality criteria at two
reference points (in this case, hardness indicators); Y;

and Y, values of the dimensions of the structural

elements at these points. The coefficients of sensitivity
of the fractal dimensionality 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
properties by up to 10%.

The construction of fractal models for predicting the
hardness of rolls was carried out on the basis of studies of
the highest sensitivity coefficients, which are shown in
Fig.5. In some cases, despite the relatively high
sensitivity values, there was a weak correlation between
the hardness indicators and the dimensions of the
structure elements. Such cases were recorded for the
statistical dimension of carbides Dy, when the
sensitivity coefficient was 0.68 (see Fig. 5,a), while the
pairwise correlation coefficient was 0.57. For the
dimensionality of D o carbides (Fig. 5, ¢) with K; = 0.47,
the correlation coefficient was 0.62, and for the
dimensionality of D_i carbides (see Fig. 5,c) with K; =
0.47, the correlation coefficient was 0.62. Due to the
relatively low correlation coefficients established, the
correlation between these characteristics was not given.
This indicates the fact that the use of sensitivity
coefficients to establish a relationship between the
studied values is in some cases insufficient, which
initiates the search for more stable indicators.

Fig. 6 shows the correlation between hardness
indicators and dimensions with the highest values of
sensitivity coefficients determined by (2), except for the
cases described above.

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne1(149)



CITXH-43 CHIXH®-47
507 Pearlite 80 1 Pearlite
70 G*@\e 70 - 8\8\0
60 60 -
S 50 - R 50 4
S 40 Cementite 8 40 ~
: 30 ~ < 30 4 Cementite
20 A >0
10 4 Flake graphite 10 4 Nodular graphite
0 A— gay A A 0 a— a —
47 48 49 50 51 52 51 52 53 54 55
HSD HSD
a b
pearlite: HSD = -2.5769-Sp + 193.5,R*=0.65,  (2)  pearlite: HSD = —4.7143.Sp + 319.71; R2=0.75,  (5)
cementite: HSD =3.1923-Sc — 128.5;R*=0.84,  (3)  cementite: HSD = 4.2857-Sc — 202.29; R*=0.73,  (6)
flake graphite: nodular graphite:
HSD = -0.5769-Sc + 32.5; R*=0.87, (4)  HSD =0.8571-Sy¢ - 39,857; R>=040, (7)
16000 -
15000 -
15000 - o)
o 14000 ~
,,:EL 14000 - ~ 13000 - >
o 13000 1 ° € 12000 | o
12000 + o ¥ 11000 -
11000 - 10000 -
10000 . ‘ 9000 . (.) .
47 48 49 50 51 52 53 54
HSD
c HSD
HSD = 785.77- Scmax — 25,275; R2= 0.44, (8) ) , d _
where Scmax — area of the largest cementite inclusions HSD = 1,810-5¢max—192,920-Sciax + SE+06; (©)

R?=0.64, where Scmax — area of the largest cementite

inclusions
100 A~ 70 -
A
90 A 60 A
g § A
. 80 - 2 50 A
~ °
70 40 -
A
60 T T T 1 30 T T \
47 48 49 50 51 51 52 53 54
HSD HSD
e f
HSD =-7.6923-L +461; R2=0.70, (10) HSD =-9.3571-d + 542.86; R>*=0.72, (11)

where L is length of flake graphite inclusions

Fig. 3. Relationship between structure and hardness of roll cast irons
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where d is the diameter of nodular graphite inclusions.

—EIU -ﬁlﬂ —f-iEI —ZID UI ZIU 4ID GIU BIU 100
q
Fig. 4. Spectrum of pearlite dimensions
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Fig. 6. Correlation between the dimensions of carbides (a, b), graphite (c, d) and hardness of CIIXH-43 rolls

The values of the pairwise correlation coefficients
R*= 0.78...0.88 (13)—(16) in determining the hardness
of cast iron rolls of CITXH-43 design indicate a higher
degree of prediction compared 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 decrease in
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hardness indicators with an increase in the information
(see Fig. 6,a) and correlation (see Fig. 6,b) dimensions
of carbides, since these dimensions have a greater
effect on the distribution of graphite in the volume. An
increase in the dimensionality of flake graphite on the
studied grinding plane (see Fig. 6,c,d) leads to an
increase in hardness, since cast iron with graphite with
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an equiaxed geometric shape has better mechanical
properties 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 inclusions 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
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where Dy — fractal dimension of carbides
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where D, — fractal dimension of graphite

geometric configuration of graphite inclusions. A
calculation metric is set to describe the geometric
configuration of the structure elements. The accuracy of
calculations of the dimension 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 spheroidal shape
of graphite CHLIXH®-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 structure and properties of metal.
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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 CLLIXH®-4T7 rolls

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.

The degree of influence of the multifractal
characteristics of the structure elements of cast iron rolls
CIIXH-43 and CIIXH®-47 (pearlite, carbides, and
graphite) on their hardness parameters was determined.
The application of the multifractal theory in modeling
the structure of section-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 multifractal
structure characteristics (dimensions Do, Dy, D,, D_1go,
and Djgo) on the hardness of sectional cast iron rolls
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with pearlite matrix and flake and nodular graphite. A
comparative analysis of the multifractal and traditional
approaches to assessing the structure of cast iron was
carried out. It has been established that the pairwise
correlation coefficients for predicting the hardness of
rolls based on traditional structure characteristics (area,
diameter, and length) are R®> = 0.40..0.87, and for
predicting hardness by multifractal characteristics for
rolls of CITXH-43 design are 0.78...0.88; for rolls of
CHIXH®-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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MYJbTU®PAKTAJIBHAN AHAJI3 JOCJI)KEHHS BILVIUBY CTPYKTYPH
XPOMOHIKEJIEBOI'O YABYHY HA HOTI'O KPUTEPII AKOCTI

A.b. I'nywkosa, B.M. Boauyk

JocmimKyBaBcsl BIUTHB CTPYKTYPH 9aBYHIB Ha iX TBEPHICTh 3 BHUKOPHUCTAHHSIM MYJIbTH(PAKTAIHHOTO AHANIRY.
Po3paxyHOK criekTpa CTaTHCTHYHHX PO3MIPHOCTEH MIKpOCTPYKTYpH HYaBYHY 3IiicHIOBaBCsS 3a (opmyinoro PeHs’i.
Iloka3HUKH TBEpAOCTI XPOMOHIKENIEBOrO YaBYHY BH3HAUJHMCSA Y TPbOX TOYKAaX 3pa3ka. BcTaHOBIEHO, MIO
KoeilieHTH MmapHOI KOpeNslii MpH MPOTHO31 TBEPAOCTI 3a TPAaIWLIHHUMH XapaKTEPUCTHKAMH CTPYKTYpH
(MOBKMHOO, JiaMETPOM, IUIOMICID) CTAHOBIIATH R2= 0,73...0,87. Tlpu oOIiHII TOKAa3HUKIB TBEPAOCTI 3a
MyJIbTU(QPAKTATEHIMA XapaKTePUCTHKaMH MOKa3HUKH KOpEJslii CTAHOBJIATH MJIsl IEpIITHOI CTPYKTypH 3
rtactuHyatuM rpadirom 0,78...0,88, mis nepitiTHOI CTpyKTYypH 3 mapoBuaHuM rpadirom — 0,81...0,93. BussiaeHo
Koe(ilieHTH YyTIMBOCTI NMOKa3HUKIB TBepaocTi BaikiB CIIXH-43 no indopmariiHoi 1 KopersiiHoi po3mMipHOCTEH
KapOiziB, a TAaKOX 10 paKTabHOT 1 cTaTHCTHYHOT D199 po3mipHOCTEH Mnactun4aToro rpagiry. dus Bankis CITXH®-
47 BCTAHOBJICHA YyTJIMBICTH NMOKAa3HHUKIB TBEPIOCTI 0 (hpakTanbHOI i craTucTnaHol Digg po3MipHOCTEH KapOiniB 1 10
(hpakTampHOI 1 KOpEIAMiHOT po3MipHOCTeH mapoBuaHOTO rpadiTy. Ha migcTaBi oTpuMaHuX pe3ysbTaTiB po3poOIeHO
MiAXig 10 omiHku mokasHukiB TBeprocTi BankiB CITXH-43 i CIIXH®-47, mo BkiIrouyae: | — BH3HAUEHHS CIIEKTpa
CTaTHUCTUYHHUX PO3MIPHOCTEH €JIEMEHTIB CTPYKTYPH YaBYHIB; 2 — BH3HAUCHHS KOE(IIlieHTIB YyTIMBOCTI MOKa3HUKIB
TBEPIOCTI J0 CIIEKTPY PO3MIPHOCTEH €NEeMEHTIB CTPYKTYpH; 3 — OOYIOBY MaTeMaTHIHOI MOJIEIi IPOTHO3Y TBEPIOCTI

BaIKIB. PO3rNSHYTHI MiaXi MOKHA TPaKTYBaTH SK aIbTCPHATHBHUI METOJ OILIHKK KPUTEpPiiB SKOCTI YaBYHIB Ha
OCHOBI aHAII3Y X CTPYKTYpH.
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