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very expensive wetals, 1T is deslrablle therefore that the
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clad material should be cheap and casily recoverable

possibility of using it ss a c¢lad was briefly consicdered.

It was concluded that a considerable reduction in
the roll force and torque can be achieved by carefully
selecting the process péfameéeru, the most significant
being the clad-ssndwich thickness ratio, the clad-matrix
hardness ratio, and the frictional conditions a2t the
clad-matrix interface. The results of experiments involving
the use of plastic clads were encouraging

is necessary in thie direction.



evotdsTrUOIT




\:.':' /”

- .",”/\\
77,;/}; i

”a

TABLE OF CONTENTS. :




oA Ty ™ N VRTITETTR T e
LA Ok ﬂ(/i i i e

. - £y o= T‘\Y
SGCtj on T,Lt.].@ R Pcig,.,e_ 0O
1. INTRODICTION 1o
2. TIS REOLEVAIT TIHZORY OF DPLASTIC
DETCRITATICIY, . S
zele Postulates of the theory of plastic
deformation. 5
Ze2e The criterion of yielding,
Z2e2ele The maximum shear stress criterion. 7
2eZe2e The maximum shear strain energy
criterion. 8
2e2e3. The validity of the yield criteria 9
2e3e Yielding in plane strain. 9
Se A REVIEW OF TIim PUBLISHED WORK ON FILAT
CLLING« 11
3.1 Introduction. 11
3¢2¢ The calculation of the roll seps rating
force. 11
3.2.1. Determination of the r0ll force
from the work of deformation. 12
3e2.2. Determination of the roll force
by the equilibrium approach. 13
3.2.3. Energy method of determination of
the roll force. 20

3.2.4. Semi-empirical methods of
determination of the roll force. 21




Toey ey 5 oY
Section Title. L7040l

Je2ene Shear line field method of

determination of the roll force. 23

3e2.6. Load bounding method and limit
i

analysis, 25

ZezZ.7e Iydrodynamic method of determination
of the roll force, 27
3e3¢ The calculation of the Toll torcue. 28

. 5 o - )
3.4« lleasurcment of the 7

tion. 28

3¢5, Factors which affect the roll force
and torque. ' 29
3edele The yield stress. 29
3¢5.2. Determination of the yield stress. 29

3¢5.3. The coefficient of friction. 30

3+5.4. Determination of the coefficient

of friction. 36
3e0¢5. The roll diameter. 41
3.5.6. Spread. 41
3¢5.7., The rolling speed. 41
3¢5.8. Applied tensions. 42
3.5.9. Inhomogeneity of deformation. 42

3¢95.10. Temperature rise due to the work
of deformation, 43

3.5.11s Rlastic deformation of the rolls
~and the workpiece. 44




~— g Te e ;;C‘-
Section Title. Lare 50

4. TIE RCLLING OF THIN HARD STRIP. 43
4.1. Introductlion. 45
4.2« The elastic flottening of the T0lls,. 45
4,3, Yeasurcment of roll flatteninr. 43
4.4. The sicnificonce of roll flattening in

rolling practice. . 49

4.4.1. Limiting thickness, 49
4e4e2. Minimum thickness S5C
4,4.3. Limiting reductlon. 50
4.5;”0Tﬁe elastic éompression‘of the strip. 51
Oe THE TREYTD OF DEVELOPMENTS IN FLAT ROLLING. o2

S5¢le Small cdianmeter rolls.

~

w [9)]
A}

oo

[

S5¢elele The Sendzimir mills.

(93]

¢1520 T}.ll

(o)}
AV

Pendulum mill.

®

11.

fdo

1 3
Selede The (C-TB=S m

o)}
(V%)

Oe2s The application of oscillatory energy

)]
H>

to rolling.

S5¢3es Powder rolling.

n
(o

6, A DISCUSSIOCN OF THE PUBLISIHED WORK ON
FLAT ROLLING., o7

7 A REVIEY OF THE PUBLISHEZD WORK ON SANDVICH
ROLLING. 60

7.l. Introduction. 60
76l mhe theory of sandwich rolling. 61
7‘8@

¥

perlmenbal 1pveot1ﬁatlon Qf sandwic!

66




Section Titl

o

8 @ J/'\L

DISCUSSION OF

24 T T Y T (’j'!‘;"{?\f{‘ THNTS TS
LI JUBLISIED VORK

ON A

DICIH RCLLING.

9e 4

DISCUSSICH TO LSTARLISH THE

SCO

™
piD

T

TNVES

IGATIOCH,

The

« Selection of

rollin

9.3.1.
9.3.2.
9.3.3.
0.3.4.
10.

/Q
=
e
-
fond
®

The Trolling
The roll diameter.
The rolling speed.

Lubrication.

NSTRULMENTATT

10.1.

Design of measuring apparatus.

10.1.1.
10,12
10.1.3.
10.1.4.

10.2. The

The roll force meters.
The torque meters.
Tension meters.

The power supply.

recording equilpment

11.

CALIBRATION OF THEL

NEASURING

APPARATUS

11.1. The

roll force meters,

11l.2.

The torque meters.

11.3. The

tension meters.

12.

EXPERIMENTAL

IROCCLDURES.

1231@

Hardness tests.

12424 Det

ermln@tlon,af the stresg

ourvcs for the mat@?lJISa

84~



. e -~ L TY .
Secltion Title, Pare o,

12.3¢ The preparation of specimensSe 85
12.4« DMcasurcment of specimens. 87
12.5. Tluctuations in the torcue trace§a 87
12.6. ¥easurcment of chart records. 89
12.7. Determination of the first pass curves. 153°
12.8. Effect of the varying of material on
the roll force and torque. ¢
12.9. Effecf of the clad thickness. o0
12.10. Effect of interchanging the position
of the materials in the sandwich. 91
12.11. The effect of the interface friction. g1
12.12. The effect of the clad width. | 92
12.13. Experiments with plastic clads. 93
12.14. Sandwich rolling with applied tensions. 83
12.14.1. Preparation of specimens. 33
12.14.2. Application of back tension. g4
12.14.3. Application of front tension. 05
12.14.4. Measurement of chart records. g6
13. GRAPHICAL RESULTS. a8
14. DISCUSSICH OF ZYDPERIITITAL RESULTS . 98

14.1. The effect of cladding on the roll force. 98

14.2. The effect of cladding on the roll torque. 100

14.3. The effect of the clad thickness on the
roll force, _ 102

,14‘%5 The effect of the clad thickness on the .
‘ ~ roll torque. 105




Section Title. fage Lo.
14.5. The effect of interchanging the positions
of the materials in the uurgw1ch 105

14.6. The effect of the clad-matrix interface
friction, 107

14.7. The effect of the clad width on edge-—

cracking in the matrix. 107
14.8. Exnorlme ts with plastic clads. 106

14.9. The effect of applied front and back

tensions. 11¢C
14,10. Summary of results. 111

15. THEORETICAL AVALYSIS OF TIE SAIDUICH ROLLIVG

PROCISS. 114
15.1. The mechanism of load reduction. 114
15.2. A graphical model. ) liS
15.3. Bguations of the roll force angd torgue. 116
15.4. Computational methods. 122

15.5. The relationshivp between the r

0
and the proportion of clad in th

15.6. Analysis of the effect of clad thickness

on the roll force. 127

15.7. Comparison between calculated and measured

results, 129
15.8. A discussion on the theoretical analysis. 132

16, CONCIUSICIS. 134

17. . SUGCESTIONS FOR FURTHER VCRK. o 140
12,

'EDGHYEY’Sm i Bl 0



Section Mitle.

19, DIDLIOGRADIY,

20. AITLDUDICES,

ZO o 2 © ]""a—t C I‘i 5:1’]_ alA

20.1l. Description of tho rolling mill,
e d_ecuipzent specifications

20.2.1. lateriales.

20.2.2. ZIguipment,

20.3. Calibration curves,

20.4 . Stress-Strain curve

S

&

20.5, Computer prograrmes

20.6. Tobulated results.

Ereniuny




O 2

=

= %

b

oo oW W e o

QQ@

@

W o, €

-

NOMENCLATURE.,

The roll force.

The roll torque.

Stress in the workpliece.
Shear gtress.

Additional stresses induced in the clad and
matrix of the sandwich as a

result of cladding.
The coefficlent of frietion.

Initial thickness &f the workpiece.
Fiﬁaéjﬁhi&kn@as of the workpiece.

Hean %i@lé stress of the workpiece.

Yield strese of the workpieces

Yield stress in shear of the workpleces
The roll dismeter.

The roll radius,

The radius of the deformed sre of contact.
The angle of bite,

Pass reduetions

Wwidth of the workpieces.

Draft.,

Propoertion of clad in the sandwich.

Vertical stresses,

mgh The hard metal,




Siffices contd.

c,s The soft material.

i Intry to the zone of deformation.

0 EX1t to the zone of deformation.

X The horizontal plane, normal to the
rolls,

A the vertical plane.

Z The horizontafl plane parallel to the
rolls.

p Plane strain condition.

f Front tension.

b Back tension.

n The neutral plane.
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L. INTRODUCTTON

e

The modern rolling mill probably evolved from the

crude,wooden, hand-driven mills uced for the extraction

of sugar in the early part of the fifteenth century.
some two hundred years later, mills with cast iron rolls

mounted in wooden frames were being used for rolling soft,
non-~f'errous metals such as lead, brass and tin. It would
have been difficult to roll ferrous metals on this type
of mill, since it was driven by a water wheel.Development
in this direction had to wait until a more suitable
source of power was avaglable@ ihe advent of the steam
engine helped to establish the rolling mill in a dominant
position in incdustry which it still maintains.

Practical experience was far in advance of theory,
as 1is the case in most technological innovations. The
early mill user knew very little about the fundamental
principles involved in the rolling process and had to
depend on experience gained often through expensive
failures. Even then, when a new situation arose, such
experience was often found to be hopelessly inadequate.

¢ In the last sixty years or S0, major efforts have
been made to understand the mechaniecs of the rolling

process and to develop theories which enable the roll

separating force, torque, and powe Teguirements to be

predicted for the b

and user. A

T»&n&lys;s of the rcl?iﬁg
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process 18 difficult and numerous acscumplions sre mude

e

en 1n order to derive simple equaticns which can be

fand

of-

applied readily, perticularly in industry where the

3

access to a computer may be limited. Efforts have been

s

ndde to develop rolling theories which take into account

the effect of roll flattening often encountered in the

rolling of thin hard materials.
The increasing demand for more difficult materials
such as titanium and the high carbon steels in very thin

rovided the .stimulus for the development of

@

gauges has

ke

i

mill, the C-B-S. mill, and the Tendulum mill. The C-B-S.

n ]

and the Pendulum mills are still at the development
stage and the Sendzimir mill is often expensive and
requires a high level of production to Justify the
capital outlay. Furthermore, the necessity to apply a
high back tension to ensure that the product is of good
shape often imposes a limit on the width of the material
that can be rolled on the mill. Thin hard sheets can be
produced at a lower cost on an existing mill by rolling
them sandwiched between sheets of softer metal. The
method has been applied to the production of titanium
alloy sheets on a commercial scele as reported by Arnold
and Whitto&l and the results of their investigation
shawed'thatyé~réﬁQCﬁién in the roll sé?aﬁating force of

up to 60 e achieved.
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fhe object of this investisstion was to delermine
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the importoent parameters on vhich the success of the

-

“
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proccos depend

]

s ond the conditions under which
reduction in the rolling load can be aschicved. Most of
the previous investigators have ignored the effect of
cledding on the roll torque, since the recduction in the
roll separating force was considered to be more important
However, the roll torque may incresse as a2 result of
cladding to the extent that it may become the limiting
factor which determines the amount of reduction possible
in one pass. pFor this reason, it was decided to include
the roll torque in the list of parameters which were
measured. The applicability of %the sandwich method to the
rolling of high carbon steels and nimonic alloys wos
investigated,

Since the clad material is normally discarded after
use, it is desirable that it should be inexpensive. The
use of ferrous and non-ferrous clads was examined and the
possibility of using non-metal clads, for instance,
plastic, was briefly investigated. The theoretical
aspects of the process were studied and the extent to
whéch the results of the investigation can be applied to
the rolling of permanently cladded materizsls was
considered.

The development of sandwich rolling theory is based

on the assumption that both the clad and the matrix are
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2.1. Postulates of the theory of plasgtic deformation.

The process of deforming a material plastically by
the application of external forces ie complex and coes
not lend itself to exact mathematical treatment. any

assunmptions bave to be made in Tespect of the properties
t

order to develop meaningful thecretical ecguations of
plastic flow. Despite the simplifying assumptions, the
results of theoretical énalyses sre often far too complex
to be of much practical use and more assumptions are
usually necessary in order to apply the results in
practice. Some of the basic assumptions which apply to

flat rolling are listed below.

(Sl

(i) There is no change in the volume of a material
undergoing plastic deformation.

(ii)  Hydrostatic stress does not influence yielding.
t

material in pure tension and pure compression.

(iv) The material is isotropic, that is, yielding
properties in all directions are identical.
(v) Stresses due toc thermal gradients in the material

are insignificant.
(vi) The effect of the temperature caused by

deformation on the yield stress of the material




not influcnce

(€3}

yielding.
(viii) The elastic component of the total strain i
is small compared with the plastic component.
(ix) The material is rigid plastic, that is it 1is
inelastic and does not work-harden.

Most of the éssumptions accord well with
experimental evidence, or do nct influence the results o
theoretical analyses cignificantly. However, assumptions
(vi) to (ix) often are not valid in flat rolling, and
indeed many other metalworking processes. The rate of

ificant in high speed, hot working

s..
‘-Jv

straining mey be

[3

i+
¥

b
D

processes, the clastic and plastic strains may be of
same order, for ewample in temper rolling, and mos%h
metals are not rigid plastic. However, approximate
corrections can be made in the development of
metalworking theory to reduce the errors emanating from

the assumptions.

2ele The criterion of yieldineg.

When a ductile material is subjected to an external
force which induces in it a simple uniaxial state of
stress, the material will stea to yileld when the induced
stress attains a critical value -~ the yield stress of the
material under the loading conditions . However, in most

metalwor kin g processes, the state of stress is complex
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(7)
: vt - r - cot of sioldine,
and it is more difficult to predict the onsct of yicldini.

1 ) i sty onehins have |1 Y 3% Tonoed tPult onl-r
Meny empirical relationships have been developed but onij

Y " S P 4 . SN LR
2elelo The meximum shear stress criterion.

Tresca, as a result of ewperimental studies on the
extrusion process in 1864, proposed that the onset of
yielding of a ductile meterial under z complew state of
stress does not deﬁend on the individuagl values of the

ar

e
®

conponent stresses but occurs when the maximum st

-

stance

o

¥

stress attains a critical value. That is, for in ,
in a triaxial state of stress consisting of principal
stresses o, Gz, 93  where G, > Gp 763 yielding will occur
when.

T, — Gg = Y, (2.1)
where Y, 1s the yield stress &f the material under a
uniaxial state of stress.
Lquation (2.1) can be modified appropriately for a

non~principal stress state. It can also be expressed in

terms of the yield stress in shear of the material:
G, - < = 2k (2.2)

In,effectﬁ
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2 el ale The maximum chear strain enersy
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Tresca's yleld criterion is unsatisfactory
it ignores the influence of the intermediate strese of
a triaxial state.of stress on vielding. The results of
experiments by Lode2 and Taylor and Quinney™ strongly
indicate that the effect of the intermediste shear stress
1s significant. Moreover; in some problems of plasticity,
it mey not be possible t0 assess which stress is the
largest or Smallest; The maximum shear strain energy

criterion, often attributed to MNaxwell, von Mises, Hencky,

or Huber, takes the intermediate stress into account and
it is not necessary to know the relative magnitude of the

stresses. It states that 3¢elalng will occur when:

) 2 B 2 =4
ey B e R T T PR

or in terms of the yield stress in shear of the material:

2 2 : [ A
6. —w2] +[oz-os] +[5-60] = bk (2.5)
That 1is,
-
_ i3
K= =Y (2.6)

gnel 3}’
Although the maximum cghear S&ﬁm&A criterion has

been developed largely from the results of experimental
observations, it can be derived by consideration of the
potential energy of elastic distortion, that is, the

difference between the total elastic strain energy and

the strain energy tending to produce volume change. When
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the potential energy of distortion attaing

value, yielding will occur.

eyl S A N R = B
Qe oBo The validity of the vield criteria.

The results of nunerocus experime

LD
3]

notably by Ledeg Taylor and Quinney~ and
that the maximum shear strain energy criterion 1s more
accurate than the maximuin chear stress criterion.
However, the latter is often preferred because of its
simplicity and because of the safety factor resulting
from its use in design calculations, since it
underestimates the stress at which yielding (or failure)
willl occur.

263, Yielding in plane strain,

Wfhen a body is deforming plastically under a complex
state of stress, for instance, the principal stresses
Ga s oy s the principal stresses and strains are

related as follows:

(2.7)

)
{

where Ep 1s the plastic strain modulus. When plastic
flow is restricted to a single plane so that the strain
1 one direction is equal to zero, deformation is taking

place under plane strain conditions,



It follows from equation (2.7)

froe’ e ‘~.‘_'>( -+ 2
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Hlence, from equation (2.4.,
» \
C}; N(.))/’; = 2‘_—; {‘299/
° Pz 1o
and from equation (2.6),
— — >
G- = R (2.10)
It will be noted that equations (2.2) and (2.10) are

identical for plane strain conditions. In plane strain
deformation, it is morevappPOpriate to express the yield
criterion in terms of the yield stress in shesr of the
material, since deformation occurs in pure shear.

Whereas the maxirum shear stress criterion implies that

o

rain are

o

ir

the yield stress in uniaxial strain and in plane s

.

n

2T strain energy criterion

Y

O
fd

identical, the maximum she

,‘

shows that they differ by a factor of 1.15. The latter

is found to be more correct in practice.
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1 YO T metal tions . tuben
& considerable proportion of metal sections,tubes,
L conciderab’
. . rine either as findahed
plates and sheets used in énginecering either as finished

products or as raw materials for other metalworking

roce

@]
C’)

>ses, are procuced by rolling. It is not surprising

i,

therefore, thot rolling has occupied a Gominant position
in industry for se&eral hundred years. Despite tn
a fundamental understanding of the process was lacking
until the last sixty years or so. However, in this period,
a considerable effort has been made to develop theories
for predicting the rolling paremeters which are ir nportant
from the point of view of the désign and operation of a

rolling mill. Furthermore? the causes of such rollin

0

defects as edge crack 1ng, bad shape, thickness variation,
and poor surface finish are now known fairly well. In the
review of the literature én flat rolling which follows,
emphasis will be placéd on the development of hot and
cold flat rolling theories, but recent developments in
the practice of flat rolling will also be discussed

briefly.

o2e The calculation of the roll separating force,

The methods which have been adopted for the analysis

of the rolling process and the determination of the roll
separating force can be classified into seven broad

categories:




STRESS

STRAIN

FIGURE 1 THE STRESS-STRATN CURVE FOR

THE DETERMINATION
OF THE ROLL FORCE FROM

THE WORK OF DEFORMATION.
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JeZele The delermination of *loe roll force from ile

work of def

Then a work-hordening materisl is compressed fron
g v ¢ - B g oy N . < b g 4 - %
an initial strain %, to & Tinal strain £ the work
of deformation is equivelent to the area under the

he appropriate strain limits.

o

stress~-strain curve within
The area is represented by ABCD in fipgure 1 and is equal

to:

compressing the material from strain €, to €, , it can
be shown that:

. — \A}ast

N
W
®
DN
L

wher o s . Lo -
HEEC ¥ 55 the yield stress of the material,

w 1s the width,
and L is the length of the deformation zone.
The deformation in well lubricated cold rolling is similer
to that which occurs in plane strain compression and
equation (3.2) is commonly used to estimate the roll
separating force, by replacing ¥ with ?é, the mean yield

stress of the material in plane: strain. That is,
P ot We Lo t{é{g (303)

Bquation (3.3) often underestimates

force because it ignores the contrib tio friction.




A THREE - bII\’HENSIONAL REPRESENTATION OF THE
STATE OF STRESS IN THE ROLL GAP.

Ve
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FIGURE 3 THE STRESSES ACTING ON AN ELEMENT IN THE

ROLL GAP. ( EXIT ZOXNE )
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3elele The cevermination of the roll Torce bv the

by the cqyilloygum anproach

A considerable proportion of the published work on

[
]
o
(3]
(i
9]
=
V]
D

flat rolling theory, an s} ny other metszlworking

processes, has been based on the consideration of the

equilibrium of forces acting on sn element of the material

in the deformation zone.

From the consideration of the three mutually
perpendicular directions shown in figure 2, the
equilibrium of the forces acti 5g on the shaded element
can be written in the general form:

el + ad fL\xy C'/LTBL%

X=direction o )+ =T 0
o oL ) -
y ek
. . Lt |~
Y-direction %Ify doy &by - O (3.5)

z-direction &4 dTye | ddr _ g

noting that Txy = Tyx etc. .

Equations (83.5) can be simplified considerably by meking

certain assumptions:

(i) The directions ¥X,Y,Z coincide with the directions
of the principal stresses.

(ii) The meterial does not spread in the lateral
direction. That is gz = 0.

(iii) The stresses are evenly distributed across any
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vertical cross~sceti
ldentical to any other clerent in the
cross-section,
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(1v) LXy le small compared with o % and G Y e

clors d Tw ATy q :
A dTy oy %‘; =0, (3.6)
ol oLy S Lo
By consideration of the eguilibrium of the forces in the
See Fquae 3 ‘
roll gapﬁ\lt can be shown that equation (3.6) is

equivalent to

4[ne] = Do

Y
T~
G\
(-
i+
o
&
>
&
3
a3
4
—
a5

The top sign in equation (3.7) refers to the exit zone
and the bottom sign refers to the entry zone of the arc
of contact, in accordance with the usual rolling
convention,

It is usual to assume that slipping friction operates

between the rolls and the workpiece, Then,
d 1y ] Dvse oy [tong T U]

7 G — B . . i

o L (1 F utong]

(3.8)

Equation (3.8) is combined with the maximum shear strain
energy criterion to obtain
' U fons T

d . -7 — (3.
T3 Lkux] = [‘ = tome] (3.9)

An exact solution of equation (3.9) is difficult ang
many authors have made additional assumptions in order

to @btain,a@prﬁximate solutions. The method of golution




and the assumptions made are the major points of

difference betweon the many solutions which have been

p[‘OpOop

One of the earliest solutions was obtained by
[ g

P O -
S1ebel”, He assumes that

(a) the pressure distribution al ng the arc of contact
1s constant snd equal to the mean yield stress in

U = wmv,
f (3.10)
(b) the angle of bite is small, so that,

(c) the arc of contact is circular,

(d) the vertical pressure is approximately equal to the
roll pressure.

(e) the deformation is homogeneous ang plane sections
remain plane throughout deformation,

Following these assumptions, it is now possible to

integrate equation \3.9) to obtain the pressure

distribution. The roll separ ing force is obtained by

inte@rating\ﬁhe pressure distribution over the arc of

contact.

L surprising that Siebel's solution is
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often found to underestimate both the pressure

distribution end the roll force. The pressure
distribution at any point along the arc of contact is

always higher than the yield stress in plane strain,
except, possibly at the planes of entry and exit of the
zone of deformaticn. In the rolling of thin, hard

materials the PPQK pressure may be considerably higher

than the yield stress, as a result of roll flattening.
6 ., L .

von-Karmen makes the same assumptions as Siebel

except that the pressure distribution along the arc of

-

contact is constant. He develops an equation similar to

(3.9) which he solves by step integration along the arc
of contact. The solution is simplified considerably by
7

using graphs prepared by Trinks' for a wide range of
rolling parameters.
. 8 . . .
Smith” solves equation (3.9) by assuming that the

arc of contact is mot circular but parabolic andé can be

represented by the equation

h = |hy + RE

2

This assumption also follows from equation (3.11).
Smith's equation is similar to von-Karman's equation
and can be solved only graphically by Trirks' method

or by step 1nﬁegrat¢ome querweodg has shnwn that the

error 1ntroduced by +ne assumptlonioL a parabollc arc

of comﬁact51$ 3m&11g
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~

e o 10 - , . .
Tselikov repilaces the arc of contact with:

(a) a single chordal plane,

(B) a chordal plane each for the entry and exit Zones,

[

Equation (3.9) isg simplified conglderably as a result

and can be intepgrated without 11fficulty. The assumption
of a planar arc of contact may lead to errors unless the

radius of the roll‘is large compared with the length of
the arc of contact.

Orowantt discards most of the assumptions made by
the previous authors and/integrates equation (3.20)
step-by-step along the arc of contact.

Bland and 7 rd12 make the same assumptions as
von-Karman and further mathematical simplifications. The
simple equations which they develop have been found in
practice to predict the roll force and torque within
acceptable limits of accuracy, except for the rolling of
annealed strip when high back tension is applied. A
method of correction for this rolling condition has been
proposed by Bland and Simsls, Graphical solutions of the
Bland and rord equations have been developed by Ford,
Ellis and Blandl4 and Lianis ang Ford15,

Other solutions of equation (3.9) have been
developed by many authors1® ~ 21 and a madified solution
“hag been d@%el@pe@ by Hoffman angd SachleSfor steckel

rolling in which the material is pulled through idle
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el

rolls. Nost of tho theories discucsseqd so far predict

the roll separating force to within 5 = 15 percent of

neasured values for & wide range of cold rolling
parameters, but may grossly overestimate the roll force

when applied to hot rolling. The errors are due to the

ticularlvy
o

assumptions made in deriving ecuation (3.9),par

8Y)

that,

{a) slipping frictson operates between the rolls and the

workpiece. This is not valid for certain cases of

cold rolling and is certainly not valid for most

cases of hot rolling. The frictional shear stress at
the tool- workpiece interface may attain the

limiting value - the yield stress in shear of the
material. The material then sticks to the rolls ang
deformation continues by internal shearing.

(b) Most authors assume that deformation 1s homogeneous,
that is, the layers of the material across its
thickness deform at the same rate and plane sections
remain plane throughout deformation. This is not
valid for hot rolling, particularly of thick stock,
when considerable internal distortion may occcur.

Orowan22 discards both assumptions and
develops comprehensive equations based on the solution
by Prand14® for the deformation of a material between

.

rough parallel dies and Nadai's extenaien27of the
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solution to rough inclined diesg, Hadai's solution is
for the flow of the material towards the apex of the
dies. This is enelogous to the exit zmone of the arc
of contact in flat rolling and is therefore applicable.
Orowan assumes that the solution is valid also for the
entry zone where the direction of flow of the material
is away from the apex. This has been shown to be wvalid

e ' . .
by Lee” . Jhe most common objectionse to Crowan's
"exact’ theory are:

(a)

The assumption that the material does not spread

-

in the lateral direction. This is valid when the

width of the material is more than about eight
times its thickness. In hot rolling, considerable

spread may occur. Approximate me

thods of taking

it into account in the formulstion of rolling

2325,

theory have been developed many authors

29~33

&

o

Nadaifs equations on which Orowan's analysis was
based, are applicable only to cases where th
angle between the plates is small. Orowan's
equations,therefore, afe applicable only to cases
where the angle of bite is small. Most cases of
cold rolling fall into this category, but in the

hot rolling of thick stock, large recductions per

pess are often achieved and the assumption of &
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P P PNV T I . e A NN S I,
small angle of bite may lead to considershl

TEOTS .
(¢) Orowan's eguaticns are unwieldy and unsuitable for
uae in cold rolling practice. The equations have
o 1
been re-~written by Cook and Larke” in a form
suitable for solution on a computer. The simplified
7 Y o — 1h . - 1 . -
theorics of Bland and Ford™® and Slmsig for cold
7 * o g:“ R . TS ey e 29 71 o 20 ]‘8 Lo b S
rolling and Growan and Pascoe and 31ms for hot
rolling ere often preferred unless very accurate
results are required.
Most rell force eguations can be wrltbcp in the
form:

P = w.L.Y .f_ 3.12.
W L ( )

where w is the width of the material,
L is the length of the arc of contact,
and fp is a function which takes into account

Y‘ﬂ&w‘ﬁ@?&&mﬁ )
friction and +the—inhomsgeneity—of deformation,

This form i1s convenient because 1t enables the relative

accuracies of the various theories to be assessed by

comparing the values of fp 8?&

3.2.3. Inergy method of determination of the roll force,
'mho toaaL power required for rolling is given
by tho sum_ of

The power required for homogeneous rolling,

he coiler and decoiler. .
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\c) The power losses duc to friction in the bearingse
and between the rolls and the nmaterial.

(d) The power losses due to redundant shearing in the
material.,

(e; The power losces in the drives,

By equating the sum of the above components

total power supplied to the drives, it is possible to

derive the roll forceg torque, the coefficient of

friction, and the maximum bite angle. However, the

method i1s very involved and often leads to considerable

errors due to the numerous assumptions which are

usually made in deriving the various components of the

' 38,39

energy balance equation”

3e2¢4. Semi-empirical methods of the determination of

the roll force.

One of the earliest rolling theories was
- 40 N .
developed by Ekelund™ . Based on many assumptions, he

derives an equation of the forms

P = wWx Lox ?{) X _{:E (3.13)

where . \
'FE — & ‘4‘; éuL”‘ - é}’\u’*’\ﬁ‘})

gnd i  +1
= 0:8[105-000sT]

T ig the rolling temperature in degre es centigrade.

umerical factobs n,equatlon (8.18) are chosen to

h experimental

quatze 18 were deyzvgi




oerlﬁﬁﬂly for not rolling

(Al 4
without difficulty Tor cold rolling when no tension is
s Tl . N g ~ oy ener 1 i b B il :‘,41 e~ A
applied. The equations have been tested by Ford anc
- h] 3 H 341 W L= a4 1
Cook and Larke 1o 4 wide renge of relling paremeters

and found to be accurate within gcceptable limits., For
this reason, and because of the simplicity of the
equations, Ekelund's theory is still wldely used in
industry, despité the more accurate theoriecs which

have been developed more recently.

The practical application of most rolling

o]
iy

theories reguires the knowledge of the vield stress
the material and the coefficient of friction, the
extent of roll flattening, and so on. None of these
factors can be determined easily and a considerable
effort has been made by many authors to develop rolling
theories which do not require the knowl edge of these

. . , 34
factors. One such theory developed by Cook and Larke

43 . _ .

and Cook and Parker 1s based on the assumption that
the magnitude of the pure work of rolling is independent
of the number of passes required to achieve a given
reduction. Initial rolling experiments are necessary
in order to establish first-pass curves from which the
roll force can be predicted for subsequent passes.

The

eméfhcdtis particmlarly &Séful in the planning of

the practical
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application of the method was restricted becauce of

the nececsitly for an access to a fully instrumented
o o
rolling mill for the measurement of the roll force.

Fost modern mills are now fitted with load measuring

devices and the method 1s now applied more widely in

3.2 Shear line field method of determination

of the-roll force.

The plostic deformation of a material takes

@

S

place by slip along ch closest packed atom pla
nearest to the directions of the maximum shear stresses.
In metalworking operations, the metal cOnsists of a
large number of atoms and the behaviour of an individual
atom or a small group of atoms is of secondary interest.
In general, it is assumed that the material is
isotropic and no particular group of atoms is more
favourably oriented for slip than others. It is also
assumed that the directions of slip and the maximum
shear stresses coincide. When deformation takes place by

-

pure shear, for example, in plane strain deformation, it
is possible, by consideration of the flow of the

g “ . : 4+ N

material along shear lines, to derive the stress system
and hence the force causing deformation. In the rolling

of wide sheet, deformation occurs approximately in

plene strain, The shear line field method is therefore

e solution is relatively easy when one
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‘ 46
FIGURE 4 ALEXANDER'S SHEAR LINE I'TELD SOLUTION FOR HOT
ROLLING SHOWING THE RIGID AND PLASTIC ZONES OF
THE ARC OF CONTACT.




ot the tool-worknicce in
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v&)  Irictlon 1s abroent at the tool-workplece interfeace.

This cannot occur in flot rolling.

(b) Triction at the tool-workpiece interfece is
negligible. This is reasonably valid for well
lubricated cold rolling

(c) The friction at the tool-workniece interface is

(@]
P
o
i
—
foy
73
o
("
C‘
-
\‘

sufficiently high to cause sti een the

tool and th curs often 1in ho

e workpiece. This ©c
rolling.
In developing the shear line field theory for
hot rolling, Qlexanoerag, and;more recently, Crane

477 . ‘
and Alexander assume that the frictional stress st

the tool boundary is limiting and eqgual to the yield
stress in shear of the material. The result of the
analysis is shown in Figure 4 and confirms the
suggestion by Orowan48 that rigid zones may exist at
the entry and exit zones and in the region of the
neutral plane. The boundary frictional condition in
cold rolling is either one of complete slip or a
mixture of slipping and sticking. The application of

the shear line field approach is difficult therefore

and has been made only for one or two geometrical
49~ bl
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FICURE 5 UPPER BOUND SOLUTION FOR HOT ROLLING SHOWING
THE SHEAR PLANES IN THE ARC OF CONTACT.
( GREEN and WALLACE®®)
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was derived Dy consider ctiorn of a & tath&i,L(‘r aldmicssiblc

method is lower, or at best just egual to the actual
roll force éevel&ped& The solution constitutes a lower
limit or lower bound for the roll force. An upper bound
can‘be obtained from the anal 1
admissible strain field from which a compatible stress
field is derived. It is assumed that an element of the
material in the roll gap deforms in such a way ss to
offer a maximum resistance. The roll force obtained
from an admissible strain field therefore, is definitely
an overestimate, or, in the limit, just equal to the
actual roll force.

The upper bound method of estimating the load

required to effect deformation was developed mainly

; 4 .
by Johnson and KudoS* for the extrusion process, but

s

)]

has been adapted by Creen and Wallace for hot rolling.
The arc of contact is replaced by a chordal plane.
By consideration of the equilibrium of a perfectly

rigid plastic material in the roll gap, on the

boundaries of which the shear stress assumes a maximun




considerably by a modification suggested by Shipp and

Smith™~. The analysis has been extended by Green,
. 57 . . . . .
Sparling and Wallace to the cases of aslipping friction

and combined slipping and sticking friction, both of

)

which can occur in cold rolling. The single friangle
in Elgure o5 1s replaced by an arbitrary number of
triangles, the acceptable solution being the
configuration which gives the minimum load. An upper
bound solution for cold rolllng has been developed
also by Av 1tzur58

If the lower bound solution underestimates the
roll force and the upper bound solution ié almost
definitely an overestimate, then the correct value must
hé between these solutions.

The shear line field solution proposed by
Alexander46 and discussed in section 3.2.,5 constitutes
an upper bound since the flow of the material in the
roll gap is considered. However, since it is not shown

that pl&gtlc deformation does not take place in the

zones, th e solution is only a partial upper bound.

lhown that an ibrium stress
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complete upper bound but also satisfies the reg
for a lower bound solution a@s well, and it is the evact
o) A0
a0 -~ Q- N
solution. Alexander and
soluti . f the vieldi - f o w e ahaned vertos
soiution oi the yielding ol a wedge shaped vertex,
have extended Alexander's shear line field solution to

I AN

include the rigid zones. They show that no yielding

occurs in the rigid zones and combine ~ . the exact
. o iy e -y ~ a3y 4 29 M . ol 1 +
solution with Orowan and Pascoe's equations for hot

D

rolling. They derive simple equations for the roll force
and torque.,

3.2.7. $he hydrodynamic method of determination of roll

force.,
The hydrodynamic theory of rolling is based on
the assumption that a deforming metsl can be treated as

a viscous fluid. Work in this direction has been

AL D] g
6265

pioneered mainly by Kneschke and others . Bquations
of roll force and torgue are derived for both

slipping and sticking boundary frictional conditions,
Using the Navier-Stokes equations of fluid flow. It

is doubtful whether a deforming metal can be treated

et

as a N@wtonlaﬁ fluldo ﬁheveas, for a Newtonian fluia

Pel&thhShlp b@iW@on the 8ppll@d stres and the

Lh

rate is lﬁdepenaent,af t¢ne, the contrary is



true for a metal,

3.3, The calculatlicen of the roll torque,
The roll toraue T, required for deformation is
fiven by
T poud o x Pz oa Qgsll)

and in ccld rolling,

a8 = 0.3 x L (3.15.b)
where L 1is the length of the arc of contact. The lever
arm, a, can be obtained more accurately from the

friction hill by a method proposed by LarkeﬁGQ

joF

3ede I'easurement of the roll force, toraoue an

pressure distribution.

It is desirable to check the validity of rolling
theory by comparison with measured data. A considerable

amount of measured data 1s available for hot and cold

rolling 67-82 4na also for the pressure distribution

in the roll gapo787 200 yory 1ittle work has been

done on the independent assessment of the relative

alidities and merits of rolling theories. A few

4L 68

y Gupta and Ford —,

a%t@mptﬁ have been m& by Fara

but more work is necessary in

to the more
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FIGURE 6 TYPICAL STRESS~STRAIN CURVES CONMONLY ASSUNED
IN THE DEVELOPMENT OF FLAT ROLLING THEORY.
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The theory of plasticity is besed on the
assumption that the materiasl 1s rigid-placstic,

most metals are not rigid-
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plastic and it is necessary to modi
equations to tu“e into account the clastic deformation
and plastic work-hardening. The resulting ecuations
are usuolly too complicated to be of practical use,
but’can be simplified considerably if the actual

v

18 lace
stress-strain curve e§

of the curves shown in

-/

figure 6, The basic yield stréss curve for a material

is affected by a number of factors:

(a) The anmount of previous deformation of the material
from the annealed state.

(b) The temperature of deformatibn,

(c) The rate of deformation.

Work-hardening may be accompanied by partial or
complete recrystallisation, depeHOlLD on the temperature
at which straining is taking place. At low temperatures,
v
for instance room temperature recrystallisation is
non-existent or minimal in most metals, As the
temperature increases, some recry&%allloatzor may

oceur, and the rate of workmharaenlng is reduced,

efyst&lllaa%non is tlmr lependent, the rate is




reduced ag the rate of deformation incrcases, onc the
rate of work-hardening 1ls increasced.

el

The effect of the rate of defornatlon on the

stress-strain curve is negligible for most metals at
room temperature, super-pure aluninium and copper being
possible evceptions since they recrystallise at
temperatures only slightly higher thian r@om temperature.
The rate of deformation may be significont al

some higﬁ speed metalworking operations, even at roon
temperature, for instance, in high energy rate forging.
The effect of the rate of deformation on the yield

. . . . 45
stress curve has been investigated by many authors 7'

9 . . . .
91?”2° The results of an experimental i1nvestigation

of the hot rolliﬂ%process carried out by Nikitings
show that, by increasing the rolling speed from
1600 ft/min. to 8000 f£t/min., the roll separating
force 1s increased by 20 percent

It is difficult to take into account the effect
of the rate of deformation in the formulation of
rolling theories because it varies along the arc of

wcontact. However, it is usually sufficiently accurate

to agsume a mean value for the whole of the arc of

contact21’94’90 .

3.5.2. Determination of the yield stres

*

‘Th@;&pplic&tion of rolling theory often depends
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che material, Jhe tensrle test offers o conveniont
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method of determination, but the stresscs in rollins

arc predominantly compreosive. another drawback o

the tensile teost 1e the limitotion on the amount of

plastic deformatlon achievable before the oncet of
necking. The plane compression test devel

«f“"" ™ s J
cold rolling by Ford and his colleapues® '’ o0~
LG Ing Dy L ord and his co -]-Cu(r_‘_:U.eo

P’

overcomes these limitations. Also, an approximate

D

stress-strain curve cen he obtained from the

measurement of the hardrmess distribution over the arc
of co ct for a part-reclled specimen”™ . Because the

-

arc of contact is usually esmall, considerable errors
may arise from the measurcement of the hardness and the
corresponding strain distributlon.

‘The plane strain compression test is unsuitable for
hot rolling for the f01}w1ng reasons:

(a) The friction at the roll-workpiece interface is

I
’3‘

1igh,
(b) Considerable spread may occur.
5 100
The cam plastometer designed by Orowan for
vtesting materials in homogeneous compression at various

temperatures partly overcomes these difficulties. A

plane strain cam plastometer has been developed

a]eolﬁgg Considerable data is available from
1nvg”t gmﬁlona lwvolvw ng the use of the cam

e
90,101~103,186
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Unlike most other metolworiking procecsen,
friction is esgentisl in rolling, since without it,
the rolls cannot grip the worlkpiece. However, excessive
friction way cause a substantial incresce in the r7oll

orce and torque. In the rolling of thin,

L . , o . € . - -
11 force™ . ‘fhe phenomenon of friction in rolling,
particularly in cold rolling, 1is not well understood.

For instance, it is not certain whether the friction is

3]

of the coulomb or the viscous type, nor is it known
whether the coefficient ass 001aied with couloxh friction
remains ccnstant or varies along the arc of contact,
although the former is usually assumed. lMany types of
friction have been assumed in the development of rolling
theories

(i) Constant friction stress,

Siebel5 was perhaps the first to assume a
constant frictional stress between the rolls and the

-

workpiece. That 1s :

where ¥ is the yield stress of the mater’al and its
value depends on the criterion of yielding assumed.
This is tantamount to assuming that the pressure

ditribution along the arc of contact is constant and
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yothat this sssumplion wils

P R FUn el N " B A U
underestimation ol the roll separctings force

particularly when friction is substontial, However,
Sicbel's equation is sometimes found to be of the ssme
order of accuracy as the more comprehersive theories
probably because many of +the errors introduced cdue

to the assumptions made by Siebel cancel out.

(11) Viscous (hvdrodynamic, friction.

In Iubricated, high speed rolling with highly
polished rolls, it is possible that a thin film of
lubricant mey remain trapped in the arc of contact in
spite of the high pressure, .if this occurs,(and there
1s considerable doubt about it) then the frictional
shear stress at the tool-work—rpilece interface is s
function of the viscosity and the thickness of the

lubricant film, and also the speed of rolling. Thus:
. ol

o= vdy (3.17)

where T is the frictional shear stress,

/v is the viscosity of the lubricant

v 9
and %% 1s the velocity gradient across the thickness

of the lubricant film.

The case of viscous friction has been consideregd

by Nadailt® and more recently by Tselikovl®d

106

and Bedi

« The poor agreement between the analysis

and-Hillier




by Lodl ond Hitliler sond exwporinental resilts Ao
probably dus o the ano theb the fin thic

1g constant over the entire arc of contact, and the
difficulty of definins Lye conditlone under which full

e Ty Alam o e Ty e A D AT - ey T
or ‘Dui‘p *.)1 OYCYOCYNAMmLC LTIl on may OCCUTl.

(iii)

Prior Lo
1843 were based on the assumption of coulomb friction,
that is, it is assumed that the frictlonal shear stress

is proportional to the normal roll prescur

The assumption of slipping friction is reasonably valid
for cold rolling but not for hot rolling when
R )

substantial sticking may occur,

(iv, Sticking frictlon.

The results of experimental investigations by
Orowan and Tarnovskii et.al. show that sticking may

occur in hot or cold rolling when the frictlonal she
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stress attains the value of the yiel
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of the workpiece. That is:
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The extent of sticking or slipping in rolling depends

.

on many factors, ineluding the coefficient of f t

s

=
ft o

iction,

the rolling temperature, the reductlon, the angle of

and the ratio % oty S3a¥ed 1 arc of
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FIGURE 7 POSSIBLE TYPES OF THE DISTRIBUTION OF
‘ THE FRICTIONAL SHEAR STRESS IN THE
ROLL GAP.
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OF THE FRICTICIAL SHEAR STRESS IN
THE ROLL GAP.




contact to the mesn thiclkress of the workpiece 1o
the deformation zone. The pcosoible typec of the
fricltional Sheﬂf stress dictribution over the arc of'
contact are shown in fipure 7.

Figurc 7(a). Slipping friction operstes over the entire

arc of contact except in the neutral plene ANB which
constitutes the boundary between forward and backward
slip. At this nluLiy the rolls and the workplece move

at the same speed. This type of frictlonal stress

distribution i ikely to occur in well lubricated cold
Iy L . , L. 2187
rolling when ¥ _ 1s greater than about 5 .

Figure 7 (b). TIn cold rolling, even with good

lubrication, the neutral zone may extend over a small
but finite area (zone 3) in which
the forward and backward slip occurs.

Figure 7 (c). Some sticking may occur even in cold

rolling. However, the extent may not be significant
compared with the zones of slipping and can be ignored.

Figure 7 (d). In hot rolling, sticking may occur over

most of the arc of contact. Some slipping may occur in
the zones of entry and exit.

Figure 7 (e). When the arc of contact is small

compared with the mean thickness of the materlal in
£ , y L | o araE ) 4
he deformation zone, ( ¢, between 2 and 5 ), the

friectional stress cannot increase to the value of the

Qyi@l@ atress in shear of the material before the neutral
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rolling the sticking zone may be absent and the slip

o

zone negligible. Hence the neutral zone eviends over a

sble proportion of the arc of contact.

. L.
Pipgure 7 (p). When £ is less than about 0.5, the
LA
frictional stress contributes only a very small

proportion of the total rcll force and may be ignored.

o
il

3e0s4. Determination of the coef
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(1) Coefficicnt of fr

C
measurement of slip.

u .
(‘1"

lon cderived from the

This method is based on two equations relating

the coefficlent of friction 4 to the forward slip S

U

—
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where ©n 1s the neutral angle, ©m is the angle of bite,
ho is the final thickness of the material, and R is the
radius of the rolls. The second equation is based on
the assumption that the pressure distribution along the
arc of contact is constant. Similar equations have been
developed by many authorslgg 112° The forward slip is
obtained from the measurement of the distances between

two marked points on one of the rolls and their

impre 5310ms on the workpiece. The wvalidity of this
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THE COEFFICIENT OF FRICTION
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FIGURE 8 THE VARIATION OF THE COEFFICIENT OF FRICTION

(OBTAINED FROM THE MEASURENENT OF SLIP) WITH

THE SHAPE FACTOR. (TARNOVSKII et.al%ls)
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For %m greater than unity, the calculated value of the
coefficient of friction is admissib
unlikely that the infinite value predicted for
than unity can occur in practice,

i

(ii) Determination of the coefficient of frictilor

from the angle of bite,

It is well knowvn in practice that the rolls will

t
not grip the workpiece unless the friction is
sufficiently high. The maximum bite angle ©m at which
the rolls will Just not grip the workpiece is given by

the equation
—1

B = Lo | (3.2

2)

This maximum bite angle ©m is determined by first

setting the roll gap too small s0 that the rolls skid on

the workpiece, and then increasing the gap until the

rolls Jjust grip the workpiece. ©m is obtalned from the
geometry of the rolls and the workpiece. The validity
of equation (3.22) is in doubt as a result of

s 116 . . 5 S
experiments by Presnyakov and Perlin and Godersziaii™ .

5 : 5 118 R
Bakhtinov and Shternov have suggested that the angle
of bite is not only a function of the coefficient of

friction but also the width of the workpiece.



FIGURE 9 THE CONED COMPRESSION METHOD OF DETERMINATION
OF THE COEFFICIENT OF FRICTION.
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(ii1) Determination of the cooliicient of friction
the coclficient of

Triction developéd by ?aebell?ﬁ involves the compression
of ¢ylindrical specimens between tapered dies (figurcO).
If the angle & can be choscen so that the horizontal
components of the normal and tengerntial forces cancel
out, a linear state of stress is crecated in the specimen
and the sides should remain parallel. The coefficient
of friction is given by

= ena (3.23)
The roughness of the tools and workpiece can be altercd
to simulate surface conditions in rolling. As there is
no net horizontal force, yielding occurs under stresses
equal to the yield stress of the material in
homogeneous compression. The common objection to thi
method is the assumption of a linear state of stress

Zaleskil and Pugz

119 ;
“ have shown that a volumetric state

of stress in the specimen 1s possible,
(iv) Determination of the coefficient of friction
from measured rolling parameters.
121

A method

a

until the rolls start to
relationship between the coefficient of

and the measur

specimen and applying an in

devised by Pavlov consists of rolling

creasing back tension

skid on the specimen. The

M

friction

}:)

ed roll force P, the back tension Q, and
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R

7 Y
G i LTvna -
A —_ T A= ROV ( 3.24 )
M= op 2
-
A similar methol deviced by DBland and applied by
Q2

o/
Whitlon end Tord consists of the application of &

+
.

increasing bacl tension until skidding occurs and the

measurement of the roll force a2nd torgue. The

coefficient of friction is given by

S = ?iq ' (3.25)

o
-
e
0
ot
®

where T 1s the measured rcll toraue ar

radius of the rolls.

._j
()

7 Pavlov and

K
J

Data obtained from the experiments b

+

Thitton and Ford, particularly the latter

, are perhaps

}md
D
n

the most reliab so far. However, the conditions under
which the coefficient of friction is measured are not
truly representative of rolling practice for the
following reasons:
(a) When the rolls start to skid on the workpiece,
the neutral plane coincides with the plane of exit
"and the frictional stress acts in one direction
only. There can be no plastic deformation under
this condition. In effect, the coefficient of
friction applies to two elastic bodies in contact

and may not be valid for rolling, in which one

member is in a plastic state.
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(b)  The method ie baccd on the aessumption ol slinpp
Triction over the entirc asrc of contact and
e . W A IR T ST el AT T N . : S
precludes the poseibility of sticking friction.

The distribution of the roll pressure o. and
the tangential fricticnal shear stress
measured by inserting normal and obligue pin load cells
in one of the rolls. The coefficient of friction is given

given by
S = & (3.26)

The results of investigations in which this method is

apolle“gﬁ 87,124,125

suggest that the coefficient of
friction varies along the arc of contact., The

reliability of the method depends on the accuracy with
which the normal and tangential stresses can be measured.
A small error in either may lead to large errors in the
value of the coefficient of friction,

Another method of obtaining the coefficient of
friction from measured rolling parameters involves the
substitution of the parameters into a roll force
equation, so that the coefficient of friction is the
only. unknown in the equationlgG. This method is clearly

unsatisfactory, since it is based on the assumption

that the equation is initially correct.
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The el fect of the rol) dinuwcter on the roll
separating force iz threefold:

(a) The roll pressurc increases with increasing roll
Taciug.,

(b)  The arca of contact and hence “he roll Fforce
increases with increasing roll radius.

tc) The extent of roll flattening increases with
increasing roll radius. The effective roll radius
in turn increases with increasing roll flattening,

A

The recults of an investigation by Cook and rurxe
Larkeq4augge%t that the relat_ onship between the roll
separating force and the roll radius is approximately
linear.,

3.5.6. Spread.

The assumption that spread is negligible in flat
rolling is only valid when the width of the workplece
is at least eight times its thickness. In hot rolling,
the thickness may be of the same order as the width or
may even be greater. In this case, spread is not

&

negligible. Many attempts have been made

rolling theories which take into account

spreadoo-e5,29-33 . Because of the numerou
=P

made, the theories can only be regarded a
SVQ‘SOF?&

Rollmn peedﬂ

4
3T

The effect of speed an %he vield

to develop
the effect of
s assumptions

S approximate,

ress has been
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discussed in section J.5.1. Tlhie 1ncrezce 1n thie vyl
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SLITess aue TOo an 1nacrekse 1 the rate o0l Ccelormacd oy

will ceuse & corresponding increase in the rol
HHowever, in lubricated cold rollins. the roll force and
¥ o0y

-

uge may decreace with increasing rolling speed

foys
<&
probably because more lubrican®t is dravm into and

trapped irn the roll gap by hydrodynamic act

/

5
@

= N P R P
3.0.8¢. Applied tensicns.

The effect of applied tensions on the roll force

1s shown in figure 10, taken from the theoretical
130

anulyuls by Larke . Similer results have been obtained
S nmrta Tl e TTAN N 131 5 m
experimentally by Hayes and Burns and Hessenberg and

. 68 . - ps ; .
Sims . It is clear from figure 10 that the back tension

is much more effective in reducing the roll separating
force than the front tension. This is not surprisin
since most of the deformation of the workpiece takes
place in the entry zone of the arc of contact,

3e09e9s Inhomogeneity of deformation.

Deformation is not always homogenecus in flat
rolling especially when the friction is high and
sticking occurs between the'rolls and the workpiece.
v
Initially plane sections do not remain plane after
rolling but become distorted, usually concave to th
direction of rolling; The condltions under which

inhomogeneity of deformation may occur have been studied

- #_#&@¥@1§Hb@ﬁh*ﬁh@b@@tically‘&nd experimentally by
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(2)  The coefficient of f(riction.

(b)  The ratio of the length of the arc of contact to
the mean thickness of the workpiece in the
deformatlion zone.

(c) The ratio of the initial thiclkness of the workpiece

o the roll diameter.

s

(d) The ratio of the d
Tarnovskii et.al.
ie not confined to the thickness of the workpilece alone
but can occur accross the width as well. They show also
that deformation can extend beyond the geometrical
liﬁits of the arc of contact, perticularly in the entry

Z0Nee.

0.10. Temperature rise due to the work of deformation.

The effect of the rise in temperature of the
workpiece due to the work of deformation is usually
ignored in the calculation of roll force and torque,
though the problem has been considered by many

o A—-—-ﬁ : .
127,134-138 - temperature rise of up to

.

investigators

¥

450°F has been encountered in cold rolling, even when
134 137

the rolls were water cooled o Taylor and @uinney have

shown that most of the work of deformation re-appears

as heat in the workpiece. When the reduction per pass

~is high, as in planetary or pendulum rolling, or high
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4. THE ROLLING OF THIN HARD STRIP.
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Comventionsl rolling theorvy s clten not
- [
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applicable to the
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neglects the ceffect of roll flattening ancd the elastic
. ~ ey 5 . e o dan T PR L2 Fan
compression ol the strip. The latter is often

S IR . e ey A NS VR T e P P
negligible coapared with Lhe plastic cempression,

{1
4

However, in the rolling of thin,hard strip, or in
temper rolling, the elastic strain may te of the same
order as the plastic strain and should be taken into
account 12 the formulation of rolling theorvy.

4.2. The elastic flattening of the rolls,

The elastic compression of the rolls under

e—b

load cen be calculated without difficulty

pressure distribution along the arc of contact is

]

known. However, the pressure distribution can be
calculated only when the precise shape of the deformed
arc of contact is known. This interdependence of the
roll pressure and the deformed s! lape of the arc of
contact makes the determination of either of them
difficult. A method commonly attributed to Hitchcoco
’ , - 140 . :

and based on the work of Prescott involves the

replacement of the original arc of contact of radius

R with a larger arc of radius R' where

!
L L1+ o5 ] (4.1)
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(46)
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where T lis the roll separating force.

For steecl rolls ¢ = 2.34 x 1C7F

o ) _ )
For cast-iron rolls c = 6,57 x 10 =,
AR Yoy o 2 R ., 3 o o r\m“'g:
For chilled-iron rolls ¢ = 3.82 v 1 .

The derivation of equation (4.1) is baced on many

assunmptions including

—

(a). The engle of bite is small, so that Cos & — 1.

(b) The elastic compression of the strip is negligible,

Mo

(c The deformation of the rolls is symmetrical about
J

[00)

the mid-point of its length and the greatest
deformation occurs at the mid-point,

(d) The actual pressure distribution is replaced by
an elliptical one giving the same total load. This
enables the analysis by Prescott to be used.

(e) The arc of contact remaizé circular. It is known

from the theory of elastic bodies in contact by

Herﬁzlil, that the roll surface under an elliptical
v pressure distribution, is deformed into a circular

arc of larger radius.

A more comprehensive analysis of roll flattening

7142

by Bland has shown that, despite the numerocus

assumptions on which Hitchcock's equation is based, it
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(4.1) can be solved only by succescive iteration. 4
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grapiical solution has been developed by Winton and
- o T - - 3 K Y 2 N - —~ ~ PN A
methods of reducing the awmount of necessary calculestions
. 18 144
) 3 Oy Ny €8 RO A A e A T o
héve been proposed by Simd and Troost and Hollman o
A5
P e o 5 93,1 ave (ot . hod
Jortaer et.al,’ ha teveloped & method for

the calculation of thie elastic deformation of the rolls
and the workpiece. Starting from the earlier work by

fea 146 s e o +3
ditchell s they derive an influence furction for a

model cylinder deforming in plane strain under the

action of two diametrically oppisite loads. Thne

b

influence function can be solved to give the radia

deformation at any point on the surface of the cylinder.

ct

It is assumed that the pressure distribution between the
chuck or back-up roll and the workpiece is the same as
between the work roll and the workpiece, and that the
contribution of the frictional shear stress to roll
flattening is negligible. The latter assumption is
reasonable for most cases of cold rolling, but the
pressure distribution between the chucks and the rolls

-

1s different from that between the roll and the
ande 147

workpiece. However, Zorowski/Weinstein have shovm

that this assumption has little effect on the ultimate

result of the analysis.
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sne distribution of roll Llattening olonys the arc
off contoct con be measured by hall rollins a enecimen
S bbbl Gl De measured oy nall rolling a enecimoen
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and measuring the distribution of deformation alonr the

arc of contact, the roll pressure being releasced as
quickly a&s possible to avoid creep. This method, which
s g} -3 5 1 ~ 4 s Ty G - - + 1 + 12
lgnores the elastlc compression of the strip, has been

~ 99 1 148
used by OUrowan”"  and more recently by Fezan and Albert o
Orowan identifies a distinctive “bump" in the neutral

S£3 - S 4 e - IS

zone of the arc of contact. In the extreme cace., the

arc divides into three - the entry and exit
plastic deformation is taking place, and a dead meta
zone in the middle where no deformation occurs. This
result invalidates the common assumption that the arc of
contact remsins circular. However, the roll flattening
would have been excessive in COrowans's experiments.
Using his parameters in equation (4.1), the deformed

1s approximately four times the undeformed radius.
PI

0]

radius

Ihis is not typical of rolling practice. Moreover, the
height of the "bump® is so small that it may not
sipnificantly affect the results of roll flattening
énalysise Nevertheless, such a phenomenon has been shown
142

by Bland to he possible from the theoretical point

of view,
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4.4.01. Limiting thickness.

It can be seen frowm equation (4.1) that the

Q

eformed radius increases as the draft or the initisl
thickness of the workpiece decreasecs. In the limit, the
workplece emerges from the roll gap undeformed. The
limiting thickness is defined as the initial thickness
at which plastic deformation is Jjust impossible. It is

often confuced with the mawximum thickness &t which the

I
o]

rolls start to skid and cannot drag the workpiece in

18, 149-158

the roll gap. NHumerous attempts have been
i8]

made to develop theories which enable the limiting

=H

thickness to be predicted from a particular set o

199 yas investigated the

rolling parameters. Huggins
validity of some of the theories with respect to
experimental measurements and concludes that none of
them predicts a true limiting thickness. He suggests
that the discrepancy may be due to the fact that the
theories ignore the additional lateral pressure which
is imposed on the workpiece whén the rolls flatten to
the extent that the workpiece is "boxed in%. A more
probable reason is that the rolls touch before the
limiting thickness is reached, thereby falsifying the
measured values. The limiting thickness depends also on

many other factors including

(a) Roll radius.
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b) The coefficient of friction.
( } i1y < ~1 /1 - N SR EN 0y ey ale)
\C, 411(, Y 1 (/_L(A PSR S o o G4 Tinf .JC—JLW
b} 4 - T - -
(d) The elasgtic properties of the rolls anc worikplicece

(f) The clastic straining of the mill housing.
Tawelslza end Kudiﬁ3161 have investigated the
effect of varying the initisl thickness, roll vacdius,
the coefficient of friction, and the width of th
on the limiting thickness. Figure 11 is taken from
their results. It can be secn that the coefficient of
friction hau the most significant effect. Thi
supported by the results of an experimental
investigation by Thorp ~, and also by Ruclback and
162

Severdenko e

4.4.2. Minimum thickness

As a result of roll flattening, there 1s a value
of the initial thickness below which it is impossible
to achieve a given final thickness. This minimun
thickness is difficult to determine, since it 1is
influenced by all the factors which affect roll
flattening and the limiting thickness.

4.,4,3, Limiting reduction.

For a given set of rolling parameters, there is
a limiting reduction which can be achieved in one pass
before it becomes casler to deform the rolls than the

workpiece. Again, the limiting reduction is ofte

&
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small compared with the plastic strain when thick strip
is rolled., However, for
may be of the scame order as T
approximate method of taking its e

in the formulation of rolling theories has been proposec
163

by Bland and Ford and more recently by Jortner
. 145 o o atpad : o ot
et.al. . The elastic strain comprises of the elastic

compression at the entry and the clastic recovery at

the exit zone of the arc of contact, the latter being

usually more significent. The elastic straining of the

strip contributes to the roll separating force in three

ways:

(a) There is a direct increase due to the force
required for the elastic compression.

(b) Additional compressive stresses 1mposed on the
plastic zones contribute to the total roll force.

{¢) The roll force 1is augmented by the increase in the

radius of the deformed arc of contact as a result

of the elastic zones.




e

o
-
>
=

RCOLLING.

5., THE TREND OF DEVELOPMENTS TN
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since the roll gepora Tforce and the extent of
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roll flattening decrease willy decreasing roll dlameter,
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it 1s desirable that the latiter chould be as small as

possible. wowever, the necessity to support the rolls to
prevent the from bending often results in intricate
arrengenrents of the back-up rolls. Some examples are
shown in figure 12. The Sendzimir cold rolling mill is
basically similar to the convertional rolling mill
except that it 1s capable of rolling thin hard strip
down to very small thicknesses which cannot be achieved
on a conventional mill., Conventional rolling theory

M 1

1is pp71 able provided an account 1s taken o

el
A

he

ct

“~

elastic compression of the rolls and the workpiece.

430

However, the Sendzimir planetary hot mill is different.

Deformation is achieved incrementally by small rolls
6&3@
arranged in a p*apret round a

%
D&

2

b

ck-up roll (figure 12(b)
and very large reductions can be achieved in one pass.
The initial problems were concerned with the efficient
aperation of the planetary mill and the elimination of
scallops from the surface of the rolled product.

Recently, considerable efforts have been made notably
4 : 165

.. 164 . :
by Tov1nlj , Sparling and Iuller and Bellenberg

170 6 develop theories for the process.




| ) — |
@ Q& )
OO

The six~high mill. The IZwmlgh mill.

(o) The 20-high mill.

(6}  The Planetsry mi e

| R Sl Sameter Toll millss
Figure 12. The Sendzimir small diameter roll mills.
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Figure 18. The Saxl Pendulum mill.

)

Tension reel

Floating bend roll

, Back-up-roll
Figure 14. The C-B=S mill,




5.1.2. The Tendulu

The method of Loreduction cimilar to
the planetary Téllinﬁ process 1s applied in the
pendulum rolling process developed by T pair

of small tungsten carbide work rolls is mounted on two
pivoted pendulum srms (figure 12). Bach worlk roll is
backed up by a pair of steel rolls. The pendulums

swing backwards énd forwards so that the work rolls
traverse the workpiece, effecting a reduction in both
directions. The mill is capable of rolling hard strips
from 0.25 in, to 0.025in. in one pass. the same
reduction can be achieved on a conventional mill in
about eight passes and four of five anneals. Since the
reduction in pendulum rolling is incremental, the roll
separating force developed is small., A prototype 10-in.
mill is operating commercially already, but considerable
development is necessary to enable wider sheets to be
rolled and also to exploit the potentiality of the mill
as a link between a continuous casting machine and a
cold finishing mill. :

Y501033 The C"B“S Hiilla

The contact~bend-stretch mill was developed by

172,173 and the General Rlectric Company of the

Coffin
UeSehe o The strip is wrapped round a pair of small

work rolls and a floating roll (figure 14). Gauge is
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controlled entirely Ly odjusling the apnlied tensions
B N R U A I N I P S N T Nl P T - T
which determine the position ol the floating roll, in

4 NI PN Ty oo e N o R . TS e P
Lo the advantage of uslng small dismeter work

addition
- - o b} SR B A e o & e EEE v - 3 41 e
rolls and applying tensions, the inventors claim that
& - TE L NP T T T T A +n S

the additional bending stresses 1ioposed on the strip

cnable the strip to be rolled to very thin gauges. A

typical rolling schedule quoted for stainless steel is
from 0.05 in. to 0.004 in. in & passes without
intermediate anneals and up to 95 percent reduction in
one pass. Strips are also said to have been rolled down

to 0.0002 in. on this mil1'?2. Dpespite the advantages

of this mill and its potentislity as a finishing mill,

o
(el
I..J
(0]
9]
o
8]
<
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considerable design and operational difficu
delayed the development of a commercially viable mill.,
However, considerable interest is growing in this
direction.,

9.2+ The application of oscillatory enersy to rolling,

Oscillatory energy has been applied to many
metalworking processes including wire drawing, tube

he

(‘.f

rolling, and flat rolling with a view to reducing

deformation load or to improve the surface finish of the

¥

product. A comprehensive review of the literature on
oscillatory metalworking has been published recently by

. ; . 173 . .
Winsper and Sansome - Two mechanisms of load reduction
have been proposed by many authors:

-

(a) A reduction in load as a result of the reduction




(b) A reduction in the load 2s a result of

The results of experimental investigations
indicate that the second mechanism is more likely to be
true. In the rolling of thin, hard strip, friction may

NN PR 104 . N N
account for up to 70 percent 01 the total rolling
load and the application of oscillatory energv mav be

I 3 £3 0
of value in this respect. The oscillations may be
applied to the rolls radially or ilongitudinally, or
the workpiece. When the oscillations are applied to the
rolls, 1t is desirable that the rolls should be as smalil
as possible to avold wasting a substantisal proportion

of the oscillatory energy in overcoming the inertia of
178

o))
L—.{
o]
]

g
[

the rolls. KcKaig and Cunningham an
2 (@]

reported on rolling trials in which the oscillatory
energy was applied to the rolls or to the workpiece. A
reduction in the rolling load of between 3 and 13
percent is claimed by Cunningham and Lanyi. Liowever,
since they were rolling thick bars of copper and
gluminium, the reduction in load may be higher for thin
herd material,

kiore recently, Westinghouse Flectric Corporation
of the U.S.A. have reported a reduction of up to
65 percent for aluminium.and similar reduction in load
for c@ppefﬁ lead and steel, They also claim that/g@g@‘/

.
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6. & DISCUSSION OF THEE PUBLISHED WORZ ON FLAT ROLLING.

i
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Go A _DISCUSSION CF THE TUBLISUED WOREK CIN PLAT RULLINC.

- Bl 41, I VR S T e Ol AT Y e 7 v L
Despite the extensiveness of Lthe publisiied work

on rlat rolling, comparatively little work has been

done to test the validity of the various theories over
a wide range of rolling parameters. rhe major
difficulties have been the determination of the

coefficient of ffTCilOﬂ and the measurement of other
rolling parameters under production conditions,
particularly in hot rolling. 1t is difficult therefore
to assess the relative merits of the theories which
have been developed. Uften, the coefficient of friction
1s used as a correlation factor, its value being that
which gives the best correlation between theoretical
results and experimental measurements. This is clearly
unsatisfactory, since it is assumed that the rolling
theory 1s initially correct.

Orowan‘s analysis is perhaps the most
comprehensive so far, but the equations are inherently
difficult to apply without the aid of a computer,
particularly in industry. However, the analysis is
,valuable as a standard for the assessment of the
accuracies of the simplified theories.

In most cases of cold rolling, lhe simplifiec
theories of Sims, Tselikov, von-Karman, Bland and Ford,
and othera give results whichfagree close1y with

results obtained when Orowan's eau tions are applied.
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fn1e s probably becousce such Tachors oo shbicine
~ - 1 oy b - ~y 1 N
friction and the inhomogencily of Jdeformation vhioh
() «/

g 4 Y e oo e e I PR S PR - - <Ly ey e
Orowan teook into account nut which the other authors

B b . e s 5 e 5t o R i i RGP
Linored are not very significant in cold rolling
practice. in hot roiling, Orowan's analysis is

~ i P 5o v -3 7 v s oy - e
sitgnificantly more accurate thar

theoriec by Crowan and Pascoe, Sims, Irelund aond

3

others, but it is often not necessary to determine the
roll Torce #nd torgue precisely in rolling practice and
the simplified theories, particularly those of Sims and

Crowan and Pascoe are often sufficiently accurate.
L3

the I&th of
The determination of, the deformed arc of contact

by the method due to Hitchcock appears to be the most
acceptable to date, from the point of view of simplicity
and accuracy. The more complicated and relatively new
analysis by Jortner et.al. has not yet been test to
the same extent as Hitchcock's equation,
The effect of roll hardness on roll flattening is

sually ignored. Heat treatment may cause a change of
over S percent in the Young's modulus of some.stee152
and it mey be necessary to teke this into account if
accurate results are required.

The results of experimental investigations by

("f‘

that

3

Huggins, Pawelskl and Kuding, and Thorp sug

fYr_}

roes

the theoretical prediction of the 11 miting thickness



e the rolls

Ui

may be seriously in error, probably becaus
flatten to the extent that they touch on the sides of
the workplece thus preventing any further deformation

of" the workpiece. When this occurs, the theoretical

i3

thickness will be lower than the value obtaine
practice. Further work is necessary to clarify the

conditions under which the rolls touch and to develop
a method of taking its effect into sccount in rolling

theories.

1n the last decade or so, major efforts have
been directed towards the development of more efficient

rolling mills and ancillary equipment. With the

ts are

—t
3

proliferation of computers, fully automated pla
being installed and rolling theories are being applied
in the plenning of rolling schedules, in preference to
the comxmon practice of depending on trial and error or
past experlence. Further development of the Plesnetary
mill has resulted in the Krupp-Platzer type mill which
is capable of rolling sheets free from surface scallops.
Interest is growing in the Pendulum mill, the C-B-S.
mill, Powder rolling and Oscillatory rolling and it is

likely that future development will be along these

lines.

g
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7. A REVIEW OF THE PUDLISIED WORK ON SANDWICH ROLLING.

7ele Introduction,

The fact that the roll separating force may be
reduced when a metal is rolled sandwiched between
layers of softer metal has been known for many years.

Pomp and Lueg (1942)+88

reported a reduction in the
roll separating force of up to 44 percent when mild
steel was hot rolled between layers of copper. The

S

~copper content of the sandwich was varied from 5 to
40 percent. The possibility of adopting the method for
the rolling of difficult metals was proposed by

Shofmanto®

in 1952. However, only a few attempts have
been made to study the process in detaill and to
identify the parameters which determine the amount of
reduction in the roll separating force which can be
achieved. Nevertheless, a considerable amount of
literature has been published on the practical aspects
of the formation of composite metals by rolling. In
this process, the primary object is to produce a bond
between the layers of the composite metals by rolling,
and any reduction in the roll separating force is of
secondary interest. In the review which follows,
emphasis will be placed on the theoretical and
experimental investigations of sandwich rolling, in

which the primary object is to achieve & reduction in
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the roll separating force; work on roll bonding will
be mentioned only when it is relevant .

7.2. THE THEORY OF SANDWICH ROLLING.

The effect on the roll force of rolling thin,
herd metals between sheets of softer metal is threefold:
(1) When the sandwich is rolled, the softer metal
will tend to deform more rapidly than the hard i
matrix. If the friction at the clad-matrix |
interface is sufficiently high, the movement of

of the softer metal will be restricted. As

o

result, tensile and compressive stres

0]
{0

es are
induced in the matrix and clad respectively.
Consequently, because of the superimposed
stresses, the clad will be more difficult to
deform and the matrix will deform more readily.

(ii) Because of the overall increase in the initial
thickness of the workpiece, the extent of roll
flattening and hence the roll separating force
is reduced.

(1ii) Usually, the friction at the tool-workpiece
interface is lower when the hard metal is

cladded with softer metal than when rolled

without clad. Theory and practice show that

the roll separating force is further reduced.
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A mathematical analysis of the sandwich rolling
process taking into account the above factors is
complex. It is difficult to determine, for instance, N
the proportion in which the total strain is sh ared
between the matrix and the clad, or the condition
under which Jjoint plastic deformation occurs between
the layers of the sandwich. However, the analysis may
be simplified considerably by postulating one of the
following hypotheses, to enable an equivalent yield
stress fo be determined:

(i) The egual stress hypothesis.

It may be assumed that the layers of the sandwich
are subjected to equal stresses, but different strains.
The equivalent strain is given by

Ce = BE + (-8)¢Cn (7.1)
where %;' is the equivalent strain,
¢ 1is the strain in the clad.

is the strain in the matrix,.
mw

8 is the proportion of clad in the sandwich.

(ii) The equal strain hypothesis,

It may be assumed that the strain in each layer
of the sandwich is the same, that is, joint plastic

deformation of the layers occurs. The equivalent yield

stress is given by
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Vo = 8% + [(-8)pm

where Ipe is the equivalent yield stress.

Ypc is the yield stress of the clad.

‘Ypm is the yield stress of the matrix.
. . 190
Both hypotheses were applied by Dorn and Starr
in their analysis of the yielding characteristics of

.t . d 191 . ke >

a two-phase alloy. Davies carried out an analysis
of the plane strain compression of sandwich metals in
which he tested both hypotheses and found that the
equivalent yield stress obtained by assuming equal
strains in the sandwich layers esgreed more closely with
measured values.

In the analysis of the formation of composite

o
19z and more

metals by rolling carried out by Holmes
recently, the analysis of sandwich rolling by Arnolad
and Whittcnl, the equivalent yield stress was derived

in the form:

——

g@g — e ® PC~+ AT (7.3)
e 4+ hw

where hm is half the thickness of the matrix.

he is the thickness of the clad.

ot

A similar equation has been derived by Arkulisgg

for the deform&tioniﬁff@oﬁposite‘metals, and also by

Gulysev and Rakov ~ e rolling of bimetals. The

e e T S
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individual thicknesses of the sandwich layers may be

expressed as proportions of the total thickness of
the sandwich as follows:

\"‘\C g 81/’\ (7@4)
s e v = g}
Since

hm =  (—8)h
Then m ( / (7.5)

By combining equétions (7.3) to (7.5), we obtain:

‘%% — YPm o %(YWW"%%> (7.6
It will be seen that equations (7.2, and (7.6) are the
same.,

Having obtained an equivalent value of the yield
stress, the sandwich is treated as an uncladded sheet
and any deformation theory may be applied.

Arnold and Whittonl have applied the equal strain
hypothesis to sandwich rolling and concluded that the
results of the theoretical calculations were
sufficiently accurate for practical purposes. They
found a considerable discrepancy between the measured
and calculated values of the roll separating force for
copper-titanium sandwiches for which they suggested two
reasons:

(i) The greater dependence of the yield stress of

copper on strain rate at room temperature.

(ii) The equal strai othesis was not valid, since




the copper strained considerably more than the

titanium.
It is unlikely that the first reason was valid, since
the effect of strain rate was taken into account in
the determination of the yield stress curves. If the
discrepancy was caused by unequal straining in the
layers, then the former should decrease with increasing
reduction, since the authors showed that differential
straining reduced with increasing reduction. However,
this was not the case. A more probable reason for the
discrepancy ‘was the increasing difference in the
work-hardeming rates of copper and titanium with

increasing reduction. By using the equivalent yield

i
I

stress method, it was implied that ( Tpm ~ ¥pc )

remained constant. Any substantial variation of this

factor with reduction will cause considerable errors
in the calculation of the eguivalent yield stress.

A different approach to the analysis of the
rolling of composite metals has been developed by
TBrnovskiilgS. By applying variational principles,
equations were derived for calculating the strain in
the individual layers of the composite and the roll
separating force. The equations were extremely complex
and the symbols used in the derivation were not well

defined. However, qushchikov et. 310196 have claimed

that the layer strains and mean specific pressure




~~
&
e

calculated by this method agree closely with
experimental measurements. The validity of thies claim
is difficult to assess, since the details of the
experimental inveétigation were not given and the

symbols were again not well defined,

7e3. EXPERIVENTAL INVESTIGATICH CF SANDWICH ROLLING.

One of the earliest sxperimental investigations
of sandwich rolling was carried out by the United Steel
Corporation of the U.S.A. and a report on the work was
197 . .
published by Orr and Romeo .The methcd was applied to
the production of special steel sheets for the aircraft
and missileiindustriesa Several sheets of the alloy
steels up to 140 inches wide were hot rolled between
two relatively thick plates of carbon steel. Final
thicknesses of the alloy steels of 0@02 inch were
reported to have been achieved. It was reported also
that gauge tolerances were much better than could be
achieved in conventional rollihg, the power requirement
was reduced considerably, and edge cracking was reduced
or completely eliminated.

Arnold and Whittonl have published the results of
an experimental investigation in which titanium alloy
sheet was rolled between layers of copper, or brass, or

mild steel. They reported a reduction in the roll

separating force of up to 60 percent, the greatest




TABLE 1
CHANGE 1IN THICKILES
COLPOSITION %
COMPOSITE NATERIALS
THTEREACT
SHOCTII| LURBRI L |RCUGH
CaTin
aluminium~lead-aluminium 4.0 4.5 33.25
aluminium-copper-aluminium/ 1.25 | 1.75 4,75
aluminium-steel-aluminium | 4.25 | 4.75 | 23.0
copper-lead~copper 11.25 |12.25 33.0
copper-gluminium-copper 2.0 3.34 -
copper-steel-copper 1.0 2629 4,75
steel-aluminium-steel 565 10.25 -
steel-copper-steel 1.25 3.0 6.0

Table 1. The effect of the clad:metriy interface
friction on the relative reduction of the

AVETS . )
L8YETS e (1o1mes. Ref 102)
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e
N o - — ) ELATTV ™
INTERFACT REDUCTION ¢ Tt
DR S R,
CONDITION =

CLAD (2)

MATRIZ(b)[™

copper-stecl~copper

Hatched 32.4 27.8
smooth dry 32.2 26.7
sSmooth Tubricateg 32.0 25.8
Polished dry 32.2 29.8
Polished lubricated 32.0 28.2

aluminium—steelmaluminium

Hatched 32.8 ] 28,8
Smooth dry 33.7 26.2
Smooth lubricateq 34.5 20.2 i

aluminium-copper-aluminium

Hatched

Smooth dry

Smooth lubricated

32.8
32.4
33.6

1ead~a1uminium~lead

Hatched 31.0
Smooth dry 31.5
Smooth lubricated 33.0
lead~copper-leaqd
Hatched 27.8
Smooth dry | 30.1
Smooth lubricated 32,0

31.9
31.8
30.6

27.0 ;
26.0
22.0 !

]

[
©
(@]

@

(CIENNee
®
o O,

1.14
1.29
1.71

1.03
1.02
1.10

1.43
1.62

Se7

Table 2.

friction on Tn

IO A

The effec@upf the clad:matriv interface
¢ relative reduction

- M—M A A — £y e ——— e,
layvers, _(Boyarshinov. Ref 199)
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el

reduction having been achieved when the softest clad
was used. Clearly, the difference between the hardnesses
(or yield stresses) of the clad and matrix materials
cannot be increesed indefinitely, the 1limit being

when all the deformation occurs in the clad and the
matrix is undeformed. Furthermore, the softer the clad
with respect to the matrix, the greater the tendenc
of the latter to.edgewcrack? since excessive relative
movement may occur at the clad-matrix interface.

198 1 YAV EEE . -3 %
showed from the results of Arnold

Alexander
and Whittonl that there i1s an optimum value of the clad
thickness which gives the lowest roll separating force.

.. ‘ P . 191
This 1s supported by the results obtained by Davies
for the plane strain compressiom of copper-aluminium
sandwlches.

The effect of the clad-matrix interface friction
on the differential reduction of the layers of a.

12

composite has been studi by Holmes and more

ed
\ . 189 .
recently by Boyarshinov « The results of the
investigations are summarised in Tables 1 and 2. It is
interesting to note that, in Table 2,there is less
differential reduction between the layers of the
copper-steel sandwich when the clad-matrix interface is
polished and dry than when it is smooth and dry. This.

probably because the tendency for the layers to weld

will be greater in the former case,



8. A DISCUSSION OF THE PURLISHED WORK ON SANDWICH
ROLLIKG,




8. A DISCUSSION OF THE TUBLISHED VWORK O SANDWICH
ROLLING,

)

Arnold and W\lbtcpl have shown that the
calculation of the roll separating force by the
equivalent yield stress method is sufficiently accurate
for practical purposes, provided that the yield stress
of the hard metel is not more than shout three times
that of the soft metal. They have shown that the
proportion of the clad in the sandwich affects the

"roll force. Alexanderlgg has shown‘byﬂremplotting
Arnold and Whitton's results, that there is an optimum
value of the clad thickness which gives the lowest roll
separating force. However, tuere is a need for a more
comprehensive theoretical analysis of the process. It
is desirable to be able to predict the optimum
conditiong for the lowest roll Séparating force and to
ldentify the critical parameters on which the success
of the process depends, from the point of view of the
quality of the product.

Pomp and Lueg188 heve shown that a reduction in
the roll separating force occurs whether the harder
metal constitutes the matrix or the clad in hot rolling,
but to a lesser extent in the latter case. It would
be expected that the same would apply to cold rolling,
but it is unlikely that any major advantage can be

clovde
derived when the harder metal constitutes the mefriss,
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The effect of cladding on the roll torgue has
not been studied as far as the author is aware, Orr-

0
and Romeol”7

have claimed that the net power
requirement per net ton of the product is lower for the
sandwich than for the components rolled separately.

The information given in the publication was
insufficient to enable the cleim to be checked. It is
considered that the torque would be a more appropriate
~criterion than the power requirement, since the former
may increasse with the thickness of the cladding to the
extent that the strength of the drive shaft of the mill
may become the limiting factor.

The results of the work by Davieslgl are
particularly interesting. He concluded that the matrix
of the sandwich may undergo Considerable necking in the
same way as a tensile specimen, ihis is quite possible

particularly when the matrix is much thinner than the

clad. More work is necessary in order to clarify the

conditions under which such a phenomenon may occur.
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9.4 DISCUSSICN TO ESTABLISH TIHE SCOPE CFF TIVIESTICGATICH .

}

Composites arc used in engineering 1in order to

combine certain physical, chemical or mechanical

properties of one material with those of another, or

tTo ove

rcome their respective deficilencies. In general,

they can be classified into three broad cetegories:

(i)

Composites in which the thickness of the coating
(or clad) is only & few microns and is negllglole
compared with the thickness of the base metal, or
one metal is distributed evenly in another.
Galvanised and chrome plated sheets, and
multi~phase alloys come under this categorye.
Composites in which the clad constitutes a
significant proportion of the total thickness,
and 1s bonded permanently by rolling, explosive
forming, or adhesives. This category includes
bimetals used in electrical circuitry, aluminium
cladded with stainless steel used for cooking
utensils, high carbon steels cladded with
stainless steel used for chemical storége vessels,
carbon steel cladded with titanium or tantalum
used in the aerospace industry, and duralumin
cladded with aluminium for many applications
requiring high strength, lightness and high

regsistance to .corrosion.
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(1ii) Composites in which layers of the same metal or
of different metals arc deformed jointly,
specifically to alter the deformation
characteristics. The layers are separated
afterwards. Examples include the rolling of
difficult metals sandwiched between sheets of
softer metal, ply rolling in which several layers
of the same metal are rolled together, extrusion
of stainless steel coated with copper.

The present 1nvestigation was concerned primarily
with the third category which will bhe referred to
henceforth as sandwiches. However, the results are
applicable to composites of the second category as well,
since they are rolled, deep drawn, or spinned at some
stage in the process of manufacture. The most important
parameters selected for investigation were:

(a) The roll force.

(b) The roll torgue.

(¢c) The clad-matrix interface friction,

(d) The position of the harder metal in the

sandwich.

(e) The proportion of clad in the sandwich.

(f) The disparity in the strengths of the

component materials,

(g) The effect of applied tensions.
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The programme of experiments was de wed to

(€3]
s
5

cover as wide a range of metals and thicknesses as

[s

possible and the possibility of using non-metals as
clad, with a view to reducing costs was briefly
investigated.

9.1, THE SELLCTION OF INATERIALS.

The materials of primary interest in this
investigation were the high carbon steels of the type
used in the menufacture of saw blades. However, it was
considered necessary to extend the programme to include
non-ferrous metals and to interpret the terms "hard”
and "soft" as describing one component of the sandwich
with respect to the other, so that mild steel, copper
and aluminium could be used in either capacity.

An attempt was made to obtein each material in
a wide range of thicknesses and uniform mechanical
properties. However, this proved difficult and a slight
variation in the mechanical properties of the copper and
mild steel had to be accepted.

In order to enable as wide a range of metal
combinations and reductions as possible to be
investigated without exceeding the maximum safe load of
the mill, it was decided to use specimens approximately
one inch wide. Consequently, the materials which were

supplied in sheet form, were sheared to this width.



/ TLA B LR 9
- o AVERACE ISucrace
MATERTATL THICKNISSES (in) ARDNESS | RouGnes
(VP { microns]
1.25% ¢, STERL 0.036 280 006
0.71% C. STEEL 0.026 156 006
AUSTENITIC STAINLISS 135 02%
STEEL 0.047
NIMONIC 105 0.012 275
NIMONIC 9O 0.031 214
NINONIC 80 0.031 165
STABILISED MTLD
STLEL 0.018, 0.029, 95 b 2.2
0.033, 0.039,
0.048 .
HIGH CONDUCTIVITY
COPPER 0.01, 0.02, 80 0-0b5
¢.032, 0,04, 030
0.064,
COMMERCIAL PURITY
ALUMINIUM 0.049, 0,028, 18 5.03

Table 3. Details of materials.
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2o DETATLS OF MATERIALS.

This programme of research originated from
discussions with manufacturers who were confronted with
the problem of producing thin hard strip on conventional
rolling mills. Most of the materlals used in the
investigetion were kindly supplied by them. The details

of the materials are shown in Table 3,

9.3, SELECTICN OF RCLLING CONDITICIS.

3.3, 1 The rolling mill,

The original plan was to modify for the
investigation, an existing steckel mill designed by

. 124 .. o .
Quaiser 2 « However, preliminary rolling tests 1in

Cu

e

ct
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e

th
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that the mill was not sufficiently rigid to enabl n,

hard materials to be rolled. It was decided therefore,
to design a new mill, incorporating suitable parts of
the steckel mill. The design is described fully in

Appendix 2C.1.

9.3.2. The roll diameter.

A pair of 4-inch diameter rolls was salvaged from
the steckel mill and reground to a finish of
approximately 15 micro-inches. A second pair of rolls
was made from chrome vanadium steel, the épecification
of which is given in Appendix 20.2. . The diameter was
4.5 inches. This value was chosen in order to leave

enough travel clearance for the screwdown and at the
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game time to enable the rolls to be re-ground many
times if necessary,
9.3.3. The rolling speed.

Ky

It was realised from the start that the effect of
rolling speed on the roll force and torgue in sandwich
rolling could not be included conveniently in the
programme of investigation, since it would have been
difficult to design a mill capable of operating in the
speed range in which the rolling épeed is normally
sigﬁificant in flat rolling,in view of the limited
" resources available. The speed of 10 ft/min. was
selected for the programme of experiments except those
in which tension was applied. The choice of a low speed
enabled a higher torque to be developed for rolling.
Also, at this speed, it was possible to obtain
reasonably long load and torgue records without having
to uée excéssively long specimens,

9.3.4, Lubrication.

It was stated in section 7.2. that the reduction
in‘the roll separating force in sandwich rolling was
partly due to the frictional force at the clad-matrix
interface, It was considered necessary therefore, that
this_interface should be free from any form of lubricant.
However, it was expected that the capacity of the mill

could be increased Dy applying a lubricant to the
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roll-clad interface, since the roll separating force
would be further reduced. Rolling tests were carried
out on sandwich specimens consisting of 0,038 in. mild
steel matrix and a pair of 0,082 in. copper clads.

Shell M.24 lubricant wss applied to the roll-clad

o]
o}
lsx

interface. It was found that some of the lubricant

into the clad-matrix interface despite precautions

+
(@]

prevent this. I'urthermore, since the extent of the
programme of experiments necessitated the preparation
of a large number of specimens, it would have been
difficult to lubricatc each specimen carefully. It was
decided therefore not to use a lubricant at all. The
rolls and the feed platform were cleaned with
trichloroethylene at intervals throughout the programme

of experiments,
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INSTRUMENTATION,




10, INSTRUMENTATICH,

10.1. Design of measuring apparatus,

10.1.1. The roll force meters.

Two roll force meters were designed as shown in
figures 15 and 16. The material used was Vibrac 45

alloy steel, the analysis of which is given in

Appendix 20.2. . The roll force meiers were heat—trested

at 850°C. for 80 minutes and quenched in oil. This was
followed by a temper for one hour at 150°C. giving

540 VPN. hardness. The top and bottom faces and the

o

¥

central part of the roll force meters were finis

ground to the dimensions shown in figure 16.

The centre cylinder of each meter on which strain
gauges were to be bonded, was roughened and subseqguently
cleaned with trichloroethylene. Eight foil gauges, each
having 75 ohms resistance and dimensions 1/4 x 1/4 in.,
were bonded on the centre cylinder, using Araldite
AY. 105 and hardener HY. 951. The gauges and bonding
materials were supplied by Saunders Roe Ltd. The
arrangement of the gauges on each meter is shown in
figure 17. After bonding, each gauge was tested for

ontinuity and resisfance to earth.

The strain gauges were cured in an oven at 60°C.
for 24 hours, and were tﬁen checked for continuity and

resistance to earth. The latter was found to be in
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&

excess of 200 megohms. The g uges were connected into
a Wheatstone bridge as shown in firure 17. The
arrengement of the gauges on the meters and the wiring
technique were designed to eliminate stresses due to
temperature changes and bending caused by eccentric
loading.

The gauges were cleaned with trichloroethylene
and the meters were left to dry in an oven for 24 hours
at 60°C. Then the gauge connections were checked
finally for continuity and resistence to earth, and
protected with mild steel covers made in two halves and

held together by clips. Figure 18 shows the position of

one of the roll force meters on the mill.,

10.1.2. The torque meters.

The torque meters were machined from Wibrac 45
alloy steel, of the same specification as for the roll
force meters. The heat-treatment was also thé‘same.
The centre cylinder of each torque meter was finish

ground to the dimensions shown in figure 19, roughened

and cleaned. Sixteen foil torque gauges were bonded to
each cylinder as shown in figure 20, and, after curing,
the gauges were connected into a Wheatstone bridge, also
shown in figure 2O« The procedure for bonding and
connecting up thergauges was the same as that adopted

for the roll.fbrce meters. Lach gauge was checked for
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continuity and resistance to earth. Figure 21 shows
the torque meters in position in the main arive. The
wires from the meters were passed through small holes
in the rolls to the opposite end of the chocks where
they were connected to slip rings. The specification

of the slip rings is given in Appendix 19.2.

10.1.3. The tension meters,

A torsion Ear arrangement shown in figures 22 and
- : . 124
23 and designed by Quaiser was used Tor the measurement
of fhe front tension. A second torsion bar was made
from the same méterial (Vibrac 45) and to the same
dimensions and used for the measurement of the back
tension. The heat-treatment was the same as described
for the roll force meters. An extension shaft was bolted
to each end of the bar. Each extension shaft was passed
through a mild steel block bolted to the base plate of
the mill. cne end of the extension shafts was fixed in
the steel block while the other was free to rotate in
the pther steel block which contained roller bearings.

The two ends of the torsion shafts were connected
by two torsion arms to a cross arm which carried a
freely rotating drum. The torsion arm at the fixed engd
of the torsion bar was free to rotate on roller bearings
mounted on the end of the torsion bar. The other end

of the torsion bar was fixed to the second arm.
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Figure 24 shows the torsion bar in position on the
mill. Twelve foil torque gauges, each having 91 ohms
resistance were bonded in two groups of four and two

respectively, on each torsion bar as shown in Ffigure 205

using the bonding technig

1

ue described already for the

previous meters., Tach group was connected into a

separate Wheatstone bridge, so that two separate signals
were obtained from each bar. The signal from one bridge

apparatus. The former was necessary in order to enable
the tension in the strip to be set at approximately
the desired values and also to avoid overloading the.
torsion bar and the tension drives.

10.1.4. The power surply.

Rl

The bridge input currents for the méters were
supplied by two stabilised direct current supplies with
variable voltage output of O to 30 volts and a meximum
current output of 1 ampere. A complete specification of
the power supplies is given in Appendix 20.2.

10.2. The recording equipment.

The signals from the roll force, torque, and
tensile meters were fed into & lO0-channrel ultra-violet
recorder utilising mirror galvanometers of variable

sensitivities. The recorder is shown together with the



other recording eguipment in figure 26. The gelvanometer
sensitivity for each meler was selected to give &
neximom deflection of approximately 10 cm. at the
highest bridge signel output. Details of the

specifications for the recorder are given in

App@ndi}{ 20&29 e
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11. CALIBRATION OF MBASURING APPARATUS.

11.1. The roll force neters.

Each roll force meter was celibrated separately
in & 50~ton Denison universal testing machine. A
compressive load was applied slowly, and in steps of
0.5 tony, the corresponding galvanonmeter deflecticn
being recorded for each load. The calibration was
fepeated for the load decreasing from the maximum value
-to ZeT0 and final records were made only when consistent
results were obtained. The calibration cUrves are
shown in Appendix 20.3. The meximum calibratiocn load
was 10 tons.

4.

11.2. The torque meters.

The calibration of the torgue meters was carried
out on a 60,000-1bf,in. torsion testing machine. Special
adaptors were made from the same material as the torque
meters and are shown in figure 27. The torgue was
applied at increments of 1000 1bf.in. up to 10,0C01bf.in.
by turning manually a large wheel on the testing
maéchine and the signal from the torque meter was
recorded for each increment. The calibration was
repeated many times for increasing and decreasing torque
until consistent results were obtained. The calibration

curves are given in Appendix 20.3, .
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vgned originally for
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calibration on a torsion testing machine. The torque

4 ] NN . -1 N 2 - A day - hd . .
was related to the tension in the strip passing over

)

the drum by consideration of the geometry of the tension
meter asgembly, based on the assumption that the stri
was tangential %o the drum. This was tantamount *o

assuming that the drum wss level with the lower roll
(]

C»L

irrespective of the tension in the s Crip, Preliminery

rolling teste in which tension was applied showed that
the drum deflected considerably particularly when high
tension was applied. It was decided therefore A

a different method for the calibration. The apparatus

9]
4
3
]
[
i

shown in figure 28 was designed for this purpose,

A mild steel strip 2 feet long and 0.04 inch

L

ot

thick was cut from the coil and two strain gauges esacl

=

de o

e

having 75 ohms resistance were bonded on each g

the two broad sides of the strip by the same technique

D

L

that was adopted previously. The gauges were connected
into a Wheatstone bridge as shown in figure 29. The
strip was calibrated on the Denison universal testing
machine by applying slowly a tensile load in increments
of 0.05 ton and recording the signal from the strain

gauge bridge on the strip. The maximum load applied

was 0.4 ton, eguivalent to a stress of 10 tonsf/sq.in.
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in the strip. The calibration curve is given in
Appendix 20.3..

After calibration, the tenslon strip was connected
at one end to a long mild stecel strip of the same width
and thickness. The free end of the tenslon strip was
held securely in the roll gep. The extended strip was
taken over the tension drum and passed under the
de—coiler drum as it would be in actuel rolling, dbut
-instead of winding it onto the drum, the‘strip'was taken
over a cylindrical drum mounted on a high stand. The
drum was supported at each end by & housing consisting
of roller bearings to enable it to rotate freely. The
end of the strip was connected to a weight basket. A
diagrammatic sketch of the calibration technique is
shown in figure 28. Tension was appliled to the strip
at increments of 50 1b. by placing weights in the
basket. The strain in the torsion bar was recorded for
each load. The calibration curves are given in
Appendix 20.3. . Through the calibration curves for *%the
tension strip and the torsion bar, it was possible to
relate the tenslon in the strip to the torque applied

to the torsion bar by the strip passing over the tension

drum in actual rolling.
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12.1. Hardneags teste,
Hardness tests woere carried out on all materials

p

to be rolled, ewcent those that were too thin and alsc
b }

[0
O

oy

the non-metals, The tests were carried out on a Vickers
hardness testing machine and the results were included
in Table 3.

12.2. Determination of the stiress—strain curves for

the materials.

The stress-—strain curves were determined
for a selected number of materials, using the Watts

GA Q7
O, & - . -
ar-e plane strain compression technigue. The

and For
tests were carried out on the Denison universsl testing
machine incorporating a sub-press similar to that used
by Wetts and Ford. The tests were carried out on
specimens which had previously been given varying pass
reductions on the mill. The separate indentation
technique was adopted and the specimen was lubricated
with calcium stearate powder before each test. The
strain rate was approximately 1073 sec. . Care was
taken to ensure that the tool width-strip thickness
ratio remained between 2 and 4 as recommended by Watts
and Ford97, the tools being changed appropriately. The
thickness and width of the specimen were measured with

hand micrometers. The micrometer used for thickness
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measurements had a specially reduced anvil. The
stress-~strain curves were taken as the envelopes of the

individual curves obtained for the specimens. The

12.3. The preparation of specimens.

A strip each of 0.039 in. thick mild steel and
0.04 in. thick copper of lengths 5 and 12 in.
reSpecti%ely were cut from coils, Both sides of the
mild steel strip and one silde of the copper strip
were roughened with grade 3 emery cloth, and both
strips and the rolls were cleaned thoroughly with
trichlorcethylene. The copper strip was folded double
with the roughened face on the inside. The mild sﬁeei
strip was placed in between the copper envelope. The
sandwich was flattened in the vice and rolled, with the
closed end leading. The strips were separated and |
measured along the length and width with micrometers.
The average reduction in the ciad was 32 percent and in
the matrix 27.9 percent. The roll force and torque were
recorded. In the above test, the'copper clad slid. off
the matrix towards the end of the pass, forming & fish
tail shown in figure 30. Five more speclmens were made.
from the same materisls and by the same method as
described previously. The specimens were rolled, the

roll gap having been kept constant at the value for the
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previous test. Fish tails were formed in

]

th

d‘
I*—’

However, the length of e Tfish

,.._1

for the was decided therefore that &

(O
[
R
(‘J

specimens. 1t

of preventing the formation must be found, Three

1.

specimens identical to the previous Specimens were

made and each was welded along the edge so that the

natrix was completely boxed in. The speclmens were

cleagned and rolled as before. No fish tail was Tormed

cand the individual reductionse in the clacd and matrix

espectively were 31.9 and 31.4 percent. However, it

vas realised that it would be impracticable to weld all

specimens, considering that many hundreds of specimens

would be involved. Furthermore, it was difficult to
5 .

separate the lgyers of the sandwich for the measurement

after rolling.

Three more specimens
before., The layers of each

together at one point near

were made as described
specimen were rivetted

the open end of the sandwich,

using nimonic alloy rivets. The specimens were cleaned
and rolled. INo fish tail was formed and the reductions
in the clad and matrix were 32.1 and 31.2 respectively.
However, the rolls were marked by the rivets. Copper
rivets were found to be more satisfactory if properly
hammered flat before rolling.

All sandwich specimens used in the programme of

investigation were made by folding double the clagd
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material, placing the matrix between, having roughened
and cleaned the interfaces, and rivetting the layers
together at the open end using copper rivets., Specimens
for the conventional rolling experiments were cut in
O-inch lengths. Scales were removed from the surfaces
by rubbing with fine emery cloth. The Specimens were
then cleaned with trichloroethylene.

12.4. MNeasurement of specimens.

The surface roughness of each material to be
rolled was measured with the portable talysurfe The
results were included in Table 3. The widths and
thicknesses of the sandwich speclmens were measured
with micrometers before assembly. Measurements were
made at several points along the length and accross the
width of each layer and the average value found. The
uncladded specimens were measured in the Same way .
After rolling, the sandwich specimens were cut open af
one end and the layers were measured individually.

12.5. Fluctuations in the torque traces.

Figure 31 shows typical traces of the roll force
and torque records obtained for a pass reduction of
30 percent on 0.033 mild steel. The length of the traces
represents approximately one revolution of the rolls.
It will be seen that, in addition to the small

variations in the torque traces, there were strong
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tua
fluctions in both torque traces with the period of the

roll revolutions, fhe emall variations were provably
due Lo small irregulsarities in the pinions. Since the
corresponding variations were in oppesite directions,
it was expected that the total roll torque should not
be affected.This was verified by feeding the signals
from both torque meters into the came chennel of the

recorder. The total torque curve obtained was practically

The periodic fluctuations were first thought to
be due to variations in the thickness of the strip,
or its surface condition. However, fluctuations occured

for other metals although the amplitude was

approximately proportional to the torque. Furthermore,
when the rolls were squeezed together without s str
between, the fluctuations still occured. Since there
were no measurable corresponding fluctuatioijin the toll
force traces or the strip thickness along its length,
it was considered unlikely that the fluctuations were
due to the eccentricity of one or both of the rolls.
The fact that the fluctuéﬁions were out of phase
strongly indicated that the universal shafts were
responsible, since the out-of-line angle was different
for each shaft. A mark was made on the top shaft and

also on the side of the top chuck. Imr all subsequent
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rolling experiments, the specimen was pushed into the
roll gap when the two marks coincided. Thig was to
ensure that all the specimens were rolled in
approximately the same period of the roll revolution.
The roll torque for each shaft wss taken as the average

of the fluctuations,

12.6. Measurement of chart records,

The‘measureﬁents of chart records were}made with a
pair of dividers and a foot rule graduated to 0.02 in..
Vertical lines were drawn through three points along
the lengths of the traces, avoiding the entry and exit
zones. By taking measurements on the vertical lines,
it was ensured that the roll force, toréue and tensions
could be related to any point along the length of the
‘rolled strip. For each parameter, the average of the

three measurements was found.

- 12.7. Determination of the first pass curves,

In order to enable the effect of cladding on
rolling parameters to be asgessed, it was necessary to

out

e

measure the parameters for the hard metals rolled wit
cladding. Specimens were prepared as described in
section 12.3., and given varying reductions., At least
eight specimens of each material were rolled at
different reductions, except the very thin materials,

in which case, the number of specimens rolled was
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determined by the limiting reduction. In these and

5

subsequent experiments, the results were
- ~ ey S, o 3 5 S ey - 3 - ~ 3 - o
grapns immediately, so thot, in the case of o

digcrepaency, the particular experiment was

12.8. Affect of varying the clad materials on _the roll
force and toraue.
sandwich specimens were made from a wide range of
hard-soft metal éombixationa shovn in Table 4., It
should be mentioned here that the term "hard" or "soft"

describes one component material of the sandwich
respect to the other. All specimens were cleaned

thoroughly and given reductions of between 5 and a0

percent in one pass.
the specimens before

records were made as

lleasurements of the dimensions of
and after rolling and the chart

before,

12.9. Effect of the clad thickness,
In order to determine the effect on the roll
force and torque of varying the proportion of the clad

in the sandwich, specimens were made from the materials
and thicknesses shown in Table 5. In all cases, the hard
métal constituted the matrix. Rolling tests were

carried out also on 0.048 in. thick mild steel strips
soaked in copper sulphate solution for 24 hours and

3

subsequently dried in air.
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12.10.  The effect of interchan~ine tre positiors of

2 3 L ey ] S TR TR . =
the materials in the sandwich.

So far, rolling tests had been carried out on
sendwich specimens in which the hard metal constituted
the matrix. In theory, a reduction in the roll force
can be achieved also by interchanging the positions of
the hard and soft materials in the sandwich so that
the former constitutes the clad, since the stresses
induced in the hard and soft metals by the interface
frictional shear stress remeéin tensile and compressive
respectively, although the magnitude may change
Sandwich specimens were made from ©.064 in. copper
(matrix) and 0,018 in. mild steel (clad). Tn a1l cases

the proportion of each material in the sandwich was

OJ

unchanged. It was not possible to investigate a wide
range of materials because of the limited range of
thicknesses available.

12.11. The effect of interface friction.

The results of previous 1nveot1ga+1ons reviewed
in Section 7 showed that the interface friction is an
“important ﬁarameter in sandwich rolling. It was
considered necessary therefore to investigate the
effect on the rull force and relative reduction, of

varying the frlctlonal conditions at the clad-matrix
1nLerface. ‘Sandwich specimens were prepared from

Q. 04 in. thlck copper and 0.039 in. mild steel, the
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latter being the matrix, o rivels were used end the
interface frictional condition was altered in four

d ii\;{?elﬁoﬁt 1',-\.7&‘-};(1 .

(1) Polished and degreased.

(i1) smooth (as received) and degreased.

(1ii) smooth and lubricated with Shell M.24 oil.

(iv) Roughened with grade 3 emery cloth and
degreased,

Two reductions were carried out for each interface
condition and the individual reductions in each layer
of each sandwich were recorded.

12.12. The effect of the clad width.

So far in the test programme, all the three
layers of the sandwich specimens had been of the same
width. However, during the rolling of the 1.25 carbon
steel and the nimonic 105 alloy, considerable
edge-cracking in both materials at reductions above
about 15 percent. It was considered that this was due
to the fact that there was insﬁfficient clad metal at
the edges to induce the necessary tensile stresses in
the matrix. Hence the reduction in the matrix was
considerably higher at the centre than at the edges.
It was decided to investigate the effect of the
clad-matrix width ratio on the tendency to edge-crack.,

Specimens were made from the high carbon steel and the
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nimonic slloy (matrix) and C.039 in. 'ild steel (clad).

the claedimatrix width ratio was varied between 1 and

o)
@
.’

L.5. After each specemen was rolled, the layers were
separated and the motrix was inspected for edge=~Ccracking.

12.13¢ ZIxperiments with plastic clads.

From the economic point of view, it is desirable
that the clad should be as cheap as possible and easily
recoverable and used again. 1t was considered that
plastic might satisfy these requirements. Preliminary
rolling tests were carried out on specimens consisting
of 0.049 ing aluminium and 0.088 in. Marley floor tiles,
but the wild steel fractured into small bits. It was
decided that the clad was too thick. Floor tiles
0.043 in.thick were obtained and were used ss cleds for

aluminium, copper and stainless steel, 0.C49, 0,032
and 0.047 inch thick respectively. The roll force,
torque and reduction in the matrix were recorded. In
most cases, the plastic clad was torn to pieces and
the thickness was not measured.

12.14.. Sendwich rolling with applied tensions.

12.14.1. DPreparation of specimens.

The materials used for the rolling experiments
with applied tensions were 0.032 in. thick copper and
0.033 in. thick mild steel for the clad and matrix

respectively. The only reason for selecting these




materlals was that they were the only ones available
in the required quantity, thickness and in coil form.

The copper was in two coils each pprovimately
50 feet long. Une side of each coil was roughened by
rubbing with grade 3 emery cloth. 4 50 foot length of
mild steel was cut and both sides were roughened by
rubbing with pra‘e 3 emery cloth. The strips were
Straightened\and cleaned with trichlorcethylene, and
then assembled by placing the mild steel strip between
the copper strips with the roughened wides of the
copper on the inside. The layers of the sandwich were
held together firmly while they were rivetted at
intervals of 1 foot,

12.14.2. Application of back tension.

The sandwich specimen was cleaned and wound on
the decoiler drum, the clutch having been disengaged,
The roll and decoiler drives were switched on and the
peripheral speeds of the rolls and the decoiler drum
were set at 20ft/ minute with the aid of a digital
ﬁlmer and magnetic switch. The timer counter was
capable of timing revolutions to 100 second. The
drives weré then switched off.

The roll gap was‘Opened sufficiently so that the
leading edge of.the_specimen could be pushed in. It

‘Was.enSured that the specimen passed over the tension
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drum at approximately the centre of the drum. The roll
PP o

gap was then set for a reduction of approximately
. 2o percent, with the sandwich between the rolls. The
decoiler clutch wes engaged and both the decoiler and
roll drives were switched on at *the same time. The
recorder was also switched on.

Initially, there was no tension in the sandwich,
since the perephéral speed of the rolls was greater

than that of the workpiece at the plene of entry of

ed

0]

the arc of contact. The rell speed was then incres
gradually until a tension of approximately 5 tonf/sq.in.
was indicated on the back tension indicator galvanometer.,
It was not possible to hold the tension at any

particular value since the effective diameter of the
decoiler drum decreased continuously as rolling
proceeded. However, sufficient records were made before
the sandwich was exhausted, to enable the roll force
and ﬁorque.to be obtained at 3 different tension values.

- The thickness. of each layer of the specimen was

measured between each pair of rivets.

12.14.8. Application of front tension.

| The specimen was made exactly as described for
the back tension experiments and, after cleaning, was
wound on the decoiler drum, with the clutch disengaged,

The~peripheral speeds of the rolls and the coiler drum
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were set at 20{t./min. as descrihed Tor Lhie back tenali
KN R S - - - : - . . . o o -
teste. The roll and coiler Grives were switched on at

gntil a tension of epproximately 2 tonf/eq.in. was
indicated on the front
The tension was then allowed to build up as the
effective diameter of the coiler drum increased cue to
the layers of stfip on it. A moaximum of 4 tonf/sq.ine.
was achieved beflore the strip was exhausted. The layers
of the sandwich were measured as before.

12.14.4. MNeasurement of chart records,

Every time a rivet on the strip passed through

the roll gap, a slight "bump" occure roll force

@
jon
e
o
=
D

-

end torque traces. By counting the "bumps”, it was
possible to relate the traces to the thickness
measurements along the length of the rolled stripe.
Measurements of the tensions and the corresponding roll
fforce and torque were made between the "bumps" in the
traces, avoiding the areas near the start of the
records.

Only 3 different values of each of the front and
back tensions could be obtained from the records. The
tests were extremely difficult and time consuming to
carry out and also required a considerable quantity of

material. Furthermofe, the pattern of results was the
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13. GRAPHICAL RESULTS.
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14. DISCUSSICN OF EXTERILENTAL RESULTSGI
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T4, DISCUSSTION OF EALPERIIENTAL RLESULITS .

14.1. The effect of claddinge on the rOll 10rcc.

The effect of cladding on the roll force has
been investigated for a wide Trange of clad~-matrix
the results arc shown in Craphs 1 to
13. In all cases, the reduction in the hard material
slone was considered, since it would enable the curves

ens to be compared ‘with the

}_Ja
l
.

of the sandwich spec
results of rolling the matrix material without clad.
In all cases except in the case of mild steel
cladded with coppér (craph 2), a reduction in the roll
separating force 18 achieved as a result of cladding.
The softer the clad with respect tO the matrix, the

greater the reduction in the roll separating force,

g

ﬁhe greatest reduction being for MNimonic 105 alloy
cladded with aluminium (Graph 13). Also, the limiting
reduction 1s greater'for the cladded material than
for the same material rolled without cladding, the
greatest improvement again being for the thinnest
matrix ( Nimonic 105 ). The limiting reduction for
Nimonic 105 rolled without clad is about 8.5 percent.
(8ee Craph 13). However, a pass reduction of up to

35 percent can be achieved without aifficulty if the

the material is rolled between layers of copper or

mild steel. (See graph 13). A greater pass reduction



h . D A N A - [ S LN ~ e F A
could have been achieved without evceeding the safe
lozd of the mill but for the limitatlon in the capacity

of the main drive of the mill. The reduction in the
roll force is lower for the hardest material rolled
(1L.25% C. Steel) than for the thinnest material
(Wimonic 105) for the samec cléd naterial. (Compare

araphs 8 and 13). This indicates thot the increase in

(—j’.
0]

the thickness of the workpiece due to cladding may
a more importent factor then the tensile stresses
induced in the matrix, from the point of view of load

reduction. This is supported by the results obtained

0]

for other metals. (Compare Graphs 6 and 2@, 7 and 10).

wieved 1is

-

The reduction in the roll separat ting force ac
dependent also on the total paes reduction achieved.

T+ will be seen from all the graphs that the reduction

in the roll force is greater as the pass reduction
increases. This is due to the fact that the eled—+——matreX

clad : matrix interface friction increases as the pass
reduction increases and also the thickness of th
matrix decreses, so that the tensile stresses induced
in the matrix will increase as pass reductlon increases.
Of course, the clad : matrix interface friction cannot
inerease indefinitely, the limit being when 1t attains
the yield stress in shear of the softer metal, and the

sandwich may become so thin &s to cause & sharp increase




n the rvoll {force as & result of

Hc

lattening.

h

graph 2 shows that the roll separating force
is higher for the raild steel rolled between layers of
copper than for mild steel rolled alone. Apparently,
the increase in the roll force due to the overall
increase in the thickness of the workpiece 1s more

significant than the reduction in the roll force due

to claddinge.

}‘J

14.2. The effect of cladding on the T0 1 torgue,

Q

|

=3

The effect of cladding on the roll torque is
shown in Ggraphs 14 to 26. In most cases, the roll
torque is higher for the cladded metals than the
ancladded metals, in effect, the reduction in the roll
torque which results from the reduction in the roll
force due to cladding, 1is insufficient to offset the
increase in the roll torque due to the overall increase
in the thickness of the workpiece. It would be expected
that, since the softest clad gives the greatest
reduction in the roll separating force the increase in
the roll torgque due toO cladding should be least for
the softest clad also. It will be seen from the graphs
that this is so, for pass reductions above about
10 percent. Below lu percent reduction, the roll

—

torque developed when aluminium clad is used is higher



in many cases, than when copper OF mild etecl io usede.

{ < ¢ e ema 10 ] R ISR Sl SN e 3 -+ + - -

(See graphs 10, 21, and 23). This 1s due to the fact
1 L he

e o - - ) N e A 4 v Yy s

that, &t the low pass reductions, the clad e matriz

e e o z e Lot e . e hé T &
interface frictlon has not developed suflf
L, -

affect the roll torque significantly, ahd

12K 1

in the overall thickness of the workpiece is the
predominant factor.
Graphs 16 to 18 show that the roll torgue

developed for the cladded stainless steel is lower than

for the uncladded material. It had been expected that

the Tormer would be higher, particularly when the
stainless steel is cladded with ©.048 in. thick mild
steel. However, it will be seen in Graph 7 that a
considerable reduction in the roll force is achleved
for thié metal combination and, apparently, the
veduction in the roll torque as a result, is greater
than the increase in torque due to the increased
thickness. Furthermore, the coefficient of friction at
the roll-workpiece interface ( cstimated to be at least
0.2 for stainless steel, U.14 for mild steel, and O.1
for copper), is higher for the stainless steel rolled
without cladding than with cladding. This will
contribute to the overall reduction in the roll
"separating forcee.

The effect of the clad : matrix hardness ratio

on the roll torgue is shown by Graphs 24 and 25.
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Thereas the Toll torque is higher for Iimonic GO rolled
with 0.020 in mild stecl clad than without cladding,
the reverse is true for Nimonic 8C, the thickness
combination being the same in both Coses. In effect, the
greater the digparity in the strengths of the clad and f
matrix meterials, the lower the torque developed for {
§
. |
the sandwiche. 5
14.3. The effect of the clad thickness on the roll %
%
&
force. %
Graphs 27 to 38 show the effect of the clad
+thickness on the roll force for various material
combinztions. It will be seen that, in most cases, the
effect of varying the clad thickness is not very great.
For instance, in Graph 27, the difference between the
values of roll force for copper rolled between layers
of 0.028 in. and 0.C49 in. aluminium,is only about

50 percent pass reductione.

Tn Graph 30, the curves for 0.02

they

copper clads are not drawn because
coincide with the curve for 0.04 copper

the points are showhe The roll force 1is

higher for the 0.0lin.clad than for the

thicknesses, apparently because, in the

the matrix 1s considerably thicker than

Consequently the tensile stresses induc

will be comparatively small. For the sa

in, and 0.032 in. _
virtually
clad. ilowever

considerably

other

former case,

the clad.

od in the matrix

me reason, the
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comparal:

reduction. Delow 26 percent reduction, the thickest

cled ( 0.048 in. mild steel ) gives the highest roll
separating force. Above this valus of pass reductlon,
the roll force is lowest for this clad thickness. In
effect, the increase in the work of deformation, and
hence the roll force due to cladding, is initially
higher for the thickest clad, but, as the pass teduction

1

increases, the c is progressively offset by the

te
p!
Y

[y
W

nere
reduction in the roll force due to the tensile stresses

induced in the matrix.

The effect of the clad thickness on the roll
separating force is shown more clearly in Graphs
35 to 35. The lowest roll force is obtained when the
proportion of clad in the sandwich is about 65 percent.
See Graph 33). For the mild steel clad, the optimum

clad pfoportion is approximately 69 percent. (Graph 35).

the effect of the pass reduction on the optimum clad

proportion appears to be negligible. (See Craphs 33 & 35).

Tn Graph 37, for a given pass reduction, the roll

force decreases with increasing clad d thickness.

Appa renclji the optimum clad proportlon, if it exists,

- i
St
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ia outside the range of proportions investigated., 1t
was not possible to extend the pass reduction beyond
sbout 20 percent because of considerable edge-cracking
in the metrix. But it can be seen that the limiting

reduction would not have been much higher than 2o

percent for clad proportions less than 52 percent
whereas a pass reduction of up to 30 perc

have been achieved for higher clad proportionse.
Graphs 38 and 39 show that, sbove 16 percent

pass reduction, a clad proportion of approximately

63 percent gives tihe lowest roll separating force.

7267

O_;

The points for clad proportions of 68.5 and
percent are so0 close that only one curve is‘drawn for
both. Below 16 percent pass reduction, the thickest
clad gives the lowest roll force, although, in general,
the effect of the clad thickness on the roll force is
negligible in this instance.

Wwhen mild steel was soaked 1n copper sulphate
solution, a fine layer of copper was deposited on it.
However, this did not have any measurable effect on the
roll force and torque. It was expected that the effect,
if any, would be to reduce the friction at the roll.

workplece interface.
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14,4, The elfect of the clad thickness on The IOl

torquc.

The effect of the clad thickncos on the roll
torque is shown in (raphs Au to 52. In most cases, the
roll torque is increased as a result of cladding, the
greatest increase being for the thickest clad. By
contrast, the roll torcue is lower when stainless steel
ss rolled between layers of aluminium, COpper, or mild
steel of various thicknesses. (See Graphs 43 to AS) .

craphs 42, 48, and 51 show that there is an optimum

proportion of clad which gives the lowest roll torgues

this optimum condition ig Cifferent for varlous
materisl combinations and is a function of the pass
reduction.. ror instance, in Graph 51, the optimum

condition exists only at pass reductions above 1845

14.5. The effect of interchanging the positions of

of the materials in the sandw riche

Graphs 53 to 60 show the results of rolling tests
carried out on sandwich specimens in which the softer
metal constituted the matrix. The roll separating force
and torque for the matrix and clad rolled separately
and as part of a sandwich have been compared. The
results show that the roll force and torgue ceveloped
for the sandwich is higher than for the components

rolled separately. In effect, since the object of
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sndwich rolling is to achleve & reduetion in the roll

separating force and pocsibly torgue, No benefit 1s

NERR R 2
es The matrii

«t
o
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derived when the softer metal constit
and the harder metal constitutes the clad. However,

since only two material ¢ mbinations were investigated,

i

the results are inconclusive anc it is quite possible

el
S i iy

A A A RIS A SRS

that a reduction in the rToll force and torque can be

achieved for other m aterial combinationse

S o e S T S K

Graph 61 shows that, when the harder material

constitutes the matrisx, the differentl ial reduction :
between the layers is smaller than when the eofter metal ?

constitutes the matrix. This is because, in the latter

cagse. compressive stresses are induced in the hard
Vi

material constituting the clad as a result of the

friction at the tool-workpiece interface. Consecuently, |
the deformation in the clad is slowed down ﬁhen>the

softer material constitutes the clad, it is the

deformation in the soft material which is slowed downe

In effect, the differential reduction between the layers

is lower when the narder metal constitutes the matrix

and the softer metal constitutes the clad than vice

Versae.

l
i




INTERFACE REDUCTIORSD RO

FRICTIONAL | MATRIX| CLAD WEAN re ROLL | TORGUE

CONDITION (rm) (rc) (rav) %%” FORCE | tonf-
8 gonf/in in/in

polished and| 2l.4 24,7 28,0 |1.15 BeS 2.3

degreased.

roughened and 205 252 21.8 | l.22 Bel Zed

degreased.

S?ﬁ;&ﬁ%}h @ﬁﬁ lgaé ggé% 22@5 1@32 Be0 2@@

degreased.

amooth and 18.0 26.2 22 1,38 5.8 20

iubricated.

Polished and |

degreased. 32 .0 34,6 33.3 1.08 Gk 3.6

Roughened and o '

degreased. 30,8 | 38.1 92,9 | 1.14 Bel 3e4d

smooth and o - ;

@@gﬁ@&@@@a 28.8 36,0 3266 i.81 79 3.4

smooth and 98.5 |87.1 82,8 | 130 768 3.2

lubricated.

PARLE é .

rhe effect of the sladematrix interface

frietional eenditl

on on the roll force,

torque, and the relative reduction of

the layers.
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14,0« The effeoct of the clad-mngrly INTerlifce Trictior

mable 6 shows the effect of varying the
clad-matrix interface Trictional conditicn on the

-

and also on the roll force znd torgu

polished and degreased. This agrees well with
. - 199 . . )
results of Boyarshinov and 1s due tO

the tendency for the layers of the sandwich to bond

&

.

QY 4t I L A T vy o Ly A el o
11 Fferential reducticn deltween the clad and the matr:

sreatest Tor this interface conditione. The roll force

and torque are also highest for this interface condition,

since the reduction in the harder matrix is higher th
- &

for other interface conditions.
The differential reduction between the layers
lower at the higher pass reduction for the interface

.

. This 1s not

-
e
O
e}
0

1
.
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w
ct
e

Cn
o0
s
]

frictional condilt

3.
i

surprising, since the interface frictional shear str

will increase with increasing pass reductions until

ins the limiting value - the yield stress in

iJ

1t atte
shear of the softer mwaterial.

14.7. The effect of the clad width on edge~cracking
- £ £

in the matrix.

: Figures 32(a) and 32(b) show the extent.of

[

edge-cracking in 1.25% C. steel Tolled between layers

]
4.

i

e

S

o
v

of 0.040 in. and 0.107 in. aluminium respectively. In

3



ateel rolled between (a) 2x0,.,049in.

aluminium,13.9%redn. and(b) 2x0.107in.

gluminium, 8%redn.
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both cases, the clad : matrix width ratlo, wr, was
approwinmately 1. The edge-cracking is duc principally

to differential reduction between the edges and the

es
centre of
cracks originate from the edges and propagate to the
centre of the strip.

It was found that, by increasing the clad : matrix

width ratio from 1 to approximately 1.1, ( that is, the

clad is slightly wider than the matrix) , edge-cracking

-t

was suppressed up to a pass reduction of 25 percent.
oven at 30 percent reduction, ripples were just
beginning to form at the edges of the stripe. When wr
was increased to 1.25, edge-~cracking was cOmpletely
suppressed but both the matrix and the clad were
distorted COLulderably? apparently because of the
additional stresses imposed on the matrix metal by the
elastic regions of the clad at the edges of the
sandwiche. When wr was varied from 1 to 1.25 for the
sandwich consisting of 1.25%¢ C. steel matrix and 0,107
0,107 in. aluminium, edge~cracking was not suppressed
and fragmentation similar to Figure 32(b) occuned in
all casese.

Figures 33(a) and 33(b) show the edge-cracking
which occurmed when Nimonic 105 alloy was given pas

reductiong of 33.3 and 41l.7 percent respectively
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between layers of 0,02 1n. coppc gure 33(c)

]

-

shows the sawme alloy given 39.2 percent reduction

C

[©)

between layers of 0.18 in. mild steel. &£dge cracking

was considerably less when the mild steel clad was used
than when the copper clad was used. Figure 34 shows
the effect of varying the clad : matrix width ratio
for the sandwich consisting of Nimonic 1U5 alloy matrix

and 0.018 in. mild steel clad. Whereas an increase in

edge~cracking, (see figures 34(a) and (b)), there was
no edge cracking when wr was increased to 1l.1l. (See
figure 34(c). Again, when wr was increased to 1.25,
the matrix and clad were distorted considerably.

14.8. Ixperiments with plastic clads.

D

‘Graphs 62 to 69 show the effect on the roll
separating force and tor@ue of rolling aluminium, copper,
mild steel, and stainless steel between layers of
plastic. For a pasé reduction up to 33 percent, the roll
separating force is higher for the aluminium cladded
with plastic than for the same metal rolled without
cladding. (3ee Graph 62). aAbove this reduction, the roll

force for the former is lower. A reduction in the roll
separating force is achieved for the other metals also,
the greatest being for the hardest metal (stainless steell.

Graphs 63 and 67 show that there is an increase
p
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in the roll torque aluminium or copper is rolled
between plastic, compared
without cladding. The reverse is true for copper and
stainless steel. (See CGraphs G5 and 69).

Graphs 64 and 65 show that a greater reduction

in the roll force and torque is achieved when copper

(—1'.
PJ .
o
e}
Q
=
3
s
L
®

is rolled between layers of cycolac plas

°

with Marley plastic. This is due to either the

differences. in the mechanical properties of the plastics
or the differences in the thicknesses. Further tests
could not be carried out because the plastics were not

available in other thicknesses.

Figures 25 (a) to (¢) show the effect of plastic
cladding on the surface finish of copp At 45 percent
pass reduction (Figure 35 (c)), the surface of the strip
is rippled and some tearing has occured. Figure 35 (a!
shows +the result of an attempt to roll 1.25% C. steel
between layers of Marley plastic. The matrix is
fragmented in a similar way to the results obtained
with 0.107 in. aluminium clad. (See Figure 32 (b).

A

14.9. The effect of applied fror

3
-
o
3
(@7
o
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(@)

The effect of front and back tensions on the roll
separating force and torque is shown in Graphs 70 and 71.

‘he back tension is considerably more effective 1in

reducing the roll force than the front tension. However,
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the roll
thapn when no tension is applied. The reverse 1s true
for the -front tension. The considerable scatter in

the points is probably due to the non-uniformity of

the applied tensions accross the thickness of the

sandwich, since the top clad laeyer will be subjected to

e higher tension than the bottom clad. The results of
the tension GYchlm ts are similar to those normally

obtained in conventional rolling with applied tensions.

14,10 . Summary of results.

1., A reduction in the roll force can be achieved
when a metal is cladded with a softer material,
the highest reduction being achieved with the
softest clad. When the disparity between the clad
and matrix strengths is not sufficlently high, the

roll force may increase as a result of cladding.

o. The roll torque may increasec or decrease as & result
of cladding , depending on the materials and

thicknesses constituting the sandwich,

3. TIn sendwich rolling, a higher pass.reductlon can
be achieved before the limiting reductlon is reached
than is possible when no clad is used. However, the
roll torque may.increase to the extent that it

becomes the limiting factore.

ry 4. The thicker the clad, the greater the reduction in
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the roll force and the increasc in the roll torgue

as & result of cladding. In some cases, there is
an optimum value of the clad thickness which pives

the lowest roll force and torgue.

3
5. "hen the softer metnl constitutes the matrix and
the harder metal constitutes the clad, the roll

-

3

force and torque are higher than when the
omponents of the sandwich are rolled separately.

The results may be different Ffor other material

6. Differcntial reduction between the layers of the

sandwich is least when the clad : ma tri1x interface

w
L

s polished and free from grease , for the interface

e

conditions investigated.

7. (onsiderable edge~cracking may occur in the matrix
and clad when the matrix is considerably stronger
than the clad. Edge-cracking can be reduced or
even eliminated by the use of a clad which is
sligbtl" wider than the matrix

8. A considerable reduction in the roll force and

-

torque can be achieved by the use of plastic clads.

9. A reduction in the roll force is achieved when

tensions are applied to the sandwich than when no

tension is applied. The back tension 1ls more

1 effective than the front tension. & reduction in the
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roll torque is achleved also when front tenslion
is applied to the sandwich, but the roll torque

increases when back tenslon ls applied.
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15. THEORETICAL ANALYSIS OF THL SANDWICH ROLLIEG
PROCESS.
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15.1. The mechanism of load reductliille

3 - ~ - T oenr ey A - ‘ . Red -~
hen a three-layer composite comprising of a

liowever, 1f the friction between the layers of the
composite 1is high, tensile and compressive strecses
are induced in the metrix and clad respectively, &s &
result of the frictional shear stress at the clad:matrix
interfaces. Ao a result, deformation will be inhibited
in the clad while the matrix becomes easler to deform.
when the interlayer friction is high, the layers will
deform at approximately the same rate, provided the
difference in the strengths of the component meterials
is not very great. If the difference is great,
preferential deformation will occur between the layers
even when the friction at the interfaces is high.

The increase in the overall thickness of the
workpiece as a result of cladding means also that roll
flattening and hence the roll force will be reduced.

A further reduction in the roll force is achieved when
the clad material has  lower frictlonal characteristics

than the hard materials
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Figure 36(a). A sandwich specimen.
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(). A graphical model for sandwich rolling,
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curves represent the individual stress—straln curve
of the hard and soft metol respectively. hen the
materials are deformed as com}@norbc of a sandwich, the
soft material will firs start to yield while the hard
material remains elastic. However, the yielding curve
of the soft material will deviate from the 3 curve by

-

sn amount depending on the mag tude of the compressive
stresses induced in it by the interlsyer frictional
shear stress. On the other hand, the external load
required to initiate plastic deformation in the hard
matrix will start to diminish as a result of the tehsile
stresses induced in it by the interlayer frict lonal
shear stress. At the point P (figure 36(b)), the
induced tensile has increased sufficlently to initiate
yielding in the matrix. The joint deformation of the
layers will now follow a new curve i, provided the
interlayer friction is sufficiently high to prevent

the
differential deformation and,difference between the

strengths of the component materials is not very great.
In the analysis which follows, it will be assumed that
the region of preferential reduction represented by

B¢ in figure 36(h), is emall compared with the region

of joint plastic deformation and can be ignored.
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Fipures7(a) Section throush the rolls and workpicce

showing uoual d“”f.gemcnt with the softer

layers outermost.
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Firure37(h) Magnified view of the elemental length of
t

the compound workpiecce in the entry zonce
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15.3. Bauations of the roll {force nnd Torcud,.
List of sumptions.

In addition to the basic postulates of the
theory of plasticity stated in section 2.1, the
following assumptions were nade in
(a;, The strain is ecual in the layvers of the sandwich

at any point along the arc of contact.

(b) The vertical and horizontal plenes are coincident

~with the principal planes.

(c) Coulomb friction operates.at the roll-clad
interface over the entire arc of contact.
(d) The meximum shear strain energy yield c¢riterion

applies.

(e) Spread in the lateral direction is negligible.

Figure 37(a) shows the stresses acting oh an element

.

of the sandwich in the roll gap. A magnified view of

the element is shown in figure 37(b).

£

IHorizontal eguilibrium of forces for the matrix of

unit widthe cih
¢ — b P Bt T obc (15.1)

Horizontal equilibrium equation for clad of unit
widthze

9 LR canec” Butana ET, E T 5
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ke (15.2)
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verticnl equilibrium equation vor clac 01 unit width:
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PC - G A f ‘n{,‘ o Ee * T» Lo B ( -3)
By combining equations (15.2) and (15.3) end ipnoring
second order terms,
CXL\'{ c { w/\ , ) . N 4 _— _% T — 6. CLin <
W V0 fean B —tonba )T e T ot TN T .
an e P L 5L G S oA (15.4)

From the geometry of the arc of contact:

\ \"\‘/\i\ (15353>

and e
tonh .~ ton,, =
e " ot (15.50)

Bquations (15.1) and (15.4) now become respect tively:

d'L'{"V‘ — d*f\—v\ a -
= hm[ﬁ’v\ «,\) 7 T (15.6)

chod

and
olsi w \’\(, Pﬂ’\ ‘CB :L:L;L Tle T LW_‘J (15.7)

gince the strains in the clad and matrix are assumed

LA

equal,
e
— = B = Constant. (15.8a)
g
and since e + ol = K
o |- R) (15.8b)
n .
pifferentiating equations (15.82a) and (15.8b) with

respect to X,

dhe B —
= Lo (15.92a)
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The critericn of yielding.

- - N e 4 qerr ] Ty A ) Sy A
T Om and ¢ are small, as 1s usually the cace 1n

e ST mmy T cavmedc thiat the sat too terms 1
practice, it may be assumed that the last two terms 13

P(; = g“n

By applying the maximum shear strain energy cril
The clad will yield when:

(Pon o) = Teo (15.10)
and the matrix will yleld whent

P = Sw) = Yo | (15.11)
By combining equations (15.10) end (15.11) and |

differentiating with respect to x,

(\{c; - ﬁm\) = (gpm - '\?pc) (15.12)
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OIS C’L“PL GLDL (15.183 )

By combining equations (15.6) - (15.13), we obtain,

. ;- 500N C,M\ — ’\"w
Vo = (B8 To ) L7178 | (15.14)

and from equations (15.7), (15.9) and (15.14),

cl fn _ "%;R\’/Pm Wé('\’/w*"feﬂ)% T Tk’;\ (15.15)
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In accordance with assumption (c¢),
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Lo = arle
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mquation (15.15) then becomes:
) - - I I I
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Also, from the geometry of the arc of contact
> = R Crc
and 2
e - He F (\{"@5
2
since €c is small and
Cos b = l
and . _
Sim B, = tanb, = B¢
Pifferentiating equations (15.18) and (15.19)

s

regpect or X

ot

— = KR
clBe

and |
oth = R6¢

dbe

W

From equations (15.17), (16.20) end (15.21), we

obtain, -
C‘i@t’\r\ P\ . - — N 4
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(15.19)
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=

(15.2C)

(15.21)

(15.22)
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From equation (15.3),

5

- A .
PC = P il /LC ’C(, B Loy T (]_5)°3>

o

and Trom equations (15.5) and (15.9),

@ = 20
@x’v\ = (1~ %‘\)) be (15.23)
By combining equations (15.8), (15.14), (15.18) and

(15.23) we obtein:

, o, - S
i o [ Noo —Npe)
= Bu® BL-B) B (om — e (15.24)
| FouB(2 -3, )C
2. 25

{(1=8)“6c™"(Ypm - ch)is small compared with Fm and

may be ignored. Zguation (15.24) then becomes,

~ = P (15.25)
\ T up(2-8)8
The torque at any point along the arc of contact

is given by:

T= M fe R (15.26)

.

Bauation (15.24) is not directl) integrable and &

r'j‘ ;

step solution along the are of contact is necessary,
in order to obtain the distribution zf Tm and 21s0
Pc and T along the%:rce The Runge~Kutta methed of
numerical solution of differential equations was

chosen because it is accurate and is particularly



suitable for use on o computer.

15.4. Computational methods,

In order to checlk the validity of the above
analysis, the roll fTorce and torgue werc calculated
as follows, for a number of sandwilc
at random:

Notation for the computation.

X Approximation factor.
. e e N e ] )
H Length~0a interval in the step solution.
)
£ ;mctw ONe
suffixes.
0 Tnitial conditions for the calculation.

Starting with initial values Pmo and ©mo and proceeding
at reguler angular intervals,H along the arc of contact,
the value of Pm at the first point (Bmo+ II) is

calculated as follows:

K ‘ = H‘{’ [_@u 3 ph’\f)t}

i

Kl = H{ [60'% % y qmo“‘f ‘N ]
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conditiona, Pmn, at

mone end the bottom sign to the entry zone of
the arc of contact.

(b} The interval H is negative for the entry zone
and positive for the exit zone.

(¢) The initial conditions for starting the
calculations for either zone, are the end

conditlions for that zone.

-

Having obtained the values of Pm along the arc of

contact, the corresponding values of Pc and T are

obtained from equations (15.25) and (15.28) respectively.

The total roll force is given by:

&n & -
F — j F)C dec + j ‘OC da (].Qau?)
0 Bn
and the total roll torcue for the two rolls is given

€,

B S .gf fe pd@~—j PR
T o= 2 fGﬂC\ o/&c'\ ° (15.28)
n

Tt should be noted that the suffix fo! here refers to

the exit zone of the arc of contact and should not be
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confused wlith the initial condgition Lor tnhe coleunlation

procedures,

A programme was written in Blliot Algol
Tanoaace Tor the e TS Sy - B Bt
lansuage 1 e evaluatlion of cguations

(15.22) to (15.28) on the ITlliot 803 computer.

The accuracy of the Runge-kKutta method depends
on the interval ﬁsed in the calculaticns. The shorter
the interval, the better the accuracy. :lowever, since
the use of very small intervals would prolong the
calculation time and the computer time available was
limited, it was necessary to determine initially the
optimum value of H which‘gave an acceptable level of
accuracy. Sample calculations were made on the computer,
for vélues of I from 0.05 in steps of 0,05, to 0.6.

Up to H = 0.5, the results of the calculat ions were
jdentical to four places of decimal. Above 0.5, the
level of accuracy began to diminish. It was decided to
use I = 0.5 for all the calculations.

Tn order to enable the results of the analysis

to be compared with the equivalent yield stress method
J_ 2 (% b

the equation of the equivalent yield stress ( 7.2 ).

. s 12 .
was combined with the 3land and Ford “equations of
roll force end torque for conventional rolling as

follows:



The roll force F, 1is glven bDy:
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P20, G tow U ”U
T = kr o

L1+ ayR)e

et

+ Z[—-—.‘“} 2N tmﬁ(/“‘ ‘JY‘{’L«L‘ . CC\};?Q:?‘QL oure TN OU{"\;/I (}»\f:) (15.32)
1’1 -

The roll force and torque were calculated by this method
for the rolling parameters used in the previous
cilculations, using the computer programme 2 gilven in

Appendix 20.5.

The coefficlent of friction.

For the calculations involving aluminium and
copper clads, the values of the coefficient of friction

were obtained from the data published by Whitton and

123 . . .

Ford 2 . Since no data was available for mild steel

having similar surface roughness as the specimens used
(&) <O s

“in the the investigation, the coefficient of friction
for specimens with mild steel clads, was estimated by

substituting measured values of the roll force and
othermeasured’parameters into equation (15.29) so that

the coefficient of friction was the only unknown in the
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equation and was calculated.

s ecuation for the radius of the deformed

arc of contact is given by:

where ¢ = 3.34 x 10 = for steel rolls.
By substituting the measured values of the roll force,
roll radius, and width of the material into the above

Ty

equation, the deformed radius, R' was obtained.

The yield strecse.

Tor the calculations described above, mean vield

stress values of the individual components of

sandwich were used. The values were obtained from the
equation .
1 \ N5
P O Jo (15.33)

The integration of equation (15.33) was carried out by
using Simpson's rulee.

Tt is more correct to use the value of the yield
stress at each point along the arc of contact in the
calculations of the roll force and torque. fowever, the
calculations would be tedious, hence the decision to

use mean values of the yield stress. In order to assess

the error resulting from the use of mean values, somne

of the calculations described previously, were repeated,

usine point values of the yield stresses along the arc
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and thicknesses available for the experimental

1imited snd the method could not be tested.
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Lowever, theoretical calculations of the roll force
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and torque by the equivalent yield stress method

outlined previously, were carricd out for two material

£y ST A e s s T A o R, 4 oA e
o) mild steel-stainless steel-mild steel.
\
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15.5. Analvsis of the effect of the clad tnicxness on

on the roll force,

1.

The major factor on which the exten

reduction in the roll separating force depends is the

Tt was shown in section 15.3. that:

cF
e
O
o]
t
O
o’
0]

In order to enable the sbove egua

differentiated with respect to B, two assumptions will

be made:

(i) T c may be regarded as the mean frictional shear
shear stress at the roll-clad interface and is
therefore constante.

(ii) The roll diameter is large comparcd with the

length of the arc of contact and the latter may
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Figure 38

Diagram showing variation of the interfac
frictional shear stress with the clad=-sandwich

thickness ratio.

Tm (max.)

e

e e




be replaced by o chord inclined to the horizontal

plane at a constont mngle Ge.
Differentiating equation (15.14) with respect to 2y
(15.34

17T 1 —
(“:,iii\ » o ‘3) / N/ Y N e — {
= ~jU7E ( (pan ™ Ve ) Y Le |

At the turning point, i
ol Unn
‘, s} g O .
ok .
lience —
_Le -

e \'~/” + | LN L
B 5 [* , ( \{(m (/J@( (15.35)

T+ can be shown that the turning point is meximum.

Rguation (15.35) is represented qualitatively by the
curve shown in figure 38. The optimum value of B which
gives the maximum value of Um lies somewhere between

.5 and a higher value determined by the roll-clad

@]

interface friction,the difference between the yield

stresses of the component materials of the sandwich,

the Optlmhm condition for the lowest roll separating

—
=

force is when attains the maximum value possible

for the particular set of rolling parameters.

II Yec is very low, as is the case in well
lubricated plane strain oomoleSblon, the optimum value
of B will be close to 0.5. In flat rolling, the optimum
value of B would be expected to be higher, since 'Tc

is usually significant . Ihe results of an investigation



of the plene strain compreselion of aluminiui-copper

composites by Davies™ 7 showed that tre optimum value

combination of the materisls ond thicknesses
investigated. Arnold and Whittonl suggested a value of
0.66 for sandwich rolling. From the results of the
above analysis, it appears that both values are
reasonable, Howe%ery *he analysis is only approximate,
since the reduction in the roll force does not depen
on Tm alone, .

- o

15,7, Comparison between calculated and measured results.

The results of the theoretical calculations of the
roll force and torgue for a number of sandwich specimens
selected at random are shown in Tables 7 to 1C. The
equations developed in this analysis and also the equal
strain method have been used. The measured values of the
roll force and net roll torgue are also included. The
net total torque values were derived from total measured

torque values by subtracting the redundant torque
developed when the rolls are squeezed together with no
strip between. The redundant torque values were obtained

from the load-redundant torque curve for the mill, which
1 bi

is given in Appendix 20.3.

In general, the values of the roll force

computed from equation (15.24) are within 7 percent of
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the measured values, compared with 15 percent for the
. . )y e A e ey A1 re T e e T A e e e s e L A
values computed by the equivalent yield stress method,
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(equation (15.27)).The agrcerert between the roll corgue
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values computed by both methods, =nd measured values
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18 not so good, particularly for the stainless stcel
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Lo estimate the contribhutlon of +h

of mean yield stress values to the errors, some of the
calculations were repeated, using both methods of

.

calculation and the distribut

-

i1on of th ield stress
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along the arc of contact. The results are given in
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Table 11 and appear to agree more closelv with me
app 3 ,

*

values in both ¢

I

8y

ses. However, since the arc of contact
was small, 1t was difficult to determine the yield

stress at points along the arc of con tact, particularly

_L7 1.

in the exit zone of the arc where work-hardening is

usually small, and slight errors incurred in the process
mey have affected the results.

It was not possible to take into account in the
determination of the stress-strain curves, the possible
effect of the strain rate on the yield stress, because
the facilities were not available. The consistently low
results obtained from the calculaﬁibns may be partly

v

due to strain rate effect.

Graphs 72 to 75 show the results of the
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calculations carried out to determine the validity of

the interpolation method of stimating the roll force

15.5. It is clear from the graphe that the method s
reasonebly valid for the roll Torce, for pass reductions

above about 3C percent. It is valid also for the roll

and torque in sandwich rolling could not be

investigated fully because of the difficulties outlined

previously, it was decided to carry out some theoretical
calculations using equation (15.24) and the comnputer

programme l. The results are shown in Table 12. The

results support the previous conclusion that the effect
of tensions on.the roll force and torque is similar +to

ional cold rolling with applied

tensions,
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pocsibly because thoe
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feasured or calculatced results would have an

A

exageerated effect on the results., The equive 101 yiel

-

stress method yields results wiich

measured values to within about 15 percent. The
agreement for the roll torque is poor, probably for the

clad proportion which gives the lowest roll separating
force cannot be predicted ea :s1ly, but the best
proportion is probably between 50 and 70 percent,
depending on the frictional conditions at the tool-
workplece interface, the disparity in the strengths of

the component materials, and the geowmetry of the arc of
contact. It has been shown éxperiments 211y in sectlons
14.3 and 14.4 that an optimum value does not always
exist in sandwich rolling.

roll force and

-
L
—

The method of calculati

torque in sandwich rolling by interpolating between the
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16. CONCLUSICHNS,
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The results of the experimental investigation
have shown that a considerable reduction in the roll
separating force can be achieved when a hard metal is
rolled between layers of softer metal, particularly
when the hard metal is
reduction in the load depends principally on
relative strength and thickness of the clad with
respect to the hard matrix. The softer the clad, the
greater the reduction in the rdll separating force
the 1limit being when the deformation is restricted to
the soft metal and the hard matrix emerges from the

roll gap undeformed. In general, the roll force
decreases as the proportion of the clad material in

the sandwich increases. However, for some material
combinations, an optimum clad proportion which gives
the lowest roll separating force may exist. Beyond

this proportion, the roll force starts to increase.

The optimum proportion of clad is probably between

60 and 70 percent. Also, the roll force may be higher
for a material rolled between softer clads than for the
same material rolled without cladding. This probably
occurs when the matrix 1s not suffiéiently harder th

the clad.

The greatest rcduction in the roll force is

achieved for the thinnest, but not necessarily the



bardest matrix metal . This is not surprising since,
in addition to the tensile streoses induced in the
hard metal as a result of the tendency for the softer
material to deform more readily
recduced as a result of an increasse 1n the overall
thickness of the workpiece du¢ to cladding.
FMarthermore, the friction at the roll-clad interface
may be reduced, since the softer metal tends to

B

behave like a solild lubricant. Both roll f

lay

and friction are usually os

n

signi
rolling of thin strip.

The reduction in the roll force. and roll
flattening due to cladding, enable
reductions to be achieved than would be possible
without cladding. However, the roll torque usually
increases as a result of cladding and also as the claad

thickness 1

ot

icreases. Consequently, the capacity of

the mill drive may determine the maximum reduction
which can be achieved. In certaln cases, the roll
torgue may decrease as a result of cladding. Also,
there may be an optimum clad proportion which gives
the lowest increase ( or highest reduction in the
roll torque. mhe Oﬁtlﬁum proportion is not necessarily
the same for the Poll force and torgue.

The clad does not have to be a metal. The results

of this investigation show that a con51deraole reduction



(136)

in the roll force énd torgue can be achieved with
plastic clads. This may be very important from the
economic point of view, since the clad is usually
discarded after use, and plastic may be cﬁeaper than
most of the conventional clad materisls. Tconomic
considerations may also determine +the choice of +he
clad material, when it is a metal. A greater reduction
in ‘the roll éeparatimg force can be achieved with
aluminium or cOppér clads than with mild steel clads.
However, since mild. steel is cheaper than the other
metals, 1t may be used in preference.

From the theoretical point of view, & reduction
in the roll force can be achieved also, when the
positions of the hard and soft materials in the
sandwich are interchanged, so that the harder material
constitutes the clad. The results of the investigation
show that the roll force is higher when the harder
metal constitutes the clad than when it is rolled
individually. However, since only two material
combinations were investigated, tﬁe results are
inconclusive and a reduction in the roll force may be
achieved for other metal combinations.
is important in sandwich rolling because it determines
in part, the tensile Stresses induced in the harder

metales The best interface condition was found to be



when the inderfaceé were polished and degreased. This
is probebly because the tendency for the lavers 1o
weld is high.

The tendency for the harder metal coﬁstituting

the matrix to edge~crack is greater than when the metal

s rolled without cladding because of the non-uniform

bde

distribution of tensile stresses at the clad-matrix
interface in the.former case. Lkdge-cracking can be ’
reduced or even eiliminated by using clads which are
slightly wider than the matrix, provided the disparity
in the strengths of the hard and soft materials is not
too great. if the clad is too wide compared with the
matrix, a distortion in both may occur.

‘The application of tensions in sandwich rolling
is difficult. The sandwich may be assembled before it
is wound on the decoiler drum, and coiled on the same
drum after rolling  or, alternatively, the layers are
wound on three separate decoiler drums and? after . = .
rolling, oﬁ three separate coiler drums. In either case,
the dificulties are immense end the results of this
investigation show that the reduction in the roll
force due to applied tensions may not be significant,
Furthermore, the greatest potentiali{y of sandwich
rolling is for the production of thin wide sheets of

difficult metals where the application of tension is

difficult .
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o

The equations of the roll force developed in the
theoretical analysis of sandwich rolling have been
shown to predict the roll force to within 7 percent of

¢
measured values