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Abstract. Stiffness modulus is an important technical parameter of each four-high stand of continuous wide-strip hot rolling mill and characterizes
the roll force that causes elastic deformation of all structural elements of the working stand in the assembly. Accuracy of deviations of longitu-
dinal and widthwise profile of hot-rolled strips and quality of sheet products directly depends on reliability of determination of such parameter
at the design stage of efficient technological rolling schedule. After review of classical methods for calculating elastic deformations of four-high
stands based on the laws of the elasticity theory and modern publications, it was concluded that it is necessary to take into account the dynamic
component when determining the stiffness modulus of the working stands of hot and cold rolling mills. Lack of record-keeping above the specified
component entails significant errors in the alignment of the roll gaps at the stage of mill setting for rolling the strips of the required final thick-
ness. In this work, we studied the stiffness modulus of the finishing stands of the operating continuous wide-strip mill, taking into account their
constructional features in the production of hot-rolled strips of various sheet gauge of low-carbon steels, mainly intended for further cold rolling.
When analyzing experimental data, reliable regression equations were obtained that allow taking into account the effect of the rolled strip width
on the stiffness modulus of stands. The results of investigations are presented in graphical and tabular form, demonstrating the change in the stiff-
ness modulus for different mill stands. The results allow us to design and make changes to the existing hot rolling modes in order to ensure
the required accuracy of the longitudinal and widthwise profile of hot-rolled strips.
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AHHOmMayus1. Mopynb )KEeCTKOCTH SBJISETCS BaXKHBIM TEXHUUECKUM I1apaMeTPOM KaxJI0H KJIeTH «KBapTO» HENPEPLIBHOTO IIUPOKOIIOIOCHOIO CTaHa
ropsideil NPOKaTKH M XapaKTepU3yeT BENUYHHY YCUIUS IPOKATKHU, BBI3BIBAIOIIYIO YIPYTy0 Je(OopMaliio BceX KOHCTPYKTUBHBIX 3I€MEHTOB
paboueil kietu B cbope. OT JOCTOBEPHOCTH OIPEIENICHHs] TAKOIO MapaMeTpa Ha dTamne NPOeKTUPOBAHHUA dPPEKTUBHBIX TEXHOIOTHUECKUX
PEeXKUMOB NPOKATKU HANPAMYIO 3aBUCHUT TOYHOCTh OTKJIOHEHMII IPOOIBHOTO U IMOIEPEYHOrO MPO(MIIS TropsAYeKaTaHBIX IIOJIOC U KadeCTBO
scToBoro npoxara. Ilpu 0030pe Kiaaccuyeckux METON0B pacueTa ynpyrux aedopmanuii pabounx 4eThbIpexBaIKOBbIX KJIETEH, OCHOBAaHHBIX Ha
3aKOHAX TEOPHHU YHPYTOCTU, H COBPEMEHHBIX ITyONUKAIMI ClIeTaH BBIBOJ, YTO HEOOXOAHMO yUHUTHIBATh AUHAMUYECKYIO COCTABIIAIONIYIO IPU
OIpEAEIeHUH MOJYJIsl )KECTKOCTH PabouMX KJIEeTel CTaHOB ropsiueil 1 XxonoaHoi npokarku. OTCYTCTBHE y4yeTa BbIlIeyKa3aHHOW COCTaBIISIOILCH
BJICUET 3a COOOH CyIIeCTBCHHbBIC OIMOKH B BHICTABICHUH MEKBAJIKOBBIX 3a30pOB Ha JTale HACTPOHKU CTaHA MOA MPOKATKY MOIOC TpeOyeMoit
KOHEYHOW TONMIMHBI. B naHHON paboTe BHINOIHEHO UCCIEI0BAHUE MOIYIIS KECTKOCTH KIETeH YMCTOBOW I'pYIIIbI A€HCTBYIOIIETO HEMpepbIB-
HOTO HIMPOKOIIOJOCHOTO CTaHA C Y4€TOM UX KOHCTPYKTHBHBIX 0COOCHHOCTE! PH IIPOU3BOACTBE TOPAUEKATAHBIX MOIOC PA3INYHOTO JIUCTOBOTO
COpPTaMEHTa HU3KOYIJICPOAUCTBIX CTajel, MPEeUMyILEeCTBEHHO NpeJHa3HaYeHHbIX IS JanbHeleil Xonoanoi npokarku. [Tpu ananuse skcre-
PHMEHTAIBHBIX JaHHBIX IIOTyYCHBI JOCTOBEPHBIC YPABHEHHS PEIPECCHH, TO3BOMISAIONINE YUHTHIBATH BIUSHUE MIUPHHBI IPOKATHIBAEMOIT TTOTOCHI
Ha MOJyJIb JKECTKOCTH Kiereil. MccnenoBanue npencTasieHo B rpaduueckoil u tabinuHoit Gpopme, reMoHCTpUpyoLIei U3MEeHEeHHe 3HaYeHHUH
MOJYIS ’KECTKOCTH AT Pa3sIHYHBIX KIeTel cTaHa. Pe3yapTaThl McCIeIoBaHMS MO3BONIAIOT MPOEKTUPOBATH M BHOCUTH M3MEHEHHA B CYIIECT-
BYIOIIME TEXHOJIOTHUECKHE PEKUMBI ropsiueil MPOKaTKU ¢ LeNblo obecreueHus: TpedyeMoil TOYHOCTH MPOAOIBHOIO U MONEPEYHOro Mpoduis
ropsdeKaTaHbIX MOJIO0C.
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[ INTRODUCTION

In recent decades, global production standards have
tightened tolerances for deviations in the longitudinal and
widthwise profile of hot-rolled strips made of low-carbon
steels. This trend is driven by the increasing requirements
for the quality of sheet products. These requirements
apply both to the thinnest hot-rolled strips (0.8 — 1.5 mm
thick), which are directly used in mechanical engineer-
ing and construction, and to strips with a thickness
of 1.8 — 5.5 mm, which serve as semifinished rolled stock
for cold rolling mills, where they undergo further pro-
cessing to meet strict geometric tolerances for longitudi-
nal and widthwise profiles.

The accuracy requirements for hot-rolled steel
sheets supplied in stacks and coils are regulated by
GOST 19903-74, which classifies sheets into two accu-
racy groups: high accuracy (Group A) and normal accu-
racy (Group B). Depending on their thickness and width,
these sheets are subject to different thickness tolerances.
For example, sheets with a thickness of 1.8 — 2.0 mm and
a width of 1500 — 1820 mm have a thickness tolerance
of £0.17 mm for high accuracy and +£0.20 mm for nor-
mal accuracy. However, even stricter requirements apply
to hot-rolled strips intended for cold rolling mills for
the production of autobody sheet. In such cases, thick-
ness deviations across the entire surface must not exceed
+(2 — 5) % of the nominal thickness of the semifinished
rolled stock [1].

Reducing deviations in the standardized characteris-
tics of the longitudinal profile of hot-rolled strips within
the specified tolerances has driven the development of thin-
strip hot rolling theory [2 — 4]. Based on this theory, models
have been developed to control longitudinal and widthwise
thickness deviation, considering all significant technologi-
cal parameters of the rolling schedule [5 — 7].

A review of international publications reveals a direct
correlation between the accuracy parameters of the longi-
tudinal and widthwise profile of hot-rolled [8 — 10] and
cold-rolled strips [11; 12] and the stiffness parameters
of both individual structural elements and the assembled
four-high stands. Similar studies are widely represented
in classical domestic textbooks [13 — 15]. Of particular
interest is the stiffness modulus of each stand in the con-
tinuous rolling mill, as the accuracy of determining this
characteristic directly affects the proper setting of the roll-
ing gap [16; 17]. This, in turn, influences the precision
of the initial mill setup and the effectiveness of control

actions for adjusting strip thickness accuracy during roll-
ing [18 — 20].

The objective of this study is to investigate changes
in the stiffness modulus of finishing stands in continuous
hot rolling mills for various strip gauges by analyzing
experimental data obtained from an operating wide-strip
rolling mill.

[l MATERIALS AND METHODS

The equation describing the direct linear relation-
ship between the elastic deformation of the four-high
stand and the rolling force P, acting on the rolls can be
expressed as follows:

P,= M, (h,~S)), (1)

where M is the stiffness modulus of the four-high stand,
MN/mm; £, is the strip thickness after rolling in the i-th
stand, mm; S, is the initially set roll gap in the i-th work-
ing stand, mm.

As previously noted, the accuracy of determining
M, in equation (1), given a specified strip thickness 7.,
directly affects the correct initial setting of the roll gap S,
and, consequently, the overall rolling precision.

During metal reduction to the required thickness £,
the working rolls experience a rolling force P,, which
can be assumed to act vertically. This force is transmit-
ted through all structural elements of the assembled
stand, including the four-high roll system, thrust bearings
with pressure capsules, back-up chocks, thrust bearings
of mill screws, mill screws, packing nuts of mill screws,
and close-top roll housings (Fig. 1). Classical methods
for calculating elastic deformations in four-high work-
ing stands [13 — 15] are based on the assumption that
all structural components deform according to the laws
of elasticity. Using this assumption, the stiffness modulus
of each four-high working stand in a continuous mill is
determined through well-established theoretical formulas
for the elastic deformation of all the aforementioned com-
ponents that bear the vertical rolling force during opera-
tion. However, as noted in [13 — 15], these formulas apply
only to the static stiffness modulus and do not account
for key dynamic factors, such as the influence of back-up
roll rotational speed on deformation within hydrody-
namic bearings, the horizontal displacement of vertical
axial planes of back-up and working rolls relative to each
other [21], and other rolling dynamics [10 — 12] affecting
all assembled stand components.
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Fig. 1. Construction of four-high stand of hot rolling mill:
1, 2 — working rolls; 3 — close-top roll housing; 4, 5 — back-up rolls; 6 — mill screw; 7, 8§ — back-up chocks;
9 — packing nut; /0 — thrust bearing of mill screw; // — pressure capsule of mill screw;
12 —bearing part of lower back-up chocks; /3 — pressure capsule of lower back-up chocks

Puc. 1. KoHCTpyKIIUS YETHIPEXBATKOBOH KJIETH CTaHA TOPSYCH MIPOKATKH:
1, 2 — paboune Basku; 3 — CTaHWHA 3aKPBITOTO THUIIA; 4, 5 — OTIOPHBIEC BAJIKU; 6 — HAKUMHOW BUHT;
7, 8 — TIOyIIKK OTIOPHBIX BAJIKOB; 9 — raiika Ha)kuMHasl; /() — MOAMSTHUK HAXKUMHOTO BHHTA; // — Mec/103a HAKUMHOTO BUHTA;
12 — oropa Oy KK HIKHETO OITOPHOTO Basika; /3 — Mec103a HIDKHEH TTOYIIKH

Under modern operating conditions, assessing
the stiffness modulus of mill stands is most efficiently
conducted using loading curves obtained by pre-stressing
the rotating working rolls into the pre-stressed stand posi-
tion. This method was applied to evaluate the stiffness
modulus of the four-high stands in the finishing group
of hot rolling mill 2000 at PAO Severstal. The loading
force during the assessment was varied within the actual
operating rolling force range: from 0 to 30 MN for
stands 6 — 9 and from 0 to 20 MN for stands /0 — 12,
while maintaining a constant working roll rotation speed
equal to the average strip rolling speed in the i-th stand.
To minimize the additional measurement errors, a coolant
was applied to the rolls during loading before the start
of measurements.

The experimental data on loading force P, , and
total elastic deformations in the i-th finishing stand S,
were recorded by the automated process control system
(APCS) of the finishing group of hot rolling mill 2000.
The processed data were then presented graphically in

16

Fig. 2, showing the relationship between the total loading
force P, , of each stand and the elastic deformation of all
structural elements of the stand S ;. The material proper-
ties and nominal diameters of the working and back-up
rolls are listed in Table 1.

The stiffness modulus of the pre-stressed stand in
the i-th stand MSOU. was determined based on the linear
portion of the curves in Fig. 2, using the ratio of the loa-
ding force P, to the elastic deformation of the stand S__

0 _ By
sti .
S,

st.i

)

Analysis of the curves in Fig. 2 showed that for all mill
stands, the onset of the linear deformation region occurs
at a loading force of 6.484 —3.041 MN, with higher
values corresponding to the first stands. As the loading
force increases further, the stand deformation follows
a strictly linear trend, remaining fully compliant with
elasticity laws across the entire operating force range.
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Fig. 2. Graphics of loading pre-stressed stands of rotating work rolls:
a —stand 6; b —stand 7; ¢ — stand 8; d — stand 9; e — stand /0; f— stand //; g — stand /2

Puc. 2. I'paudeckue cxeMbl HATPY)KEHHS KJIETEH CTaHa METOJOM IPEIBAPUTEILHOIO CHKATUS BPALIAIOIIMXCS pabovnX BaIKOB:
a— xnets 6; b — xners 7; ¢ — kiethb 8; d — xnersb 9; e — kiers 10; f— xners 11; g — kiers 12

Determining the stiffness modulus of the pre-stressed
stand Mﬁ.; using equation (2), based on the data from
Fig. 2, and its subsequent application without significant
error is valid for rolling strips in the finishing group of hot

rolling mill 2000 at a maximum width of b, = 1820 mm.

The dependence of the stiffness modulus of the four-
high stands in the finishing group of hot rolling mill 2000
on the width of the rolled strip b, was investigated using

the following methodology. During steady-state rolling,
all stands operate under conditions of constant positioning
of the screw-down mechanisms. As the strip undergoes
deformation in the i-th stand, the APCS of the finishing
group records the average strip thickness #,, the rolling
force P, and the average elastic deformation of the stand
S, ;- The averaged stiffness modulus of the i-th stand
Mg ;, considering the variation in strip width b, can be

st.i?

calculated using equation

Table 1. Elastic material characteristics and nominal diameters of working and back-up rolls
in finishing group of mill 2000

Ta6bauya 1. Ynpyrue cBoiicTBa MaTepuajia H HOMHHAJIbHBIE THAMETPHI PAGOYHX U ONOPHBIX BAJIKOB
KJeTell YncToBoii rpynnsl crana 2000

Stand No. | D, mm E, MPa vy, Working roll material D, , mm E,, MPa Vi
930 200,000 High-chromium
0.29 .
7 890 205,000 hardened cast iron
8 800 215,000 | 0.32 High-chromium 1600 | 219,000 | 035
heat-resistant cast iron
9,10 800 . . .
175,000 0.28 Indefinite chill cast iron
11,12 825
Note: D —nominal diameter of working rolls; £ — elastic modulus of working roll material; v — Poisson’s
ratio of working roll material; D, —nominal diameter of back-up rolls; £, — elastic modulus of back-up roll material;
v, — Poisson’s ratio of back-up roll material.
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The physical meaning of this parameter M”, reflects
the change in the stand’s elastic deformation due
to the deflection of the roll system under the rolled strip
of width b,. The difference between the stiffness modulus
of the stand without a strip M, g_i and the calculated value
obtained using equation (3) is denoted as AMf’“ Upon

completion of the study, databases were compiled to record
the following rolling parameters for the i-th stand:

— average strip width b, and average strip thickness 7,
of the rolled strip;

—value of the change in elastic deformation

of the stand S

st.i;
— calculated value of the correction factor AM .
Thus, the stiffness modulus of the stand for a strip width
b, less than 1820 mm, accounting for the correction factor
AM? ., can be determined using the following equation

st.i”

M, = Mg, — AMsbt.i’ “4)

st.i

Table 2. Values of stiffness modulus of pre-stressed stand M

where M 3_1. is represents the stiffness modulus of the pre-
stressed stand, MN/mm; AM , is the correction factor for

assessing the stiffness modulus of the i-th stand, consi-
dering the variation in rolled strip width 5,, MN/mm.

[ RESULTS AND DISCUSSION

The dataset prepared for regression analysis was
obtained from 46 rolling schedules in the finishing group
of hot rolling mill 2000, covering low-carbon steel
strips with thicknesses ranging from 1.2 to 5.5 mm and
widths from 1005 to 1625 mm. These strips were prima-
rily intended for further cold rolling and were processed
using different sets of working and back-up rolls. During
the regression analysis, linear equations (Table 2), were
derived, which accurately describe the correction factor
AM!,, for the stiffness modulus of the pre-stressed stand
M? as a function of the rolled strip width b..

st.i
Since the actual values of Fisher’s criterion F'in Table 3
significantly exceed the critical value F_(1;44)=4
at degrees of freedom k, =1 and k, = 44, the determina-
tion coefficients R? are statistically significant, confir-

o> regression equations

for AM? . calculation and their reliability

st.i

Tabauya 2. 3HaYeHHs] MOTYJIS JKECTKOCTH KJIETH «32005» Ms"m., perpecCHOHHbIe YPABHEHUS
pacuera AM, s”“. U HX JIOCTOBEPHOCTH

Stand No. | M., MN/mm | Regression equation for calculating AM” ,, MN/mm | R? F
6 5.25 0.6136 —0.0003005, 0.8928 | 183.22
7 5.45 0.8247 —0.0004105, 0.8349 | 111.25
8 5.00 0.9884 —0.000494b, 0.9552 | 469.07
9 4.95 1.0474 — 0.000524b, 0.9140 | 233.81
10 4.89 1.0409 — 0.0005205, 0.9540 | 456.26
11 493 0.8574 —0.000428b, 0.9194 | 205.95
12 5.055 0.9173 —0.000458b, 0.9417 | 355.36

Table 3. Calculated values of rolling stands stiffness modulus and verification thereof by force calculation

Tabauya 3. PacyeTHbIe 3HAYEHHUST MOIYJISI ;KECTKOCTH KJIeTH H POBEPKA UX I0CTOBEPHOCTH IMyTeM pacueTa yCHIHUs

Sl AM? .. MN/mm | M_ ., MN/mm | k., mm S, mm P, MN AP, %
No. st st ! ! calculated measured !
6 0.386 5.0264 18.55 13.260 26.590 25.070 6.06
0.297 5.1583 10.02 4.510 28.422 27.588 3.02
0.353 4.6538 5.63 1.303 20.137 20.682 2.64
0.373 4.5838 3.95 0.620 15.264 15.786 3.31
10 0.372 4.5251 2.89 —0.464 15.177 15.547 2.38
11 0.306 4.6290 2.28 -0.797 14.243 14.292 0.34
12 0.328 4.7331 2.00 0.151 8.7515 8.787 0.40
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Fig. 3. Graphics of change in stiffness modulus M ; depending on width
of rolled strip b,:
(numbers of curves — numbers of stands)

Puc. 3. Tpadukn u3sMeHEeHUs MOJYJISl FKECTKOCTH M . B 3aBUCHMOCTH OT
IIHPUHBI TPOKATBIBAEMOM MOJIOCHI b, :
(1pbI KPUBBIX — HOMEP KIICTH)

ming the reliability of the regression equations for AMSbU
in Table 2. These equations are valid within the following

parameter ranges:
— working roll crown profiles from —0.5 to —0.15 mm;
— working roll diameters from 930 to 800 mm;
— back-up roll diameters from 1616 to 1488 mm;

— back-up roll chamfer depth of 0.8 mm and chamfer
length of 300 mm.

Based on the Table 3 data, graphs were plotted (Fig. 3)
to illustrate the variation in the stiffness modulus M_ ; for
each stand in the finishing continuous group of hot rolling

mill 2000, depending on the rolled strip width 5,.

The accuracy of determining the stiffness modulus
M, considering the correction factor AM? . for strip
width variation b,, was verified by solving equation (1)
and comparing the measured rolling force P, in the i-th
stand during the rolling of a 2.0 mm-thick, 1300 mm-wide
strip of 08Yu steel. The initial roll gap S, was recorded by
the APCS of the finishing group of hot rolling mill 2000,
as shown in Table 3. The calculated and measured roll-
ing forces, along with their comparison results, are also
provided in Table 3.

Since the maximum comparison error AP, in Table 3
does not exceed 6.06 %, the findings of this study can be
effectively applied in designing hot rolling schedules for
hot rolling mill 2000. These results ensure the required
longitudinal and widthwise profile accuracy of hot-rolled
strips while incorporating control models for longitudinal
and widthwise thickness deviations [5 — 7].

- CONCLUSIONS

Based on the analysis of experimental data, reliable
dependencies have been established that describe
the effect of rolled strip width on the variation of the stiff-
ness modulus of four-high stands in the finishing group
of the operating hot rolling mill.

It has been determined that rolling within the finishing
group, from the first to the last stand, with rolling forces
below 6.484 —3.041 MN is undesirable, as under such
conditions, the stands experience nonlinear deformation,
leading to additional fluctuations in the roll gap.

The research findings can be applied in the develop-
ment of optimized rolling schedules for the finishing
group of mill stands, ensuring the production of hot-
rolled strips with minimal deviations in the longitudinal
and widthwise geometric profile characteristics.
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