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ABSTRACT

The plate that is formed during longitudinal rolling out of continuously cast steel is characterized by deformational

and structural inhomogeneity by rolling height, presence of stringer-type non-metallic and liquation inclusions, elongated

along rolling direction, which reduce mechanical and performance properties of flat steel and its products. This research

presents the comparative analysis of deformation inhomogeneity during plate rolling carried out by various methods, and

also provides performance estimation of stressed state and fracturing of steel in the process of rolling.

Kevywords: plate rolling, simulation, deformation, DEFORM, Q-FORM.

ANALYSIS OF DEFORMATION INHOMOGENEITY
DURING PLATE ROLLING

The development of a computer model of plate
rolling technological process has been carried out con-
sidering the range of product sizes and technological
capacity of equipment of rolling mill 5000 at “Magni-
togorsk Metallurgical Plant” JSC. Three rolling passes
of “MMP” JSC mill 5000, namely first, thirteenth and
twenty first passes, were selected for the purpose of this
research: initial height of continuously cast slab at the
first pass was /4, = 300 mm, at the thirteenth pass - 4",
=67,4mmand— A = 30,5 at the twenty first pass. The
values of friction index i (as per Shear) for the thirteenth
pass varied at three levels: y = 0,6; 0,7; 0,8, and at one
level - v =0,8 - for the first and twenty first passes. The
results of calculation of deformation zone sizes, neutral
plane position, measure of deformation for nine particles
having various altitude coordinate
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extracted by means of DEFORM-3DandQ-FORM

software were compared to analogous properties, ex-
tracted with the help of formulas [1-13]. As per the
thin section method, the deformation during rolling
is considered monotonous and homogeneous, when
deformation is defined by final modification of sheet
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height and width of the sheet respectively. Disregarding
h

broadening we get £, =—In—>.

The velocity profile provided by DEFORM-3D and
Q-FORM software presented by isograms in Fig. 1 does
not justify the hypothesis of thin sections. It is observed
that axial component gradient of particles velocity vector
is lower when exposed to friction stress in near-contact
zone, than in central part of deformation zone. Defor-
mation inhomogeneity estimationby sheet height was
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exercised for 9 steel particles: (P1...P9), where P1 is a
particle at the area of slab and roll contact (z = h/2); P9
is a particle in symmetry plane (z = 0) (Fig. 3). Average
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Fig. 1. Velocity profile of axial component of steel particles
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Fig. 2. Distribution of accumulated deformation degree as
per DEFORM-3D (a) and Q-FORM (b) software.
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deformation value in section after rolling was defined
with the help of formula

— 1 n
814 :_Zgui
n i

i - particle number. The deformation inhomogeneity
by sheet height was estimated by means of variation

coefficient S / g ,

1 " 1/2
whereS:[ﬁ(gm—gu) }

is average squared deviation. The calculation results for
three aforementioned rolling passes are provided in Table 1.

It is observed from Table 1 that the deformation
zone parameters (length of deformation zone 1, and I/
hmedium ratio, gripping angle o and angle of neutral
plane yn), calculated by means of DEFORM-3D and
Q-FORM software are slightly different from the pa-
rameters defined as per the hypothesis of thin sections.
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Fig. 3. Variation coefficient S/ g for three passes as per
DEFORM-3D (a) and Q-FORM (b) software.
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Tablel. Research results.

Pass | Calculation | n, |Ah;, e l, h bo, b1, Ab, | o, | Y | lim,
number| method |min'{mm| Y |" mm ™\ mm| mm | mm | grad |grad| mm Eu
DEFORM-3D 139,90| 0,49 2723.46(23,46|14.61]5,65(54,41[0,320
| Q'—FORM 23.7] 36 |0.8|1172/143:15] 0.54 |,1|2724.07124.07]15,10[4.2640.85]0.310
Thin section 140,71| 0,49 2706,33| 6,33 |14,66|5,94|50,67]0,256
method
DEFORM-3D 59,17 0,92 4495.87| 5,87 | 6,25 2,87/27.62(0,222
13| QFORM |31 |65 (0.8 890 | 6562 0,94 |44904494,83] 4,83 ] 6,85 |1,83/20,61]0,226
Thin section 59,79 0,93 4492.64| 2,64 | 6,23 |2.86(27.51/0,203
method
DEFORM-3D 59,17 0,92 4494.15] 4,15 | 6,25 |2,84/27.28[0.220
13
Q.-FORM 63.1 | 6.5 07| 590 | 64701 LOL |, 10014494.044.24 [ 6.76 [1.9021.84]0.227
Thin section 59,79 | 0,93 4492.59| 2,59 | 6,23 |2.84(27,26(0,203
method
DEFORM-3D 59,171 0,92 4493,97] 3,97 6,25 2,80/26,91]0,219
13 | Q-FORM 65,23 | 1,02 4493,95] 3,95 | 6,81 |2,15[23,67(0,233
63.1| 6,5 0,6] 890 4490
Thin section
59,79 | 0,93 4492.53] 2,53 | 6,23 |2,79(26,85(0,203
method
DEFORM-3D 39,50 | 1,36 4492.10] 2,10 [ 4,10 [1,96]18,87(0.213
21 | Q-FORM 43,02 ] 1,48 44933 | 3.3 | 1,48]2.21]21,79]0,225
96,2 | 2,8 |0.8| 868 4490
Thin section
3924 | 1,35 4491,61| 1,61 | 4,08 |1,94]18,79(0,193
method

The relative broadening of slab established by means of

DEFORM-3D and Q-FORM software at the first pass is

%.100%: 0,87 % and 0,89 %, at the thirteenth - 0,13

% and 0,11 %, and 0,05 % and 0,07 % at the twenty
first. Thus, the sheet broadening during rolling can be
disregarded in engineering analysis.

The values of deformation by nine particles trajecto-
ries are provided in Fig. 2a,b, when the values of varia-
tion coefficient S/ g which characterizes deformation
inhomogeneity by height, are provided in Fig. 3a,b.

Itis observed in charts of Fig.4 that the deformation
degree at the area of contact with roll is 2.5 times higher
for the first pass (I/h = 0,5) than in the symmetry plane.

The variation coefficient '/ g_u , calculated with the help
of DEFORM-3D and Q-FORM software equals 0,315
and 0,30 respectively. These values indicate significant
inhomogeneity of deformation in strip section. As for
the thirteenth pass (I/h = 0,9) and the twenty first pass
(I/h=1,35-1,48), the deformation degree in near-contact
zone and central part of the sheet is 1,10 - 1,5 times
different, when variation coefficient equals 0,13 and
0,12, respectively, as per DEFORM-3D and 0,06 for
both passes as per Q-FORM. Calculation comparison
of average deformation degree by height g as per the

DEFORM-3D and Q-FORM software and formula
2 h

g, =—=In—=

SNCI
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indicates that assumption of monotonous and homoge-
neous character of deformation by height during rolling

provides underestimated results.

ESTIMATION OF STRESSED STATE IN DEFOR-
MATION ZONE DURING PLATE ROLLING

For providing conditions of plain deformation and
fulfilling the hypothesis of thin sections the stressed state
is characterized as follows: oxy = oyz = 0, oyy = (oxX
+0zz)/2= o, where 6 = — oii - average normal stress.
Based on yield criterion considering value of normal
contact stress [8]:
for backward slip zone

d
_2ntgal o _
p= T [(8 1)[th +1] G "

and for forward slip zone

3
p= 2t 18 (zm)(hj 1|-o, @)
po2 h
where p is the friction coefficient;
__ K
tga/2

hy, h, and h are initial, final and current value of
rolled strip thickness, o_, g, are stress of back and
forward tension. It is necessary to find respective
formula for o =-p+21s. Then stressed state index

is Z=—L 41,

T

N

There isno 6, = o = 0 for plate rolling of forward
and back tension, then stressed state index at the entrance
and exit of deformation zone equals g -1 when Lode
index is M= 0 (Fig. 4a,b). The stressed state index for
21st pass in neutral plane is 6/T=-2,71, and for 1st - /T
=—1,5. While increasing friction index from 0,6 to 0,8
in 13th pass, stressed state index reduces from (—1,91)
to (-2,11).

FEM problems solution —that is the process of mod-
eling of plate rolling for three passes (the first, thirteenth
and twenty-first) in the program of DEFORM-3D for the
assessment of the stress state determined the stress state
factors of o/T and A in the deformation zone of the
cross sections for the input, output, and neutral section
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Fig. 4. Distribution of stressed state indexes o/T along the
deformation zone x/1 (a) for three rolling passes and for
one pass with various friction conditions (b).

along the trajectories of contours of axial velocity of the
metal (see. Fig. 1). Graphics of the change of the stress
state factor for the five trajectories along the deformation
zone are shown in Fig. 5 and Fig. 6.

The values of Lode factor (Hc = 2M -1,
Oy, — 03
found by the program of DEFORM-3D, are close to 0 (the
values from 0,01 to 0,09) and do not contradict the theory
- when sheet rolling there is the plane strain ( £, = 0).

The obtained results of the task solutions, performed
by the program of DEFORM-3D, do not satisfy the
boundary conditions when the sheet rolling (Figs. 5
and 6).

Taking into account the character of steel yield abil-
ity &, dependence from o/T indicator (Fig.7) [9], it is
fair to say that higher steel collapsibility is observed
during plate rolling rather than during steel sheet rolling.

During plate rolling at the first pass index is o/T
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Fig. 5. Indicator of stress state /T along the deformation zone x/1 for three rolling passes when v = 0,8 according

to DEFORM-3D (a — first pass; b — thirteenth pass; ¢ — twenty first pass).
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Fig. 6. Indicator of stress state /T along the deformation
(a-y=08;b-y=0,7;c-y=0,0).

= -1,5, when steel yield ability is &, = 4,00. During
sheet rolling (21stpass) the stress state index equals /T
=-2,71, and yield ability equals g, = 9,6, 1.e. 2,4 times
higher than at first pass.

CONCLUSIONS

The quantitative characteristics of deformation
inhomogeneity by rolling height depending on sizes of

——#—— Trajectory Ne5

—@— Trajectory N2 6 (In the axial zone)

zone x/1 for three rolling passes according to DEFORM-3D

deformation zone and rolling modes were identified and
established with the help of DEFORM-3D and Q-FORM
software complexes. Index of accumulated deformation
degree inhomogeneity in the form of S/ gvariation
coefficient was proposed for comfortable analysis of
steel structure inhomogeneity during rolling. It was
shown that during rolling of high slabs at first passes
the variation coefficient equals S/ &, = 0.3, as there is
high variability of deformation degree at the surface and
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Fig. 7. Yield ability chart for steel of “St 3Sp” grade during
hot deformation (1,3—¢ = 10 ¢24— ¢ = 100 c-1. Full lines
land2 - 4 =1, dashed lines - #,=0).

core zone of the plate. The values of stress state indexes
in the deformation zone have been calculated using the
thin sections hypothesis and interface conditions of zero
equality of forward and back tensions. It was shown that
during plate rolling the /T indicator is 1.8 times higher
and yieldability of steel grade “3Sp” is 2.4 times lower
than during sheet rolling.

The modern programs of FEM — modeling allow to
evaluate the discontinuity of the deformed state in the
deformation zone at plate rolling, while the hypothesis
of plane sections, used in the plastic theory of rolling,
does not allow to give an accurate estimation. It was
shown that in the axial zone there is insufficient work
out of structure compared to the contact area. The stress
state analysis, made by the program of DEFORM-3D,
showed that the FEM-simulation of plate rolling does not
provide the reliable data on the index of state of stress,
as the boundary conditions at the input and output of the
deformation zone are not satisfied.
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