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MODELING THE INFLUENCE OF FRICTION ON THE STABILITY THE PROCESS
AND FORCE PARAMETERS WHEN ROLLING IN A MODERN WIRE BLOCK

Rolling of round billet in wire blocks is the main method of wire rod production in the condi-
tions of modern metallurgical manufacturing. However, in the theory of high-speed rolling there are a
number of unsolved problems. To improve the mathematical model of the high-speed rolling process, a
scheme and method for calculating the longitudinal stability of the process have been developed. Us-
ing an improved process model, the power and kinematic parameters were calculated, as well as the
longitudinal stability of the rolling process in the cages of the wire block when rolling wire rod with a
diameter of 5.5 mm.

Keywords: high-speed rolling, friction coefficient, longitudinal stability; energy-power and
kinematic parameters.

Ilpoxamxa xpyenoi 3a20moeku y OpomsaHux OJIOKAX € OCHOGHUM MEMOOOM 8UPOOHUYMEA Ka-
MAHKU 8 YMOBAX CYUACHO20 Memanypeiuno2o eupodonuymea. OOHAK Yy meopii 8UCOKOUBUOKICHO20
NPOKAmMYy6anHs iCHYE ps0 HesupiueHux npoonem. [ns 600CKOHANEHHA MAMeMamuyHoi mooeni npoyecy
BUCOKOUBUOKICHO20 NPOKATHYBAHHS PO3PODIIEHO CXeMy ma Memoo PO3PAXYHKY NO3008ICHbOI CMano-
cmi npoyecy. 3a 00nOM02010 800CKOHANEHOI MO0l NPOYecy po3paxo8yeanu eHepeoCulosi ma Kixe-
Mamuyui napamempu, a MmaxKoic NOO0BIHCHIO CIIUKICHb Npoyecy NPOKaAmKY 8 Kiimsax OpomsaHozo 0.10-
Ky npu NPOKAMYBaHHi KAMAaHKu 0iamempom 5,5 MM.

Knwuoei cnosea: eucoxowsuoxicne npoxamyeanHs, Koegiyicnm mepms, NO3008HCHSA CMa-
JAICMb, eHEepeOCUNOBl Ma KiHeMamuyHi napamempu.

Problem’s Formulation

Contact friction in the deformation zone during rolling plays an extremely important role,
since it realizes the steady and stability of the process. The friction conditions in the roll — strip pair
are largely determined by the value the friction coefficient. Theoretical and experimental studies
[1—4] show which factors and parameters have a significant effect on f, — the coefficient of friction
in a steady process of hot rolling. It should be noted that the experimental data for determining f, refer
to a relatively narrow range of rolling speed variation (0—15 m/s). However, wire rod production in a
modern wire block is characterized by a high-speed mode with output speeds of 110—120 m/s, and
sometimes up to 150 nmv/s. In the absence of experimental data on the value of £, for the above produc-
tion conditions, the values of the friction coefficient are often taken insufficiently substantiated.

Analysis of recent research and publications

In work [5], the calculated value of the friction coefficient in the steady mode varies from 0.14
to 0.06, and in the study [6] it is 0.45. In other publications [7, 8], f, values are taken in the range
0.25—0.35. At the same time, it is well known that a sufficiently accurate determination of the friction
coefficient makes it possible to significantly bring the model closer to the real process. In this case,
special attention should be paid to the assessment of the limiting conditions of rolling and the longitu-
dinal stability of the rolled work in rolls. It is important to know at what minimum value of f, the roll-
ing process of wire rod is stable without partial or complete slippage.

Formulation of the study purpose

Accordingly, a model study of the limiting conditions for rolling wire rod with a diameter of
5.5 mm in the wire block of the 400/200 mill of PJSC DMK is proposed, as well as the determination
of the minimum value the friction coefficient at which the process will be carried out stably
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without braking the metal in the rolls. In addition, the paper provides an assessment of the effect of
friction conditions in the contact of the metal with the rolls on the tension along the entire line of the
wire block.
Presenting main material
The theoretical solution of the problem is based on the use of the average resultant longitudin-
al internal forces Q:p np Of a plastically deformed metal [9, 10], which in a dimensionless form is

determined by the formula
a y
% 1 %
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The current value of the longitudinal internal force can be calculated based on its definition
anp =0, hy by
where the normal stress g, is found using the plasticity condition, proceeding from the solution of the

differential equation of T. Karman [2].
In dimensionless form, the quantities are:
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where 2k, is the average resistance to deformation; p,— normal pressure in the deformation zone;

h, is the thickness of the strip at the exit of the metal from the rolls; R is the radius of the rolls; ¢ is the
current angle of capture; o, is the capture angle in the steady state.

It should be noted that the current internal force Q: np along the length of the deformation
zone changes qualitatively like the longitudinal stress o, When rolling under conditions
when f, >, in each section of the deformation zone, it is compressive and directed in opposite to
the movement of the strip. In cases when f), <« this force in some sections of the deformation zone

is tensile, and in others, closer to the exit of the metal from the rolls, compressing,
which leads to the multidirectional of its action.
If f, =2a,, then the current internal force of the plastically deformed metal along the entire

length of the deformation zone becomes tensile. In accordance with the above, the average resultant of

the longitudinal internal forces Q:p np » depending on the rolling conditions, may have different signs.

However, given that Q:p np 18 physically a resistance force and cannot play an active role in
the process of plastic deformation of the metal, it is oppositely directed with respect to the movement
of the strip. Therefore, as long as Q:p np <0 the rolling of the strip in the rolls will be carried out stab-

ly without partial or complete slippage. With a positive value of this force, the process is impossible.
Then the limiting conditions for steady-state rolling are determined by the following relationship:

Q:p np = 0. “4)
This condition is more stringent than the boundary case of rolling in a steady state known in
the theory:

max __
a, " =2f,.
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Calculations [10] show that when using the boundary condition (4), the limiting angle of cap-

ture a;nax =(14...1,5) fy does not exceed, which is more consistent with the results of experiments

[3]. In addition, when analyzing using the limiting condition (4), it becomes clear the possible loss of
stability of the strip in the rolls with subsequent slipping in the presence of an advance zone (y > 0,
positive angle of the neutral section), which is confirmed experimentally [11, 12].

The limiting condition (4) was obtained on the basis of a logical analysis of the nature of in-
ternal forces and their action on the strip. In this case, it is possible to establish the physical picture of
the change in the limiting pull-in and push-out contact forces in the deformation zone when the sign of

the internal force Q:p np changes. For this, let us analyze the equilibrium conditions for the selected

current volume of metal in the deformation zone with an average strip width ., (Fig. 1).

: 1
i
|

Fig. 1. To the equilibrium of the current volume of the metal in the deformation zone

Equating the longitudinal components of the forces due to stresses oy, py, ., We arrive at the
equation

24
Fl ot Dy . o, (h 2
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Let us find the average values of these forces for the entire deformation zone, taking into ac-
count (2) and (3). Considering the balance between contact and internal longitudinal forces in the de-
formation zone, we arrive at the equation

a a
1 4 y[ t p J *
— 1|2 *—coss ——=sins |ds |dp+|-Opppp | =0 (6)
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It follows from the above equation that a change in the sign of the average resultant force
Q:p np Will lead to a redistribution of the pull-in and push-out forces in favor of the latter, which en-

tails deceleration of the metal and, subsequently, the stop of the strip in the rolls. Thus, the analysis
performed confirmed the validity of the limiting condition (4) from the point of view of the physics of
the process.

When performing specific calculations of the force and other parameters of rolling a wire rod
with the diameter 5.5 mm from a circle of 17.3 mm, we used the technique published in [14]. The cal-
culation results are shown in tabl. 1 for the case when the coefficient of friction in the contact between
the strip and the rolls of all stands in the wire block is f, = 0.22. The graphs in Fig. 2—4 show the re-
sults of calculations depending on different values of the friction coefficient.
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Table 1. Parameters of deformation and longitudinal stability of the rolling process the wire
rod with a diameter of 5.5 mm with £, = 0.22

Real geometric dimensions of specimens and other parameters

No hy, | hi, | A, | by, | by, | vo, | Ve Vi, F0,2 F1,2 Ry, B, heps L
mm | mm | mm | mm|mm| m/s | ms| m/s | mm mm mm mm | mm | mm

1 17,3] 11,0 6,3 | 17,3] 21,1| 10,5]| 12,9 13,5 | 234,9| 181,8| 102,6 | 23,7 | 4,6 1,80
2 | 21,1 13,8] 7,3 | 11,0/ 13,8] 13,5| 16,0] 16,5 | 181,8| 149 101,7 | 13,83| 6,14 1,50
3 13,8] 9,1 | 4,7 | 13,8] 16,6] 16,5| 19,9] 20,8 | 149 118,6| 103,3 18,89 3,5 | 2,10
4 16,6/ 11,0 5,6 | 9,1 | 11,0| 20,8] 25,1| 26,1 | 118,6| 94,37| 102,5 11,45| 4,95| 1,06
5 11,0] 6,5 | 44 | 11,0] 14,3| 26,1| 31,6 33,6 | 94,37| 73,35| 104 16,85 2,7 1,12
6 143| 8,6 | 57| 6,5 | 8,6 | 33,6| 40,0| 42,1 | 73,35| 5841| 103,3 | 897 | 3,7 1,27
7 | 86 | 55| 3,1 | 86| 10,8] 42,1| 49,9| 53,0 | 58,41| 46,48 | 104,4 | 13,56| 2,1 1,30
8 10,8] 6,9 | 39 | 55| 6,9 | 53,0| 63,2| 66,7 | 46,48| 36,88 | 103,9 | 7,27 | 2,92| 1,01
9 169 | 44| 25| 69| 85| 66,7] 79,6| 84,6 | 36,88| 29,09| 104,7 | 10,24| 1,6 1,16
10| 85 | 55| 3,0 | 44| 55 | 84,6] 98,0] 103,8 29,09| 23,72| 104,4 | 5,76 | 2,18 1,14

Table 1 continuation

Geometric dimensions, reduced to the corresponding strip and other parameters
Ne| hg h;, mm bomm|b,mm|a,rad | 0%y 4 | Po/2ke| v M,y 90 q1 Ryz/hl
1 |1533] 9,75 | 5,58 | 15,33 | 18,65| 0,233 | -0,0092| 1,0904|0,0567| 0,0575| O 0,025 10,0338
2 | 18,65| 12,21] 6,45 | 9,75 | 12,21| 0,252 | -0,0037| 1,0323|0,0514| 0,0677| 0,025 | 0,027 |0,0220
3 112,21 | 8,06 | 4,14 | 12,21 | 14,71 0,200 | -0,0084| 1,1021]0,0527| 0,0452| 0,027 | 0,021 |0,0355
4 114,71 | 9,72 | 4,99 | 8,06 | 9,71 | 0,221 | -0,0077| 1,0774|0,0532| 0,0536] 0,021 | 0,022 |0,0299
51971 | 5,78 | 3,94 | 9,71 | 12,70 0,195 | -0,0101| 1,1667|0,0528| 0,0445| 0,022 | 0,027 [0,0502
6 12,70 | 7,64 | 5,06 | 5,78 | 7,64 | 0,221 | -0,0071| 1,0903]0,0549| 0,0525| 0,027 | 0,052 |0,0407
71 7,64 | 487 | 2,77 | 7,64 | 9,54 | 0,163 | -0,0088| 1,1727]0,0491| 0,0324| 0,052 | 0,053 |0,0517
81954 | 607|346 | 487 | 6,07 |0,183| -0,0073| 1,1162|0,0515| 0,0382| 0,053 | 0,063 |0,0454
91 6,07 | 3,86 | 2,21 | 6,07 | 7,53 |0,145| -0,0094| 1,2345|0,0447| 0,0293| 0,063 | 0,024 |0,0542
10| 7,53 | 4,87 | 2,66 | 3,86 | 4,87 | 0,160 | -0,0113| 1,2234|0,0482| 0,0331| 0,024 0 10,0497

Notes: hy and h; — the thickness of the specimen at the entrance and exit of the deformation zone;
Ah — absolute reduction; vy and v; — rolling speed at the entrance and exit of the deformation zone;
v; — the speed of the surface of the rolls; F and F| — cross-sectional area of the specimen before and
after the passage; R, — rolling radius of the roll; B, — width of caliber; 4, — depth of cut of caliber;
t — gap; ¢ is the angle of contact of the metal with the rolls; y is the angle of the neutral section;
qo = 0o / (2k.,) and ¢, = o, / (2k.,,) — dimensionless rear and front specific tensions; Mpz — rolling
torque

The numerical value of the force Q:p np Makes it possible to evaluate the longitudinal stability

of the process under different rolling conditions [3]. In cases when Q:p np <0, and in modulus is hun-

dredths of a unit, rolling is performed steadily with a significant margin of stability. With a modulus of
this value in thousandths, the process is performed steadily, but with slightly less stability. With the
further approach of the modulus of this force to zero, rolling is performed under conditions close to the
limiting ones.
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Fig. 2. Dependence of the resulting force Q*Cp. np from the friction coefficient along the
stands of the wire block

As follows from the tabl. 1 and fig. 2, when rolling with £, = 0.22, the values of the longitudin-
al force are negative along the deformation zones of all ten stands. Consequently, the deformation of
the metal as a whole in the block is stable, the process is stable, although in the second stand, where

Q:p' np =—0,0037 the probability of transition to the limiting rolling conditions is somewhat higher

than in the others. When rolling with f, = 0.2 in the same stand Q:p' np = —0,0002, the process is close

to the limiting one.

With fluctuations of external factors in this stand, slippage of the strip in the rolls is possible,
if the longitudinal forces of the next stand do not support the process. Analysis of the values of the
average longitudinal internal force during rolling with f, = 0.18 shows that under these conditions the
stability of the process is impossible, since these forces in the second, sixth, eighth and tenth stands are
positive. At the same time, in the centers of deformation of the said stands, the push-out longitudinal
contact forces exceed the pull-in ones. Analysis of the graphs in Fig. 2 showed that the coefficient of
friction during rolling of wire rod with a diameter of 5.5 mm cannot be lower than £, = 0.22.

Continuing the analysis of the research results, let us turn to the data presented in
Fig. 3 and fig. 4.

The graphs presented show that, according to the theory, the rolling process should not be in-
terrupted in any of the indicated cases, since the angle of the neutral section y > 0 and the ra-

tioh >0,5, which contradicts the above arguments. Let's pay attention to the fact that in the consi-
@y

dered rolling cases the interstand tensions go and ¢; do not exceed the value of 0.063 (see Tabl. 1),

although with a decrease in the friction coefficient they somewhat increase.

More clearly, the dependence of the specific tension of the strip ¢1/2k,, is shown by broken
lines in Fig. 5, where the friction conditions at the contact of the metal with the rolls along all the
stands of the wire block are determined by the values of f,.

As follows from the given graphs, in stands Ne 1 and Ne 2, with an increase in f,, a slight de-
crease in the specific tension is observed. In the next two stands, ¢,/2k,, decreases with increasing fric-
tion coefficient. Further, from the fifth to the eighth stand inclusive, the inter-stand specific tension
increases and then decreases again. Moreover, with an increase in f, in these stands, the value of
01/2k,, decreases. Summarizing the results obtained, it should be noted that with an increase in the fric-
tion coefficient, the distribution of specific tensions in the inter-stand spaces becomes more uniform.
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Fig. 3. Change in the angle of the neutral section y along the stands depending on the
coefficient of friction
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With the wear of the surface of the rolls during the course of their operation, the stability of

the strip in the deformation zone and the stability of the rolling process should increase due to a gra-
dual increase in the friction coefficient up to the changing the working tool.

Conclusions
New limit conditions for steady-state rolling have been developed and substantiated, which are

more stringent than those known in the classical theory. As the coefficient of friction increases, the
steady and stability of the rolling process increases along the entire line of the wire block. Model stu-
dies of the strip tension rolling process have been carried out. It is shown that the friction conditions
for the contact of the tool with the metal of all ten stands of the wire block have a certain effect on the
value of inter-stand tensions.
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MOJEJIOBAHHSI BIIMBY TEPTSI HA CTIMKICTH IPOIIECY I CUJIOBI
IMAPAMETPHU ITPU TIPOKATYBAHHI B CYYACHOMY JPOTOBOMY BJIOII
Makcumenko O.I1., Hikyain O.B., [Ipuiimak A.b., Kpusos B.B.

Pedepar

BucokomBuakicHa mpoKaTka € OCHOBOIO MPH BUTOTOBJICHHI KaTAHKW Ha Cy4aCHUX MeETailyp-
rifHuX mignpuemctBax. s qocsrHeHHS HEOOXiIHUX MOKa3HUKIB KOPUCTYIOTHCS PILICHHSMH BUPOO-
HUYMX TEXHIYHUX 1 TEXHOJIOTTYHUX MPOOJIeM, B OCHOBY SIKMX ITOJIOKEHO HAYKOBi aHaJi3 Ta OOIpYHTY-
BaHHs. OHAK y Teopii MpoKaTyBaHH: icHYe psi mpoOieM, sIKi BpaxoBYIOTh BILUTUB TEPTSA Ha MapamMer-
pH mporiecy 1 3HaxXoAAThCS B cTafii po3s’s3yBaHHs. [Ipu mocmimkeHH] BIUIMBY JUCUMIATHBHUX CHII, SIKi
BHU3HAYAIOTHCS KOEQIIEHTOM TEpPTs, KOPUCTYBAIWCS CHUTBHUM PO3B’SI3aHHAM JH(epeHialbHOTO
PIBHSHHA PiBHOBAard BUIUICHOTO B OcepeAKy Aedopmalii eneMeHTapHOro 00’ €My 1 piBHSHHAM IUIac-
TAYHOCTI 31 3HAXO/HKCHHSM CEPEIHBO IHTErPaIbHOI MO30BKHKOI criir. P0o3po0iieHo 1 00rpyHTOBaHO
HOBI1 IpaHUYHI YMOBH MPOKATKH TPH CTAJIOMY PEXHUMI, SIKi € OLTbLI )KOPCTKUMH Y MOPIBHAHHI 3 Bif0-
MUMH B KiIacuuHiii Teopii. [IpoBeneHo MomenbHI JOCHIHKEHHS TpoIecy Oe3nepepBHOI MPOKATKH 31
3MIHOIO0 KOe(illiEHTY TEpPTs Ta HATATOM CMYTH. 3a AOMOMOrO0 MOJeli BUCOKOIIBHIKICHOTO MPOLIECY
MPOKATKH OYyJIM MPOaHaTi30BaHi YMOBH CTIHKOTO MPOKATYBaHHS B KIITAX APOTSHOrO OJIOKY Cy4acHOT O
COPTOBOr'O CTaHy IpW BUTOTOBJICHHI KaTaHKH JiameTpoM 5,5 mM. [lokazaHo, 10 Ha BETMYMHN MIKKIIi-
THOBUX HATSTIB MEBHUI BIUIMB MarOTh YMOBH TEpPTS B KOHTAKTi IHCTPYMEHTY 3 METaJIOM BCIX JEeCATH
KJIiTelt apotsHOro 610ky. JoBeneno, mo 3i 30inbIeHHAM KoeQillieHTa TepTs CTIHKICTh 1 CTaOUIbHICTh
MpoLecy NPOKATKH 3pOCTarOTh MO BCii JiHii APOTSIHOTO OJIOKY.
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