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and it is shown that variation of geometrical parameters of
the casting wall is the most important among these factors.

e Increase of wall thickness of the casting “Track
link” by 3 mm has diminished the value of shrinkage
stresses by 27.62 % (it was established via calculations);
in its turn, it leads to decrease of possibility of forming of
metal rejects caused by hot cracks.
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The paper describes qualitative variation of thermal-physical pa-
rameters of solidifying large ingot and the following consequences
of this variation. The chemical elements presented in the ingots,
their classification and effect on operating parameters of finished
products are described as well. The tendency to rise of ingot metal
purity and positive influence of this tendency on the value of brittle-
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tough transition in steel is presented.

Today we can speak about several general fundamen-
tal relationships that allow to consider a large ingot as an
object of management and to solve the problems of engi-
neering and control at the most responsible stages of its
forming in IT terms.

Physical-chemical and hydrodynamic appearances
occurring during crystallization are mainly determined
by thermal-physical situation in a solidifying ingot. The
appearing dynamic thermal state can be completely de-
scribed by 3 values: temperature gradient G, linear rate
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of crystallization ¥ and cooling rate €. Only two of these
values are independent for ideal isotropic medium, con-

sequently
e=GxV,°C/c (1)

Variation of the main thermal-physical parameters
depending on the average diameter is presented on the
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Fig. 2. G/Vvariation along the 56 t ingot radius (twin line is for sub-feeder cross section,
single line is for medium cross section, dotted line is for bottom cross section)

900 mm, variation of ingot
thermal work due to intensi-
fication of internal heat trans-
fer and management of liquid
metal composition owing to
reducing of content of techno-
logical impurities are evidently
the most efficient and techno-
logically suitable ways.

It is possible to vary cardi- 0
nally thermal work of a large
ingot via influence on heat
transfer in a liquid core of
solidifying ingot, as it is dis-
played on the relationships on
the fig. 2. This influence was
experimentally tested through
the effect of electromagnetic field [ 1] of blowing by inert
gas [2, 3]. Such experiments have displayed that heat
transfer is activating, but the positive effect on ingot qual-
ity was not proved.

The results of influence of variation of the efficient
heat transfer coefficient in the liquid core of a solidify-
ing ingot (A,;) have been analyzed using the mathemati-
cal model developed in the State Research Centre JSC
SPA “CNIITMASH?. This value has been increased by
10 times (from 25 to 250 W/m, °C), simulating mixing
of the liquid ingot core. The results of calculation are
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Fig. 3. G-V (¢) variation along the 56 t ingot radius (twin line is for sub-feeder cross
section, single line is for medium cross section, dotted line is for bottom cross

presented on the fig. 2 and 3. They display that increase
of &, has very substantial effect on variation of thermal-
physical conditions in the dual-phase area of a solidifying
ingot with mass 56 t.

Variation of the cooling rate (g), calculated through
the equation (1), testifies about essential rise of this pa-
rameter more than by two times. It will be accompanied
by two appearances.

Firstly, the efficient distribution coefficient in the
mixing ingot will be higher than in the ingot with less
value of &, [4].
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Secondly, rise of € value will lead to decrease of the
distance between the first order axes in the whole ingot
volume and in all crystal areas.

G/V relationship makes it possible to evaluate nu-
merically the value of variation of the solidification tem-
perature range and the rate of varying of this parameter.
Using the data from figures 2 and 3 as well as experimental
results [5, 6], we can evaluate possibility of development
of out-of-centre segregation cords and essential zonal
chemical heterogeneity.

Correct realization of mixing in the liquid ingot core
causes significant improvement of homogeneity of distri-
bution of chemical elements along the ingot body, i.e. of
the elements with high segregation activity.

Rise of A,sleads to the situation when large ingots
(D,, =900 mm) with relatively high (according to the mod-
ern requirements) total content of sulfur and phosphorus
(0.03%) can be manufactured practically without segrega-
tion cords.

It should be mentioned especially that lowering of the
total content of sulfur and phosphorus down to 0.01% also
decreases cardinally possibility of appearance of segregation
cords and even zonal chemical heterogeneity in a large ingot.

Chemical heterogeneity of cast metal is considered as
very important parameter and its importance rises with
increase of ingot mass and size.

All elements presented in liquid metal can be divided
by three large groups: impurities, technological elements
and composition (alloying) elements.

Influence of each of these elements can be evaluated
via its effect on forming of imperfect objects during crys-
tallization, using difference of coefficients of accommo-
dation of Fe and the concrete element (A4} Fey .

The following elements among those that are practi-
cally always presented in liquid steel make the most es-
sential effect:

1) impurities:

e removing — sulfur, phosphorus, oxygen, hydrogen,
nitrogen — their content can be varied during melting,
ladle treatment and casting;

e non-removing — antimony, tin, lead, arsenic, sele-
nium, zinc, copper, cadmium — their content can be varied
during melting preparation, using choice of initial materials;

2) technological elements — silicon, aluminium,;

3) alloying elements — carbon.

Accumulation and distribution of alloying elements
and impurities depends on thermal-physical and hydro-
dynamic condition of solidification

K, =F(Kp,V,IClL), (2)
where K — efficient coefficient of distribution; Kj — bal-
anced coefficient of distribution; V'— linear rate of crys-
tallization; [C,]; — content of ith element in liquid metal
before start of crystallization.

This expression explains the most important role of
thermal work of ingot (V) and composition of cast metal

([Col1)-

The State Research Centre JSC SPA “CNIITMASH”
hasformulated and confirmed the general theory of form-
ing of zonal chemical heterogeneity [5, 10].

In general form, the main regularities of the theory
of cord forming (Vv-, A- shaped) can be presented as the
following expression:

[CoJi= 5 (1H. D1, K3, [Cy1;, 1), (3)
where [ C,]!— content of ith element in the concrete ingot
point; H, D— geometrical sizes of an ingot; A — structural
parameter of cast metal.

I.e. the degree of development of chemical heteroge-
neity in the each point of solidifying ingot depends first
of all on:

—thermal conditions of solidification (size, H/ Drela-
tion, efficiency of feeder work);

— composition of metal and contents of elements having
strong effect on formation of a crystal Fe matrix ([C)]}, K,);

— dispersion of forming dendrite structure, i.e. dis-
tances between the first order axes (0).

Mathematical simulation is the most modern, ef-
ficient, quick and cheap method for optimization of
configuration and thermal work of an ingot. The State
Research Centre JSC SPA “CNIITMASH” has deve-
loped the software [11—14], uniting the advantages of
commercial programs (ProCast, Polygon etc.) with the
practical experience accumulated in thermographic re-
search of ingots with mass in the range 5 kg — 415t from
different steels. This program allows to examine evolution
of thermal-physical parameters, state and configuration
of shrinkage defects, chemical heterogeneity, stresses in
cooled metal; even hydrodynamics of liquid metal during
its casting in moulds can be evaluated.

Achievements in metal refining allow to influence ef-
ficiently on chemical heterogeneity, up to complete elimi-
nation of the area of out-of-centre segregation cords. At the
same time concentration and structural parameters of form-
ing of cords and zonal chemical heterogeneity are varied.

Lowering of Si content in composition as well as ad-
justing of Al content allows not only to decrease develop-
ment of chemical heterogeneity, but also to cease essen-
tially segregation of the main composition elements, to
improve quality of cast structure, to rise the most impor-
tant properties (to decrease 7, k, O increase KCV, other
ductile characteristics) [15].

Knowledge about ingot structural heterogeneity is very
important, meaning forming of chemical heterogeneity,
uniformity of properties and achieving of the required dis-
persion of grain structure of product after its deformation.

Grain in the product strongly depends on dispersion of
cast grain, its size is directly proportional to the distances
between the first order axes (A,). These distances between
the axes and structural areas in an ingot can be predicted
on the base of simulation of thermal processes.

At present time the data about distances between
axes are used successfully in development of deforma-
tion technologies.
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Fig. 4. Dependence between critical brittleness
temperature and size of austenite grain
(15X2HM®A (15Kh2NMFA) steel)

One generalizing example can be presented for de-
monstration of metallurgical achievements in machine-
building. The complex of technological solutions for
15X2HM®A (15Kh2NMFA) steel that is used for ma-
nufacture of the reactor shell of VVER-1000 type, al-
lowed to use ingots with mass up to 420 t, to decrease the
temperature of brittle-tough transition by 60 °C, to make
this material practically unsusceptible to radiation by
neutron flow during 80—100 years, to provide possibility
of shortening and cheapening of the cycle and cost of its
fabrication, to provide unconditional competitiveness of
the Russian nuclear power stations in the global market.

Decrease of grain size improves effectively metal em-
brittlement strength (7}(0) and cuts expenses for this pro-
cess (see fig. 4).

Content of impurity elements in the 15X2HM®A
(15Kh2NMFA) steel and their influence on its resist-
ance for destruction at low temperatures are analyzed.
Regulatory data on maximally allowed content of impuri-
tiesin the 15X2HM®A (15Kh2NMFA) steel during total
period of its usage and on TK0 level specified by regulatory
documents were used for this purpose [16, 17]. The main
scientific statements of this article concerning the effect
of chemical composition on development of chemical
heterogeneity in large ingots have been additionally used.
As aresult, dependence between the temperature of brit-
tle-tough period (7; Ko) in Kelvin grades and the generalized
parameter X’ expressing summarized steel contamination
(i.e. the level of refining that can be achieved by the ap-
plied technology) has been established.

This relationship is expressed in the following way:

Ty, =29,2- [X']023%, 4
Ty, — temperature of brittle-tough transition, K;

X =10P+3S +5[Sn+ Sb + Bi + As] +

+ 5[H] + [Cu], 4.1)

[P], [S], [Sn, Sb, Bi, As], [Cu], [H] — content of noted
elements in liquid steel before casting (ppm).

Graphic interpretation of this relationship is presented
on the fig. 5. Its analysis displays that the rate of 7, X, lowe-
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Fig. 5. Influence of 15X2HM®A (15Kh2NMFA) steel
refining on transition brittleness temperature (75 )

ring rises with increase of refining depth. Extrapolation
of the obtained results to the level of practically avail-
able steel refining shows that it is possible in this case to
achieve T equals to minus 90—95°C (173—178 K), i.e. it
is possible to obtain practically safe material for reactor
shell with service life more than 100 years.

The study was financially supported by the grant issued
by the Russian Scientific Fund (project No. 17-19-01773).
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The main task of the technology of the steel sheet flattening is to calculate the optimal reduction of a sheet billet by the
working rollers of straightening machines so that the sheet at the outlet from the machine has the minimum residual stress
and curvature. In the mathematical and numerical modeling of the flattening process of the steel sheet in the multiroll
straightening machines, in the beginning we calculate the curvature and bending moments of the steel sheet at the points of
the tangency with the machine’s working rollers, and then we calculate the energy-power parameters of the sheet’s flatten-
ing. The calculation of energy-power parameters of the multiroll sheet-straightening machines is an important technologi-
cal estimation at the steel sheet’s flattening. The basis of energy-power calculation includes the estimation of the support
reactions of working rollers and the efforts of the upper and lower rollers’ cassettes of straightening machine at the sheet
flattening. When there is an insufficient bending moment of steel sheet, it is impossible to eliminate the harmful residual
stresses in the sheet wall and the surface defects of the sheet. If the force of the upper cassette rollers is insufficient, then
to achieve the required reduction of the sheet for the quality flattening is impossible. The excessive values of the rollers’
torque moments and the efforts of rollers’ cassettes often lead to the sheet defects, the breakage of the working and sup-
porting rollers and the breakage of whole sheet-straightening machine. The approximate method for the determining of
the optimal technological parameters of the cold flattening of the steel sheet on the 2N-roller sheet-straightening machine
is proposed in this paper. The calculations allow us to determine the type and curvature of the neutral plane of the steel
sheet under the flattening, the residual curvature of the sheet after the flattening, the sheet’s bending moments, the support
reactions of working rollers, the residual stresses in the wall of the steel sheet, the proportion of plastic deformation on the
sheet thickness and the relative deformation of the longitudinal surface fibers of the sheet under the flattening depending
on the rollers’ radius, the pitch between the straightening machines’ working rolls, the magnitude of the sheet reduction by
the upper rollers, the sheet thickness, as well as the elastic modulus, the yield stress and the hardening modulus of the sheet
metal. The research results can be widely used at the engineering and metallurgical plants.

1. Introduction

The rolling mills and the multi-roller straightening
machines are widely used in the manufacture of steel
sheet in the Russian and foreign metallurgical industry
[1-35]. For example, the five- and nine-roller straight-
ening machines of the company “SMS Siemag” are used
at the metallurgical complex mill-5000, and the five-,
six-, eleven-, fourteen- and fifteen-roller straightening
machines of the company “Fagor Arrasate” are used at
the metallurgical lines of transverse cutting of steel sheet.

© SHINKINV. N., 2017

After the hot rolling [6, 7], the steel sheets are de-
forming during cooling due to the residual stresses and
often have the surface defects in cold condition (for ex-
ample, buckles, wavy edges, camber, crossbow, coil set
and so on). Therefore, the steel sheets are flattened in the
multi-roller straightening machines [12-15].

The process of sheet’s straightening in the multi-roller
flattening machines is mandatory (required) process for
the technological processes of metallurgical production.
The sheet flattening are widely used at Russian metal-
lurgical plants (for example, in Vyksa, Chelyabinsk,
Magnitogorsk, Izhora and so on) and at overseas metal-





