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Abstract. The article describes the determination of level of zonal and dendritic segregations in slabs cast by thin slab technology. The calculated coefficients
of variation of content of main and impurity chemical elements over slab cross-section do not exceed 10 %, while the zonal segregation are moderate.
The content of manganese measured by the surface area occupied by dendritic axes and interdendritic spaces determines the level of dendritic segregation.
The manganese concentration varies from 0.6 to 1.1 %, respectively. It was established that the dynamic soft reduction during solidification allows
the primary dendritic structure to be refined, in order to form additional centers upon phase transformation of § ferrite into austenite. The sizes of initial
austenite grains formed accounting for the primary dendritic structure are 3 times lower in a thin slab than in a slab with the thickness of more than 200 mm.
Transformations of dendritic structure during reductions demonstrate the high level of conditioning required for the formation of uniform austenite grains
in semifinished rolled stock before finish rolling. The studies did not confirm the hypothesis that bainite of coarse morphology in the microstructure of hot
rolled products is formed in segregation sites. The inherited influence of the primary dendritic structure on structure formation during rolling was detected.
The manganese concentration varies between bainite and neighboring structure from 0.68% to 1.01% similarly to the level in initial dendritic segregation.
The difference in the content of chemical elements influences on recrystallization of austenite grains during high temperature roughing. Bainite was
formed in the frames of chemically depleted coarse austenite grains steady upon phase transformation.
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AnHomayus. OnpenesieH YpoBEHb 30HANBHBIX M JICHAPUTHBIX Cerperanuii B cisibax, pasiuThIX MO TOHKOCISIOOBOM TeXHOJIOrWH. PaccuuraHHbie
K09 OUIMEHTHl BapualyK COACPKAHUS OCHOBHBIX M TPUMECHBIX XHMHMYECKHX OJIEMEHTOB [0 CEUeHHIO CIsI00B He mpesbimaror 10 %,
30HAJIBHBIE cerperaiuu Hepbicokre. Coaeprkanie Mapratia, U3MEepeHHOe 110 TUIONIA 1, 3aHUMAEMOM JACHIPUTHBIMU OCSIMH U MEKICHIPHTHBIMH
MIPOMEXKYTKaMH, TI0Ka3aj0 YPOBEHb NEHAPHUTHON cerperannu. Kornentpamus mapranma msmensercs ot 0,6 no 1,1 % cooTBeTcTBEHHO.
VeTaHOBIICHO, YTO HCIIOIb30BAHHUE JHHAMHUYECKOTO MSITKOTO OOKATHsI B IPOLIECCE 3aTBEPACBAHMS TIO3BOJISIET M3MEIIBYHUTH IEPBUUYHYIO JACHIPUTHYIO
CTPYKTYpY [Ulsi 00pa30BaHuUsl JAOMOIHUTEIBHBIX HEHTPOB HpH (pa30BOM mpeBpaiieHun d-peppura B aycTeHUT. Pa3mepbl HCXOMHBIX ayCTEHUTHBIX
3epeH, CHOPMHUPOBAHHBIX C YYETOM NMEPBUYHOMN ACHIPUTHOMN CTPYKTYPBI, B TOHKOM Clisibe B 3 pa3a MeHbIie, 4eM B clisibe TomunHoi 6omee 200 Mm.
IIpeoOpa3oBanus ACHAPUTHON CTPYKTYPBI B XOJ€ OOKATHil MOKA3bIBAIOT BBICOKYHO MPOPabaThiBaeMOCTh, HEOOXOAMMYHO sl (hOpMHUPOBAHUS
PaBHOMEpPHBIX ayCTEHHTHBIX 3€PCH B MOJKATEe IEpe/l YMCTOBOW MpOKaTkou. McciieqoBaHieM He MOATBEPXKICHA THIIOTE3a O TOM, YTO OCHHHT
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rpy06oit MOP(OIOrHH B MUKPOCTPYKTYpE ropsiueKaTaHoro npokara 00pasyercsi B CerperaloHHbIX y9acTKax. BbIsSBICHO HACIEACTBEHHOE BIMSIHUE
MePBUYHON IEHIPUTHOI CTPYKTYphl HA CTPYKTypooOpa3oBaHie B XOje MpoKaTku. KOHIEHTpalusi MapraHiia M3MEHSCTCS MEKIY OCHHHUTOM U
«coceHen» crpykrypoii ot 0,68 10 1,01 % mogo6HO ypoBHIO HCXOIHOM JEHAPUTHON cerperannu. Pasnnyuune B coiepKaHui XUMHYECKUX HJIEMEHTOB
BIIUSICT HA MPOIECCHl PEKPUCTAIUIM3AIMA ayCTCHUTHBIX 3€PCH B XOIE BBICOKOTEMIIEPATYPHOIl Y€pHOBOI MPOKATKU. BelHUT chopmupoBaics B
paMKax XUMHYECKH «00€IHEHHBIX» KPYIHBIX ayCTCHUTHBIX 3€PEH, YCTONYMBBIX TIPH (ha30BOM MPEBPAIICHUH.
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[ INTRODUCTION

The rolling production of various steel grades was
implemented at the casting and rolling facility (CRF),
JSC “Vyksa Metallurgical Plant”, including cold and
corrosion resistant versions. The continuous improve-
ment of product quality allows the properties of hot
rolled product [1 — 5] to be enhanced. Thus the increase
in the slab thickness from 90 to 105 mm resulted in
increase in the facility efficiency [6]. In thin slab tech-
nology without recrystallization of austenite grains before
rolling and restricted cumulative deformation, the initial
cast structure exerts inherited influence on formation
of final structure of rolled products [7]. The slab aus-
tenite structure before the start of rolling is determined
by the cast metal structure previously formed during crys-
tallization. The boundaries of initial cast grains are propa-
gated along the interdendritic spaces. The grain shape and
sizes depend on the solidifying conditions. The dispersity
of cast structure changes from the surface to the middle
of the slab thickness: consecutively the zones of fine crys-
tals are formed, oriented columnar crystals and crystals
of equiaxial shape. According to the results in [8 — 12],
the distances between the dendritic axes of the second
order increase from the surface to the center from 20
to 180 — 250 um in thin slabs, respectively. This parameter
in dendritic structure of classical thick slab is higher:
50 um near surface, 350 pm in the middle of thickness.

It was experimentally established that under condi-
tions of CRF in the course of blistering slab from micro-
alloyed steel in tunnel furnace at 1150 — 1170 °C, about
60 % of dispersed particles are dissolved. The size of ini-
tial austenite grain in slab changes insignificantly [4].
Therefore, in order to achieve superior properties in rolled
products, more disperse initial cast structure must be
obtained before slab rolling by controlling metal solidify-
ing [13]. In addition to the sizes of cast grains, the micro-
structure formation during rolling can be also influenced
by chemical segregations stipulated by conditions of melt
presence in liquid solid two phase region. During solidifi-
cation there occurs subdivision of elements at macrolevel
with formation zonal segregations. The dendritic charac-
ter of solidification leads to microsegregations.

Generally, the main consequence of segregations can
be the formation of structural heterogeneity in rolled metal
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negatively influencing on mechanical properties [14].
The aim of this work was to analyse the internal chemical
and structural properties formed at the stages of solidifica-
tion of thin slab and as a consequence of & — vy transfor-
mation, and to determine their influence on the formation
of microstructure during hot deformation.

[ EXPERIMENTAL

The research material was an array of ten industrial
thin slabs of low carbon micro-alloyed steels, Grade K52,
and respective rolled products.

The zonal chemical segregation was determined by slab
thickness using atomic emission spectral analysis [15].
Five to seven measurements were made at each considered
site: at least 30 burnings over the thickness of each slab.
The dissipation of chemical elements over the slab cross
section was estimated by the coefficient of variation calcu-
lated as the ratio of standard deviation in the data array to
average value [11]. The distribution of chemical elements
over the dendrite axes and interaxial spaces was estimated
by manganese content [16; 17]. The cast structure was
analyzed using a Carl Zeiss Axio Observer Dlm optical
microscope on metallographic polished cross sections
made from rapidly cooled slabs. The diameter of former
austenite grains highlighted by ferrite was measured in
the cross sections parallel to the slab wide faces. In these
cross-sections, the grains are of equiaxial shape. Therefore,
it was sufficient to measure the diameter without adjusting
coefficients [18; 19]. The microstructure of rolled prod-
ucts was analyzed by reflected electron diffraction (RED)
using Ultra 55 electron microscope equipped with HKL
Channel 5 analytical system. The RED maps were plotted
as 1/4 thickness of rolled products at 125x and 500x mag-
nifications with scanning step of 0.5 and 0.1 pum, respec-
tively. In the maps obtained, the low angle boundaries
(LAB) were plotted at the grain boundary angle from 2
to 15°, and the high angle boundaries (HAB) at the angle
boundaries of higher than 15°. The grain sizes were esti-
mated by the sizes of sites restricted by HAB [20].

[ RESULTS AND DISCUSSION

The calculated coefficients of array variation together
with the data of spectral analysis (Table 1) demonstrate
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Table 1

Variation coefficients

Tabnuya 1. KoddppuuuenTsl Bapuanuu

Variation coefficient (ratio of standard deviation to average value), %

© Mn Si

P

S v Nb

5.6-6.6 05-0.8 0.6-1.0

52-94

26-34 0.8 3.7-5.1

that the dissipation chemical elements over the cross sec-
tion of thin slabs from low carbon micro-alloyed steel is
insignificant. The variation coefficients of the main and
impurity elements are lower than 10 %. In comparison
with these results in a classical slab with the thickness
of 250 mm of identical chemical composition, the coeffi-
cient of variation of carbon reaches 25.7 %. The dissipa-
tion of other elements is the same as in a thin slab. There-
fore, the casting conditions of thin slabs allows metal
close to chemically homogenous metal to be obtained.

The zonal segregations are insignificant. Analysis
of dendritic segregation demonstrated that the manga-
nese content over the area occupied by dendritic axes and
interdendritic spaces varies from 0.6 to 1.1 %. The man-
ganese distribution map illustrates primary solidified state
and dendritic segregation in a slab from low carbon steel
(Fig. 1).

The classic tree structure in a thin slab of low car-
bon steel is violated. One of the reasons of destruction
of the dendritic structure is the dynamic soft reduction
during solidification, leading to breakage and refining
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Fig. 1. Map of manganese distribution over the cross section
of dendrites and inter-dendritic spaces

Puc. 1. Kapra pacnpenenenns MapraHiia 1Mo CE4eHHIO ICHAPHUTOB
U MEXJICHIPUTHBIX ITPOCTPAHCTB

of growing dendrites. Additional centers are formed for
nucleation of austenite grains during phase transforma-
tion & — vy [13], providing structure dispersity before hot
rolling.

The size of initial austenite grains formed with
accounting for primary dendritic structure is in the range
from 0.5 to 1.5 mm. In the aims of comparison, in a classic
slab with the thickness of higher than 200 mm before roll-
ing preheating the grain size near the surface is 1.5 mm
and increases to 4.5 mm in the middle of the thickness.
The grains highlighted by ferrite in cross section parallel
to wide faces of slabs with the thickness of 90 and 105 mm
are illustrated in Fig. 2.

In the course of thermomechanical treatment, the struc-
tural heterogeneity is minimized due to correctly selected
microalloying and significant reductions of slab in rough-
ing train [1 — 5]. The deformation distribution curve plot-
ted by relative changes of dendritic structure [21] in a slab
during roughing demonstrated that actual reductions in
the CRF roughing train provide uniform local deforma-
tions (Fig. 3), which are required for obtaining of homo-
geneous fine grain structure before roughing.

The maps of grain boundary and microstructure of final
hot rolled products in the form of Kikuchi diffraction pat-
terns are illustrated in Fig. 4. It can be seen that the struc-
ture is comprised mainly of polygonal ferrite (Fig. 4, a),
the matrix of which contains bainite regions with pre-
dominant granular morphology (Fig. 4, b) and, to a lower
extent, of rack morphology. The structure of granular
bainite contains to a higher extent large angle bounda-
ries [20], which can be observed in the grain boundary
maps.

The maps are plotted to give a better demonstration
of grain sizes in the structure of the considered samples
(Fig. 5). Each site bounded by HAB is colored from blue
to red. Blue corresponds to the finest grains, red cor-
responds to the coarsest sites. The structure is mainly
homogenous in terms of grain sizes.

The grain measurements are summarized in Table 2.
The fraction of large sizes of bainite of low temperature
modification of rack morphology with LAB, formed in
the frames of initial austenite grains, does not exceed 10 %.

The map of manganese distribution over bainite sur-
face area does not confirm the hypothesis that bainite
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Fig. 2. View of grains in the planes parallel to the wide face of thin slabs:
a— 5 mm from the surface, d, = 0.5 mm; b — quarter of slab thickness, d_, = 1.5 mm; ¢ — middle of the slab thickness, d, = 1.0 mm

Puc. 2. Buj 3epeH B INIOCKOCTSX, NapayielbHBIX IIHPOKOH IPaHH TOHKUX CIISI00B:
a—5 MM OT IOBEPXHOCTH, dcp = 0,5 MM; b — 4eTBEpPTbh TOJIIUHEI CIIsI0a, a’cp = 1,5 MM; ¢ — cepeiHa TOJIIMHBI CI1s10a, dcp =1,0 Mmm

of coarse morphology in the microstructure of hot rolled
products is formed in segregation sites (Fig. 6). This
figure demonstrates that it is identical with dendritic seg-
regation. The manganese content in the surface area occu-
pied by bainite and neighboring structure varies from 0.68
to 1.01 %, respectively. Bainite with LAB was formed in
the frames of austenite grains steady upon phase transfor-
mation [22].

The difference in content of chemical elements between
dendrite frames and in interdendritic spaces can influence
on recrystallization of austenite grains during high tem-
perature roughing. At a chemically pure site, the barrier
action for prevention of growth of recrystallized austen-
ite grains is weakened, in comparison with chemically
enriched spaces. The determined regularity indicates
that minimization of bainite fraction of coarse morpho-
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Fig. 3. Influence of deformation on dendrite transformation
along the slabs thickness:
1-45-50%;2-65-70%

Puc. 3. Bausaue nedopmanyu Ha TpaHC(HOPMALIUIO ICHIPUTOB
TI0 TONIIUHE CIA00B:
1-45-50%;2-65-70%
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logy in rolling is possible due to decrease in the initial
dendritic segregation during solidification of liquid steel.
The studies established that a decrease in the distance
between dendritic axes of the second order by 30 pum in

Fig. 4. Microstructure of hot rolled products:
a — grid of large-angle (black) and small-angle (red) borders;
b — structure of bainite areas

Puc. 4. MUKpOCTpPYKTypa ropsiueKaTaHoro npoKara:
a — ceTKa OOoNBIICYNIOBEIX (YepHBIE) M MaJIOYTIIOBBIX (KpACHBIE)
rpaHuil; b — CTpyKTypa OCHHHUTHBIX y4aCTKOB
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Table 2

Grain size estimation based on the maps of reflected electron diffraction

Tabnuya 2. Pe3yabTaThl OlIeHKH pa3MepoB 3epHa Ha ocHoBe [IOD-kapT
Weighted average Maximum grain Maximum grain Coefficient of grain
grain diameter, pm diameter, um surface area, um? | size non-homogeneity

134 48.7 1864 5.4

X, um
0
Mn, %

Fig. 5. Grain size maps

Puc. 5. KapTsl pa3mepoB 3epHa

average results in a decrease in the dendritic segregation
by 20 % [23]. The disperse primary dendritic structure is
a prerequisite for formation of uniform recrystallized aus-
tenite structure during rolling in roughing train.

- CONCLUSIONS

Estimation of zonal segregations demonstrated that
dissipation of chemical elements over the cross section
of thin slabs from low carbon micro-alloyed steel is insig-
nificant. The coefficients of variation are less than 10 %.
In comparison with these results in slab with the thickness
of more than 200 mm the variation coefficient of carbon
reaches 25.7 %.

The dendritic segregation illustrated by the map
of manganese distribution demonstrated the primary
solidified state of low carbon steel with violated struc-
ture of dendrite. The refining of growing dendrites in
the course of solidification by dynamic reduction of slab
provided additional centers for the nucleation of austen-
ite grains upon phase transformation 6 — y. The sizes
of initial austenite grains in the cast structure of thin slab
are three times lower than in a slab with the thickness
of higher than 200 mm.

The calculation of relative changes in the sizes of den-
dritic structure during roughing demonstrated uniform

50 I 0.97

0.93

100
0.89

0.85

Y, pm

150

200

250

Fig. 6. Mn content at the site of bainite and “neighboring”
microstructure areas

Puc. 6. Conepxxanue Mn 1o MecTy OEHHHTA U «COCEIHUX)»
Y4aCTKOB MUKPOCTPYKTYPbI

structural transformations required for obtaining of uni-
form austenite grain before entry into finishing train.

It was established that the nature of bainite with
a higher density of low angle boundaries in final micro-
structure of rolled products is stipulated by the inherited
influence of dendritic segregation during rolling. Decrease
in the dendritic segregation is a prerequisite for forma-
tion of uniform recrystallized austenite structure during
roughing.
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