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REVEALING OF REGULARITY, PROCESSING AND PREDICTION
OF SULFIDE INCLUSIONS DISTRIBUTION IN CARBON STEEL
THAT IS HARDENED IN ACHILL MOLD

Purpose. To develop a mathematical model that describes the dependence of the size and amount of sulfide
inclusions for various zones of the cross-section of a casting on the parameters of the gas-dynamic effect.

Research methods. A computer program, ASImprints, has been developed for processing digital images of sulfur
imprints. Digital images of sulfur imprints of 35J1 steel casting templates obtained by traditional die-casting technol-
ogy and under various gas-dynamic modes were processed. A mathematical description of the nature of sulfide
inclusions distribution along the casting template as a power function is proposed.

Results. A model of the sulfide inclusions distribution in a cross section of a cylindrical cast of carbon steel with
240 mm diameter, that solidifies in an uncooled chill mold under various gas-dynamic modes, was obtained.

Scientific novelty. Analytical dependences are obtained that allow interpolating parameters values of the power
distribution and, thus, make a prediction of the sulfide inclusions distribution in selected areas of the cross section
of this cast that solidifies in an uncooled mold under a given gas-dynamic effect mode.

Practical value. The suggested model makes it possible to interpolate the parameters values of a power distribu-
tion for predicting sulfide inclusions distribution in a cross section of a given cylindrical cast that solidifies in an
uncooled chill mold, for a given mode of gas dynamic effect. The correlation analysis of the probability density
function of the power distribution obtained for each of the considered fragments of selected casting section areas
showed the statistical homogeneity of the fragments belonging to one zone and the possibility of conducting a
quantitative analysis of the digital image of a sulfur imprint.

Key words: carbon steel, sulfide inclusions, gas-dynamic effect, analysis, distribution, ASImprints program, pow-

er dependence, forecasting.

1 Problem statement

It is known that the solubility of sulfur in austenite and
ferrite at room temperature is very low. Moreover, almost
all sulfur in the steels is in the form of sulphides.
Characteristics of steel depend not only on the amount of
sulphides (sulfur content), but also on their size, shape
and distribution. In medium-carbon cast steel with a change
in sulfur concentration from 0.02 to 0.06%, the relative
narrowing decreases from 53-62 to 2047 %, and the impact
toughness when testing Charpy-type samples changes
from 0,8-1,1 to 0, 4-0,5 MJ /m?[1]. The increase of sulfur
content in cast steel from 0.24 % C, 1,07 % Mn, 1.29 % Si
and 0.0048 % P from 0,020 to 0.054 % according to [2, 3]
reduces the impact strength more than twice. In steel
30CrNiMoL with an increase in sulfur content from 0,016 to
0.12 %, the amount of sulphides increases, their average
size increases as well [1]. With an increase in the
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contamination of steel with sulfides, the number of
microcracks arising increases, their merging is facilitated due
to the decrease in the distance between inclusions. This
causes a decrease in the work of crack propagation [1].

2 Review of the literature

The authors [1] established a significant dependence
of plasticity and toughness on the type and nature of
sulphides distribution. The eutectic sulfides, which are
distributed along the boundaries of the dendritic branches,
most negatively affect the mechanical characteristics, while
sulfide phase of the eutectic has a branched skeleton. The
total length of inclusions can vary considerably with the
same amount. The most favorable form of sulfide inclusions
can be considered is globular: it corresponds to the
minimum contamination index and maximum values of steel
characteristics [1]. In paper [2], it is noted that, from the
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point of view of density and mechanical characteristics,
disoriented irregular forms of inclusions formed in steel in
the presence of residual aluminum (> 0.020 %) are optimal.
The size of inclusions and their distribution are
significantly affected by the processes of deoxidation and
modification by ferrocerium and other alloys with rare-earth
elements. As a result, there is an increase in the mechanical
characteristics of steel [1-3]. In addition, one of the effective
methods of influencing a solidified melt is pressure, which
contributes to the uniform distribution of non-metallic
inclusions in the casting. Their number and size in the heat
center castings made of carbon steel, for example, when
punching and piston pressing are reduced by 3.5 and 1.5
times, respectively, compared to castings obtained by
conventional casting methods [4]. The results of studies
of the mechanical characteristics of 35L steel castings,
obtained by traditional casting technology in chill mold
and using gas-dynamic effects, also showed a beneficial
effect of pressure on the size and sulfide inclusions
distribution [5]. When implementing this technology, it is
possible to influence the process of solidification by
creating controlled gas pressure in the casting-gas injection
system [6, 7]. Therefore, conducting research aimed at
determining the patterns of sulfide inclusions distribution,
their number and size in cast steel under various gas-
dynamic effects, is an important task.

The aim of the paper is to carry out the processing of
digital images of sulfuric imprints of 35L steel casting
templates, poured into an uncooled chill mold, and based
on it to obtain analytical dependencies of the size and
number of sulphide inclusions for various casting section
areas and gas-dynamic effect parameters.

3 Materials and methods

Casting of 35L steel (GOST 977-88) was carried out in a
steel chill mold with an average wall thickness of 100 mm, a
working cavity height of 550 mm and an average diameter
of 240 mm. The outlet temperature from the furnace was
1640 £ 5 ° C. The gas-dynamic effect was carried out with
different rates of argon pressure increase in the casting-
gas supply device (Vp) system and maximum pressure
indicators (P) according to the following modes:

melting N2 - Vp=0.04 MPa/s, P =1 MPa;

melting N3 - Vp=0.08 MPa/s, P =2 MPa;

melting N4 -Vp=0.12 MPa/s, P =3 MPa.

From cylindrical castings with a height of 370 = 5 mm
and a weight of 160 + 3 kg, obtained from traditional
technology (melting N 1) and using gas-dynamic effects

Table 1 — Chemical composition of steel

(melting N 2-4), templates for making sulfuric imprints were
cut at 180 mm from the bottom end in the form of a disk 30
mm thick [5]. The diameter of the disc is 240 + 3 mm.

The chemical composition of steel melting NN 14 is
presented in table 1.

4 Experiments

The analysis of the obtained sulfuric imprints was
carried out in accordance with the conditional division of
the imprint area into the axial, radial and peripheral zones,
based on the results of thermographic studies of
solidification process of this casting [8]. The width of the
axial zone along the casting radius was 40 mm, of radial
zone was 60 mm, and of the peripheral one was 20 mm.

Digital images of sulfuric imprints were processed using
the computer program “ASImprints”, intended for the
quantitative analysis of images of sulfuric imprints [9]. The
specific features of the digital images of sulfuric imprints
include: color gradation of the image (shades of gray);
irregular shape of areas of low brightness, corresponding
to sulfide inclusions; the random nature of appearing of
areas with reduced brightness; random size of areas with
reduced brightness; unlimited image size [ 10]. In addition,
in the manufacture of sulfuric imprints, often a portion of
the resulting image is defective, which requires its exclusion
in subsequent quantitative analysis. Therefore, it is
necessary to make sure that the distribution of sulfide
inclusions is uniform within the selected zones on
monochrome digital images, i.e. whether a single fragment
cut out of the zone can adequately characterize the
quantitative parameters of the entire zone.

5 Results

During the study, 10 fragments of 10 r 10 mm in size
were selected from each zone of the sulfuric imprint, and
an array of values was obtained for each fragment,
containing information on inclusions sizes and their
number, we made graphs of the number of inclusions
depending on their size. Dependence is a decreasing
function that can be approximated by either power or
exponential dependence. It was found that the power
approximation describes more accurately the distribution
of sulfide inclusions for fragments of images of sulfuric
imprints of casting templates obtained both by traditional
technology (Figure 1) and using gas-dynamic effects
(Figure 2).

For each of the considered fragments, the probability
density function of the power distribution is obtained.

. Content of chemical elements, mass. %
N of melting
C Mn Si P S Fe
1 0,35 0,60 0,40 0,048 0,045 rest
2 0,36 0,50 0,45 0,040 0,043 rest
3 0,38 0,55 0,41 0,045 0,040 rest
4 0,36 0,45 0,35 0,036 0,038 rest
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N(s) = As* when >0, ()

where 4 —scale factor inversely proportional to the area of
the fragment, ) —power distribution form parameter.
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Fig. 1. The distribution of sulfide inclusions in a fragment of
the image of a sulfuric imprint of the axial zone of casting
template, obtained by the traditional technology
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Fig. 2. Distribution of sulphide inclusions in fragment of image
of sulfuric imprint of radial zone of casting template obtained
using gas-dynamic effect: Vp = 0,12 MPa/s, P = 3 MPa

For values 4 and A the probability density functions
of the power distribution were averaged and mean-square
error was calculated within the sample of images of each of
the zones, characterizing the size of the possible deviation
of the average values of the considered parameters from
their average value (Table 2).

Table 3 — The results of the correlation analysis

Table 2 — Mean-square error of power distribution
parameters

Mean square error, %
Zone
A A
Axial 12 5
Radial 8 7
Peripheral 6 3

Mean square error 4 and A for the fragments of each
of the zones under consideration did not exceed 15 %,
which indicates the statistical homogeneity of the
fragments belonging to one zone and the possibility of
conducting a quantitative analysis of the zone of the digital
image of a sulfuric imprint from its fragment. In addition,
the conducted correlation analysis between the arrays of
the size and number of inclusions corresponding to each
of the 10 image fragments and the averaged analytical
dependence approximating them (Table 3) confirmed this
conclusion.

To obtain analytical dependences of the parameters of
gas-dynamic effect, the size and number of sulfide
inclusions for different zones of casting section, one
fragment was selected from each zone of the image of a
sulfuric imprint. The fragment shape for each of the zones
is a square with a side no larger than the width of the
peripheral (narrowest) zone, which is 20 mm. The selected
fragment size is 15x15 mm.

Using the computer program “ASImprints” for digital
images of fragments of sulfuric imprints of cast templates
obtained under different gas-dynamic modes, arrays of
values of inclusions area and the corresponding number
of inclusions for each of the selected zones were formed.
For each of the data arrays obtained, the parameters of the
probability density function of the power distribution were
determined, which, as was shown above, fairly accurately
describes the dependence of the number of inclusions on
their size and, in particular, is confirmed by the
corresponding values R? (Table 4).
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Table 4 — The parameters of the dependence functions of inclusions number and their size (probability density of the

power distribution) and the accuracy of the approximation

N Casting section zones
. Axial Radial Peripheral
f melt
of meltin,
£ A ) R? A ) R? A A R?
(o)) — [« on
1 o %, 2 = o % < = 3
v < = NS < = X n =
~ \O N o~ “« [sa] 0
) = | 8 | o8 | g 5 s | 2 | 2| 3
e~ < S X - S = Q S
o — © o« =N ) < O N=3
3 = N *® ® “ *® = < S
a n S = n S oy 3 S
o = N N o =] o~
4 o A 3 ' % 3 = S S
& n S 4 n S - a S

Fig. 3 and 4 show graphs of the scale factor and the
shape parameter of the power distribution as a function of
the gas-dynamic effect (first of all, pressure P, MPa), where
dependencies resulting from the processing of image
fragments correspond to solid lines with markers, and
dotted lines show dependencies, approximating their linear

function of the form y(x)=ax+b:

1 — peripheral A(P)=23,58 P + 282,12 )

R”=0,93,
2 —radial  A(P)=85,54 P+ 52,13
R*=0,93, @
3 — axial zone A(P)=73,52 P + 27,73
R*=0,84, )

1 — peripheral A(P)=-0,25P - 1,51 )

R?=0,93,
2 — radial A (P)=-0,28 P - 0,96
5 (6)
R*=0,91,
3 —axial zone A (P) =-0,22 P - 0,82 )
R?=0,93.

6 Discussion

The obtained analytical dependences (2—7) allow
interpolating the values of the parameters of the power
distribution and, thus, predict the distribution of sulphide

o 1 2 E, IPa

Fig. 3. A graph of scale coefficient dependence of the power
distribution on pressure in the implementation of gas-dynamic
effects

.25 . .
] 1 1 P,MPa

Fig. 4. A graph of shape parameter dependenceof the power
distribution on pressure during the implementation
of gas-dynamic effects
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inclusions in selected cross-sectional areas of this
cylindrical cast, solidified in an uncooled chill mold, for a
given gas-dynamic effect. Table 5 presents the comparative
results of the calculation of the specific number of
inclusions (Kn, pcs/mm?) in the axial (A), radial (R) and
peripheral (P) zones of the image of sulfuric imprints (8).

®)

where N, — the number of inclusions in the fragment,
pes; S, —fragment area, mm?,

Conclusions

The problem of current interest of mathematical model
developing that describes the dependence of the size and
amount of sulfide inclusions for various cross-sectional
zones of carbon steel castings poured in an uncooled chill
mold on the parameters of the gas-dynamic effect has been
solved.

Table 5 — Specific number of inclusions, pcs/ mm 2

The scientific novelty of the obtained results lies in
the fact that a mathematical description has been obtained
for the analytical dependences of the size and number of
sulfide inclusions for various casting section areas and
parameters of gas-dynamic effect. The model provides
information on sulfide inclusions distribution in a cross
section of a cylindrical casting poured into a chill mold
without conducting full-scale experiments and additional
studies of the metal structure.

The practical significance of the obtained results lies
in the fact that the developed mathematical model allows
us to automate the process of selecting the gas-dynamic
effect modes in order to obtain cast products with a given
level of properties.

Prospects for further research - to study the possibility
of applying mathematical model to assess the quality of
cast steel in various casting methods.

Specific number of inclusions, pcs / mm °
N Experiment | Calculation | Deviation, %
of melting Casting section zones
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CeuisbopcroBa T.B., Muxaisos O.1., CeniBropcros B.1O. BusiBiieHHs1 3akoHOMipHOCTelH, 00p00Ka Ta IPOrHO3y BAHHS
po3nofiniB cyJb(igHUX BKIIOYEHD Y ByIVIeLeBOI CTaJIi, 10 TBepAi€ B KOKiJIi

Mema pobomu. Obpodxa cepii yugposux 306pasicerv cipuanux 6i0ouUmMKie memniemie sunusxie 3i cmani 3571,
WO 3aTUBAIOMbCS 8 HEOXON00JICYBAHUL KOKIb, OMPUMAHHS HA il OCHOGI AHANIMUYHUX 3A]IeAHCHOCHEN PO3MIDIE i
KLTbKOCmE CyIb@IOHUX 8KITOUEHb OJisl PI3HUX 30H NepemuHy SUIUBKA [ NAPAMEempi8 2a300UHAMIYHO20 GNIUBY.

Memoou oocnioscennn. Pospobneno xomn rtomepry npoepamy «ASImprintsy, axa npusnauena 0nsi 06poOKu
yugposux 306pasicenv cipuanux 6iobumxie. Ilposedeno 0bpodKy yugposux 300padcensb CipyanHux 6i0OUMKIE
memniemie sunusKie 3i cmani 35.J1, ompumanux 3a mpaouyiiiHor MexHOA0IE0 TUMmsl 8 KOKLIb, I NPU PI3HUX PEHCUMAX
2a300UHAMIYHO20 BNAUBY. 3ANPONOHOBAHO MAMEMAMUYHUL ONUC XAPAKMEPY PO3NOOINY CYIb@IOHUX 8KAIOUEHb Y3008IC
memniemy UIUSKY V GUAs0i CmyneHesoi (hyHKYii.

Ompumani pezyromamu. Mooenvb po3nooiny cyab@iOHUX GKIIOYEHb 8 NONEPEYHOMY Nepepi3i YUTIHOPUUHOL BUTUBKU
oiamempom 240 mm, ugo meepoie 8 HeoX0N00ACYBAHOMY KOKIIL NPU PIZHUX PEHCUMAX 2A300UHAMIUHO20 GNIUBY.

Haykosa nosusna. Ompumano aHaAimuyHi 3a1eAcHOCH, Wo 00360IAI0Mb IHMEPNONIO8AMU 3HAYEHHS NAPAMempI8
cmynenegoz2o po3noodiny i muM camum CKAACMU HPOSHO3 PO3NOOINY CYAb@IOHUX BKIIOUEHb 6 0OPAHUX 30HAX
nonepeurnozo nepepizy yici yuniHOPUYHOi BUTUEKU, WO MEEPOIE 8 HeOX0A00AHCYBAHOMY KOKLIL, NPU 3A0AHOMY PENCUMI
2a300UHAMIYHO20 GNIIUBY.

Ilpakmuuna yinnicms. 3anponoHo8ana Mooeisb 0ae 3M02y IHMEPROTIO8AMU 3HAYEHHS NAPAMEmpie CMyNeHes020
PO3ROOINY OISl CKIAOAHHS NPOSHO3Y PO3NOOILY CYIbPIOHUX BKAIOUEHb 8 NONEPEeUHOMY nepepizi 0anoi yuriHOpuuHoi
BUTUBKIU, WO MEEPOIE 8 HEOXOJO0NCYBAHOMY KOKINI, NPU 3A0AHOMY pedcumi 2a300uHamiynozo enaugy. Ilposedenui
KOPeNAYIUHUL aHAi3 QYHKYIT WitbHOCMI UMOGIPHOCMI CMYNeHe8020 PO3NO0iNy, OMPUMAHOL OISl KOJHCHO20 3
PO32TAHYMUX (Dpazmenmie 6UOPAHUX 30H NePeMUHY BUTUBKA, NOKA3A8 CIMAMUCMUYHY OOHOPIOHICb (hpacmenmis, wo
Hanexcamv 0OHIl 30HI, | MOJNCAUBICMb NPOBEOCHHS KIIbKICHO20 AHANIZY 30HU YUDPOBO20 300PANCEHHS CIPUAHO20
8i06UmMKa no 1020 pazmenmy.

Knrouoei cnosa: syeneyesa cmanw, cynib@ioni 6Kar0uen s, 2a300UHAMIYHUL 6NIUS, AHANI3, PO3NOOLI, NPOSPAMA
ASlIprint, cmynenesa 3anedcHicms, nPOSHO3Y8AHHS.

CesmmBepcroBa T.B., Muxanes A.HM., CenusepcroB B.IO. BrisiBiieHue 3aKk0oHOMepHOCTel, 00padoTka n
NPOrHO3MPOBAHUE pacipeneieHui Cyab(GUIHBIX BKJIKYCHHH B YIJICPOAMCTOI CTAIN, 3aTBEPACBAIOLLEH B KOKHIE

Lens pabomur. Obpadbomxa cepuu yugposwix U300patCEHUL CEPHLIX OMNEYAMKOE MEMNIEN08 OMIUBOK U3 CHAU
35J1, 3anueaembvix 8 HEOXAHNCOAEMbIIl KOKULb, NOTYYEHUE HA e OCHO8E AHATUMUYECKUX 3A8UCUMOCTET PA3MEPOS U
KOu4ecmea cynb@UuOHbIX GKIOUEHUT 0I5l PA3TUYHBIX 30H CeYeHUsl OMAUBKU U NapAMempos 2a300UHAMULECKO20
8030eticmausl.

Memoowl uccnedosanusa. Paspabomana xomnviomepnas npoepamma «ASImprintsy, npeonasnavennas ons
0bpabomxu yu@poswix uzobpasicenull cepHvix omneuamrxos. [Iposedena obpabomra yughposvix u300padiceHuli cepHvix
omneyamKos memnaiemos omaugok uz cmaau 35.J1, noryuennvix no mpaouyuoHHOU MeXHOI02UU TUMbS 8 KOKULb U NPU
PA3UYHBIX PEAHCUMAX 2A300UHAMUYECK020 G030eticmeus. IIpednodiceno mamemamuyeckoe onucamue xapakxmepa
pacnpedeneHus cyib@UOHBIX 8K YeHUL 80016 MEeMNIemMa OMAUSKYU 8 8Ude CIeNneHHOU QYHKYUU.

Ilonyuennvie pesyavmameul. Mooenv pacnpedenenus Cyib@UOHBIX GKAIOUEHUN 68 NONEPEUHOM CeyeHuu
YUIUHOpUYeckol omausku ouamempom 240 mm, 3ameepoesarouell 8 HeXAAHNCOAEeMOM KOKULE, NPU PASTUYHBIX PEHCUMAX
2a300UHAMUYECKO020 8030eUCMBUs.

Hayuna noeusna. Ilonyyenvl anarumuieckue 3a8UCUMOCMU, NO3GOAAIOUUE UHMEPNOIUPOBAMb ZHAYCHUS
napamempo8 CmeneHHo20 pacnpedeneHus U, mem CambiM, COCMABUMb NPOSHO3 PACHpeOesieHUs. CYTbHUOHBIX BKIIOYEHUL
8 8LIOPAHHBIX 30HAX HONEPEUHO20 CedeHUs OaHHOU YUTUHOPUYEeCKOU OMIUBKU, 3ameepoesarouieli 8 HexaancoaemMom
KOKUje, npu 3a0aHHOM pexcume 2a300UHAMULECKO20 8030eUCMBUs.

Ilpakmuueckan yennocmo. [Ipeonosicennas mooenb no380Jasem UHMEPROIUPOBAMb 3HAYEHUS NAPAMEMPO8
CMeneHno20 pacnpeoeneHus 0as COCMAGIeHus NPOSHO3a pacnpeoenenus Cyab@UOHbIX GKIIOYEHUU 8 NONEPeUHOM
ceveHuu OaHHOU YUTUHOPUYECKOU OMIUBKU, 3ameepoesalolyell 8 HeXaaxcoaemom KoKuie, Npu 3a0aHHOM pedxcume
2a300uHamMuyecko2o 8o3oeticmeaus. IIposedenHblil KOPPENAYUOHHDBIL AHAU3 PYHKYUU NIOMHOCIU 8ePOAMHOCHIU
CMENnenHo20 pacnpeoeneHusl, NOAYYeHHOU OISl KANCO020 U3 PACCMAMPUBACMBIX PPASMENNO8 8bIOPAHHBIX 30H CeHeHUs
OMIUBKU, NOKA3AT CHAMUCIUYECKYI0 0OHOPOOHOCMb (PpazMeHmos, NPUHAOIeHCAuUX OOHOU 30He U BO3MONCHOCHb
npoGedeHUs KOTUUeCMBEHHO20 AHANU3A 30Hbl YUPDPOBO2O U300PAdICEHUS CEPHO20 OMNEYamKa no ee hpazmenny.

Knrwoueswie cnosa: yenepooucmas cmans, cyib@uoHble GKIIOUEHUA, 2A300UHAMUYECKoe 6030elcmaue, aHaius,
pacnpeoenenue, npozpamma ASImprints, cmenennas 3a86ucumocms, NPOSHOIUPOBAHUE.
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