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ABSTRACT f .

THE PREDICTION OF APPLIED FORCE AND TORQUE DURING FLAT HOT ROLLING.

by

' JOSE ANTONIO GONZALEZ.

A mathematical model has been used to calculate the roll force
and torque produced under a wide range of flat hot rolling conditions.
The technique used is based on the numerical solution to the Von
Karman equation developed by Alexander and applied to cold rolling
conditions. In the present work, extensions have veen made that allow
the use of a yleld stress which is dependent upon temperature, rate of
deformation and extent of inhomogeneity of the deformation process.
Like Alexander, the present model considers also the effect of both:
‘the elastic zone at each end of the deformation region and of roil
flattening on force and torque. A prerequisite for these calculations
has been the experimental determination of the temperature gradients
in the plate during rolling, the coefficient of friction between plate
and rolls and the flow stress of the material at relevant temperatures
and strain rates; the last named data being supplemented by published
data on similar material. The results have been compared with
experimentally determined force and torque required to roll mild steel
plates at temperatures between 900°C and 1200°C, under unlubricated
conditions, .

The coefficlients of friction associated with percentage
reductions of between 30% and 45 were within the range 0.2 - 0.L5.

The thickness of the scale, the rolling velocity and the temperatures

at the plate surface appeared to control the magnitude of the coefficient
of friction. The peripheral layers of the plates underwent a severe
quench, caused by rapld heat transfer to the rolls: the associated
temperature reductlon increased with increasing roll pressures and
contact time. The resulting temperature sradient was ineinded in the
calculation using a geometric mean of the individual temperature
measurements. At rolling temperatures between 900°C and 1000°C and
reductions up to 35%, the degree of agreement between the exrerimental
and calculated roll forces and torgues were % 13% and £15% respectively,
although the use of Suzuki's flow stress data reduced these discrepancies
to about % 6% and £ 11% respectively in most cases. However the use of
higher reductions or higher temperatures led to poorer agreement

between calculation and experiment(* 2%% and  35% in the case of roll
force and torque respectively). : i
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1. Introduction,.

The rolling mill section of a plant represents, normally,
the largest single item of investment, which demands that a mill'
"should be operated as efficiently as possible. The objective of rolling
theories, then, is to enable the roll separating fbrce and the torgque
to be predicted so that optimum scheduling, operation gnd control of
a mill can be aftained in order to produce the maximum tonnage at the
lowest cost.

A large number of rolling theories have been proposed to estimate
roll force anq torque for a wide variety of rolling conditions, and
.simplified methods, representing a compromise between accuracy and speed
of calculation, have been adopted in the‘rolling industry. Predictions
in cold rolling theory have reached acceptable levels of accuracy,
vwhereas hot rolling theories often produce discrepancies, owing to
~crude assumptions made in their derivation.,

The lack of understanding of many aspects df the hot rolling
process arises from the difficulties associated with the experimental
work. As a result, fundamental research, concerned with the mechanics.

of deformation of the metal at high temperatures in the roll gap,

and torque for rolling mill design and scheduling purposes, This has
- become: feasible with the widespread availability of digital computers
and the amount of data accumulated over recent years on the resista;ce
to deformation of metals at‘high temperatures.

In the present work, a mathematical model, translated.i;;o compufer
programmes, has been constructed, which provides qulck and satisfactory

predictions of experimentally determined roll force and torque,>and

enables factors affecting rolling loads in flat hot rolling to be studied.



2.  The Theory of Rolling.

2.1 Introduction.

The theory of rolling is concerned with the ielationships

| between the eiternal fofces applied and the mechanical properties of
the material undergoing deformation. Such relationships are established
through an analysls of the distribution of stresses inside the material
between the rolls. Since considerable difficulties are encountered in
the direct determination of the frictional forces tetween the material
énd roll surfaces and of the changes of the material properties during
‘deformation, simplified assumptions are introduced into any theory of
rolling.

Rolling theories were initiated with the work of Von Karman(i)and
Siebel(z)who. in order to simplify the actual problem,analysed only the
case of flat rolling without spread, rather than that of the more
complicated section rolling where there_is considerable sprezd. They
considered the forces acting on a vertical slice of the material being
rolled_in order to derive a differentlal equation from which the
variation of roll pressures applied to the deforming material could be
detefmined. Integration of this pressure distribution over the contact
length Petween the material and the rolls allowed the roll force anq
torque to be determined.

In order to obtain satisfactory solutions to the determination of
the roll pressures, roll force and torque under a wide range of rolling
. tious, a numuer of theorles,which basically follow the assumptions

introduced by Von Karman, have been propossd.



2.2 The differential equation governing the variation in the roll

pressure during the rolling pass. , . .

Most of the early theories of rolling(i-u)relied on assumptions

. that were basically the same as those introduced by Von Karman(i)viz:

(1) Plane sections in the material pefpendicular to the direction
of rolling remain plane during rolling. i.e. homogeneous
deformation is present.

(11) There is no lateral spread of the material if the thickness of
the sheet 1s small compared with its width.
(111) The Von Misses criterion of ylelding in plane strain applies..
When the principal stresses in the plane sections are q ‘ ;nd
| ? , this condition reduces to: q—Pziﬂ5T

(iv) The plane strain yield stress 2K54A5T is constant throughout
the contact length. '

" (v) The coefficient of friction, Y ; between the material and the
roll, is constant over the arc of contact.

(vi) There is no elastic deformation of the rolls in the arc of contact.

(vii) The elastic. deformations of the material-are negslicihle in
comparison with the plaétic deformations.

(viii) The peripheral velocity of +he rolls is uniform.

Fié.?i?{represents a longitudinal section of a strip in transit
through the roll gap. Von Karman considered a slice of the mate;ial
bounded by two parallel planes, AR and BB ;which were assumed to
remain plane as the material passed through the roll gap.

' During rolling the strip is reduced in thickness from %1, to Hz



aﬁd since it does not spread laterally,Athis vertical compression
produces elongation in the rolling direction. Thus, the following
relationship applies, |
ha =y =hzyz

B where Vi and V2 are the mean velocities of the strip entering and
leaving the roll gap and V' is the velocity at any intermediate
thickness h .

The roll surface velocity V% must haﬁe some value between Vi
and VE + The point wheré the rgll and strip move at the same velocity
1; defined as the neutral point. On the entry side the roll moves more
rapidly than the strip, while the reverse is the case on‘the exit side.
Thus the frictional forces at the surfaces always act toward the
neutral point. This conditlon produces a roll pressure distribution which
includes a maximum pressure ét the neutral point. This characteristic
shape of the roll pressure distribution is reférred to as the friction
hill (sée Fig.23.1).

If the equilibrium of the horizontal forces in the absence of

acceleration, i.e. at a constant roll velocity, is considered, we arrive

at,

—t— -

| a4
where the upper sign refers to the exit side of the neutral point

A _90ecindeTeed 1220}

“and the iower sign to the entry side.
The roll pressure $ 1is related to therverticél stress C‘ by
a balance between the vertical forces, -
q=s(13Tth)

with the application of Von Misses' yield criterion,

]

q—b=QK



thus ,

F s(l= de\ 2 | | ‘.»(zv.fz‘z)

substituting in Eq. 2.2.1 we get

d, d}JH‘% 1T xgg -20)) = 2R (5500 £ s B) (2.2.10)

where the thickness \ﬁ is given by the geometry of the circular .

arc of contact as:

h=hz+?.Q(k~COSQ)

2.3 Early theories of rolling.

In .practice the yield stress of the material in hot rolling is
a function of temperature, rate and amount of plastic strain and degree
of homogeneity of the deformation, which greatly increases the difficulties
associated with the solution of Von Karman's equation. In addltion. the

(%)

actual arc of contact is elliptical rather than circular'/and the plane
sections ( AN and BB in Fig.2.2l) are subject to a change in shape as
they move towards the exit plane \(.X . Ma.ny w_orkers have attempted to
overcome these difficﬁlties by the use of approximate solutions to the
Von Karn‘a.n equation (Eq.2.2%0).
Von Karman himself( )replaced the radial pressure S Am_-.H nsg on
the section by the vertical pressure C] « Furthermore, he assumed that
¥ was small compared with K so that Rd@=dx . In addition ‘o\'nQ=Y/Q

was considered with C8=!, and hy=h, /o %Q/ZQ

: d]w ' o -
and d\( 5 _
Hence Eq.(2.2.1) was replaced by:

hudp, +p¥ =5 (¥ H) - 32)

which, together with the application of the Von Misses yield criterion

gave, ‘ -
hde/d)f ?K("/Qiﬁl) Typ (243.2a)
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calculations, as it neglects the cumulati\fe effect of the horizontal

pressure on the friction hill equation aﬁd hence the maximum pressure

obtained is too low.(e)

| T,L.Smith achieved a simplificatlon of the basic Von Karman

equatiorg%)assuming that the ’arc of contact was parabolic. Thus,
h=LhatbnAY] w0 dhjag=28n%e

and an expression for the roll pressure distribution was obtained,

he | Anx?\ds - 2N+
(%W?)&—Z B xps (2.3.4)
which, after rearrangement, gave:

Q ¥ -8 L
B =3 58
44 L LAhxZ st 2

Thus, from the above equation a distribution of g"/2x<aga.i.nst the

. /s
relative position %/ could be obtained by ‘selecting values of LM /AR

and l’\l .

(8a)

The solutions of Siebel and Von Karman were compcred by Trinks ’
assuming the same rolling conditions, and preSeﬁted on a graph, shown
in Fig. 2.3.{ ; where it can be noted that Von Karman‘’s solution produces
a much higher maximum pressure. whose position coincides with the
neutral point given by the corresponding eqﬁation. i.e. when either ?‘*"»%lf
or §*=%, |

,Tselikov(s )i ntroduced a=Lh/2 and b=hz/) to write Eq. 2.2.5.

as:

ds=(2¥ox L ys) 2dw (2.3.40)
" oadsb : .

and introduced a new variable { :

—

g8



then i | — ‘ i~

The value of U was substituted into Eq. Z.3.iq to arrive at

—a solution of the form;

5= esaP—mu\hv\\Mp M kguéu 1] (2.3.30)

where M= 2‘.) (JEB

Thus the solution given by Eq.(22.20) was similar to the general
solution to the approximate Von Karman's equation, given by Eq.(2.2.2).
It was then considered that when Nﬂ( \’12 and U1 the integrand

could be expanded in a series, so that Eg. 7.%.3q assumed the form,

e -0, atp-my b (\. rw)

for the entry zone

$=Cepmu - Lg_(z(h‘mu)

m
for the exit zone.
- .. n .N L. . ; .
The constants v and \i wWere determinea Irom the boundary
conditions at the entry plane EL , where X=L , &= 2¢ &n
-\

and U=Ue¢= %8

JE-)?hz ; and at the exit plane \/\\/\ , where ¥X=0 ,
S=2‘<—66 and u:o . ’

-t

Thus fhe final solution of Eq. 7.50a was expressed for the entry

and exit zone respectively as:

Q\q B+ (\-Ue) ]e»cpmmo—u) \mu}

and

ot g)_{(HE)J, %Jeﬂ\)mu -:_-:)2(\ J«mU\)}

8



~- Where . Z‘sf\"&/ﬁ( |

and %F \~ &o/2K

Subsequently Tselikov suggested an alternative method to calculate
''''' the rolling pressure aséuming small angles of contact. He used a

‘similar approach to that of Von Karman to obtain an equation of the
f : ‘ v
o 25 (B pildd = dlhp)  (2.3Lb)

Eq.7.2.2. was also included, i.e.
. 1
. .’:I pre T/OQ LN
p=5(1=y99)-2¢
=i SO i .
dp=li¥ ol ds
These values forp and Q\P with é‘n/,')\_ Q: o‘% were substituted in
Eq.2.5.4b which divided through by 11\)"200 resulted in,
Hl ﬁgﬁiﬁi’_ \ 9}5-— ’—Z%opldh* hds =0
(\;p*ﬁ)@)g \+y(_ I -~ (243e8e)
It was assumed that for small angles of contactvg nay be
considered constant and equal to half the contact angle., Then Eq.2.3.4¢

was wWritten as

J (2.34d)
e Nh S
where 1‘0@+
- %b(ﬁp B0

g
et

‘éhd So 2«

"

were constant.

After integration Eq. 2.5.Lxdbecame,



155§l 4G (23.5)

_— N
g !
The constant CO is found from the boundary conditions. Thus,

when ‘ﬂ=‘m and 5= Eq.(?.?).:":) becomes

- | Hg“s. (RE)_ }H I (2.35a)

for the entry side, with

VE) ‘_(uf WQ)*«?Q
o= ZK/\HX‘{)@ |

While for the exit side, when N=hz and $=52 EqQ.(2.2.5 ) becomes

o Hgo% H 3 (14E)_ \.Hh)ms I (2.55b)

with %00*
g (- a8

e So= Q(/ngg

and

Later Tselikov,(S)in contrast with previous solutions, recognized

the fact that the material did not necessarily slip at all points of

the arc of contact and poctulated:that a zone occourred in the viecinity

I

of the neutral point where there was zero relative motion between roil
and strip. This zone, where sticking friction conditiens occurred,
separated zones at each end of the arc of contact, where relative motion
between roll and slab was possible (Fig.2.2.2), Tselikov obtained an
expression for the pressure distribution in the latter zones ﬁs;ng

the method already outlined; in the case of the sticking zone, a

solution was reached by first determining the magnitude of the i"rictiona.l

forces, which appear on the contact surfaces. This was done assuming



that the frictlonal forces varied according to a iéw which is

approximately linear, then . .
T dh-ho) | (23.6)
‘.S ng :

An approximate expression was then proposed to calculate the
length of the sticking zone lg , which in hot rolling was 157—'5&5—2.\]W\m,

thus denoting 0. é("\/’))..(b( and U3 =1 . Eq.?..?).[x(] was rewritten as,
' s =1 ,

d% Kl ﬁ}é‘n (2.3.4<)
;& The plus sign in front of the s?:cond term inside the brackets
vanished, since Eq. 23.6 gave the_friction stress for the whole
sticking zone.

The integrated expression of Eq.?.??.[lc was given by:

s-scal[hheh) -2skhdlahef)]  @37)

h= \/ \5’;2,)'19

and Scwas the radial pressure at the point C determined from Eg.

where

¥

235a and \’1c is the assoclated thickness of the cross section.
It was proposed that he in Eq.?.’i?. could be found by equating
the values of the radial pressure given by Eq.”. 3.5b and Eq. 2. 37

at the point U , so: :
. -Sp 3 Alhe-ho)
Na= _K¥ ! -
Aln he/ho

yh\:!

Ne.dai(B)obtained a differential equation of the form,
4 N7 a
d /éihm + 2T+ 25%/g =0 (22.8)

which again described the stress distribution within the arc of éontact.
Here the case of aﬁplied tension was considered and the yield criterion
became S+p =2 . In addition, dimensionless groups were introduced:
ah AW/ 1= ; and ickn
Ll_%/%,ﬁ %/R i /féP\ : a.n for small angles of contact the thickness
of the material within the roll gap was given by:
' 2, 2
hil'} X ‘;"lz(l*z
A | /R )
11



Eq. 2.98 was rewritten as:
(2,'.3.8’0\)

Nadai also investigated the effect of three conditions of friction
on the distribution of pressure along the arc of contact. These were:-

(1) A constant coefficient of friction.

In this case the frictional stress was gliven by ,/C=‘ip'3 and for a

constant coefficient of friction
20aa¢ =2 Vp=1Y
So Eq.Z 280 can be written as
(1422)(du/dz) 5 Ky =22 (2.5.8))

Eq.2.2Dbwas integrated by introducing the variable ¢+ such that -

Z‘ jfo& » wWhence d\}- d%{lz a.nd,
C‘L\/C‘O’ Kiy =74 20—

from which

4 S/erzP»fK«&(C-k? &LpJf\(M} i) (259)

It was considered that in most cases the integral in Eq.Z:).?,
could by computed by replacingtgt(}' by a series, thus,
Ut: Shy=C o @ -202%0) /2 (2.2.90)
using Eq.?.fb.()o Na,da,i-calculated the préssure distribution for a
number of cases of rolling. These showed that the application of front
or back tension only, or of both together, reduces the roll pressure
and shif:‘ts the position of the neutfal plane,

(11) A constant shear stress at the surface. , .

In this case the shear stress was assumed constant, and after

introducing the dimensionless number K?':?/{;/ﬁ Eq.z.f',‘f)o became:

™ |+z.z 1423

which upon integration gave:

4 Y= twg‘ 2+\n0+28) +C (229b)

12 -



(1i1) A variable shear stress at the surface.
. In this case the surfacé.friction was assumed “to be propor-
tional to the relative velocity of slip. Nadail pointed out that the
above assumption was rather doubtful due to th; fact that little was
known about the conditions of friction when lubricated st;ips were
rolied.

The suggested relationship between the frictional shear stress(?)
and the relative velocity between rolis and strip (J-vk)wgs,

T= D (V=k) |
where q = mean vé%ue of the lubricant viscosity at the rolling
pressure.
é;: mean thickness of the oil layer.
Considering that the thickness of the strip was given by,¥1=HZﬁ%Z§
Cthen  V=vha/h = va /)

and V£=\Q/1+&p\

"so f:qﬁ{_t _l_\

where Zo was the value of,Z'corresnonding to the neutral point.

After introducing (a ')75 and K'S" L’E;ﬁ K ’ Eq 2. 3 8a took the form,

)%LL

i+zz
Hence after integration, 0
4 q 2
. =</, "—‘-X (\"r K ( \} l ?—3 )
1= 7 U zmzz 7 4
Fig.2.3.3 shows the distribution of roll pressure and shear stress
along the arc of contact salculated using the theories of Tselikov, Von
Karman, Siebel and Nadai, as presented by E1l Waziri(g). These curves
were applicable to the rolling of wide strip without applied tensions,

with a 507 reduction and a coefficient of friction “:412 .

13



It should be noted thaﬂ in the solutions of Nadal and Tselikov
the sharp maximum pressure has been replaced by rounded” peaks as these
curves were obtained from Eqs.2.3.9c and ?\5.7 respectively, which
do not involve the intersection of two separate relationships between
foll pressure and position along the arc of contact. Additionally,
in both cases the neutral point does nct coincide with the position of
the maximum pressure. . "

Ekelund(é)a.ssumed that slipping conditions occurred at the entry
side of the arc of contact, while shearing or sticking conditions were
present from the neutral point to the exit plane. A balance of

horizontal forces was used to obtain an expression of the form:

I nhe) Ab =20 240 (pos'f ~esfsind) (2.3.10)

Y

The yield criteria was expressed aspzq-KJ\Eg(%)—-ﬁ, where I
represented the mean strength of the material. Introducing Kl "’})CO%) C(f‘gv’)n
?Ka“/z(hl”‘\ ) and Y= r’\(;mJ\ m@) y Eq.22.1C was integrated to give,
o vf
P KT M i = \ gu} \«;(a\@)c\)z
from which , A
= 2
b- b Zern(cnticnt) -\
9 :
which was approximated to,
™ i ol /2 ra X
p= H/b KACK o)

where

. Q=2(P‘S&OQ{-\—QQSQ(>/R(.hHh2\)
e petsend

-

The Ekelund method was semi-empirical because it contained a
large number of approximations, often very arbitrary, which were
selected to obtain agreement with the results of certain experiments

on the hot rolling of steel.(9)



Most of phe theories reviewed above aimed at methods of calculation
that were simple enough to be of practical use in rolling mill practice.
To achieve this, drastic simplifications were necessary, which led
in some cases, to serious diéagreement with experimental results.
Usually it was not clear which of the several assumptions and approxim-
ations was responsible. On tﬁe other hand agreement betweeﬁ theoretical
and experimental results may be attrlibuted to the fortuitous cancella-

(%)

tion of several errors.

2.4, Orowan's Theory of Rolling.

Orowan aimed to discard as many simplifications as possible, and
derived a more accurate solution from which simplified theories, valid
for restricted rolling conditions, could be evolved. The Orowan
solution was also suitable as a standard against which existing theorles
could be as sessed.( )

The first part of Orowan'sL work was concerﬁed with developing a
method to calculate the roll pressure using the assumptions of homo-
geneous deformation and slipping conditicns. Eq.2.2.1 was rewritten as:

dj@:?ﬁs COSQ()‘?.DU ig) (2.4.1)

With '%’—‘nx and'{(\*:lc/\q the yield oriteria hecame S-r-\-g/h*?vf

and the final expression of 2.4\ was:
: - &g+ M@ 0)+(8) =0 (24.1a)
where

NGy =23 cesplph£1)

and " p) = 2r@)as) bip)

The generél solution of Eq.zﬁ*lo was given by:

{(9) =@>(? :( l@l ( \%DS 9\&9\ J‘ij (2.4.2)

.iS



where glwas the initial value ofl«»at either the entry or exit plane
and the lower 1limit of the ir_ltengals was Q=. Q& and Q-’—C-' respectively.

Orowan consldered that the integral ¥\©\ could be solved if the
roll flattening was ignored; but the formulae were too complicated for
practical use. The second integral containedZKQﬁwhich was given by
experimentally determined curves, Thué, it was proposed to obtain a
graphical solution.

Orowan compared two of the‘measurements of roll pressure by Siebel
and Lueg(?7)with the results given by the homogeneous graphical method.
?he measured roll pressures taken at or extrapolated to the centre of
thé strip where plane strain was éssumed, were obtalned using both
smooth.and rough rolls, Iﬁ the first case Orowan considered a low value
| of }1:0.14 and calculaied an approximate yield stress distribution
~ along the roll gap using the yleld stress~data published by Siebel and
Pomp‘7a). It was found that at a 1ow_ya1ﬁe of 4 such a graphical method
gdve-fesults which were compifable with those obtained by early
theories(ifz’B). However when a high value of y was considered in the
case of rough rolls, the graphical method produced roll pressures that
were too high., Orowan suggested that here the frictional stress
exceeded the shear yield stress of the material and therefore theories
that assumed slipping friction -ilgs-were unsuitable in such cases.
He concluded that if the frictional stress rises to the magnitude of
the shear yleld stress, plastic shear will occur in the interior of
the deforming material, while the surface will stick to the rolls. In
addition Orowan suggested that sticking conditions would appear first
at the neutral point and that the zone of sticking friction would be
-extended towards both entry and exit planes as the coefficient of

friction increased.

16



In order to study the effect of inhomogeneous deformation on roll

(10)

pressures, Orowan follcwed Prandtl's analysis of the “compression
of a slab between two rough parallel flat platens; which showed that

the stress distribution was defined by,

=04
9-C4%y

i C+2=E>< \-be)z

T %
h

where C is a constant,LH is the distance between the platens,
X and Y are the coordinates with origin at the centre of the slab.
. Since the roll surfaces are neither parallel nor plane, Orowan used
the analysié due to Nadai(ii),.in whiéh the material is compressed
between plane rbugh platens inclinea at a small angle 74 « In Fig.?1b~1
an element of the deforming material subtends an anglel} with the
éentre line of the mater’al and the stresses on this element are also

indicated, Nadai proved that in such a case Prandtl's solutlons become,
\ 1, , : ' Y ' ,
T=6-2K[L-077  (24.3) - .5& (24.4.)

These equations are valid only in the case where the flow of the naterial
is towards the fhinnest edge of the wedge shaped slab. Although Nadal's
solution applies specifically to this case, Orowan assumed that this
solutiqns also held for material flowing in the opposite direction,
Underwood(B)pointed out that Nadai's solution applies only to small
angles of inclination of the platens, limiting the application of the
resulting theory of rolling to small angles of contact.

Eq. 2.4.3. and Eq. 2.4.4. refer specifically to the case in which
the material sticks to the platens. Orowan considered that the stress

distributions given by these equations could be applied in the case in

17



which the surfaces of the material slip on the platens if a senii-angle
9* of a hypothetical wedge shaped slab sticking to the platens was
calculated, so that the shear stress at the surface of a wedge of semi-;

. . %
angle 9( £*should be equal to IJS(V\ . Thus, the value of 9 was related

;togby 9¥ KQ

.
Substituting Q for § 1in Eq.2.4.3 and Eq. 2.4.4 gives

f=s-2¢1- (7—2%)2(%)7 (24.3%)

=_pg§& (24.45)

Orowan assumed that the stress distribution along the surface AB
in Fig. 2.5.2. could be approximately the same as if the strip was
compressed between two inclined platens tangential to thé rolls at A
and B; so that Eq.2.4.4.b and Eq. 2.4.3.b describe the stress distribution
along section AB. ’

The element d} in the basic Eq,2.4.1 acting across the surface
eiement r&&shdq%&,\g censisted of the horizontal components of both
the radial and the shear stresses.

Upon integration across the surface AB, the contribution of the
;t'adial stress component chasﬁr él} to{lg) gave

{r‘°>=‘“3~ :-\%9 gi “’5\2(,,\) I o) (24.5)

S

.

The integrand in Eq.2.4.5, I?:nown as Orowan's inhomogeneity factor
- w(a) ~ , is essentially a function of the parameter a= s/k as shown
in Fig.2.0.% . ' T
| Thus Eq.2.4. 5 was abbreviated to: 4

) = s -hwio) (2.4.50)

The contribution of the shear stress (. to the total horizontal force f(Q)

p—s

18



was obtained by integration of its horizontalbcomponent zlkn}ég .
along the surface AB, Hence, |
Lm-shys (-2 )
I 0 %o
Therefore the total horizontal force was given by,
T Lol . |+ (___ ~W(a
Orowan proposed that under slipping conditions the shear stress
| cqntribution§iw>could be neglected while sticking conditlons were
associated with a=1 and w(a)=T/4 . Hence, in the former case,
l0)hs-othwey  2660)
and for the latter case,
‘ \ (!
-2 Ts L (LN (2neb
X(} 1 *2lp L ( )
The values of s obtained from Egs. 2.4.60 and 2.4.6b were
substituted into the basic differential Eq. 2.4.1, Thus, Orowan obtained
expressions in which a non-uniform pressure distribution across the

thickness of the material undergoing deformation was included; viz.

/4= Loy Zﬁ(s;ngt csf) +2R 24 0) (510D #peosf) (257
: d0 i y

A

7 .
Q IS Z\J —',_ ‘,,.. \} \n”-'»‘,(’GSQ! (n.l_zﬂ\
i g £ gindl + 7R 2\l 7
Since Eq.2.4.7ais of the same form as Eq.Z.#.ia the general

solution given by Eq. 2.4.2 was used. So that,

—
O
———
)
.L--.
=~

~—

B .
- 222¢|{] 43 ?95}5"9 yosd|

The analytical solution of Z({)and the graphical integration of
B(é!)/Z(Q ) enabled Orowan to obtain a solution in the case of sticking

friction. With slipping friction the integration of the first term of

19



the right hand side of Eq.2.4.7 can be done in finite terms, but

there is an additional complication, because w(a) in the second term

of the right hand side depends on s Q) and thus implicitly on g(o) .
However, as w(a) varies little with Sw\, Orowan proposed an approximate
technique by which the variable inhomogeneity factor could be
included.Thus, an initial value of w(a) calculated from the known radial
pressure at entrj. was used to determine Iw)in the next interval in

the arc of contact. This implied that w(as was consldered constant

over such an interval. The function w(a) was then recalculated with

fl),

hY

the associated value of s(O), and used to determine the next value of
" as in generﬁl no second approximation of w(a) in each interval was
necessary. An analogous procedure waslfAIIOWed in the exit side.
Orowan compared the measurements of roll pressure made by Siebel
and Lueg(7 )at both high and low values of the coefficient of frictién,
with the results calculated with the inhomogeneous graphical method.
Only a slight discrepagcy vias obtained between tﬁe two sets of values,
which occurred close to the point of maximum pressure. Here the ;esults
of the graphical method showed a sharp peak, while the experimental
results indicated a gradual change in pressﬁre at this point(Figtzsﬁ-ﬁ. )e
Ciowan atiributed Lhls change Of Lhie 1011 pressiie ﬁlbhxibutlon'aLOuud
the neutral point, to zones of zero plastic deformation whose presence
waé thought to have little effect upon the calculated values of roll
loads.,
The Qomplexity of Orowan's method undoubtediy caused some workers
to develop alternative solutions applicable only t0~partiéuiar rolling
conditions. A characteristic of such solutions was the use of
simplifying assumptions. Typical examples were the solution of Bland
and Ford(iz)for cold rolling and Sims(iu)for hot rolling. These are

referred to below as approximate theories.

20



2.5 Approximate Theories.

Bland and Ford{12)considered a flattened roll radius and small
angles of contact. This enabled the following approximations to be
introduced 5m0c>0,a50:1 and.%=h1%Q@2; therefore Eq.2.4.1 was reduced to

| Af/&g‘%@(@ip} (251)
and with the condition of plasticity:approximated to S-Z(f:p

so | d/doi"\(S—’Z‘OI = 23 Q’(Q + t})

which, after rearranging, became,

A iom 54 cdig(%) %52 (p+) @
It was then assumed that
@ \) 30(2@ € 2 09\7 >

This arises because the material work-hardens as rolling proceeds

t

UI

) —
2

and the thickness of the plateh is reduced: thus 2k increases as h
1
decreases, Furthermore, the coefficient(sk .) is small when low

coefficients of friction are used. Hence, Eg. 2.5.1a was reduced to
Ae

%9(\:2«\/@ = (=)

which, after integration gave,

Yoy wwp W
and
e
. "= 2’[ ¢ (‘““2,>

In order to integrate readily the resulting pressure distribution

a mean value of the yield stress was introduced,viz.,

q-! \za@ e
Or |
This method was shown to give close agreement with Orowan's

homogeneous graphical solution, except for the cases of high back
tension with rapid work-hardening. Under these conditions the term(:") ‘JGQ

. Lidp
‘may not be negligible.

21



(13)

Under these circumstances, the solution of Bland and Sims allows
a determination of roll pressure to be made by including the effect

- of front and back tension to arrive at,
g (2 T e pd
(- ) et _
g (2% _h) exp u-H) b OW\.;QA Jnsions

Later Sims( 1L})a.ssumed that sticking friction would occur over the
whole arc of contact and that the shear yield stress would remain
constant during the rolling pass. Thé conmpression process was
approximated to the deformation of a strip between two rough inclined
platens, following Orowan, to obtain,

{p= (8- MK)
This relationship was substituted in the equilibrium Egq.2.4.1 , together
- with the approximations S\'OQ’—‘() and (y5)=| and 1*(‘,639:9;2 « Thus
Eq. ‘.2.4.1 became, (! h(s ,,3(_) 9
&\ 4

Integration of Eq,2.5:1b gave

(S/ZL’Y—E\ ”\\4,% () (2.5.2)

S +R 1)
o (2515)

Lhz
RS ANLAWS LA R CRR-

\' s/ " \hU 4
whfare V\ \ / G
] _ ' ),‘2 Z\
Sims proposed that mean values of the yleld stress could be
obtained by the use of an equation of the form \‘(-—(:\(r\—kf)(r)‘\.j\s\
where A(r) and B(r) are constants that cbuld be determinéd from
experimental yleld stress data obtalned at strain rates equal to the
mean rolling strain rates and various reductions. It was also shown that

the geometry of the roll gap led to an expression of the mean strain

22



"ok R

rate given by 3 Qﬂ‘!\i‘/qi !
hot-r
Cook and McCrum(Bu)obtained a graphical method based on Sims'

solution by which roll fofce and torque could be determined. This
method was 1limited to the case of the hot rolling 6f flat sections.

Orowan and Pascoe(is)made a further appro#imation to Orowan's
exact solution, which was applicable anly in the case when the length
of the arc of contact was much greater than the thickness of the strip.
It was then assumed that because the planes fangential to the roll
surfaces are parallel at the exit plane, the slope of the pressure
‘distribution at aithis point must be the same as that prodﬁced by the
compréssion of the material between horizontal platens set hjapart.
Thus, the condition of equilibrium for a vertical segment of the

compressed material was

l l"'

~hocp+2 Ty =0

and from the condition of plasticity under plane strain (1—bz;
| ! 7 .

S0 C‘-P:O‘,ql , and ﬂodngcé\l ' \2.53)

Thus, assuning sticking conditions, under het rolling Eq. 202

was integrated to ;
qzc\g -\“& \[
Al

where q,1s the vertical pressure at entry, which under inhomogeneous
deformation and vanishing horizontal pressure becomes qa=2§vJ(G\'
The slope of the pressure distribution at the exit side was giQen by
_do, =Y, |
{Ea Ady /Zho N
Recently El1l Kalay and Spar].ing(1 )proposed an approximate methcd

to use in flat hot rolling including the Orowan inhomogeneity factor
(12)

w(2). The method was a combination of both: Bland and Ford's solution

" to calculaté roll pressures in the zones imnediately adjacent to the
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entry and exlit planes where slipping was assumed and Sims' solution
in the middle portion of the roll gap where sticking occurred. Thus,

it was shown that w(a) could be expressed as

wlo)= i saze (psi ) (2.5.L)

and at entry and exit, <§h¢) T
JUHB32C)
so that the pressure distribution under slipping conditions was given

L hoy \4
(/ZK) J41.5226 h“ A

(5/25 - TP \*\‘ “>

5262 \m

by (Cofu qu 2'5'2)'

At those positions where s/2k=1/2¥1sticking conditions were
assumed, and the s/2k ratio increased from these positions towards the

neutral point according to Sims' expressions (c.f, Ege 2.5. 2 and 2.5.2a)

o\ R .
Lg/zv.\,:'}fp “n %[ J[W XE 0) (153)

(%'/2\4)', \\\mh Q( JP\QE ‘9 )‘\9\ (2.5.5a)
2}1. hb e ")

where f,b refer to conditions on the boundaries of the
sticking region on exit and entry sides resfectively.

Denton and Grane(1?)095erved that the above method assumed the
inhomogeneity factor to be constant throughout the slipping zones and
considered that since w(a) is a function of ps/k it must therefore
decrease steadily from both entry and exit planes towards the neutral
point, until the value of 71/4 is attained which then remained constant
' throughout the sticking zone. Hence, a modification to Ei Kalay's
solution was develored which included a variable inhomogeneity factor
in the zones where slipping friction occurred. The simplified

equilibrium equation of Bland and Ford (Eq. 2.5.lu) together with the
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condition of,plaéticity given by Orowan i.e.gﬁq=3-ﬁéukﬂenabled

Denton and Crane to obtain,

(s LR (9 ) ’7Q5’9+p) (25.¢)

I{ was also assumed, after Bland and Ford(lz)that
(s/K--\u(o)) LW WK ig(\/\(,\u@)
' 4

and considering d’ig ! /\ %/ /- N(a})= W% {\ [ 0;22(/0 \)
Eq.2.5 was rewritten as, =I{)

5[y _ dwte)) - 2% (pt
& ( A(S(@/\' g

Next it was shown, using the expression of w(a) obtained by E1 Kalay(ls)

thats dwe _ 155260 (%)
36 w(@)
Thus Eq.2.5.icwas finally expressed as,
)] 1 0166"}5" - 2% {J1y)

3 (%/z) P-ozsop T

which, after integration, and assuming n=n:¥2@2v gave,
In(8i) 1220 s (Lo3 psfi ) =ln [Rj ZPJ%’jg‘J%MC

In the sticking zone the modified Sims solution, as given by El
Kalay, (Eq. 2.5.5 and 2.5.5q) was adopted.,

Denton and Crane also made a comparison between the solutions on
the exit side given by their method and that used by El Kalay et al.(16>
(Fig. 2.5.1.). Thi's showed that with the former method slipping friction
occurred ovef a larger fraction of the arc of contact with a |
corresponding reduction of ihe roll load. It should be noted that the

function w(a) included in Fig. 2.5.1.was defined as , =~ _
0) =2J1-02835(S{\T  ef. Equ2.5.4.
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2.6 Alternative Theories.

Alternative theories of rolling which do not incorporate
the basic Von Karman equation, have been developed using either slip-
line fields or approximations to this methed i.e. upper bounds. In
addition shear plane and hydrodynamic theories have also been put
forward.

(1) Slip-line field theory.

Slip-line fields consiét of two orthogonal families of
curves, showing the direction of maximum shear at every point in the
deformation zone. These lines are designated the Oﬁand!% lines (Fig.2.6.14).
Slip-line fields‘always refer to plane strain and the material is
assumed to be incompressible and ideally plastic.

The stresses at any point can be determined by the sheap stfess
and.a hydrostatic pressure P=(5y¥53+65»ﬁ5 « The Hencky(18)equations
enable the variation of the hydrostatic pressure along slip-lines to be
determined, viz., ' |

P%?!¢=Cealong an O.1line
p’2‘<¢"C2. along a /’5'3 line
where QS is the angle of rotation of the tangent to an C{ line
with respect to an avis of reference, and C. and C, are constant.

There are two types of slip-line field; those in which the system
is in static'equilibrium, and those where the.metal flow attains a
steady-state condition. The rolling process is an example of the latter.
In sucﬁ a case it is essential to verify that the chosen slip-line
field conforms to the requirements of steady velocity,compéfigle with
that of the rigid parts of the material undergoing deformation.

Deformation along slip-lines is due to pure shear. Since direct

strain does.not occur along these lines, they are not associated with
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any changes in velocity. Hence, each line may be considered to be a
rigid link. This condition waé expressed by Geiringer(ipazn the form
AU"}é?{=O along an (! line
A\}—UAQI):O along a /5 line
where U and\}‘are the velocities along Ckand.ﬂ>lines respectively.
Hill(lg)described a method for the numerical calculation of slip-
line fields, However, in the case of the statically undetermined rolling
process i.e. the steady-state case, the use of Hill's method to obtain
an acceptable slip-line field which satisfies the velocity boundary
conditions would prove very laborious.
Prager( )suggested a geometrical construction to solve the slip-
line field equations. The geometrical representation takes the form
of three diagrams; the physical pléne, showing the slip-line field,
thebstress plane, representing the stress variatioﬁ along the slip-
lines, and the hodograph. representing the velocity of any point in
the physical plane. | k | |
According to Prager's method the state of stress of any point
along a slip-line could be represented by a cycloid traced by a mohr

circle rolling along either the top or tottom tangent parallel to the

R {<J/\/ mvle AL dhn mdaacmm =Tae s (D2 0N P (21)
I

Sads Vi VY VA GO0 AT \L AR es .- L e n..t.cz.auu.c.x. cAvtiitceu

this method to solve the compression between rough inclined platens,
assuming that such a solution gave a possible slip-line field for the
hot rolling process. The original slip-line field was modified to allow

for the effect of rotation of the roll surface. The final so;utlon was

obtained after a few trials for a single geometry of rolling (R/h—58 and
r=33%).Thus, Alexander demonstrated that with the geometrical method -of
Prager, adjustments of an assumed slip-line field to obtain an

acceptable solution for hot rolling become possible bj continual
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inspection of the slip-line field and hodograph.

Later Ford and Alexander(zz)proposed an approximafé slip-line
method to obtain solutions for various rolling geometries. Further
simplifications were subsequently suggested by several workers(24'25).

Denton and Crane(17)summarised the results of the slip-line field
solutions forlfhe roll force and torque, and compared them with various
other methods including those of Sims,Orowan and Pascoe .and El Kalay et
al. and with experimental results. The slip-line field results were

(14)and El Kalay et al.(ié), while

comparable to those obtained by Sims
~theAexperimenta1 results in general were smaller than the predictions
of any of the theories considered., Comparisons of these slip-line
solutions with a modified.hot rolling theory derived by Denton and
Crane (see Sect.2.5), established that any adequate method must include:
both a low coefficient of friction (0.2 - 0.4) and a variable

inhomogeneity factor w(a) throughout the arc of contact.,

(11) Shear plane theory.

Green and Wallace(23)have reached a simplified sclution for
hot rolling, where the material undergoing deformation was considered
to be a rigid triangular area with its base'representing the arc of
contact, Ail deformations occurred along the sides of the triangle
through pure shear. The forces created in the deformation zone were in
equilibrium with the roll pressure and the frictional stresses at the
arc of contact. The solution obtained was adequate for ingot rolling.

(1i1) Hydrodynamic theory. —

Kneschke'26adeveloped an alternative theory of rolling by
interpreting the rolling process in terms of hydrodynamics in which
the laws of mechanics of viscous media were applied. Thus, the

differential equation,

Q-
e

ndv

— =

!

l

Low TN

Y
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descriﬁéd the flow of the material during the rolling process,
where\} represents the velocity component of thevmaterial in the
rolling direction andf]'is the dynamic viscosity of the material
undergoing deformation.

The application of the formulae of the hydrodynamic theory to
predict roll force and torque requires a knowledge of the dynamic

(26) . Thus,

viscosity of the material ( I} ) which is not yet avallable
avquantitative solution is not possible. However, Kneschkz,usling the
assumption that the outermost layer of the deforming material sticks
to the roll surface, arrived at solutions which were, tb a large
extent, qualitatively in agreement with the presént,understanding of the
rolling process and with experimental resﬁlts.
Alternatively, Ichinoi and Tonizawa(z?)assumed that a fluld filﬁ
exlsts between the strip and the roll surface, in which case a theoxy
of hydrodynamic lubrication could be applied, while Von Karman's eqﬁation
was employed to describe the plastic deformation of the material.
The rolling pressure curve obtained was similar to that derived by
Nadai(B) for the case when the shearing stress was assumed proportional
to the relative velocity between the material and the rolls (see Sect,2.3).
Although these alternati;e theorles seem to represent the rolling

process adequately, the use of such methods has been very limited in

practice.
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2.7 Alexander's solution to the Von Karman equation.

With the widespread availability of digital computers, the
approximate methods that have béen previoﬁsly used to achieve analytical
solutions to the differential equation des¢ribihg the roll pressure
distribution lose much of their value, since it is now possible to
use numerical techniques that do not require many of the simplificationé
introduced in early methods.

(28)

Alexander presented a comprehensive solution to the basicVVon
Karman equation where the mixed frictional conditions T4K introduced
by Orowan(u)and the variation of the yleld stress through the arc of
contact was incorporated together with the contribution of the elastic

zones of the material té the roll force and torque according to the
expressions due to Bland and Ford(33).

In order to solve the linear first order differential equation
a numerical technique, which incorporated the fourth order Runge Kutta
method of integration, was developed; Pirst an approximated value of the
roll force was calculated, to give a realistic value to the deformed
roll radius and hence the angle of contact. A yleld stress distribution
along the contact arc was then determined. Next, a solution to the
differential equation was obtained Dy means oI the kunge Kutta metnod
-at each interval along the arc of contact. The resulting roll pressure
distribution, given by the overlapping of the eniry and exit side
solutions, was initegrated by trapezoidal rule to determine the
'specific roll force, the latter being then corrected ta inQ;gde the
contributions of tﬁe elastic zones of the material at Eoth en&s of the
arc of contact. The wﬁole procedure was repeated until consistent values

of both the roll force and the deformed roll radius were reached.

Finally, values of specific roll torque were calculated according to
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early approximate formulaec and an adcuréted expression which included
the.roll flattening effect. _ . -

Alexander showed in this work, mainly concerned with cold rolling,
the largé errors involved in using some approximéte solutions, such as

(12) o1 na(3) ana 1111(35)4n the prediction

those due to Bland and Ford
of roll torque; and concluded that future studies of the hoét rolling
problem could be directed tow;rds refinements of the computer programme
so as to include the effects of both temperature and strain rate

variation on the yield stress, and of the actual frictional conditions

between the material and the roll sﬁrfacas.

2.8 Roll flatteninge.

Although the surface of the,roll‘in cantact with the material -
being rolled is deformed , the arc of contact was assumed to remain
circular. fhe general nature of this deformation is indicated in Fig.
32.1 where the shape of the rigid réll is compéred with that of the
deformed 1roll. Here it can be scen that the rcll flattening increases
~ the contact length and shifts the exit plane from the line joining the
centre of the rolls.

Dw«annfv\\-#(Bo)an aaaaa A -&\a—.# an ATTIRI3 AT AL AdwmIThed S A AT A miveA

A e e v 2 WS A2 AL Nteamde p Ve e M U e U Vel VL VA e D

was applied over the roll surface, and determined the radial deformation
of the roll caused by the stress distribution over that part of the

surface where it is applied, which could be expressed as:

I 2 ) -P
‘2 T\H ' (Bqi2.8.1)
where P is the total force per unit width and d is one half of the

length of the arc of contact.
Hitchcock(Bi)presented an approximate analysis which enabled the

length of the flattened arc of contact to be determined. Thus,
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where P'—'p/?.c'
Later Underwood(s) showed that Hitchcock's formula, which can
only be solved by iteration, could be modified so as to obtain an

expression for the deformed roll radius,viz.

‘\"Q(*\'éf(_gh”)

According to Bland and Ford(B) ) the total length of the arc of
contact, including those points where the strip is elastically

deformed, was given by,

- \]Q “51“?152((

where é =h \—\1"
(N TEAY

St=vx) bk -hin)/T

Tnerefore Eq. 2.2.1.was rewritten as,

o1, 2P
] g (sb%uaf oa )
where \.b(\—v-') Lr-

00225 mm Ior cast iron rolls
OVI0dmrifn for steel rolls
0.0’Q"smn’;‘-/‘(hi for chill cast iron rolls.

Orowan(h)presented experimental evidence which indicated that
the shape of the arc of contact left impressed :Lnto the strip after

the upper roll was 1lifted, was not even approximately circular, since

the roll surface appeared to be concave around the:.zone of the. maximum

pressure, vnless the fla.ttening was very slight.

Bland(B?') developed a method by which the elastic distortion of
‘the roll surface might bte determined wh‘e'n it was subjected to a non-
uniform pressure distribution. Thus, an initial radial pressure
distribution was found using an estimated value of a deformed roll

radius;thence the roll profile associated to such a vadial pressure
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was determined by means of equations describing the elastic distortion.
of the.rolled material. The resultingAroll profile enabled a new roll
pressure distribution to be obtained and the whole process was
repeated until compatible values of radial pressure and roll profile
were attained.

Bland established thaf the main feature of the deformed arc of
‘céntact was the depression in the region of the maximum pressure.
However, he found that the difference between the forces obtained
using.both Hitchcock's formula and the successive approximations method,
_ Wwas within the limits of error introduced in the calculation of the
elastic distortion of the rolls by the latter method. Therefore, Bland
concluded that Hitchcock's formula was the most suitable fechnique

by which roll flattening ¢ould be taken into account.
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2.9. The yleld stress applicable in hot rolling.

In order to apply the theories of rolling,a knowledge of

‘the values of yleld stress, relevant to the material undergoing

deformation, is required. In hot rolling the chief factors influencing
the yield stress are; the type of material, the amount and rate of
deformation and the temperature.

The main difficulties involved in the determination of the
appropriate yleld stress characteristics were to reproduce experimentally
the temperatures and rates of compression encountered in the hot rolling
process and until quite recently such yleld stress data was available
in very limited quantities.

The relationship between yield stress and strain at high temperatures
and strain rates has been the subject of several investigations.

Nadail and Manjoine 36a'determined such relationships in the case of a

serles of different steels and examined the effect of temperature and

strain rate on tensile strength. Inohue 36bmeasured the yield stress

obtained with a wide range of steels and established a general

" relationship between a yield stress,strain rate and temperaturé. Fink

et al.(36b)determined the yield stress of various steels during high

speed compression tests by means of a drop hammer. In all tests of this

kind the strain rate varied during the deformation process and at

different temperatures diffeient mean strain rates were employed(37b).
Some work has been done on the effect of variations in strain rate

during deformation bty the use of the cam plastometer, which can carry

out a compression test at a constant strain rate within the fénge 0.2 -

{28) ‘
100 per sec (s™'). Alder and Phillips‘38’used such an instrument to

" measure the flow stress of': aluminium,éopper ahd 0.17 C steel in the

strain rate range 1 = 40 s~ and up to a strain of 50%, while Cook(B?)

N
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obtained data on twelve steels in the strain rate range 1.5 - 100 s™!

and between the temperatures of 900°C to 1200°C. Likewise Arnold and
Parker(39)determined the yield stress of aluminium and some non-

(&0)

ferrous alloys, while Bailey and Singer carried out plane strainr
compression tests on various non-ferrous metals and alloys. It appears
t6 be that the most comprehensive serles of results on yield stress,
using both cam plastometer and a drop hammer, was carried.out by
Suzuki et a.1.(3 ), whose work on a wide range of materials has been
presented in the form of data sheets.

Theoretical predictions of roll force and torque developed during
‘rolling, assumed that under hot working conditions.the metal behaves as an
ideal plastic-solid; therefore.in the calculation of rolling loads it
is usual to establish first a'meanjstrain rate representative of a
specific rolling operation. Available yield stress curves obfained at

a constant strain rate eguivalent to the mean sirain rate during rolling

and at the relevant temperature, enables a mean yield stress to be

(14)

determined by integration over the strain of interest., Sims suggested
the following expressions: X
v?=a;¥&0 for roll force calculations

\
r for roll torque calculations

&/Ae
Cook and NcCrum‘Bu)used this procedure to develop graphical methods
by which roll force and torgque in flat hot rolling could be calculated,
Unfortunately the above equations neglected any effect thatuﬁpe |
" variation of the strain rate during deformation may have on the yield
stress,
During hot deformation ferritic and austenitic steels undergo work-

hardening until a critical. strain is attained beyond which ‘a recovery

Process and a dynamic recrystallization is initiated in each

35



case(hia). resulting in a drop in yield stress as deformation proceeds
(Fig.2.9.1). In general the yield stress at a given strain increases
with increasing strain rate and decreaées with increasing temperature.
Thus, the interaction of these.parameters during deformation deterﬁines
the shape of the yield stress curve,

Many workers have proposed various eQuations to describe the effects
of temperature, straln and strain rate on the yleld stress, either
separately or conjointly. The most common relationships used to represent

data obtailned at constant temperatures are the power law,viz.,

é=éo£” (2.91.)

and. the semi-logarithmic formula of Ludwick(ul),

S anmo (29.2)

where £;,n,B are constants.

It was noted that Eq. 2.9.1 fitted results below a certain stress
level, while Eq.2.9.2“ only fitted data obtained at high stresses(B').
Hence an empirical relationship was p*oposed (& )

{=h(sahC d}” o {293)
which after rearrangement reduces to Eq.2.9.1 at low stresses (&L 048)

and to Eq.2,9.2 at high stresses (x4 > 1.2). This gave a good

AvmrnaTad avw hadvrann mamad Al ol AmA AvrnacmImand ATl Aada ATRLaSwA~AA AvrAav 2
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wide range of strain rates, for various non-ferrous metals and several

(41)

ferritic and austenitic allioys
The-activation energy,which could be assoclated with the dynamic
recrystallization process during hot deformation and which in low C

steels remains constant over a wide range of strain rates, enabled

(42)

a temperature compensated strain rate parameter to be obtained
. . _ . , n' .
[-Lep(QRT)=Alsnhad)”  294)

where T 1s absolute temperature, R is the gas constant and Q is
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the activation energy, which values have been obtained experimentally
for various met;a.ls(b’3 ). o )

Sellars and Tegart(ul)showed that the empirical relationship
given by Eq.2.9.4 applied over a wide range of strain rates at high

temperature.

(41)

McGregor and Fisher introduced. an alternative concept of a
velocity-modified temperature (Tv) where the effects of strain rate

and temperature were combined, thus
To=TO-Lnt/t,)
6=$(Tv)
4

where k and '{o are constant.

Simple empirical formulae have also been proposed to fii yleld

stress strain data obtalned at constant temperatures and strain ra.tesghl)
&=L™ (29.5)
, . &= LotBInf , (29.6) -
b= & +Bll-60 L™ (2.9.4a)

&= AL-gplcemm)m (29.5¢)

whexre A,B,C,K.éc;m,n, are constants of the material dependent on
strain réte and temperature. Eq. :95 and Eq. 2.9.6 apply adequately
to low strain levels corresponding to that éortion of the stress strain
curve that showed substantial work-hardening, while at higher strains
Eq. 2.(}."30 and Eq.z-(}.éa were more appropriate. Furthermore, at small
strains, Eq.29.5a and Eq.2.9.4a reduced to Eq. 2.9.5 and Bq.28.6
respectively. '

In order to calculate the yield stress appropriate to any
combination of strain,_ stfain rate and temperature, it has been
suggested that the equations relating stress and strain can be
" combined with the relationships between stress and temperature, and
(41)

stress and strain rate. Thus, Sellars and Tegart proposed
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empirical equations of the form,
" 4=1) L (29,
&= 7oL - (29.])
&= gm/o(%ink"{BZ\)" " (29.7b)
where B, O-,’ﬁ,m,n are constants,
Similarly Lubahn ef al.(uz)arrived at,
& (élléq\w éCE-ﬁan/'{J @3, 8)
where C.G,@;.D,E,F are constants of the material.
The use of such equations is of considerable value in the
calculation of working forces in hot rolling, since the experimental
data applicable to particular deformation conditions is not usually

available,
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2.10 "Coefficlent of friction between slab and rolls during hot rolling.

, Most of the existing methods used to determine the external
friction are indirect and dependent for their validity upon the assumptions
made. It was generally assumed that only sliding friction occurred on
the contact surfaces between the tool and the metal; and therefore, the
external friction was subject to Coulomb's law. Even more often it was
considered that the coefficient of friction was constént along the
surfaces in contact. .

Trinks(ua)used a crude nethod to deéermine coefficients of friction
by placing hot steel specimens on variously inélined smooth‘steel plates
and it was observed whether the’specimens lay still or slid down. These
simple tests gave an average coefficient of friction of 0.4.

Male and Cocgroft(uS)deveioped a technique, which involved the
compression of flat-ring shaped specimens at elevated temperatures,
between plane parallel platens. It was found that under frictionlgss
conditions, both internal and external diancter increésed, whereas at
a high coefficient of friction the internal diémeter decreased. Hence,
the coefficilent of friction was relatedzthe change of the intermal
diameter by a given amount of reduction of the ring thicknesg.Thus
it was estabiished that under dry conditions and over the temperature‘
range 700 - 1000°C the éoefficient of friction between mild steel
samp1e§ and the platens, decreased from 0.57 to 0.38 as the temperature
" was increased. These results were, in general, in fair agreement with
the limited data available from industrial processes., However the
major disadvantage of‘the method was that no mathematical expression
could be used to converﬁ the results of the tests into values of
coefficients of friction.

(46)

Later Gleave et al. used the ring compression technique , under
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both dry and lubricated conditions, in low C and stainless steel

specimens. It was found that over the temperature range 1000 -1300°C

and dry conditions, the coefficient of friction using low C steel

was lower than that obtained with stainless steel; possibly due to the
partial lubricating action of the scale formed in the C steel. Additionally
it was established that under lubricated conditions, the use of glass

and graphite caused a decrease in the coefficient of friction as the
temperature was inc:eased.

' Alternaﬁive compression tgsts have also- been conducted to determine
coefficients of friction at high temperatures(u?)but, however valid the
assumptions made to obtain values of &A', such indirect methods cannot
be fully recommended.to establish actual frictional conditions dufing
hot rolling.

In order to determine experimentally the average coefficient of
friction during hot rolling, techniques based on.either the maximum
anglevof bite or the amount of forward slip are currently used. In
addition coefficients ofrfriction expressed as a function of roll force
and torque by means of approximate rolling theories, enabled values of
. to be established from the measurements of>rolling loads,

El1 Kalay et al.(ié)pubiished data concerning the rolling of low
C steel bars over the temperature range 1000 - 1200°C, under conditions -
of light, medium and heavy scaling and using both smooth and rough rolls.
This enabled Roberts(5o)to compute the coefficient of friction for each
set of rolling conditions, based on a simplified mathematicglﬁmodel,
where both the roll.force and torque were related to thercoefficient of
friction. These results were then plotted against the logarithm of the
roll roughness/scaie index ratio as shown in Fig. 2.10.1 . Thus, the

following relationship was proposed, suitable in the cases ‘of

40



unlubricated hot rolling of low C steels,
U=3660 ‘L>A9&0/(L59 Mlrodh@e) -

where | is the steel temperature (), P is the roughness (P in.)
and & is the 'scale index' of the material (1b x 157f€5.

In the case of well de-scaled work pleces, rolled under conditions
of good lubrication, the following expression was given,

| P=2700 erpl-261 o/ T) ) 102

which was considered only approximate since the coefficient of friction
would be expected to be dependent upon such.factors as roll velocity,
‘the geometry of the rolling pass and the properties of the lubricant.

i. Technique utilising the maximum possible entry angle.

Ekelund(6)derived a coefficient of friction from the maximum
possible entry anéle produced when 5 rectangular bar was brought into
contéct with the folls and showea that at the onset of rolling -
The entry angle was measured between the tangent to the roll at the
entny plane and the central line of the bar. Froh these results Ekelund

deduced the following expressions:-

p=LQ5—QOOQ51~ for cast iron and rough rolls
U= 08(105-00005T)  for chilled and smooth steel rolls.
Later Batchinov uséproposed a modification to Ekelund's formulae
to inc%ude the effect of the velocity of rolling. Thus,
p=axs (105000057 ) - (210.3)
where k,depends on the rolling velocity and a=1 or O.8iwhen rough

e —

or smooth rolls are used.
S Tafel(h9a);presented a graphical relationship between

~ the maximum entry angle and the peripheral velocity of the rolls,which

applied to the rolling of mild steels at 1200°C with either rough or

smooth rolls. Wusatowskl et al.(n8)carried out similar rolling tests
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- on mild steel bars at 1100 C over a wide range of rolling véigéitiesf
The results obtained suggested that the coefficient of friction in hot
rolling varied between 0.25 - 0.7.

Wusatowskl pointed out that the value of the coefficient of friction
obtained with this technique, related only to the point of entry where
a specific velocity exists between the slab and rolls; and since the
slip velocity varied along the arc of contact, such a value of p could
not represent the mean coefficient of friction.

' In'the case when a steady state rqlling is established the rolls
will start to slip on the slab surfaces if the average horizontal
;omponent of the roll force equals that of the surface friction. Such
condition, considering a small angle of contact, can be approximately

expressed as:-

Pain b /o= Vpcog@\afz
pobz=y
Thus, this angle of contact is twice the maximum entry angle at
the start of a rolling pass, which indicates that during steady state
rolling the coefficient of friction could be lower than that at the

initial moment of entry.

ii, Tecnnique involiving measuremeni of the relative velocity bpetween

rolls and slab (Forward slip).

. The amount of forward slip is defined by the difference between
the exit velocity of the rolled material and the peripheral velocify
of the rolls, expressed as a percentage of the latter.
: Ekelund(6)assumed homogeneous deformation and slipping”égﬁditions

along the arc of contact, to show that the forward slip was related to

the neutral angle by the expression,

&= (1-tos0n) (Era/#;foé’n*l} (2404)
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From the equilibrium of horizontal forces within the arse of contact,
the neutral angle was approximately expressed as,

D= Y- ‘*p(g/z)2 (2.105)
This equation required that the radial pressure remains uniform within
the arc of contact;

The coefficient of friction could then be determined from the
measured forward slip and by combining the above equations (204-95 ).
However, the values of £he coefficient of friétion obtained by this
method were limited by the validity of the aséumptions made to-obtain
%hese equations.

Siebel(49)determined the coefficient of friction by measuring the
value of the férward slip using various entry thicknesses for -a glven
valué of hz/ZR until a maximum value of the forward slip was reached,
(é%@=0). It can then be shown that a maximum forward slip would occur
when p=9 « Siebel also investigated the conditions governing the forward
slip and showed that for any given ratio hz/ZR the maximum forward slip
increased as the coefficlent of friction increased. Fufthermore, the
effect of an increase in the temperature of the material was a
rednetion in the amount of foryard slié. Values of the coefficicnt of
friction using ground steel rolls, were thus given by the expression,

c J=055(1.05-00005]) (200.6)°

Values of forward slip were usually determined by measuring the
distance,l,between marks left on the rolled material by two fine holes
drilled into the surface and along the circumference of thelfgi roll,

a distance, d , apart; thus the ratio (t-d)/d defined the forwérd slip.
Wusatowski(UB)claimed that measuiements of the forward slip made on thé
surface of.the material did not représent the true situation,since the

metal flow near the surface was entirely different from that in the
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interior of tﬁe slab.

Pavlov u9bdesigned a device to determine the coefficient of
friction at the ﬁoment when skidding began between the surfaces of the
material and the rolls by applying a braking force on the strip. With
this system the roll force ana the braking force were measured and the
coefficient of friction was calculated from the equation,

IE %ﬁg% (240.7)

~ where Q 1s the braking force applied in the rolling direction, P
is the verlical roll force, (A is the angle of contact.

In Eq.?.Kl? it is assumed that slipping conditions occur at all
: 1
points along the arc of contact. Wusatowski(48)claimed that these
conditions were unrepresentative of those normally found during rclling.

2.,10.1 Variation of the coefficient of friction along the arc of contact.

Al} the work reviewed so far involved the assumption that p
is constant throughout the arc of contact. Presumably.because of the
extreme difficulty of measuring |} at various poiﬁts along the contact
length, there is litlle data which can be used to postulate a probable
variation of Y with position inside the arc of contact. In the absence
of more positive information several workers have proposed expressions
3ia

.t

0 Ve war -2 .20 . .~ TTe g v L LT,
S 1 ValLiaLivil VL ‘\J ¢ llALiuivuven

or thes Stalcd Lial, 110 t':)(_pel"liu::n{,a.l
evidence, p between sliding bodies was greatest at low velocitles, and
suggesteéd the following relatlonship between |l and position within the

arc of contact, . 2
Pzgn__% (ﬁinQ—%iﬂQn) ’

e —

where }Luis the coefficient of friction at.the neutral point.
According to this expression!J is a maximum at the neutral point and
decreases towards the entry and exit planes.

Nadai(B)investigated the influence of a variable coefficient of



friction on the roll pressure distribution. The frictional shear

was assumed to be proportional to‘the relative velocity.of slip between
the rolls and the material,i.e.T;ﬁg(V'V%> (see Sect.2.3.). According

- to this equation the frictional shear and heﬁce P is zero at the neutral
point.

(52)

Khayyat and Lancaster used a photo-elastic technique to
investigate the distribution of contact stresses during rolling of pure
lead with rolls made from a hard, transparent resin. It was shown that
a significant variation of the shear stress/normal pressure ratio
pccurred along the arc of contact, whicﬁ indicated that the coefficient
of fri:xtion, as given by the above ratio, was variable.

Recently experimental measurementsmgik%oth the radial pressure and
shear stress along the arc of contacﬁ have been made by means of two
pressure-transnitting pins inserted, one normal and the other oblique
to the roll surface. i

>Matsuura et al.(51)applied the above fechnique to measure the roll
_pressures and shear stresses along_thevlength and width of the arc of
contact usingﬁé steel strips. It was found that the coefficient of
.- friction increased towards the entry and exit planes and became zero
at the neutral point during cold rolling. A distribution of shear
.stress and p along the arc of contazt is shown in Fig.?.lo-z .

(51a)

Zéngler also carried experimeﬂ%s on lead at 90°C, aluminium
and low C steel at 440 and 1110°C respesctively, showing that the
distribution of shear stresses along the arc of contact decreased

towards the neutral point. This might suggest that a similar variation

of the coefficient of friction could be expected during hot rolling.
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2.11 Roll force and torgue.

/
Considering a surface element of the roll QZJQ « The normal

/
force acting upon the surface element is Sﬁigﬁ and the tangential force
KXl Q The vertical component of the normal force 1s SQAngQ and that

of the tangential force % UZEQ%Wﬂf « Hence, the total vertical force

acting upon either roll per unit width of the rolled material is,

'] Bn .
P Q \\‘DC%QQO R (u,m (lg \' (Gm CQ (?Ml)
() -9 Ji) Bn

Orowan' ‘considered ithat for small angles of contact the contribution

of the tangential force could be neglected andn&ﬁﬁ:[ . Thus, Eq.2Jll{iwas
i

P | edf 2:1.1a)
b

also assumed that the vertical pressure equalled the normal

simplified to,

S:'Lms(jl‘t>

roll pressure for small angles of contact. Hence, substiiuting Sims'

expression (Eq%. 2. 5 2 and 2.5.2&) into Eg.2.1.1s,

i -~ ) R — 3 - I ; "\
p ; TAVE A | ’ ATl i TN
P- ‘7'% ‘“ n2 11\ m&,‘;-m;.da,x {Rinn y Bt LIRS
\ b WL ' b ha b .
in 0 =
9N
which after integration tecomes,
O’nl [ ir- vV r— Tlgl \ a1 . i
P: A IR {'Qz iDL _We_ln e .L.‘_\ﬂ_:_'f‘ {ZE‘;.EG)
V2AR CNET 4 hy 2 2
wharn ( _"» |/7""i:
T l!f\"(lz?i\gj‘n

-
L

and the neutral angle can be found by equating Egs.2.5.2 and 2.5.22.
> J

Thus, - —_— e = —
A1 -{ I M

RUW\A »irgfﬁgn-f; ;jj;

4 N h: N h: \Y na ™ -7

15) 1 soea ' 11 -

Orecwan and Pas¢oe( 7/derived expressions for the total roil force

for both wide and narrow plates by assuming that the drop of the roll
{ad

pressure itowards the edges of the material could be calculated approx-

ipately in the same manner as the slope at the exit side of the fr

friction

hill (see Sect.2.5). They showed that whern the initial ratio width/
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thickness was 6, the roll force was glven by y - v

Jr)
Pt [RE (- )

In cases where the width/thickness ratio was within 2 - 6 then,

PQY\\/, §10.2 5-_&% ’lr\mn. {P&H 02\1
‘~ b SR\ Zh L

where \nm'= (2"\1'*"'71)/?7
W = (2w W)/
Finally, for narrow stock,'%ﬁ/hli,tb

P-2é3{rbh

i. Roll torque.

The tangential force per unit width acting upon a surface
1 ie TN s sre ed by thi
element of the ro0ll is (&) , and the itorgue exerted by this force
- y
about the roll centre is R 89 The total torque per unit widih acting

upon one roll and ignoring the contribution of the radial forces, is

then given by, 8
G=1r| T\ Tdf (2.145)
2a 0 '
ox ! (C‘O
G=PQ’Q3%§Q-\§5§§ i Teps
k dn }9

The determination of the torgque by the use of the above equation
involves the calculaticn of the difference between two quantliies of

the same order of magnitude which may lead 10 substantial errors if the

'Y

position of the neutral angle is not most accurately determined. There-
- ; g (12) . . - -
fore Bland and Ford developed an alternative expression by consider-
ing the moment of the vertical pressure with respect to the roll axis

/ . - s -
Emggﬂzéggﬁigwjg . Thus, the total roll torgue, considering small angles

et N . . _ .
of contact, . soxusvvq gmﬁ,,b and including the contribution of both

front and back tensions, was given by,

Mo iy T .
(=R 3pdny Moo | (1)
LJO VAN



Alternafively, Sims(iu)derived an expression for hot roliing

considering the moment due to vergical forces only, so,
o .
6=\29\‘) 5 (21 ha)
0
and using Egs.2.5.2 and 2.5.2a, given by Sims' method, then,

OIA -~ ! i
ng’azai\ (Lo 484000 mfhd
! B ht &
i i :}0‘\1]] (2.\1.5>

and after integration this equation reduces to:
(=R 2% (Op-B N
Hill(35)considered the efféct‘of roll flattening on the torque,
in which the centre of the arc of contact is not on the line Jjoining
the roll centres, Since the roll pressure distribution in Hitchcocx's
method is symmetrical about the mid-point of the arc of contact, Hill
assumed that the centre of the latter lay.- on the line joining the

mid-point, C , to the roll centre at a distance (R'- R) beyord the woll

(N

2 r
o st -

g

centre {Fig. .
L3 ~ (-I?F[G . *
The lever arm of the rzdial force T <7 about the spindle axis was
P 5 ,
approximated to + (R'- 8) (Y)"7) the sign being dependent on ihe side
HaBlE e B
A\

- P o e A D ———e Y i . - rre .. . - -
foors Ol Wi1ACl L€ SULLAUT SATUICHL tdY e Jiud,y  Llie Loldar torgue

. . . - . An -
including the contribution of the tangential forces (g%(&ﬁfki) Was

expressed as, _(% 8n o it ’ ‘ \
v A SRS RN A A R U A WA (1 £
=QRY 807 - 586 "\.ﬁ“ms@ Al D)

Ll RRAE A

i ) H

Next, by considering the equilibrium of the horizontal forces
R . eV AL X
acting on the strip and assuming (CSH=! ,QAO§-Q the fcllowing expression

was obtained; o ‘.glr ( - \

: A opdn X ~dnd 719

i -2 oo - il g
) Jen Jo

{
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Hence, by combining Eg.2.0.56 and Eq.2.{l.7 an expression was

derived where the coefficient of frictlon is eliminated; thus,

Ay +(°‘“{Q‘L?f"=3+ [B-1) (2.118)
\ :

~

Finally, by intreducing the approximate expression of roll force

-

given by Eq.2.1k1a, Bq 244,28 was reduced to,

42" SMA 2 (hi sl L(@-2)0D (2.1 20)
2 2 .

2,12 Validity of the theories of hot rolling.

It can be concluded that in general the route followed in
establishing the rolling loads is to consider, first, the equillibrium

of vertical and horizontal forces on a vertical slice of the material
between the rolls, and to use a yield criterion to relate the horizontal
stresses to the vertical stresses and thereby obtain a differential
equation relating the vextical pressure to the position along the
deformation zone. Integration of the equation results in a vertical
pressure Glstribution throughout the deformation zone and hence roll
force and torgue can be determined.

Various workers compared theéretical values of roll force and
. torque against measurements in beth expérimental and production mills

v odcr to ootanliek tha v«_'l_:'_g"i!:y nf covarsl methrds commnnlv nsed in

‘i Waltos ww o

pary
Q

hot rolling pract
. _ . N S (35)
Sims presented measured roll forces obtained: by S.X.F. Co.
using mild steel sirips rolled at temperatures between 1000 -1200 *C.
These resulis were then compared with calculated values given by Eq.

34 < v 2
2.11.20and using mean yield stress values from experimental data
obtained at high temperatures on 0.17% C steel by means of a canm
plastomeier. Sims also compared roll force and torque measurements made

with

on lead strips rclled at room temperature and under dry conditilcens,

calculated values based on yleld stress data from uniaxial compression
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tests on lead and published in the same work(BS). A satisfactory
agreement between theoretical and measured results was obtained in both
cases over a wilde range of reductions.

Stewartson(53)reported a large number of roll force measurements
on mild'steel rolled in a 42 -~ in. plate mill. The results showed
considerable scatter attributed to difficulties involved iﬁ temperature
and thickness neasurenents. These results were compared with calculated
values obtained with the formulae of Ekelund,_Orowan & Pascoe, and Sims.

It was shown that using Ekelund's formula the mean of the calculated

forces was about 33% lower than the measured values and the scatter

)

about this mean exceeded5325%; the Orowan and Pascoe formula showed no
better agreement than in the previous caszs at lower reductions, Since
predictions with the Orowan and Paécoe formula should improve when the
. /4
plate thickness/length of contact ratio is less “han unity le), which
represented reductions of cver 10% in Stewartson's results, the najority
of the calculated loads a2bove 10% reductions were within a range -of +50
to -10% above the measured values. One source of srror admitted by
Stewartson may be in the values of yield stress which were czalculated
back and extrapolated from a small number of experimental roll load
fiddulciicals. Yalues O force valceuleled with Slms® formuia based on
yield stress data obitalned by 8ISZA and later published by Cook and

(3%)

McCrum showed the closest agreement with measured loads at reductions
over 10#. However, at lower reducticns all three formulae gave resulis
which were some 50% lower than those measured.
Si ] A 1 > ) (538‘) . & S 2
ms and Wright carried out eztensive checks of the accuracy
of the Ccok and McCrum method, referred tc as the BISRA method, against
cduction

measurements of roll force and torque obtained on six iypes of

pred
mill: 2 blooming mill, a2 slabbing mill,®2-high strip mill, a 2-high

(¥
o



roughing mill, a 4-high strip mill and a plate finishing mill. The

calculated results were found to diverge significantly from the measured
- ones for values of R/h; up to about 20 - 25. This was atiributed mainly

to errors in the method of measuring the thickness of the rolled material

as determined from the roll gap settings and the miil modulus. There

was, in addition, a considerable discrepancy between the measured and

calculated torques in the 4-high strip mill owing to the effect of inter-~

stand tension. Sims and Wright concluded that, in general, rolling

theory will predict reliable values of rolling loads when R/hzls greater

than about 25, the Toll torque being underestinated by theory in this

range of R/hz. The limitations of the rolliﬁg theory over this range of

values of R/hz was attributed to both the change in the mode of

deformation between the rolls when the thickness/length of contact

ratio is equal to or greater than 2, and the inaccuracies involved when

the angle of contact becomes so large that approximations of its

trigonometrical functions are no longer acceptable.

Most of the early methods to predict rolling loads relied upon the 

assumption of homogensous deformation; the achievement of which{i.e.

*

* -initial plane sections remaining plane during rolling),is in prin

i

ciple
impossible, since friction between the material and roll surfaces
restricts the £l

evidence of the deflection of cross secticns of the deforming material

(]
£
Q

f the peripheral layers. Furthermore, experimental

had been obtained, the most satisfactory of which appears to be that

, (61) . . i e s .
produced by Jones et 2l. , using steel plates with MnS inclusions
initially oriented permendicular to the rolling direction. The deformation

pattern of these inclusions after hot rolling established that initial

vertical sections did not remain plane during deformation. Hence

Orowan's method by which the effect of inhomogeneous deformation can be
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inciuded, remains the most accurate treatment of the rolling process,

'A recent work by Alexander(ZB)

showed how the basic approach by Orowan
can be incorpcrated into computer programmes préviding thus. a quick
and accurate way to solve any rolling problem,

Nevertheless, the validity of more accurate methods depends on the
‘availability of relevant flow stress data at high temperatﬁres and
various strain rates. Reliable data has been obtained from experiments
with cam plastometers, but the increase in hot x0iling speeds dewands
data at even higher strain rates. In addition,; experimental evidence

indicated that the coefficient of friction between the material and the

rolls varies along the arc of contact so that it becomes extremely

.
Fic

[y

difficult tc establish the astual frictional conditions of a spec

rolling operation.



3 A Numerical Solution to the basic Von Karman Equation.

3.1 Introduction.

A mathematical model has been produced by which predictions
of both roll force aﬁd torque,developed over a wide range of flat hot
rolling conditions, can be made. The basic Von Karman equation,descri-
bing the distribution of roll pressure along the arc of coﬁtact,takes
into account the effect of a variable flow stress of the material under-
going deformation and of both homogeneous and inhomogeneous deformation,
together with a mixed frictional condition 14¥ and a deformed roll
radius., Since the resulting differential equation possesses no

analytical solution, the numerical technique involving the fourth-

(28)

order Runge Kutta method énd originally developed by Alexander'”  ‘for
the cold roiling process,was extended to the hot rolling case, The
following sections will therefore describe the mathematical basis of
the model by considering the analysis relevant to the plastic and
elastic deformations of flat sections at high temperatures and varying

strain rates.

3.2 Baslc differential eguation under homogeneous defeormation.

i)

(

The analysis presented in this section relies upon the following

assumptions:-

Ko

i1} Vertical sections of the materiszl in the diraction of
‘ rolling remain.plane duriang deformatio

-

(ii) There is no lateral spread of the material if the thick-

ness of the strip is small compared with its width.
1

(iii) Plastic deformation cccurs throughout the material between
the rolls, though in the vicinity of both ihe entry and
exit planes elastic deformation and elastic recovery take
place respectively.,

(iv) " The vield stress of the meterial varies throughout the

gone of deformation under isothermal conditions.



(v) The frictional stresses, between the material and roll
suffaces, are proportional to the radial pressure but
cannot exceed the shear yleld stress of the material.

(vi) The deforming arc of contact between the strip and the
rolls remains éircular.

(vii) The peripheral velocity of the rolls is unifornm.

Fig.3.2.1 represents a longitudinal section of a strip in transit
through the roll gap. The state of stress of the material between the
rolls is triaxial: a vertical stress, q, a horizontal stress acting in
the direction of rolling,p ,and a stress parallel to the xoll axis
preventing free lateral spread 47 . Since the -assumption of homogeneous
deformaticn implies that no shear stresses arise between the surfaces
of vertical sectiqns, the horizontal stress, p , together with the
transversal siress &2 and the vertical stres s; @ , are considered
principal stresses. Then if'plastic strain in the transverse dire ction

is izncred,

r;
<,
0 K ={ath)n
\.)L"‘\»\ 'Pil'z_

The Von Misses maximum shear sirzin enerzy criterion states that

plastic yielding occurs,when
L(& - 4(& ~&3f = BGA = ceantan

T@e critical value of tht shear strain energy can be determined
considering the cass of ylelding in a pure torsion test when &i=K,
éfQéy-‘,(thus, Gh=12,

Hence the use of the Von Misses criterion in a triaxial stress
systen and under plane strain conditions leads to,

q-p =2

The vertical stress, q , 1s constant within a vertical section



due to the absence of shear stresses along iis surfaces and assuming
that the yield stress through a section is uniform, the horizontal
stress, p , must be therefore a constant. Hence the equilibrium of horiz-
ontal forces per unit‘width acting on the vertical slice AA of the
strip leads to ,

A_mg = A(Fm=29\"8§n@ iTQ(SQ (5.2,()

vhere the upper sign refers to the exit side and the lower to
the entry side df the arc of contact.

A bvalance of vertical forces within the slice AA and the use of
the yield criterion permits the above eguation to be expressed in terms
‘of the radial pressure,

dlh(s-2¢=T ?3 )/':g‘?.:lZ(ss G Tosh) (3.2.1a)

Two frictional conditicns weré assumed baiween the rolls and the
material surfaces:

i. A dry fricticnal stress proporbional it¢ the radial pressure

{:pg y in which case Eq,B.é.ia applicable té slipping

conditions was written as,

LiMe o 3 57
dy/jn = 2838 + 928 (32:2)
1 neol I}
e b =-succ b sl f

vhere (a

The values of the radial pressure at both the entry and exit



planes can be found b& combining the equilibrium equation of vertical
forces and {he.yield criterion; thus at the entry piane, where
K=k+ and 0 h‘ (the effective back tension, see Sect.3.7), the
radial pressure becomes, .

5‘=2K\4?1'T1291 ' (3.2.4)

and at the exit plane, where §:0, ¥=V¥s and P:tq_(the effective

front tension,see ‘Sect.3.7),

d2 "Z “it2 (3'2-’*’

3.3 Basic differential eguction under inhomogeneous deformation.

A radial pressure distribution during irhomogeneous deformation

- was obtained following Orowan's analysis(q), in which it was assumed
that the stress distribution inside the deforming material could be
approximated to that produced.by the compression of the slab between
two inclined platens, so that the horizontal éompres sive stress acting
L.

across the strip ihickness was given by the following equation (see

Sect.2.4),

’))
\”5
).

. e R
small contact angles the coefficient g(;<.53\could eliminat
VIR
Thus, the variation c¢f the horizontal stress along the defermaiion
zone could be expressed as,{replacing the value of s in terms of

from & Jq 3.3.1 into 3.2.%a),

4 A
i In\ ¥ [
dgp‘) o ’\QLU ES1/ (Q\!
poLto v c
u". \,\_— n/)ir‘l‘l.,\- {:‘ /1
where 81(@,- LY, .kzw.J)/q )
,\ '; ) ,\
and gd\%’; W 2w(a) (o Sy w<6)/h
Under sticking conditions the frictional stress contribution to
Tey ' .
the horizontal stress becomes (=K so m—pb/,-; and the inhomogeneity

factor( )”eacnes a constant value w(a)= (iﬁ (see Fig.2.4.3) and Eg.3.3.1

0
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reduces to, -

=524

and Eq.3.2.1a can be rewritten as, .
R GIUY (3-3-3)
a0 4
tind % Wl

Pinally, the associated radial p essure can be found by means of

QN

the yield criterion expressed by Orowan as, {ﬁw=<5wzg5u(a) ( 6
0 33

3.4 Yield stress variation duringz hot rolling.

During hot deformation the chief factors influencing the yield
stress of the material are, the amount of strain, strain rate and

temperature., Since isothermal conditions were assumed throughcut the
deformation zone an empirical relationship proposed by Lubhan ei al.'
which fitled adequately the yleld stress data used in this work, =nablsd

the effect of sirain and strain rate at a constant temperature to be

included,viz.

]
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where £ and ( are the uniaxizl strai

and C,D,G,H are constants.

. . ~ R A as . . . N 7 o i
Since in flat rolling the effective sirain is given oy,c-=5%tnn;@ﬁ
. N :
- - - ‘. .
and tne errecilve siralin rate 0y £ =< & ythe eftective yleld stress
/‘lb
under plane strain becomes,
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P YD EHINGLS 2
! n AU [ TV }
nK‘ —'ZC{~6¥ Qi ML
4 - 1z, | \[1\ k‘ )
] H o/ lown

\
The variation of the strain rate during rolling can be derived by
considering first the mean strain rate within a vertical section o be

given by, .

(-

3—.

|
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under slipping conditlons, 4y N
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FFrom the geometry of the pass h=hﬁ+23(1-oos9),x=R%in8 and Vn=Vrcos§n
thus, dh/dx=2tg@, and the strain rate can be expressed as,

€o= N ha cosfn Y00/, - (3.4.2)

<

It can be shown similarly that under sticking conditions the

strain rate becomes,

Q= W sial/n (2.4.2a)

The variation of the mean strain rate of section along the arc of

contact, assuming both complete sticking or slipping conditions,is
shown in Fig,.3.4.1 for a typical rolling pass.

The values of ég ano.éz given by Egs.3.4.2 and 3.4.24a can be then

replaced in Eq.3.4.1 and the rate of change of the yield stress along

the arc of contact will be then given by,

{H AQJ(\-\M\ tlinlls an)!‘r D*U‘ﬂé\\:?ﬁr} i i .
TR V\h\ Fnder slipping conditions,
3 . vy 1 -
and N s L \ i
x/ AT . hl ), /\\.. . (’ b
gm_w_q [h-2205] G 1/ 'n ; IR !

a2 = INTENT A A i \nh/‘ _ ]
¢ . /N under sticking conditions.

.

3.5 Rell force per unit width.

On the assumption that the deformed arc of contact remains

circular, the radial pressure distribution must be considered

symmetirical about the mid-point of the contanrt Teneth and the resnltiing

~

roll force must be then applied mid-way along the arc of contact (Fig.
3.2.1). Since the radial force aciing upon & surface element is sRdf
ané the frictional force 1sL’:Rug the component in the direction of
the resultant roll force of both the radial force and the tangential
9 w: Y ﬁ 0 \ y Q - —!M LT
force will be s cos( y9)Rd9 andt sin(5-7/2)Rdl/ respectively. The

resultant roll force excluding the contribution of the elastic zones of

the material at both ends of the contact arc, will be given by,

A B (Q\ {&n 1 .
e 1A in r‘ LRI [ RSN WY Iy
Vo ses (0081 b L QM 'L:!n(g*zzv!)c\l; ~§ [ ;\mb-‘,ggx}ué’ 254
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3.6 Roll itorque per unit width.

In order to determine the moments produced-by both the radial
and tangential forces about the roll axis, the position of ‘the centre
of the deforming arc of contact must be established. Since the radial
pressure distribution was considered symmetrical about the mid-point
C, the centre of the deformed arc of contact must lie along the line
Jjoining the’roll centre and the miﬂ—point c (Fig.3.2.1). The position
of the centre of the deforming arc of contact should then be given by
the intersection of the line through OC and a vertical line traced at
the point where the tangent to the roll surface is horizontal. There-
Tore, taking into account the vertical and horizontal distances between
the centres of the roll and of the deforming arc of contact, and
excluding the contributicn of the elastic zones of the material, the

(35)

resultant torque per roll will be given by
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Approximate expressicns cf the roll torgue originzally developed

for cold rolling, as propesed by various workerc(lz""'3q>w 11 2lsc
be included in this mcdel, viz., i
1A
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3.7 Elastic arcs of contact.

At both ends of the deformation zone there must be an area
of contact between the strip ;nd the folls where the material is only
elastically deformed. The effect of this is to increase the length of
the arc of contact beyond the points where the strip undergoes plastic
deformation and hence to augment the total roll force by fhe contrib-

_4(33)

ution of the elastic zones., Bland and Fo developed expressions
by which the total normal force in the elastic zones can be obtained.
First it was considered that, since the strip is in contact with the

rolls, the normal displacement along the elastic recovery zone of length

a, was given as,

Fovedingds 4 L (ot (37.1)

~ After applying the generalised Hooke's law in plane strain

and assuming no shear stresses across vertical sections it was shown

a

that 0 .
' \u L VYR S i, \/{\-w)xj_a%z (23.2)
Uik e - 5 |
J £ 2 2

0 ¢

L

where _Q. represents the contributlion to the roll force from the

;.-o-'"

“\

elastic recovary zone, Thus, solving the integrzl of the lefi hand side

of Eq.3.7.2, the roll xorce contrlbutlon was,

=\ Kb = L5
SR

In order to determine the:length of the elasiic recovery zone.it

. s -7 . -
was postulated that the méan vertical stress Qi on the elastie side,
1

taken with the horizontal stress " » satisfies the yleld criterion.

[£S

Hence, aefinlng()ﬁ asi . he/2 [ : |(Hy4 v) \
Z‘m b S \/\Ué\) = 3 :—’)-; 77 K U?

LI Y g R A A B
which was then exnresscd in terms of the normal displacement at
x=0 to a?rive at, ) j;; dlh ' \)%2‘ Ujr
U e (AR
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s0 that the yleld criterion was expressed as,

by =Tty =0E C(37.3)
ha(i-YIR
Hence, .after substituting the value of a obtained from Eq.3.7.D

into Eq.3.7.2 the contribution from the elastic recovery zone is

given by, ' [N 7 ]
1 -2 (1) haR (- v (2-7) (B4
3 J E
Next, Bland and Ford considered that at the end of the plastic
: 0
zone the horizontal force applied to both roll surfaces was QPY61 ’

thus the effective front tension over a section of thickness h,y was

therefore, oL lui%v
, P
By a similar analysis Bland and Ford showed that the contribution

to the total roll force from the elastic compression zone at eniry was

riven b 2 AR
& A ﬁ%‘.-(L“Y)) !E;i (2(—~!\ (24 &
ey | P ~ T

and the effective back teﬂsion vas,

-L __i". ﬂlJ"/‘/
I E N

< ‘

. i 1
It can be seen that the effective tensions ‘é\ and i, depend on

ﬂ\ and ¥ gn respectively, so that EGQ.B.(.Q and 3.7.0 must be solved by
lieratlion,

Finally, the total value of the roll force per unit width,
ignoring the inclination of P; and Py; to the line of action of ?
and the shear stresses along the elastic arc, is given by,

2 R
while the total value of the roll torque per unit width per roll

could be expressed by,

(37.6)

where r%gvlgiiV%x ,
and G “JQ\{‘Z (4‘—7 6a)
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3.8 Roll flattening.

The iadius of the flatiened arc of contact was determined

(30) by which the radial deformation,

following Prescott's analysis
caused by an elliptical stress distributicn over the length of the roll
surface (2d), can be given in terms of the elastic properties of the

roll as.(see Sect.2,8),

(5% '
R (28.1)

According to Bland and Ford(33)the total length of the arc -cf
contact must include those portions immediately adjacent to the plastic
deformation zone, where elastic defermation at entry and elastic
recovery at exit take place. Thus, the total length was approximated to,

[ R iy ) ]
NSt TR ‘
oo =K hi-am) (R {hg-nm) (3.8.2)

where h;, hmand h, are the thicknesses at entry, winimum and exii
respectively (Fig.3.2.1).
The analysis outlined in the vrevious section(3.7)enavled Bland and

Ford to find expressions for the strip thickinesses along the elastic

zones and Eq.3.8.2 was rewritien as,

where bz‘m;\ﬁz A
¢ i SRRy A
oY Nz ams s T ACRNY

‘ =
iy S T ¢
ét: ’_/;‘:i) {Hz‘,z’hx\ﬁ
=

Therefcore the final expression {to determlne the deformed reoll

R _ i chy
= Y.<, .C P v
RBEE -

where c=16(1—ViA§E is constant for the material of the rolis.



3.9 Calculation techniaue,

The technique used to solve the basic differential equations

which assume homogeneous deformation, was based on the work presented
by Alexander(ZB). Thus, an initial value of the deformed radlus was
obtained by estimating a roll force for a given mean strength of the
material and percentage reduction. Hence, a realistic valﬁe of the angie
of contact could be determined.

In order to reach consistent values of the total roll force and
the associated deformed>roll radius the feollowing procedure was
adopted:

1. The angle of contact was split into 2n _ divisions.

2. Values of the radial pressure toth at eniry and exit planes
‘were calculated using Eq.3.2.4 and Eq.3.2.50,

3. The yleld stress at each angular position was calculated for
the associated values of strain and strain rate as given by
Eq.3.4..0.

L4, The radial pressure at each angular position from the exit
plane towards the entry plane was deternined by means of the
fourth~ order Runge Kutta method to integrate Eg.3.2.7. or Bg.
3.2.% depending on the frictional state defined by the shear
stress at the previous angular position ugi_géﬁ .

5. The radial pressure at each anzulzar position from the eniry
plane towards the exii ‘- plane was determined in the same
manner as described in stage 4.

6. The intersection of both the radial pressure distribution
determined from the exit and entry sides enabled a feasiblie
radial pressure distribution along the arc of contact to be
determined.

7. The resulting roll pressure distribution was then integrated
over the arc of contact by trapezolidal rule to determine
the roll force per unit width, P.

8. The contribution of the entry and exit elastic zones of the

material to the roll force was then determined by means of

Eq.3.7.5 and Eq.3.7.4
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g. A new value of the roll radius for ithe total roll force
Pt=P 4T2ﬁign was calculated and a corrected value of the angle

of contact was determined.

Stages 1-9 were then repeated until compatibility was reached
between the moét recent value of the total roll force and the
assoclated value of the deformed roll radius.

Following the above calculations the moments aboﬁt the roll axis
of both the shear stresses and the radial stresses were iﬁtegrated by
trapezoidal rule over the arc of contact, to obtain approximate values
of the roll torque according to Eq.3.6.1, Eq.2.11.4 and Eq.2.11.8Q.
‘Finally,an accurate estimation of the roll torque was made using Eq.3.6.1
and including the contributions of the elastic zone of the strip at the
entry and exit planes, as giveh by-Eg.3.7.5 and Eq.3.7.f0respectively.

In the case of inhomogencous deformaticn, in order to include the
effect of a variavle inhomogenelity Tactor, w(a), on the radial pressure
distribution, Stages 4 and 5 of the calculation procedure were medified
Since w(a) was a function qf the radial pressure, the latter could only
be fourd at each angular position by iterziion until consistent values

of both the rzdial pressure and the inhoncgeneity factor were reached.

Thus, initial values of w(a) and the horizontal pressure were

calculated at the exlt plane using EQ.2.5.4 ,VlZ.,‘JQD""‘QS*b /2

and Eq.B.B.é‘respectively. The horizontal pressurs at the first angular
divislon was then found by means of the Runge Xutta method, which
integrated Eq.3.3.2 or Eg.3.3.5 , depending on the frictional state
defined by the radial pressure at the exit plane. An associated value

of the radial pressure at the first angular division was then determined
and the inhomogeneous factor re-calculated., A corrected value of the
horizontal pressure was then cbtained at that division and the process

was repeated until an inhomogeneous factor consistent with the radial

pressure was reached.,
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3.10 Data used in roll pressure calculationé.

' A requisite in the calculation of rcll pressures needed to

accomplish a given reduction at specific rolling conditions, 1s the

determination of the strength of the material undergoing deformation
at the relevant temperatures and rates of strain,

The data defining the rolling conditions comprised: the éoefficient
of friction, determined from forward slip measurements (seé Sect.5.4),
the entry and exit thickness, the roll radius, the peripheral. velocity
of the rolls and the external tensions.

The flow stress data was obicined by means of hot compression
tests on specimens from the rolling material and supplemented by pub-
lished data on similar material. The experimentzl data obtained at 900,
950, 1000 and 1050 °C and strain rates over the range 5 - 10 s~'is pre-
sented in Sect.5.6. A reasonable fit of the expverimental data over the
strain of interest (€= 0.5) was obiained using an empirical equation
of the formc£=K£"q; the constants of which were determined by a least-
square method, The stress-~strain expressions enabléd the constants in
Eq.3.4.1 to be foundj; thus the effects of strain and strain rate on the
flow stress at the above temperatures were included. At intermediate
temperatures the constants were determined by linsar interpolation.
Following the above procedure, the associzted constants to fiit the data

publishéd by Suzuki(36)were alsc found, Table A lists such constanis
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at various temperatures for both set
Additional information to define the material elastic propertiies was
comprised of Young's modulus and Poissen's ratic. The former varies
linearly within the range of hot reolling temperatures according to
published data(67)plotted in Fig.3.10.1 and a mean value of the latter

(V= 0.336) was uss=d. in all calculations.
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3.11 Computer Programmes.

The calculation technique outlined in Section 3.9 was
translated into computer programmes following Alexander's work. The
flow chart of the programmes is shown in Fig.3.(l.l and the various
features of the latter, presented in Appendix II for the case of
inhomogeneous deformation,will now be described.,

The central problem is to determine the distribution of roll
pressures, and S(I) is the computer notation of the M ordinates of
pressure distributed over the arc of contact, where M is aa odd number
_of ordinates, so that the arc of contact will have an even number of
divisions.,

The Common and Extefnal statements are required by the particular
functions and sub-routines used in a programme, while the Dimensicn
statement defines the functions in arrays.The mechanical properiies
of the material and the conditions and geometry of roiling are then
read and written out, Tests are then made to increasc the exit thick-
ness if the reduction cannoct be accomplished using the selected valus
of the coefficient of friction.at entry, and to decrease the values
of front and back tensions if they exceed the exit and entry yleld
stress in plane strain respectively, since it would imply that the

strip is teing deformed by tension exclusively, which is noi ithe case

considered nere. The permissible values of front and back tension and
exit thicknzss are then written cut.

An approximate value of roli force is then calculated, to give
initial realistic values to the deformed radius and hence the totzal
angle of contact, denoted as RD and PHI1 respectively. Plasﬁic
deformation, assuming that ylelding is.initiated at OfZ% nominal strain,
will then occur .over an angle of contact givén by,

PHIE-= ARCOS(COS(PHII+0.002xH1/2*2D)),
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The values S(1) and S(M) at the boundaries of the plastic arc of
" contact and fhe values of ¥, denoted as XK(I). over the arc of contact
are then determined. The fourth-order Runge Kutta method, defined by
the sub-routine RK, then solves the differentiallequation, and SEN(I)
denotes the sglution at each division from S{1) up to S(M), using the entry
boundary conditions, while SEX(L) denotes the solution from S(M) down
to S(1) associated with the exit boundary conditions. The.actual value
of S(I) at eacﬁ division must then be the lesser of both: the entry
-and exit solutions. The frictional conditions {:?ﬁior €., whichever is
the smaller; 1is ensured by the IF statements:

IF (XMU*SEX(L).LT.XK(I)) CALL RX (PHI,SEX(L),DPHI,DS,G1,G2),
or IF (XMU*SEX(L).GE.XK(_I)) CALL RK (PHI,S=X(L),SPHI,DS,G4,G3).

In the case of iﬁhomogeneous'deformation the horizontal pressure of
each division PEX(L) is found first and then reiated to the associated
iadial pressure SEX(L),‘as described in the calculazilon technique. '

The ordinates between which SEN(I) and SEX(L) intersect, which
represent the neutral pbint, can bte determined by the IF statement;

IF (SEX(I).GE.SEN{I). AND.SEN(I+1):GE.SEX(I+i) GO TO %i.

Statement 61 then calculates the fraction of the interval in
which aqPHIN. occurs. LT that statement is not satisfied. the prozramme
is arranged to declare thai no soliution is possiﬁle zné write ocut the
distribution of SEN(I) and SEX(I).

Since an initial value of the neuiral angle (PHN) must be assumed
in order to calculate the sirain rzte distribution over the arc of
contact (Eq.3.4.2), the calculated value of n replaces the initial one
to determine a new strain rate distributior and the whole process is
repeated until the absolute value (PHN-PHIN)/PHN £ 0.001, where PHIN is

the most recent value of Qn calculated.,
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The radial pressure at the neutral point (sN) is then determined
" and the pressure distribution integrated over the arc of contact by
trapezoidal rule, in order to determine the roll force per unit width
P, due to plastic deformation. The contributions to the roll force of
the elastic zones at both ends of the deformation zone (PE1 and PE2)
are then determingd. Then the total roll force P1=P+PE1%PE2, is.used to
obtain a new value of the roll radius and the process is iterated J
times until the absolute value (P1~P)/P1 is less than 0.00001, where
P1 is the most recent value of P calculated. GE1 and GE2, the contri-
butions of the elastic zones to the roll torque are then calculated
‘and finally the various estimates of torgue are made according to the
various formulae discussed. The most accurate estimate is GAC12, as
given by Eq.3.6.1,; with GEi and GE2 added. Finally,the programmes are

arranged to write out the relevant parameters.
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4, Experimental Procedure.

A description is given below of the roiling nill and ancillary

equipment used in the experimental work.

4,1 The Rolling Mill.

The mill is a . 2-~high, single stand, reversing type, supplied
with rolls for both hot and cold rolling. The rolls are 257 mm (10")
in diameter by 380 mm (15") in barrel length, with necks mounted in
bronze bearings supported by steel chocks. The roll neck bearings are
lubricated by a fluid film, and each bearing is designed for ncminal
5011 forces up to 650 k¥ (65 toms) to provide a 3000 hour service life
at 45 rev/min., The upper chocks are positioned by & screw-down gear
driven by a 0.74 k¥ (1 hp) electric motor. The maximum 1ifi of the top
roll is 70 mm. The roll gap setting is indicated by a pointer on a disc
with graduated markings , which is attached to each screw-down pin. This
arrangement allows the roll gap to be set within té 0.25 mm. The rolls

consist of Jichillite alloy {iNi bearing chilled rolils) with a shore
scleroscope hardness of 40 and with a cylindrically smooth finisn of
C.L.A, ~ O.B%Jm (32pin), as measured on a grinding scale for surface
Iinisning. in2 mean roll dilameiser, measursd along the oLl axls 1s

257.155 20,025 nn.

4.1.1. %311 power suwplv.

The mill is driven by a 0/40 kid/6C k¥ {C/80 np/S0 hp), D.C.
separately excited motor, coupled through a double reducticn gearbox
to a palr of helical pinions. Tach pinion is connected to a zoll by a
spindle fitted with flexible couplings. The mo+cr-gcncrabor set, which
runs at z constant speed of 1M4C rev/min, comprises: an 82.0 k¥ (11C hp}
induction motor to drive the set, a 7.5 kW, 230 ¥ {10 hp) constani voli-

age exciter for fileld excitation and supply to the control circuits, and
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67 kW (90 hp) generator to feed the mill motor. The output voltage of
‘the generator can be adjusted from 0 to 230 V by the variation of its
field excitation. Thus, the mill motor speed can be brought up to 500
rev/min by increasing the input voltage, but a further increase up to
1500 rev/min'can be obtained by the weakening of the motor field. In
order to trancfer power to the mill the voltage of the exciter ié
brought throuvgh a rheostat to a maximum of 230 V, Further operationé‘

are carried out using push-button controls installed in the mill console.
The mill, together with its ancillary instruments, is shown in Fig.4.1.1,

a,z, Mill Instrumentation.

In the present investigation, the main characteristics ¢ be
studied during the rolling cperation vere:
(1) peripheral velocity of the rolls
(i1) exit velocity of the material
(i11) roliing temperature
(iv) roll force
(v) rolling power
(vi) roll torque
There follows a description of ithe various instruments and methods
used to determine the above characteristics.

4.2,1 Tachogenerator.

Tec. measure the peripheral velocity of the rclls initially, a. friction
tachometer was pressed against the surface of the top roll. Later it was
found that the angular velociiy of the rolls decrezsed at the onset of
rolling, so the velocity of rolling could not be determined aé;urately
by that method. Therefore it was necessary to select an instrument with
an output signal proportiional to ithe angular velocity of the rolls, which

-could be recorded continuously. For thils purpose, the shaft of a
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precision D.C.‘tachogenérator was attached to the centre point of the
free end of the top roll. The tachogenerator (Servotek) gave an output -
of 7V per 1000 rev/min with a linearity better than 0.1 %.

L.2.2, Light-activated switch.

To meésure the exit velocity of thé material emerging from the
rolls, a light activated switch, placed on the exit table, and a digital
timer were used. The light switch consisted of a photodiode box, two
‘thermal shields and two coated bundles of optic fibres. The érrangement
was designed specifically for this work and is shown in Fig.hg-z « The
thermal shields, made of aluminium, served to protect the photodiodes
from high temperatures. The light beams, which passed through ithe
windows of the shields were then transmitted to the photodiodes via
optic fibres, these latter excluded any spurious effecic due to
reflected light from the surroundings. The photodiode box encased two
photodiodes, each with an integrated circuit including a resistor and a
capacitor, to set the light switching threshold. When the light beam
reaching window A was interrupted, the device triggered the digital
timer which was only stopped when the light beam rsaching window B
was interrupted., Since the iwo windows were 50mm apart the time lapse
between the iwo aciions,i.e. start and stop, determined the mean exit
velocity of the front end of a slab emerging from the rolls. As the
front ena of a rolled slab was'too thin to effectively interrupt the
light eam reaching the photodiodes, a refractiory block placed on the
exit table, was pushed by the slab as it emerged from thé rolils. The
greater size of this block ensured an effective interrupiion of the
incident light beam. Due to lack of space between the mill stands, the
light source could not be placed directly cpposite the light activated

switch and it was difficult to get sufficient incident light to triggsr
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‘the light switch, Theréfore the light from a tungsten lamp was reflected
to the light switch using a mirror placed opposite to it. The whole
arrangement is shown in Fig.L22.

4,2,3 Temperature measurements.

During rolling, temperature changes within the material often take
place in a fraction of a second. Thus, a first requirement of the
temperature measurement technique employed during rolling is that
thermocouples inserted in the material should respond rapidly to the
chaﬁges in temperature. Bradley et al.(54) examined the effect of the
wire diameter on the thermocouple response and also investigated the
ébility,of different thermocouple materials to withstand high pressures.
As a result of thelr work 1.5mm Pyrotenax Chromel-Alumel thermocouples
were selected for the present investigation. These possessed a hot

junction insulated in a stainless steel sheath and a response time of
( :’ . e 3~V(56> 2 . + »
with a standaxrd accuracy of = i « This represented a
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quoted for a thermoéouple with an insulated junction, was to be expected
in this' case.

Preliminary temperziure measurementsvon slabs 12.5mm thick were
carried cut with a thermocouple inserted in a hole drilled in such a
postion that the hot junciion lay on both the mid-widtih and mid thic
planes, 'at a distance of 50mm from the back end of the siab., A second

thernocouple was located on the mid-width plane near th? top surface of

the slab. This arrangement, shown in ‘ig.ﬁ“?4j, was used to establish



the effect on.the mean temperature of the material of both the heat
éenerated inside the material by the deformatlion process and the
quenching produced when the slab surface was in contact with the

rolls. These temperature measurements allowed the mean temperature

-~ of rolling to be estimated.

d(zjferm:r\clf on .
A further investigation, which involved the definition of the

temperature distribution across the thickness of the matefial as it
passed through the deformation zone, was carried out using slabs 19mm
thick (See Sect.Af7). _Thermocouples were inserted in four positions
between the surface and the mid-thickness of the slab with one therme-~
c;uple on,and a second Just beiow, the surface, ard with two further
thermocouples towards the centre. All the hot junctions were located
as clcse as possible to the mid-wldth plane. The arrangement isiého'x

: I's] 1 “~\'
in Fig.LLQA?. Each thermocouple on the surface and at the sub-surface

Vsl
-y

. s . . Y
position (1 and 2 respectively in Flg.bg.u) was inserted in 2 hole

)

drilled at zn angle sco that the former.broke the slab surface,(while

the latter reached a point about 0.2mm below.This whole arrangement
pernitted the measurement of temperaiure chaﬁges, which were produced

by the combination of the heat of deformation and the quenching effect

ol tie zolls, in ciilereal layers ol Lhe malerial, Lales Liese temnperaiuss
measurements were used to establish tempsraiure distributions within

the deformation zone.

Attempts to hold the thermocouples in place either with high
temperature cement or by welding were not successful. Therefoyg,
lengths of mild steel wire were wedged into each hole to prevent
movement of the hol junctions of the thermocouples.
b2y Load cells. |

The rcll forces developed in a rolling operation were measured by
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means of lead-cells placed between the screw—down ends and the upper
.chocks. Each load-cell consisted of a columnar element integrated wlth
its base and fabricated of a high strength steel., The load-cells were
fitted with strain-gauge bridges cemented to their columns. The top
of each column, the hpignt/diameter ratio of which was about 1.2, was
covered by a self aligning cap: thus the effect of any uneven loading
was virtually eliminated.The strain-gauge bridges were supplied with
6V D.C. and their output was fed to an U.V. recorder via D.C,
amplifiers., _
The load—ceils were already calibrated at the the start of this
work but during the experimental perlod two recalibrations were
carried out. This included the removal of the load-cells from the mill
after which they were loaded into'ag Avery-Denison testing machine,which
was itself regularly calibrated.Forces up to 500kN in 50k steps were
applied in btoth increasing and decreasing loading cycles. A check for

additive measurements was also effected by testing btoth load-cells
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simultaneously. Fig . 4.2.0 shows the calibration curve
each case,

L4.3. Determination of the rolling power and roll torgue.

The toial power consumed by the mill mctor wzs determined from the

simultaneous measurements of the voltage, V., aad armsiure current Ia,

supplied, thus:
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where dla represents the total power supplied to the mill
1 .
ng@ is the armature copper losses, manifested.by the heating

of the armature windings.

1
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=

and 1s the power developed on the shaft of the motor.

74



In order to measure the armature resistance ~%o-, connected in
series with a coil in the circuit of the D.C. compound metor, the mill
was run for about 45 minutes without any load. This permitied a steady
temperature to be obtained. The mill was then stopped and the serles
- and armature resistance measured while the windings of the motor were
sti1l warm. The value of the total resistance was Ru= 0.1k "Lo.ujwns)
The total driving power (Pm) developed on the motor shaft during
a rolling pass, is divided into the following componentg?z
Rolling power -~ Pw -~ DPower which is required to overcome the -
resistance to deformation of the rolled
stock and the frictional forces between
‘the rolls and the material surfaces.

Frictional power - Pf - Power necessary ito overcoms additional
frictional losses during the pass,
produced in the roll neck bearings,
_pinions and reductlion gear.

Idling poﬁe - Pi - Power necessary tov overcome friciional

losses z2long the drive under ro lozd.

Dynamic power - Pd - Power necessary to overcome inertia

forces arlislug fiowm vailatlous fu £olil
velocity.

Thus, the equation which expresses the driving power developed

during a rolling pass is,
+ T \
?ﬂ:.(:—b.-d 1\'\!7\

,A)

hoa n
TR 'y 27)

¢

The first three values represent a constant load on the drive,
and their sum forms the static power. The procedure follcwed to determine
the components of the driving power - Pm - 1s described below.

L,3.1 Frictional power.

The power to overcome the additional fricticnal losses consisted
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of:-_

(i) The fric%ional losses in the roll neck bearings {Pfy ). The force
exerted on each roll neck, assuming the slab is central with the rolls,
is F/2 and the frictional force at each roll neck is therefore 1 F/2.
Since this force acts at a distance d/2 (roll neck diameter = 184.2mm)
from the roll centres, the frictional torque at each r0ll neck is%&deﬂ
and the total torque on the mill is thén fyFd. Values of the coefficient

of friction £ in fluld-filn bearings(>7)

are quoted within the range
120,001 - 0,005,
(ii) The frictional losses along the driving gear,i.e. in the gearbox

and pinions.

The sum of the rolling and additionzl fricilion power developed st

the motor shaft is given by(us);
’t' f’\\. \
QL*@ ;QL*EQ_ (4.52]
O |
- 1y o3 )
where P’k\:g\;c\m’r : CReRLY

and 1) is the efficiency of individual gears positiocned
4
between the motor and rolls. Values of efficiency
for single reduction gear itransmission are gquoted
e s (18)
within the range N = 0,95 to 0.98,
Here it can be noted that experimeantal values of both frictional
losses (Pf) and rolling power (Pw) cannoi be determined separately. An
experimental technique, which is described in Section 4:3.5 was,

adopted to otiain the additional frietional losses. -

4.3,2 Idling power.

The idling power was determined by the measurement of the armaturs
current and voliage supplied to the mill motor when no load was appiled.

Thus using Eq.ﬁ.%%i the idling power would be given by:
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However, these voltage and current measurements can only be made
before or after rolling, yhen the velocity of the rolls is about 20%
higher than when a slab is present in the roll gap. From several power
measurements at zero load at variodus speeds,it.was established that the
1dling power was approximately proportional to the angular velocity of
the rolls. Therefore, it was assumed that the effecti?e idling power

at rolling velocity was given by, , W
o, , O

Wi

4.3.3. Dynamic power.

The dynamic power is significant when the velocity of the rolls
changes rapidly during the acceleration or deceleration of the mill.
In the present work it was found that the angular velocity of the
rolls was practically constant during the rolling pass, as can be seen
from typical traces shown 1in Fig.ElEui from the tachogenerator, so that
the dynamic power could ve ignored.
Thus, the driving power at a constant rolling velocity and for
static power is given by:~
Pn = Pw'4 Pf + P} (L.3.2q)
(e.f. Bq. 1.2.7.)

4, 3.4 Rolline power and roll toraue.

In order to obtain an expression for the rolling power,:-reference

i

N S - : s N A
is made to Eq.-\....4 which, after the introduction of Eg. -1 2.l becomes,

Qm = Pty _i,‘_’P{‘i _ a
M

and the rolling ﬁowar and total roll torque would be

glven respectively by a 8%
1 /P\V_ P{ﬁ Ll ‘ _Qi (&Qb/
11 _ﬂ_V?n L’qO'RC Wr [43.6)

W \
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4.3.5 Experimental determination of the frictional;ppwer under load.

Determination of the power produced by the mill was carried out
with the rolls pressed together and rotating at low speed. This enabled
an experimental determination tb be made of the additional frictional
losses along the drive under load, as conditlons of zero relling power
.were present. To avoid over-loading the electric motor which drove the
screw-down gear, the rolls were pressed together using a lever attached
to the screw-down system, which was temporarily detached from the electric
&rive. Then, with the rolling power term elimirated in Eq.ﬁfi?ﬂ and Eq.
A_S,?)the following expression gave the power generated; viz

| P,( =\%,‘/(\:b =Pm-?fi
Re-arranging and introdu;ing Eq.ﬁ.ﬁ.& » the ratio between the

coefficient of friction f, and the overall efficiency of the drive,

can be obtained viz, m 'Q;_OJ
: o= _‘L

‘—, 1 o

N TOVJr

Experimental values of the above ratio/ f\/'p‘D were ottained with
g

several values of the roll force and plotted in Fig.&.%.é « The resulis
indlcaie ithat tne ratlo I{ﬁ3¢ was practically irdependent OI the Troil
force. In Fig.ﬁyfkf) the broken lines represent seveial constant ratios
of f}/ﬁ; . Thése in turn were determinsd assuming that the overzll
efficiency of the mill drive, which consisted of a double reduction
gear box and pinions, was Qa = (0.95f5, while the coefficient of
friction f, was varled between the range f -= 0,003 - 0.C05. Thus
a combination of f4 = 0.0045 andf?g=0.85? would approach the mean value,
abogt 0.006, of the exparimental results. These values of f; and 1)
were considered suitable for use in the estimation of the additional

frictional losses during a rolling pass.
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L,4, . Recording Instruments.

Ultra-violet light recorder.

The roll force measurements were registered on an ultra-violet

. 1light recorder, in which a U.V. 1ight beam was directed onto a mirror
attached to a moving coil galvanometer and then refliected via a lens
and mirror system onto a moviné light-sensitlive paper, where the light
beam generated a>trace. The deflection of the galvancmeter and hence
the movement of the light beam was a function of the magnitude of the
Input signal. Recording speeds of up ﬁo 1000mm/sec. could be obtained
with this system, In order to give an adéquate response, the frequency
6f the galvanometer needed to be at least 20 times higher than the

frequency of the input signal(5 8)

+ Since it was estimated that the
signuls from ﬁhe load—cells increased within 0.1 - 0.2 seconds while
the material filled the roll gap, a peak frequency of 1C0Hz for the
input slgnals was assumed. Therefore a'galvanometer of not less than
200Hz was required. In addition, since the sensitiviiy of the

. . (=8)
galvanometer was inversely proportional to its frequency response - 7,
it was difficult ﬁd obtain simultaneously both adequaté sensitivity
and resnance. This Timitation emnld oy he averenme fir the inainaion
of an amplifier between the signal source and the galvanometer.
Therefore, a D.C. amplifier with stepped gain was installed in each
méasuring circuit.
| To calibrate each circuit, the amplifier was supplied with a
known voliage, whose magnitude was equal tc the output voltagéﬁgiven
. by the load-cell under forces of 250kN and 500kN respectively. These

in turn were determined from the calibration curves given in Fig.4.2.4.

Various coambinations of amplifier gains and galvanometers were tested
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until a full scale disélacement of the signal on the trace paper was
accomplished.‘As a result, two galvanometers of 500Hz freguency each
(SM500) were combined with one of two gains in the amplifiers (X100 and
X200), and a recording speed of 12ﬁm/sec ﬁas selected to cover the range
of roll force measurements at each rolling temperature.

Potentiometric pen recorder.

A potentiometric pen recorder was used to record the armature
current supplied to the motor mill, the output from the tachogenerator,
and the e.m.f. from the thermocouples placed inside the slab. These
signals were fed into a four-channel Rikadenki pen-recorder, which
possessed a 250mn(10") full scale deflection per channel. An attenuator
switch in each channel gave 11 levels of sensitivity - 10mV to 20V,
which could be combined with recording speeds of up to 10mm/sec. on the
trace paper. The voltage of the input signal was measured by compariscn
with a reference volitage from a resetting potentiometier in each channel.
The difference between these two voltages caused the servo-operated
pen-arm to move until the voltages were equal. The armature current
supplied to the motor was determinsd indirectly by means of the
measurement of the voltage drop across a current shunt installed in the
switch gear panel of the mill. The current/voltage ratio was L4.66A/mV,
It was considered that the maximua e.m«f. of the thermocouples was
5Cmv wh?ch corresponded to a temperature of about 1206”0. The output
of the tachogénerator was estimzted to reach a maximum of 70mV thgt,
according to the specifications, representedv 50 rev/min; this was
equivalent to a rolling velocity of 350mm/sec. Finally, armature currents
of up to 400 amps were expected, as‘established by a few rolling trails.
Thus, sach channel in the recorder was set tc give a full scale

diSplacement per 100mV input signal., The servo-mechanism, which drove
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the pen arm in each channel, possessed a resolution of = 0.07% and a
linegrity off20.15% of the level of sensitivityjin addition to an
intrinsic error of less than = 0.25% and a band width from D.C. to

(57)

6-8Hz quoted for these potentiometric instruments . The voltage
applied to the mill motor and measured by a voltmeter installed in the
switch-gear panel was recorded on an XY plotter which consisted of
potentiometric systems to drive both axes. The X axis was fixed as

a time base, while the Y axis recorded the voltage’regulation produced
during a rolling operaztion, A full scale displacement per 100V input

signal was found suitable for recording most voltage variations.

Tape Recorder,

In the preliminery work on temperature measurements (Sect.®2.3),
the e.m.f. of the thermoccuples was‘recorded on the pstentiometric
recorder already described. Later it was found that the response of this
instrument did not perinit an adequate record of the rapid temperaiure
changes produced in the material inside the deformation zone. Therefcre

a device with fast response characteristics was reguired. Thus the

o

temperature changes were recorded on a high speed tape recoxder anc
then played back at low épeed, which a2liowed the signzlis to be
accurately iraced on an XY plotter, The iape recorder {Hacal thermionic)
used a frequency modulation recording process, in which a carrier
requenéy wzs modulatad by the input signal. On playback the resuiiing
magnetic pattern stored on the tape was translated iﬁto the original
input signal, via a filter which removed the carrier frequency. 4
four-track head installed in the instrumeant permitted siﬁultaneous
recordings of the e.m.f. of four thermoccuples inserted in a slab. The

band-width freguency responsé ranged between D,C. and 20kHz, with a

signal to noise ratio of = 48 dB at maximum tape speed. Seven tape
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 speeds were available, from 2.38 cm/sec. up to 152.4 cm/sec. A twelve

‘position attenuatof knob in each channel was used to select the

sensitivity in volts between 0.1 V and 20 V. Thus a maximum recording

speed of 152.4 cm/sec. and playback speeds of 20 cm/sec. and 2.38 ansec.

e.m.f. expected from the thermoéouples was 50 mV.

L ,5. Reheating Furnaces.

... were selected, together with a sensitivity up to 0.1 V, as the maximum

Two types of electric furnaces were used to heat the plates prior

to rolling: a muffle furrace with an embedded heating element, and

two furnaces with silicon carbide elements, The first furnace, rated

at 2.9 K.V.A., possessed a wire element wound along the iength of the

external surfaces of the chamber and embedded in a refractory cement

to give rapid heating response. A Pt/Pt/137 Rh thermocouple was placed

at the back of the chamber roof and together with an automatic

controller with proportional action assured a temperature fluctuation

of approximately 5°C. at 1000°C. The maximum working itemperature was

° - . s .
1200°C. The chamber dimensions were 35.5 cim X 17.8 ¢n X 12.7 cm. The

furnace with silicon carbide elements could be used at temperaturss

of up to 1400°C. with a power rating of 5.75 k¥. The chamber was 45 cm

18 om o 17 onoond the hoating eleniculs weie mvuuied Liausversely aciuss
- ’
the roof of the chamber. Agzin Pt/Pt/lj% Rh thermccouple znd a

proportional controller were 1 used to control the furuace temperature.

Later a second silicon carbide furnace with a power rating of 16.5

(

aud chamber dimensions of 120 em x 20 cm x 15 ¢cm, was installed in
deformation laboratory. The heating chamber was divided into three
zones. The power input of each zone was regulated by a thyristor

cavable of carrying a current of up tc 40 amps. A conitroller with

VR

the

A
s

proportional action assured an homogensous temperature along the chamber,
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tﬁough manual'control of the power drive in each thyristor could be
used to minimize temperature gradients bhetween zones, Thus} the furnace
was capable of operating at temperatures of up to 1300°C with rapid
response to temperature fluctuatioﬁs along its chamber during cha:ging
_ and discharging operations., |

L,6. Cam plastometer.

In order to obtain information aboﬁt the relationship between
temperature, strain rate and the flow stress of the material under-
going deformation, hot compression tests were carried out on cylindrical
specimens 12.5 mm high x ?.5 mm in diameter, using a cam plastometer,
The temperatures and strain rates used were close to those accomplished
during the experimental rolling schedules (see Sect.éq ). The data
obtained was compared with published results that related to simiiar
naterial and conditions(36’37>. This data aliowed the mathematical
model used in this work.to calculate the yield stress cf ihe deforming
naterial., The cam plastometer, designed aﬁd built in the Department
of Mechanical and Production Engineering at Sheffield Polviechnie, was
essentially a cam-driven compression machine whicﬁ operated at a
constant strain rate. In Fig. A.C. the cams (1)(2), which could impari
two ranges of strain rate. were mounted on a eam shaft (A) vhich was
supported by ball and roller bearings in a main frame (12). Fower to
rotate the cam shaft was derived from a heavy flywheel (4) which was
belt driven by a 1.5 kW electric motor. An eccentric plate clutch
mechanism transmitted the rotation of the flywheel to the cam shaft.
The rotatiocnal moticn of the cams was converted into the vertiéal
movement of a piston by means of a cam follower which was mounted in
a spring.loaded guide block (8). The downwards movement of the piston

was transmitted to the cylindricél specimen through the upper moving
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