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STABILITY ASSESSMENT OF 30XHMI
STEEL MELTING PROCESS IN ELECTRIC
ARC FURNACES ON THE BASIS OF
TECHNOLOGICAL AUDIT OF SERIAL
MELTINGS

06’exmom docnidxcenns € npoyec naasxu cmani 30XHMJI ¢ dsox erexmpodyzosux newax micmxicmio 6 moumu.
Texnonoziunuii ayoum npoyecy 30iUCHIOBABCA HA OIOUUX NeUax 6 CMALCIUBAPHOMY UeXY Mauunooydienozo
NIONPUEMCNBA, AKULL CNEeULANI3YEMBC HA BUZOMOBICHHT EIUK020 (PACOHNHO020 UMM O/Lst 6UPOOI6 MPAHCNOPMHOZ0
Mawunobyodyeanis. Ayoum mae na memi anaris 6ionogioHoCmi BUKOHYBAHUX OCHOBHUX MEXHOIOZIUHUX ONePalill
NIABKU HEOOXIOHUM Pe2IaMEHMOBAHUM MEXHOLOZIUHUM THCPYKUISIM.

Ha ocnosi nposedenus cepiiitnux niagox ompumana euOipxa excnepumenmaivio-npoMuciosux 0aHux no
susnauennio mexci miynocmi 3paskie cmani 30XHMJI. Becmanoeaeno, wo 3a peaivHumi UpoOHudUmM Oanumu
CePitiHUX NAABOK HEMONCAUBO NOCMYIIBAMU 3AKOH PO3N0JILY, 30KPeMda, 2060PUMU NPO HOPMATLHULL PO3NOOLL.
Tomy suKOpUCAHHS CIMATRUCTUYHUX 6UOTPKOBUX (PYHKUILL Ot OUTHKU CIAOLIbHOCI NAAGKU HeDouinvio. B sxocmi
Kpumepito ouyinku cmadiioHoCmi NAAsKU 3anponoHO8ano SUKOPUCMosysamu koediyicnm cmabinvnocmi (1), 3a-
croganuil na pospaxynxy ewmponii (H). 3anpononosano 01s npaxmuunozo 3acmocyeanis 6 ouinyi cmadiibHocmi
NIABKU BUKOPUCTIOBYBAMU HEUIMKULL ONUC UUX BeUYUR. B 1boMy 6UNAOKY MONCHA NPUUHAMU, WO PO3PAXOBAHT
3Hauenns enmponii i Koegpiuienma cmadiibHOCmi NAABKU 0Lt KONCHOT 6UOIPKU 0KpeMo i 3a2aivnol 6ubipku (op-
myromo nisy (0yp) i npasy (Bj,) meacy newimxocmi. 3anponono6ano 6 Hewimkomy ONUCi BUKOPUCTNOBYBAMU PYHKIYTT
npunanexcrocmi (L—R) muny. Y Konkpemnomy sunaxy moyxcna npuinami, wo o,=2,63, Bj,=2,71 (0rs newimxozo
uucna H) i o, =0,22, Bj,=0,24 (0na newimxoeo uucia ).

3aedsKu 3anpononosanomy cnocody oyinku cmabilbHOCmi NAAGKU 3a0e3NeUYEMbCs MONCIUCICIND OMPUMAHHSL
00’ eKMUBHUX OaHUX, He NOKIAOAYUCY HA NPUNYUEHHS NPO HOPMAILHUL 3AKOH PO3N0OINY. 3anpononHoeanuil
Cnocio ineapianmuuil muny mexHoI02iuH020 nPouecy 6 3azomisesvHomy supobruumei. Ile mojcymo 6ymu npoyecu
00po0KU Memanie muckom, mepmiunoi 00pobxu ma inwi memanypeiini npoyecu. Bajcaugicms 3anpononosanozo
cnocoby noe’s3ana 3 mum, wWo AKiCMv NOOAILWUX MEXHOI0ZIUHUX ONePayill Olsi OMPUMAHHSL 20MOBUX demaell
sanexcums 6id ycnadkyeanns AKOCMi 3az0mi6eivH020 BUPOOHUYMEA SK NONEPEOHIX MEeXHOL0ZIUHUX emanie u-
pobHULMEa nPodyKYii.

Kmouosi cnosa: ciiexmpodyz06a niv, naaska cmaii, Koegiuienm cmabiioHocmi nAa6KL, (PYHKUis NPUHALEHCHOCT,
HewimKe Yucuo, Mexca Heuimrkocmi.
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1. Introduction

Steel melting in electric arc furnaces is one of the
processes that have significant uncertainty, which mani-
fests itself in relation to both input and output process
variables. The input variables traditionally include the
content of elements of the chemical composition of steel,
and the output properties are the mechanical proper-
ties of the finished steel. Uncertainty is two-level and
is manifested in the assessment of the modal value and
compactness of the body of uncertainty, knowing that it
is possible to solve the clustering problem to obtain the
functional dependence of mechanical properties on the
chemical composition [1, 2]. However, it is important to
set the left and right boundaries of fuzziness, regarding
the choice of which expert opinions may differ. The values
of these limits can be determined only on the basis of
real data, which are available in the mode of carrying
out serial heats.

Therefore, it is relevant to conduct a technological
audit of such heats. Due to this, it is possible to obtain

a sample of real data for further evaluation of the inac-
curacy of the description of technological parameters of
melting in electric arc furnaces and to assess the stability
of this process.

2. The ohject of research
and its technological audit

The object of research is the process of 30XHM.I steel
melting in two electric arc furnaces with a capacity of 6 tons.
Technological audit of the process is carried out on exis-
ting furnaces in the steel foundry of a machine-building
enterprise specializing in the manufacture of large shaped
castings for products of transport engineering. The audit is
aimed at analyzing the compliance of the performed main
technological melting operations with the required regu-
lated technological instructions. In the course of melting,
in accordance with the regulations, samples are taken to
determine the mechanical properties of steel 30XHMUJI.
Serial observations are carried out for 120 days.

Based on it, the following is established.
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The first period of melting is carried out at the maximum
power of the transformer, the connection of the winding
of which is included in the triangle mode. At this point,
the first half of the melting consists of almost continuous
short circuits and current surges. Melting of the charge
begins from the top and as the metal is melted and the
electrodes are lowered deep into the mixture, it spreads
to the underlying layers. When melted, the metal flows
down between the pieces of the charge, heats them and
gradually forms a bath of liquid metal at the bottom of
the furnace. At the first stage, three wells are melted under
each electrode in the charge, which are then connected
into one common well. At this stage, the transformer is
switched to low power mode, in order to prevent thermal
wear of the lining by the opened arcs.

The oxidation period begins with the fact that after the
formation of slag, carefully mixing, take the first sample
of steel to determine the rapid analysis of the content of
carbon, manganese, phosphorus, sulfur and chromium. For
deoxidation of liquid steel, direct introduction of deoxidi-
zers, as well as ferromanganese in the amount of 0.4—0.5 %
of the mass of steel is performed, and then in 3-5 minu-
tes — ferrosilicon. 2—3 minutes before steel production,
the remaining amount of ferromanganese and aluminum
is introduced. Slag deoxidation in the existing conditions
of the workshop is carried out until the slag sample after
cooling has a light green or blue color at the break.

3. The aim and ohjectives of research

The aim of research is determination the stability indicators
of 30XHM.JI steel melting according to the quality criterion
«tensile strength» taking into account the uncertainty.

To achieve this aim it is necessary to solve the fol-
lowing objectives:

1. To obtain a sample of primary data on the determi-
nation of the tensile strength of 30XHMUJI steel samples
in serial melting.

2. To choose and justify the criteria for assessing the
melting stability.

3. To carry out a comparative analysis of the calcula-
tion of melting stability indicators, justifying the method
of its description expedient for practical use.

4. Research of existing solutions
of the prohlem

The problem of assessing the stability of electric arc
melting processes is reduced to the choice of evaluation
criteria and the possibilities of their application in ac-
cordance with the level of technological development in
a particular production. Typical solutions in this part are
the presentation as priority electrical modes of operation
of the furnaces as energy technology complexes integrated
into the power grid [3, 4] or thermal performance [5]. In
the first case, the actual modeling and parameter estima-
tion is replaced by a computer using ready-made software
packages, for example, in the SIMULINK/MATLAB en-
vironment [3]. In the second case, 3D modeling is used
to estimate thermal fields, temperature distribution in the
furnace depending on the internal geometry, systems for
isolating its individual elements and cooling [5]. Such
typical approaches are convenient, given the current ca-
pabilities of software and hardware, but they are focused

more on the performance of the metallurgical units them-
selves, rather than on the products manufactured by them.
A certain development of the evaluation criteria of the
technological component can be found in [6-8]. Thus,
in [6], the formation of estimated technological parameters
is considered from the standpoint of the study of metal-
lurgical processes occurring in a furnace. And in [7, 8],
it is proposed to consider economic criteria as criteria for
evaluating the melting efficiency. Finally, an approach based
on the construction of functional dependences of proper-
ties on the chemical composition formed at the stages of
melting and modifying [9] is also common. Technological
priorities in assessing the stability of melting, understood
as an analogue of the efficiency of the process, should
be organically combined with indicators of metallurgical
aggregates. Such mutual integration allows implementing
solutions in the field of automated or automatic control of
melting [10, 11]. And also to use the solutions obtained
for evaluating measures for the technical re-equipment
of melting sections of workshops [12]. All this allows to
conclude about the importance of the choice of performance
indicators and criteria for assessing the stability and ef-
ficiency of melting processes. At the same time, noting
the indisputable advantages of modern computer simula-
tion tools, it should be noted that it is impossible to do
without real industrial data and conducting experimental
and industrial research in mass production.

5. Methods of research

The results of determining the strength limit provi-
ded by the laboratory were processed by the methods
of mathematical statistics. The expected value, variance
and standard deviation were calculated. To determine the
stability of the melting process, the concept of entropy
was used, by analogy with that used in information theory.
Entropy was calculated as a function of the probability
of observing a specific value of the ultimate strength of
steel (x;) in a given melting and the logarithm of the
selected basis of the probability of observation [13]:

H:—kiP(x,-)logP(x,-), @)

where & — some positive constant; P(x;) — probability of
observing x; values.

The stability of the melting process when used as an
estimate of the entropy was estimated as follows:

n=1-H.H, (2)
where H — the entropy corresponding to a given distribution of
the values of the ultimate strength of steel in the i-th melting;
Hy.x — the maximum possible entropy corresponding to
a uniform distribution; m — stability of the melting process.

Formula (2) is applicable in the case of a single-mode
distribution of a random variable characterizing the mel-
ting process.

6. Research results

The results of determining the strength limit provided
by the laboratory for the period of the technological audit
are shown in Fig. 1.
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Fig. 1. Experimental data on the value of the ultimate
strength 6, of 30XHMII steel in serial meltings
(the numbers of meltings are indicated on the periphery
of the pie chart, the values of 65, MPa are indicated
on the ordinate axis)

Fig. 2 shows a histogram of the distribu-
tion of the o, value, based on a total sample
of experimental industrial data.

From Fig. 2 it is possible to see that the
distribution of data indicates the probable pre-
sence of a systematic error, manifested in the
presence of more than one vertex. This means
that the sample may be heterogeneous. This
situation is possible, since the melting is car-
ried out in two different furnaces and in dif-
ferent conditions. To verify this, the original
sample was artificially divided into two, each
of which, presumably, described the distribution
of data on the furnaces. Given the complexity
of unique identification, expert opinion was
used. Fig. 3, a, b are histograms obtained after
splitting the initial sample.

The results of the calculations of the entropy
and the stability coefficient of melting are given
in Table 1. From Fig. 3 it follows that the
partitioning of the sample gave the best result
in estimating the entropy and melting stability
coefficient, and the result for samples No.1
and No.2 turned out to be almost the same.

Tahle 1

The results of entropy calculations of the strength limit of steel o,

and the stability coefficient of melting

Calculated parameters for samples H, hit n

Total sample

2.706365 0.217685

Sample No. 1

2.630827 0.23952

Sample No.2

2.647708 0.234641

Frequency, mi/N

T ]

885.63901.76 917.89 934.02 950.15 966.28 982.41 998.541014.671030.81046.93

G, MPa
a

0.3

0.25

0.2

Frequency, mi/N

0.1

0.05

[ ]

844.61 859.72 874.83 889.94 905.05 920.16 935.27 950.38 965.49 980.6 995.71

Gy, MPa

b

Fig. 3. o, distribution when splitting the sample: 2 — sample No. 1; b — sample No. 2

However, the problem in estimating the
distribution parameters remained. Therefore,
it is impossible to talk about the distribution
density and it is more expedient to present the
ultimate strength as a fuzzy value. At the same
time, the output variable is a fuzzy number
F,,, described by membership functions (L—R)
of the type [1]:

Fi,—F, —
L[Wa]p]y Fjp SF]Py

V3

F. —F, _
R[WBWJ, I:jp>F/Pv
i

where Fj, — the measured value of the output
variable, in the j-th experiment, which is modal
for a fuzzy number F,,, j=12,..n, p=12,.,m;

W(E,) = )

0.4
0.35
0.3
Z
g 025
&
5 02
g
=05
0.1
0.05
0 I\ I‘ I‘ !
849.62 869.74 889.86 909.98 930.1 950.22 970.34 990.461010.581030.71050.82
Gy, MPa
Fig. 2. The histogram of the o3, distribution, built on the total sample
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o, B, — the left and right fuzziness coefficients in the
description (3).

Similarly, in the form of (3), the stability coefficient
can be represented, which also appears as a fuzzy number.
In this case, it can be assumed that the calculated values
of entropy and melting stability coefficient for each sample
separately and the total sample form the left and right
fuzziness boundary in the description (3). In a specific
case, it can be assumed that o, =2.63, B;,=2.71 (for a fuzzy
number H) and a,=0.22, B;,=0.24 (for a fuzzy number n).

7. SWOT analysis of research resulis

Strengths. The strength of this research is the justi-
fication of the method for assessing the stability of the
electric melting of 30XHMUJI steel. This is due to the im-
portance of the quality issues of finished products, on which
the competitiveness of the manufacturing company fully
depends. The inability to ensure the specified indicators
of steel quality stability for the selected indicators may
be due to the lack of understanding of rational ways to
implement the organizational and technological measures
of the melting company. In turn, this understanding should
be based on sound assessments of quality criteria. Thanks
to the proposed assessment methods based on the use of
the concepts of entropy and the stability coefficient, this
possibility is provided. It should also be noted that the
proposed method of assessing the stability indicators is
invariant to the type of technological process in the blank
production. These can be metal processing, pressure, heat
treatment and other metallurgical processes. This is ex-
plained by the fact that the quality of further technological
operations for the production of finished parts depends on
the inheritance of the quality of the blank production as
the previous technological stages of production.

Weaknesses. The weak points of this research are re-
lated to the fact that conclusions about the numerical
values of the fuzziness boundaries in the description of
entropy and the stability coefficient of melting are made
from a small sample of data. This can lead to the fact
that in the assessment of real data in terms of serial heats
inaccuracies are possible. The consequence of this may
be an inaccurate assessment of the membership function
and overestimated or underestimated melting stability.
This, in turn, can lead to erroneous organizational and
technological solutions and associated costs.

Opportunities. Additional opportunities when using the
above results in an industrial environment are associated
with the conduct of serial heats and the accumulation of
data to form a more representative sample. The result of
this may be a refinement of calculations for the lower
and upper boundaries of fuzziness, the modal value and
compactness of the body of entropy uncertainty and the
coefficient of melting stability. The more accurate values
obtained in this way will provide a more accurate descrip-
tion of the membership function, which can be used to
assess the efficiency of the electric arc melting process.
It should be noted that the effectiveness here refers to
the compliance of the actual entropy indicators and the
stability coefficient with the specified values.

Threats. Obvious threats when using the obtained re-
sults are associated with the requirement of reproducible
results. This, in turn, requires the maintenance of strictly
regulated values of the content of chemical elements in

steel. Attempting to use the research results without a prior
technological audit of specific melting conditions in its
production can lead to inadequate results. In this case,
there will be the problem of estimating the real indica-
tors of its steelmaking production, which can be either
overestimated or underestimated. Elimination of such risks
requires prior adaptation of the results obtained in this
research to the specific conditions of its production.

1. On the basis of carrying out serial meltings, a sample
of experimental and industrial data is obtained to deter-
mine the tensile strength of 30XHMUJI steel. As follows
from the obtained results, it is impossible to postulate the
distribution law, in particular, to speak about the normal
distribution. The resulting two-vertex histogram suggests
that there is heterogeneity of data, in particular, possible
systematic error. Therefore, it is advisable to split the sample
into two, in accordance with the regulation of melting in
two electric furnaces.

2. As a criterion for assessing the melting stability,
it is proposed to use a stability coefficient based on the
calculation of the entropy and determined on the basis
of a sample of data obtained in the serial melting mode.
This allows to remove the strict requirement of compliance
with the distribution law to a normal one, on the basis of
which the standard deviation can be used as an estimated
indicator of melting stability.

3. It is proposed to use fuzzy description of entropy and
stability coefficient for practical use in assessing the melting
stability. This is justified by the fact that a strict requirement
is removed that the distribution law is normal, since the
actual distribution density is absent. Despite the fact that
this result is obtained for one technology of melting of one
steel grade, a similar situation is likely to occur in other
industrial conditions. Therefore, it is proposed in the fuzzy
description of entropy and melting stability coefficient to use
the calculated values of these indicators for the total and
divided samples as the lower and upper limits of fuzziness.
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OPERATION OPTIMIZATION OF
HOLDING FURNACES IN SPECIAL
CASTING SHOPS

Dotsenko Y.,
Dotsenko N.,
Tkachyna Y.,
Fedorenko V.,
Tsyhulskyi Y.

006’exmom docaioxncenis € NAABUILHO-3ANIUBANLHA CUCTNEMA UeXi6 cneuiaivhux eudie aumms. Ipoyec pos-
210a6CsL HA OCHOBE IMIMAYTIH020 MOOCTI08ANNS NOMPeOU KOKIIbHUX Mawun ab0 MAwun Jumms nio muckom
8 PO3NAABT I MONCIUBOCEU NAACUILHUX 1 PO30ABATLHUX Nevell 3abesneuumu Yo nompedy. Modenosanns 301i-
CHIOBANOCS HA OCHOBL MUNOBUX PTULEHD NO 3ACTNOCOBYBANUX MAPKAX Neuell 0Ls 6UZOMOBICHIS AIOMIHIEGUX CNILABIE
8 KOJIbOPOBOIUCAPHUX UEXAX MAWUHO0YDiBH020 NIONPUEMCMEA, WO CREYIANI3YEMbCA HA BUZOMOGLEHHT TUMMSL
6 Memainesi popmu 01 upobis Mmauunobydysanis.

B pesynvmami imimauiiinozo mMo0emoeanis OmpumMano onuc 6Naudy iHmencueHOCmi 3as60K Ha PO3NILAG 3 OOKY
KOKIIOHUX MAULUN AO0 MAWUH UMM, N0 MUCKOM, 1 4ACY BUKOHAHHS YUX 3AS60K HA CYMAPHT GUMPAMU N0 Pealizauii
MEXHOJI02IUH020 NPOYECY. 3aNnPONOHOBAHO CYMAPHI BUMPAMU BUSHAUAMU K CYMY BUMPAM, M08 I3AHUX 3 BUMPAMOT0
MEXHON0ZIUNOL eeKmpPoenepeil, i GUmpam, noe’sa3anux 3 IMOGIPHUM NPOCMoeM Mawun yepes opax memany. ITpu-
woMy Opyea ckaadosa 6idoopaNcae sumozi 00 NPOOYKMUBHOCTE MAWUN 8 YMOBAX peanviol ix excnayamauii. Tomy
CYMapii GUMpPamu Ha Peaizayiio npouecy KoKiIbH020 Jumms ado Jumms niod muckom 6 4acmuii, w0 cmocyemncs
y3200xcenocmi podOmu enemMenmis NAAGUILHO-3ANUBANLHOL CUCMeMU, 00pani 6 AKOCMi Kpumepito onmumizayii i
Pynxyionysamnmus.

3anpononosano nAAGUILHO-3ANUCATLHY CUCTNEMY PO3LALOAMU SK CUCTEMY Mac06020 obcayzosysanis (CMO)
3 6iomosamu. Taxe ysieaenns € HAUOLILUL HCOPCMKUM 3 MOUKU 30PY BUMOZ 00 3abe3neduenis 3a0anoi npooyKmueHocmi.
3a 00nomo2010 docridncens nosepxui 6i0zyKy eupiulera ONMUMI3AYIIHA 3a0aua no Y3200M4CeHOCmi IHMEHCUBHOCTE
3a5160K HA PO3NAAG | YACY IX BUKOHAHNS, WO MIHIMI3YE CYMAPHI BUMPAMU HA PEALi3ayit0 MEXHOL02iUH020 NPOUECY.
Ompumano 10KaibHO-ONMUMALLHT MEXHOL02IUNT PIULeHs, W0 00360LL10Mb MEXHOL02aM 00Upamu HaudiivuL pa-
ULOHAILHI Piluents no 6e0eHHI0 KAMNANIL NAABKU 3 BUKOPUCTANNAM Po30asanivhux neveil emuicmio 0,16—0,25 m.
Taxi piwenns 3abesneuamv MONCIUGICND SHUNCCHHS GUMPATN HA UZOMOBGILEHHS AJIOMINIEB020 UM,

Kmouosi cnoea: cneyiaivni 6uou Jumms, Iumms nio MUCKoM, Po30AmMKosi nevi, NAAGUILHO-3ANUBAILHA CUL-
cmema, CUCmema Macogozo 00CaY206Y6as.

such a way as to harmonize the quality requirements of
the resulting castings. If the decisions on the organiza-
tion of the process are wrong, there may be additional
costs for the process. For example, the overrun of energy
carriers or material resources is possible. Therefore, it is
important to develop solutions in the field of control of

1. Introduction

In the conditions of mass production of special casting
types in shops with chill machines or injection casting
machines, it is necessary to ensure the specified perfor-
mance. However, it is difficult to organize the process in
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