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MODELING OF STRIP SHAPE INDICATORS DURING ROLLING
IN NON-CONTROLLED MILLS

MOJAEJIIOBAHHSA ITIOKA3HUKIB ®OPMMU LIITABHU ITPU ITPOKATIII
Y HEPEI'YJIBOBAHUX KJIITAX

In the theoretical work, it is proposed to define the indicators of the shape of sheet samples be-
fore and after rolling, and to establish equations describing the change in shape during rolling, along
with determining the coefficients of shape alignment. The obtained equations for shape change and the
coefficients of shape alignment can be utilized for optimizing the shape of the active forming area
between the roll gap and the squeezing modes to obtain flat sheets or slabs in non-adjustable rolling
mills. We will establish the relationship between the obtained shape indicator @, and the indicator
used for quality control of sheet shape in industrial conditions. For automatic control of flatness and
slab shape during rolling, the indicators @, and K, , characterize the controlled object and are used
as control signals for the control system of the strip rolling process SAAPF.

Keywords: rolling, shape indicator, strip, elongation coefficient, alignment coefficient, flat-
ness, automatic regulation.

Ocnosna npobnema npu npoxamyi wmadu npaguibHOZO0 NPOQINo 8 NonepeuHomy nepepisi
nonsieae @ 3abe3neuenti @ npoyeci pobomu npasuILHOI opmu nNo3ixy 6aaKie, moomo 6 30epexnceHHi
NPAMONIHIIHOCMI MAa 83AEMHOI NApaienbHOCmi Ymeopioouux 8AalKi8 8 0CbOGil NioWuHi. 3 Memoro
ABMMOMAMUYHO20 Pe2YIOBaAHHS PopMU WMAO NOKASHUK (OpMU NOBUHEH XAPAKMepUsyeamu MNidc-
KICMb NPOKAMYBAHO20 MEMANy 6 YiloMy, moOmMo 6iH nOGUHeH Oymu (YHKYi€ ycix po3mipie wmadu,
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WO 3MIHIOIOMbCA NIO Yac NPoKamysanus. Y pobomi meopemuiro 8USHAUUMU NOKAZHUKU (hopmu auc-
MOBUX 3pA3Ki6 00 I Nic/isk NPOKAMYSAHH MA 6CMAHOGAEHT PIGHHHS 3MIHU (OpMU NIO YAC NPOKAMY-
8AHHs Ma 3HAUOEeHO Koeghiyicumu eupientoeanus opmu. Ompumani pisHAHHA 3MIHU hopmu wmabu i
GenUYUNHY KOeiyieHma UPIGHIOBAHHSL YOPMU TUCA MOICYINb GUKOPUCOBYBAMUCS 051 ONMUMI3AYTT
Gdopmu axmusHoi MEIPHOI NOMINC 6GIKOBO20 PO3XUNLY MA PEAHCUMIE OOMUCKY 3 MEMOI0 OMPUMAHHSL
NIACKUX TUCMIE ab0 wmab 8 Hepe2yIbO8aHUX NPOKAMHUX KIimax. Busnauumo 36’130k nomisxe ompu-
MaHum noxKasnuxom gopmu @, ma nOKA3HUKOM, AKUM KOPUCIYIOMbCA OJisL KOHMPOTIO AKOCmi ghopmu
JUCMIB 8 NPOMUCTOBUX YMo8ax. Bemanoeneno, wo noxasnux ghopmu nucma @, 6yoe nosumuenum 01
KOpo6uamozo, 8i0 €MHUM 0I5l XBUAACIO20 | OOPIGHIOGAMUME HYII0 01 NAACK020 aucma. /[na asmo-
MAMUYHO20 Pe2yIOBaAHHS eUUUHY NOKASHUKIG D, 1 D, NOGUHHI BUSHAYAMUCA 34 BUMAICKOIO JUC-
M0B020 MEemAy nio Yac 1o2o NpoKamyeaHHs. 3a asmomMamuyHo2o pe2yno8anis NIACKocmi i hopmu
wmab nio yac npokamyeants nokasnuku @, i K, 4 xapaxmepu3zyiome 06 ’€km pe2ynio6ants i ix 6UKo-
pucmosyioms sk kepyioui cuenanu pegyasimopa CAPII® wmabu. 3a oyinkoro agmopis, UKOpUCMAaHHs
CAPII® na 6azi cmeopenoi memoouKuy pe2ynio8anHs 003601A€ NIOSUWUMU NAOWUHHICTb NPOKAN)-
sanux wima6 na 5—10 % i 3ab6e3nevumu ii cmabinbnicms Ha 95 % O0osoicunu wmabu 3a60axu besne-
DPEPBHOMY KOPEKMYBAHHIO NPOQPINI0 MIdNCEATKOBO20 3A30PY 8 ABMOMAMUYHOMY PENCUMI.

Knrouosei cnosa: npoxamka, noxazHux gopmu, wmada, Koeiyicum sumsdicku, Koegiyicum
BUPIBHIOBANHS, NIOWUHHICTb, ABMOMAMUYHE PEeSYTIOBANHS.

Problem’s Formulation

The task of sheet rolling, together with leveling and straightening processes, aims to produce
strip and sheets of flat shape, without «waviness» and «camber» defects. In industrial conditions, the
shape of sheets is characterized by the ratio of flatness deviation a to the established length L, at which
this deviation is measured. However, this ratio does not indicate whether the sheet or strip section is
wavy, flat, or camber, nor does it consider the width of the strip. For the purpose of automatic regula-
tion of strip shape, the shape indicator should characterize the flatness of the rolled metal as a whole.
That is, it should be a function of all dimensions of the strip that change during rolling,

Analysis of recent research and publications

The main problem in rolling of strips of correct profile in cross-section lies in ensuring the
correct shape of the roller pass during operation, i.e., in maintaining the straightness and mutual paral-
lelism of the forming rollers in the axial plane. In the case of absolutely rigid roller installation, their
uniform heating and wear, this condition could ideally be satisfied. However, since any real system
has finite rigidity, the task arises primarily to compensate for the deformations to which the rollers are
subjected under the action of rolling forces. Furthermore, it is necessary to compensate for the instabil-
ity over time and along the length of the roll (width of the strip) of factors affecting the shape of the
roller pass.

Therefore, three main factors can be distinguished, significantly different in their nature and
methods of compensation, which cause a change in the shape of the roller pass [1, 2]. These are the
pressure of the metal on the rollers, the heating of the rollers, and their wear. Let's consider the nature
of the influence of these factors in more detail.

The pressure of the metal on the rollers, in turn, is determined, under other equal conditions,
by such basic parameters as compression and deformation resistance. In continuous rolling, the tension
of the strip also plays an important role.

All three parameters can be unstable over time and along the width of the strip. For conveni-
ence of analysis, each factor can be considered as a sum of a constant mean value and a variable devia-
tion from this mean value (in terms of two variables: time and coordinate across the width).

The most important parameter among those mentioned can be considered as the compression
[3]. This parameter is a function of the initial thickness of the strip and the gap between the rollers.
Disturbance to this parameter can arise from the initial thickness variation of the strip. If this is longi-
tudinal thickness variation, it causes longitudinal compression instability (at a given gap). Transverse
initial thickness variation causes uneven compression across the width of the strip (even with correct
roller pass shape). What happens in this case?

Unstable compression over time leads to fluctuations in the pressure of the metal on the rollers
and, consequently, to fluctuations in the gap between the rollers and the shape of the roller pass. The



78 Maremarnune mozpemoBanus Ne 1(50) 2024

latter, in turn, affects the magnitude of compression, but now in the direction of its stabilization. Thus,
in the presence of a system with positive feedback, the system is stable.

The uneven compression across the width of the strip poses a more complex challenge. Simi-
lar to the above, this non-uniformity affects only one of the components of the deformation of the
forming metal — elastic flattening, which is proportional to the rolling force along the strip length
(and thus, under equal conditions, to the specific compression across the width of the strip). The
second and most important component of deformation — the deflection of the roll during its elastic
bending — is not as directly related to the nature of its loading along the strip length. In other words,
the elastic curve of the roll during bending is not similar (or equidistant) to the distribution of load on
it. Consequently, regulation becomes significantly more complicated.

It is pertinent to note that the profile of the strip is not influenced by the parallel displacement
of the rolls caused by the deformation of supports, pressure mechanisms, or stands. However, these
deformations are significant for longitudinal thickness variation of the strip. From the above, it should
not be assumed that longitudinal and transverse thickness variations are independent factors. Clearly,
any type of deformation (bending, stretching, flattening) within the elastic limit is a consequence of
the same force — the rolling force. Hence, the problems of their compensation, especially when deal-
ing with the variable component of the rolling force, are interdependent.

The second parameter affecting the pressure of the metal on the rollers is the deformation re-
sistance, or essentially, the rolling temperature [4, 5]. This parameter is more inertial over time than
the previous one, and if it changes, it does so monotonically and predictably. This allows for extrapo-
lation of the temperature function and anticipation (prediction) of regulatory influence based on it. The
most characteristic influence on the strip profile is the temperature gradient (linear) across the width of
the strip, causing its camber. Another typical case is the lower temperature at the edges of the bar
compared to its center.

Finally, the third, most difficult to regulate parameter is tension [6]. The tension between
stands depends on the force applied to the strip by the tension regulator, the ratio of rolling speeds in
adjacent stands, and the ratio of compressions in the same stands. Naturally, one would expect this
parameter to be the least stable among those considered: since fluctuations in each of the mentioned
influences cause fluctuations in tension. Fluctuations in tension cause changes in compression, which
in turn affects tension. Thus, here too, there is a complex feedback control system. The most unplea-
sant aspect is the uneven tension across the width of the strip, causing uneven compression, and con-
sequently, uneven stretching across the width of the strip. As we have already noted, such deviations
from the rolling regime immediately affect its flatness.

Thus, of the three parameters considered that determine the pressure of the metal on the roll-
ers, two (compression and tension) are interdependent, while the third — deformation resistance (roll-
ing temperature) — is autonomous and significantly more inertial [7].

Two other factors that affect the profile of the roller pass are thermal deformation of the rollers
and wear of the rollers.

The non-uniformity of thermal deformation of the rollers is caused by different contact conditions
with the strip along different sections of the barrel length, as well as by different cooling conditions.

Finally, roller wear is the least predictable and irreversible (unlike all previously mentioned)
cause of changes in the roller pass profile.

To conclude this section, it is necessary to emphasize that the flatness of the strip is related to
the uniformity of compression across its width, but uniform compression is not a necessary condition
for achieving the correct profile of the strip [8, 9]. Therefore, the most important factor in simulta-
neously addressing both tasks is the profile indicator of the strip. In the case of significant starting
thickness, flatness is not an issue, and in such conditions, the profile can be effectively regulated.

Formulation of the study purpose

The aim of the study is to theoretically determine the shape indices of sheet samples before
and after rolling, formulate equations describing the change in shape during rolling, and find coeffi-
cients for shape correction.

Presenting main material

To obtain a generalized measure of form (see Fig. 1), let's consider two transverse sections of

the sheet. If we measure the length of longitudinal sections between the cuts at the edges and in the
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middle of the sheet, we will find that for a flat sheet, these lengths will be the same, while for a non-
flat one, they will be different. Moreover, the greater the difference in these lengths, the greater the
deviation of the sheet's form from flat. The deviation of the sheet's form from flat, given the same rela-
tive difference in lengths, increases as the width of the sheets b decreases. Therefore, the form of the
sheets @, can be estimated by the ratio of the difference in lengths in the middle /. and at the edges of
the sheet /, to the average length / and the width of the sheet b on sections between the cuts of the
sheet, 1.e.:

@, = lcbfllR : (1)
)=l ;lK | )

Thus, the form index of the sheet @, will be positive for camber, negative for wavy, and equal
to zero for flat sheet.

Let's establish the relationship between the obtained @, form factor and the indicator used for
quality control of sheet forms in industrial conditions. To do this, let's consider a section of a sheet of
camber shape, marking the length at half the defect wave as L (Fig. 1). For b > L, the form of the sec-
tion of the sheet, represented by the amount of non-flatness relative to the length at which it is meas-
ured, will be equal to a/L. To determine the @, form factor on the highlighted section of the sheet, we
calculate the length of two half-waves /,, using the length of its horizontal projection /. and the non-
flatness magnitude a, replacing the curve that reflects the camber sheet through its middle with two
segments BO and OC.
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Fig. 1. The section of the sheet has a camber shape

Taking into account that in @/b << [ and assuming /, ~ [, and using expression (2), we obtain:

2aY a’
I.=1. -1+ =] ~1:{1+2= 3
C K ( L J ( LZJ ( )
substituting /. from (3) into (1) and replacing /, with / in the latter, we obtain:
2-a’
aa @
According to equation (1), the form factor before rolling is:
l. —1
D, =t 3)
B, L,
After rolling:
l. -1
e (6)
B -L

The form factor indices according to (5) and (6) cannot be used in SAAPF because continuous
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measurement of the edge and center lengths of the slab metal directly during rolling is not possible.
Therefore, for automatic adjustment of the indices @, and @,,, they are determined based on the ex-
traction of sheet metal during rolling. The distribution of extraction across the width is obtained using
the values of the generalized (average) extraction A and the non-uniformity of extraction across the
width of the sheet A 1. We express the generalized extraction as the semi-sum of the extraction at the
center 4. and at the edges of the sheet 4,, i.e.:

Ac+ A
A=K (7)
2
the non-uniformity of the distribution of extractions is defined as their difference, represented by:
A, = Ae — A, (8)

where A, and 1, — are the extraction at the center and edge of the sheet, respectively, which will be
equal to:

/

Ao =2, 9)
I
/

Ao =—+. (10)
L,

Considering that le, [ly = Iy, [1, =1, We obtain:

lCl —IKl _ICO —IKO _ AA, . an
[, l, A
From here, we obtain the general equation for the change in the form of the sheet during
rolling:

Aly
b @, =b,- @, + 1 (12)
In the case of cold rolling without sheet expansion, i.e., when b, = B, we will have:
O, =D, + Aly (13)
JI Jy A . b N

The ratio of the form factors of the sheet after rolling to before rolling is nothing but the form
alignment coefficient K,,;. We obtain the K., coefficient by dividing both sides of equation (13)
by d),]().

() A,
= =1+ r (14)
‘ D, A-b-D 7,

As a result of conducting an active experiment, the following results were obtained (Tabl. 1).
Material: strip 0.91x100x117 mm of grade A5SM aluminum (ultimate tensile strength — 7.8 kgf/mm?,
elongation — 40.7 %).

K

Table 1. The results of the experiment

. . Thickness after rolling
Ne | Thickness before rolling, mm left edge iddle right edge
1 0,74 0,73 0,73
2 0,66 0,68 0,70
3 0,91 0,59 0,63 0,62
4 0,56 0,57 0,58
5 0,59 0,62 0,64
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Calculations of profile and cross-section parameters, as well as determining the magnitudes of
controlling influences on the profile and form, can be conducted using the formulas obtained from the

previously provided methodology (Tabl. 2, 3).

Table 2. Transition from a wavy to a flat sheet

Ne fg& f\f& f& f& Ae A yl Ay D D K.y
1 110 112 1,06 1,04 1,05 -0,0000095 | 0,0475
2 105 107 1,11 1,09 1,10 -0,0000182 0,091
3 102 | 104 | 117 | 117 | 1,15 | 1,13 | 1,14 | 0,02 | 0,0002 | -0,0000246 0,123
4 98 100 1,19 1,17 1,18 -0,0000305 | 0,1525
5 95 97 1,23 1,21 1,22 -0,0000361 | 0,1805

Table 3.Transition from a camber to a flat sheet
Ne | leo | o\ e | i, Ac Ak yl A, D Dy, K.y
MM MM MM MM
1 112 110 1,04 1,06 1,05 0,0000095 0,0475
2 107 105 1,09 1,11 1,10 0,0000182 0,091
3 104 102 117 117 1,13 1,15 1,14 | 0,02 | 0,0002 0,0000246 0,123
4 100 98 1,17 1,19 1,18 0,0000305 0,1525
5 97 95 1,21 1,23 1,22 0,0000361 0,1805

The coefficient of shape alignment of the sheet during rolling in an unregulated mill can take

the following values (Fig. 2):
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Fig. 2. The dependence of the shape alignment coefficient K on the profile shape factor after rolling

K, 4> 1 — the flatness of the sheet deteriorates;

K, 4 =1 — the flatness of the sheet does not change;

K, 4< 1 — the flatness of the sheet improves.
The utilization of the System Automatic Adjustment Shape and Form (SAAPF) based on the
developed regulation methodology will enable an increase in the flatness of rolled strips by 5—10 %
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and ensure its stability over 95 % of the length of the strip by continuously adjusting the profile within
the inter-roll gap in automatic mode.
Conclusions

The obtained equations for changing the shape of the strip and the magnitude of the shape
alignment coefficient can be used to optimize the shape of the active forming zone between the roll
gap and the compression modes in order to obtain flat sheets or strips in unregulated rolling mills.
During automatic adjustment of flatness and shape of the strip during rolling, the indices @, and K 4
characterize the controlled object, and they are used as control signals for the SAAPF strip regulator.
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