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Summary—Particular attention has been paid to the effects of roll flattening and to the
inlet zone of pressure build-up in the determination of lubricant film thickness in cold
rolling. It is shown that under present-day practical conditions, the thicknesses of the
lubricant films relative to surface roughnesses are insufficient to maintain full fluid film
lubrication.

Although the mathematical model predicts a “speed effect’ for rolling (plots of rolling
load against speed looking like a Sommerfeld diagram for a journal bearing), the speeds
involved are much faster than present commercial rates. Thus speed effects in the literature
must have been caused by a change over from boundary to mixed lubrication and lubricant
puddle entrapment in surface microcrevices. The non-dimensional form of the solutions
shows that laboratory experiments rarely approach full-scale mill conditions, thus
reflecting the notoriously difficult problem of evaluating commercial metal-working

lubricants.

Upper case letters refer to non-dimensionalized quantities expressed by equivalent

NOTATION

lower case letters, where relevant.

¢, specific heat of strip
D undeformed roll diameter
E  Young’s modulus of rolls
f(), F(X) location of undeformed roll
h(z), H(X) film thicknesses
J mechanical equivalent of heat
k shear yield stress of strip
p(x), P(X) roll pressure distributions
@ Tlubricant flow rate
R undeformed roll radius
r reduction in pass (9,)
A non-dimensional limit of plastic zone
t(x), T(X) strip thickness
T temperature (non-dimensionalized as )
U speed
v(z), V(X) elastic deformation of rolls
z,X coordinate along arc of contact
Z dummy variable
o, & Vviscosity pressure coefficients
B.B viscosity temperature coefficients
n  viscosity 9 = 1o exp (&P — B0,,)
0., non-dimensional mean temperature across film
K, thermal conductivity of lubricating fluid
@ coefficient of friction
v Poisson’s ratio
p density
o strip tension
7(x), F(X) shear stress

* Formerly Department of Engineering Science, University of Oxford.
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Suffices
0 exit from plastic zone 2 lubricant
A entry to plastic zone 3 strip
1 workroll N neutral point

Quantities are normalized as follows:

X =xlfe, F =flfep H=n0lfy, T =tlf, V =n0fy
P=p/2k, T =12k 0="TTumblests &= 02k, B =BT ambient-

The following non-dimensional groups are of importance:

(1—v%) 2k (1+v) 2k
¢ =fo/B, BE*=-i—, W*=
nE B
g =Ml k

2kef " JKIE ambient o pc,ﬂ ambient
Also
4
f P dX = non-dimensional rolling load/unit width
0

1 A/,,dx
"Wfofop

MODELS FOR HYDRODYNAMIC LUBRICATION IN ROLLING

THE PRECISE mechanism of lubrication in cold rolling and other forming
processes is a contentious matter. The well-known “speed effect’” with wet
lubricants indicates some form of hydrodynamic lubrication,’ 2 yet the highly
burnished rolled strip that can be produced with ““thin’’ lubricating oils suggests
metal-to-metal contact. Knowledge of the conditions under which full fluid
film lubrication may occur is important for many reasons, not least of which is
choice of metal-forming lubricant, i.e. whether the chemical properties should
be of primary concern (for the boundary lubrication end of the spectrum) or
whether the bulk viscosity properties should be of major importance (for
hydrodynamic lubrication). At present, the selection and development of
appropriate lubricants seems to be a branch of witchcraft!

Table 1 summarizes the mathematical solutions®1® of varying degrees of
complexity that have been presented for cold rolling with hydrodynamic
lubrication. Similar work has been performed for drawing and hydrostatic
extrusion.'>1® Other authors,? %! although not giving mathematical analyses,
have discussed hydrodynamic effects in cold rolling. The mathematical models
assume smooth contours for roll and strip, or die and workpiece, with no
consideration of local surface irregularities. When the predicted film thicknesses
are too thin to prevent asperity contact, the solutions are invalid. The
conditions surrounding film breakdown set bounds on the possibility of full
hydrodynamic lubrication.

Elastohydrodynamic (e.h.d.) gear theory indicates that lubricant flow in the
inlet region of pressure build-up must determine the film thickness in the roll gap
where the plastic deformation takes place. Most of the analyses in Table 1
concentrate merely on the zone of plastic deformation, with no consideration
of pressure build-up and fall-off; the film thicknesses that are used are either
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4 A. G. ATKINS

inserted into the analyses from independent e.h.d. gear formulae or are arrived
at from energy considerations. Unless such film thicknesses can actually be
generated in the entrance zone, the analyses are open to question. It is desirable
instead that film thicknesses be derived by application of Reynolds equation to
the entrance zone; this has been done only in refs. (8) and (9).

Clearly the geometry of the entry region is all-important: indeed, for the
hydrodynamically favourable case of high speed rolling of thin strip, the roll
“flattening”’ can be greater than the thickness of the strip. Elastic deformations
of the strip itself are small in comparison, so the inlet region geometry is affected
predominantly by roll deformations. Although they took the entrance region
into account, Wilson and Walowit® considered rigid rolls, and obtained some
curious results, such as infinite rolling forces for some conditions. An important
contribution from ref. 8, and one described in this paper below, is the inclusion
of roll elasticity and its effect on film thicknesses generated in the entrance zone.
Some interesting conclusions regarding the ‘“modelling” of rolling tests can be
deduced from the form of the solutions.

THE PRESENT MODEL

Fig. 1 depicts rolling with complete lubricant separation of roll and strip, where the
rolls, the fluid and the strip are called regions 1, 2 and 3. Unlike ref. (9) this work takes
into account the elastic deformation of the rolls in determining film thicknesses from the
geometry of the inlet region and from the overall compatible pressure distribution; in
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Fic. 1. Schematic diagram of roll/fluid/strip geometry.

addition, a thermal analysis is incorporated for the zone of rigid—perfectly plastic defor-
mation in the strip, but not for the inlet zone. Crook’s experiments?? showed that film
thicknesses in e.h.d. were insensitive to the shear heating in the entry zone. Reference
to Table 1 will show the contribution of the present model in comparison with previous
studies. Because of the uncertainty of lubricant rheology in metal forming, Newtonian
fluids have been assumed, but viscoelastic effects are briefly discussed later in the paper.

The assumptions of classical two-dimensional lubrication theory that are made for
e.h.d. theory are well documented elsewhere.?® Neglect of Poiseuille flow in comparison



Hydrodynamie lubrication in cold rolling 5

with Couette flow leads to a simple interrelation between fluid flow rate and strip mass
flow rate [equation (8) in the Appendix]. However, this assumption cannot be used for
the inlet and outlet regions and there the full Reynolds equations must be used. Since
the fluid flow rate is continuous throughout all regions,

1 d U,+U
Qintet = Qoutlet = — 20 '&g 2+ (—1—2——2) h

must be the same as

U,+U
Qplastic zone — (—‘%) h,

which forces zero pressure gradients at the end of the inlet zone of pressure build-up and
at the beginning of the outlet zone of pressure fall-off. Since the pressure gradients in
the plastic zone are often small, the discontinuity is not great, and it should be remembered
anyway that the pressure gradients will not match at the zone boundaries when elastic
deformations of the strip are neglected because of the resulting “kinks’ in the strip edge
profile. Again, since the film thickness and pressure at the end of the plastic zone pass
over into Reynolds equation for the outlet region, the usually invoked criterion of

cannot be used to define the location of zero pressure downstream ; rather the film break-up
position follows directly from the equation.

The addition of elastic roll flattening to the rolling model poses problems which are
not encountered in e.h.d. rolling theory. A place must be assigned where roll displacements
are zero. For convenience the roll centres are chosen as fixed, and hence there appears an
extra term in the Boussinesq integral for the roll flattening. Secondly, the end of the zone
of plastic deformation will not coincide with the line of centres of the rolls and extends
to the exit side of the mill. This was found by Jortner et al.2* and it is strictly true when
using Hitchcock’s expressions.?! The location of minimum film thickness is also altered,
and Bloor et al.1® noted similar effects in sheet drawing. If deformation ends on the roll
centrelines, the location of minimum strip thickness is clear, and an easy origin for
coordinates in the roll bite presents itself. With finite film thicknesses and elastic flatten-
ing, plastic deformation does not end on the roll centrelines and computer ‘‘searching
procedures’ have to be used? to locate the positions of minimum strip thickness and
film thickness (which are not necessarily coincident). Some trial runs on the computer
showed that the position of minimum thickness was extremely close to the roll centrelines
for most geometries, and since the total program was already complicated and requiring a
prohibitively long computer time it was decided to force the slope of the plastically
deforming strip d7'/dX to be zero at the line of centres. This located an origin for horizontal
co-ordinates, and simplified computation without too much loss of accuracy; we should
note that forcing d7'/dX = 0 at X = 0 denies the possibility of finding any exit pressure
spikes as are sometimes found in e.h.d. models. Finally, it should be observed that the
contribution of the inlet and outlet pressure “tails’’ to the overall elastic roll flattening
is neglected, so that the Boussinesq integration (for the whole flattening) is performed
only upon the pressure over the plastic zone. Fig. 4 shows that it must always be in error,
but mostly it is an adequate approximation which reduces computing time.

The problem was formulated in non-dimensional form sinece ad hoc solutions for given
geometries of reduction fail to show an overall picture; moreover, the method of presen-
tation sheds light on problems of ‘““modelling™ rolling tests for evaluation of metal-forming
lubricants. Nevertheless, the results are presented in a form that, it is hoped, will appeal
to workers in the field of metalworking. For brevity, the equations for the different regions
are given in their final form in the Appendix. Their derivations follow fairly obvious
routes and may be found in detail in ref. (8), where also may be found the detailed
computational procedures; a brief outline of the methods of solution is given in the
Appendix.
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RESULTS AND COMPARISON WITH OTHER HYDRODYNAMIC
ROLLING MODELS

Pressure distributions, film thicknesses, rolling loads per unit width etc. were obtained
for many combinations of reductions, speeds and strip/roll geometries. Ranges for the
values of the non-dimensional parameters in the model were based upon typical rolling
conditions as follows:

lin.<D<21in., 0-0005 in. <f;<0-10 in.,

1 ft/min (laboratory) < U, < 6000 ft/min (factory),

5000 1bf/in? < 2k < 120,000 Ibf/in?, 7,23 x 10-° Ibf-s/in?,
ax10-4in?/lbf, B~0-028/°F, K,x0-082 BTU/hr—{t—°F.

It is realized that the lubricant data are more applicable to gear oils (although the
widely used cold-rolling lubricant palm oil does have comparable properties), but in the
absence of such data for emulsifiable oils these values must suffice. Thus,

10-8<¢ <10-2, B =15,

104 <% <102, E* = 2:86x 1074,
3x10-3<Q,, <30, W* = 4-14 x 1074,
0-5<a<15, Q, = 2 (steel); 3 (aluminium).

In a physical sense, E* and W* are ‘reduced’ moduli of the workrolls; @,, and @, relate
to the thermal conductivity of the lubricant and the heat capacity of the rolled
material respectively ; & and 8 are the non-dimensionsl pressure and temperature viscosity
exponents; ¢ is a modified Sommerfeld number and ¢ is a measure of roll gap geometry.
Thus solutions for reductions, speeds and strip/roll geometries involved varying T, ¢, ¢.

(a) Film thicknesses

These followed a sensible pattern, so that where roll flattening was allowed for, the
films were thicker than those where rigid rolls were considered, and where the viscosity
increased with pressure, thicker films were predicted over the corresponding isoviscous
cases. For example, the differences in the non-dimensional film thicknesses for the set of
plots in Fig. 2 are quite striking. They are (i) 5 x 10~® for rigid rolls and % constant,
(ii) 2x 10~2 for rigid rolls and 5 varying exponentially with pressure, (iii) 1 x 10— for
elastic rolls and % constant, (iv) 5x 10~ for elastic rolls and % varying with pressure.
As soon as the viscosity increases with increasing pressure the predicted films thicken up,
and with the augmentation of roll elasticity, the film thickness in case (iv) is one hundred
times bigger than case (i). This is well established in e.h.d. gear theory. Greater plastic
reductions in area generally had thinner films because of the geometry at entrance to the
roll gap. Similarly, film thicknesses were greater at small ¢ (i.e. large rolls and thin strip
promote hydrodynamic films), and the films increased in thickness with speed of rolling.
The curious efféct predicted by Bedi and Hillier in ref. (10), of film thicknesses decreasing
with speed and then increasing, did not emerge from the solution.

For the range of cases considered (with elastically flattened rolls and pressure- and
temperature-dependent viscosity), film thicknesses at entrance to the plastic zone were
found by curve fitting to follow the approximate relationship

H = 0-4%9$~2/3{]oad + %, reduction}1/19,

The ratio of {non-dimensional roll load/% reduction in area} remains essentially constant
for given ¢ because the “friction hills” are so small (cf. following section, and the slopes
of Figs. 5, 6 and 8). Strictly, of course, the expression is dependent on. £* and W*, & and B,
Q. and Q,, o, and o, and Ty. However, the above expression gives a good overall
indication of the order of magnitude of the film thicknesses.

The absolute values are little smaller than those in Bloor et al.1® for similar geometries
but all are of the same order of magnitude as e.h.d. theory.
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The analysis allows for variations in film thickness throughout the roll bite. It turns
out, as may be anticipated from the high pressures involved, that the film is nearly constant
in thickness over the plastically deforming zone; it does thin down towards the exit of the

mill, but by no more than about 20 per cent.
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Fi1e. 2. (a) Pressure distributions over plastic zone for approximately
30 per cent reductions with zero entry and exit tensions. ¢ = 103,
¥ = 10—%. (i) Rigid rolls, isoviscous lubricant; (ii) rigid rolls, pressure-
and temperature-dependent viscosity; (iii) flattened rolls, isoviscous
lubricant; (iv) flattened rolls, pressure- and temperature-dependent
viscosity. The friction hills are diminished to almost nothing when the
lubricant viscosity changes with pressure and temperature, and when
roll flattening is taken into account. The film thicknesses corres-
pondingly increase markedly over the values for isoviscous lubricants
and rigid rolls. (b) The distribution of the coefficient of friction through
the plastic zone for the same four cases as Fig. 2(a). The shear stresses
change direction on either side of the neutral point, which gives rise to
the apparently negative values for u.

(b) Pressure plots and shear tractions

The form of the computation (two-point boundary value problem) meant that the roll
pressure at one end of the plastically deforming zone was specified and that at the other
end came out as part of the solution. Values between 0 and 1 for the dimensionless
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pressures are acceptable, the quantity (1—P) indicating the appropriate entry or exit
tensions (o4 or ¢,) for the compatible pressure distribution.

Some typical pressure plots for the plastic zone which bring out the essential features
of the process are shown in Figs. 2 and 3. The ‘pairs’ of results for rigid rolls and
flattened rolls show that roll elasticity produces shallow ‘friction hills”’, and that

Non-dimensional pressure, P=p/2k

20 40 60 80 100 120 140

Exit . Entry
Contact length, X=x/4,

Fic. 3. The effect of the geometric factor ¢ (strip thickness/roll radius
ratio) on the pressure distribution over the plastic zone. The percentage
reduction in area is 33 per cent, ¥ = 10~%, and a 20 per cent exit
tension, zero entry tension condition is assumed. Rigid rolls bring out
the change in the friction hill more than flattened rolls. Small ¢ reduces
the friction hill, but the overall rolling load is greater with smaller ¢
because of the increased arc contact length. The range of values for

p also decreases with decreasing ¢.

the friction hills are always greater when viscosity varies with pressure, although only
marginally so in the roll flattened case. This suggests that roll geometry is more significant
than pressure viscosity effects in determining pressure profiles and shear tractions, yet the
film thicknesses seem more dependent on the viscosity than the geometry. Of the four
plots of shear traction, only case (ii) looks anything like a Coulomb slipping friction model
with equal values of u on either side of the neutral point. As predicted by equation (7)
the neutral plane is always closer to the exit of the mill than the pressure maximum; in
Coulomb models the pressure cusp and neutral point coincide. Fig. 3 shows that small ¢
reduces the magnitude of the friction hill, because of increased film thicknesses, but of
course the overall rolling load is greater because of the greater contact length., A typical
complete pressure sweep including inlet and outlet regions is shown in Fig. 4. The “tails™
to the curves, which are omitted in earlier figures, show characteristics similar to the
entry and exit regions in e.h.d. roller theory, i.e. a long inlet sweep, and a fairly rapid
fall-off at outlet.

To enable sensible overall comparisons to be made between various combinations of
reductions, roll geometry, mill speeds, etc., an arbitrary ‘‘standard” case of rolling with
zero entry tension and 20 per cent exit tension (Fy = 0-8) was chosen, and results are most
readily presented in the form of force/reduction curves (familiar in the metal-forming
literature) as functions of ¢ and ¢. The characteristic S shape is predicted quite well
(Figs. 5 and 6), and the influence of the strip/roll geometry on the rolling loads is brought
out. There is a gradual diminution in roll force as the speed is increased (i.e. as ¥ is
increased at constant ¢). For ¥ <104 (when¢ = 10-%) and for ¥ <10-% (when ¢ = 5 x 10-°)
the force-reduction curves are effectively identical and may be thought of as the “quasi-
static”’ curves;* it seems that only when film thicknesses increase rapidly with ¢ do the

* It has been shown that strain-rate effects in high-speed rolling can affect the position
of the foree-reduction curves?’. This is not considered here.
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Fic. 4. A complete pressure sweep for a rigid mill including the inlet
zone and outlet zone. The percentage reduction is 33 per cent, ¢ = 103,
¥ = 5x 1073, and a 20 per cent exit tension, zero entry tension condition
is assumed. The rigid rolls accentuate the friction hill so that the zero
slope pressure discontinuity at entry to and exit from the plastic zone
is shown up more than would be the case with the small friction hills

of flattened roll cases.

The conditions chosen for illustration also

show that the areas under the inlet and outlet pressure zones are not
always negligible compared with the areas in the plastic zone alone.

Z=15x102
22 ¢=IO'2 =103
z=5x10"%

|0':
8 g={ 10"
(O

20!'

Pdx

A
o

Non-dimensional rolling load /unit widfh'-"/'

F16. 5. Non-dimensional rolling load/reduction curves for ¢ = 10-2. At
modified Sommerfeld numbers ¥ < 10~* the curves coincide; at greater
# the rolling loads diminish for a given percentage reduction.
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curves separate. In the later Fig. 8, a trend of increasing loads at the highest speeds is
shown; this is commented upon later.

=5x10°°
200p $ox #=10-3
-5
i
lsoF 10

Non-dimensional rolling load /unit width={ Pdx

210",
loo|-
S50
o i L )

0% % 40 0
Reduction in area, %
Fre. 6. Non-dimensional rolling load/reduction curves for ¢ = 5x 10-3,
For ¥ <10-% the curves bunch together, rolling loads diminishing at
greater #. The increases in rolling loads compared with those in Fig. 5
for the same percentage reductions are due to the increased contact
lengths (augmented by roll flattening) at smaller ¢.

(¢) Comparison with other analyses

Cheng* showed that large increases in the pressure—viscosity exponent produced large
increases in rolling load, and the theory of Wilson and Walowit® predicts infinite pressures
in the work zone, especially at large reductions. This led them to suggest an upper limit
on & (together with a lower limit when the rolls spin without performing any reduction).
Excessively large pressures are not seen here for comparable non-dimensional conditions
because of the contribution of roll flattening in the present model (cf. Fig. 2). Further
proof that the large pressures are due principally to the omission of roll elasticity is given
in ref. 8. Furthermore, it seems significant that increases in rolling load at high speeds
(Figs. 8 and 9 later) take place when the film thicknesses have become greater than the
(reduced) elastic flattening. Clearly increasing a must generally increase rolling loads,
but at the same time the effects of temperature in reducing % must not be forgotten.
Consequently, the narrow ‘“band’ of acceptable values of & predicted by the isothermal,
rigid roll analysis® may not be quite so severe and restricting.

DISCUSSION

(a) Range of validity of solutions: thinnest and thickest films

A thickness of less than some 10-% in. is probably not admissible for complete separation
of surfaces by a hydrodynamic film; asperity contact takes place if thinner films are
predicted. Most practical roll bites are in the range 0-070-0-001 in., so that for
hom<€10-%in,, H4 3x 104~ 10-2, Perusal of the calculations indicates that for usual
values of ¢ and strip thickness, hydrodynamic lubrication is unlikely for ¥ <10-% with
thick stock and ¢ < 10-2 with thin stock. A rough rule might be that ¥ must be greater
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than 10-* when ¢ is in the range 102~ 10~2 for full film lubrication to take place (see
next section). It may be observed that hydrodynamic conditions exist at low speeds only
with thick strip, and that large roll radii promote full fluid films, so that, qualitatively,
frictional effects will decrease with increase of roll diameter as reported by Roberts.®

The film thicknesses agree quite well with the figures that can be derived® from
experimental determinations of “minimum oil-film weight’’ for rolling steel strip, given by
Bentz and Somers.?® This must be viewed with caution, since it is unlikely that full
fluid film lubrication was taking place in their experiments, as will be demonstrated in
the next section.

Turbulent flow could set a limit on the upper range of admissible film thicknesses for
the rolling problem. When Taylor’s instability criterion [e.g. ref. (27)] is applied to the
rolling problem it is found that either, for a given speed, the film thicknesses at which
turbulence would set in are much greater than the compatible hydrodynamic rolling film
thicknesses or, equally, that for a given film thickness the speeds at which turbulence
would be predicted are far in excess of the compatible hydrodynamic rolling model
speeds.® Thus, this limiting effect need not concern us.

(b) Comparison with experiment, rolling loads and friction

It is rarely possible to make direct quantitative comparisons with previous experimental
rolling data, since little information is usually given concerning the mechanical properties
of the rolling oils used, which causes difficulties in estimating parameters such as %.

22
, (Benzene
{1 lubricant)
Low speed |
exparimenfs\"' 4 High speed
i, experiments

Hydrodynamic
theory

Rolling load: tons

o] 20 40 60

Reduction in area, %
Fig. 7. Comparison with Thorp’s experiments, assuming linear inter-
polation between the theoretical curves for ¢ = 10-*and 10-3, Although
the agreement is fairly reasonable, given the uncertainty of the
viscosity—pressure~temperature relationships for the paraffin lubricants
and the values for the yield stresses, the thicknesses of the lubricant
films are probably too thin to allow complete separation of roll and
strip. Hence the inference of lubricant puddle entrapment.

Thorp’s study® of the mechanism of lubrication in cold rolling does, however, contain
some information on the various paraffin lubricants used. The conditions correspond
approximately with ¢ = 6 x 102 and & in the range 10~°~ 10~7. We may superimpose
on Thorp’s experimental curves plots derived from the theory, as in Fig. 7, interpolating
between the curves of ¢ = 10~2 and 10-3. The agreement seems fairly good, given the
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uncertainty of viscosity relationships and yield stresses. However, the curves are in the
“static” range of the analysis, and the theoretical hydrodynamic film thicknesses are
“too thin” at the rolling speeds used in the experiments. As suggested by Thorp, oil
entrapment in surface microcrevices is contributing to the apparent hydrodynamic
behaviour. The mathematical model used here does not take into account the possibility
of oil puddles.

In the absence of information on rolling oils we can take Bland and Ford’s theory for
cold rolling?® and put it in the same non-dimensional form as the force/reduction curves
given in this paper for various values of the coefficient of friction x. The rolling load/unit
width for rigid rolls may be written in the present nomenclature,

Jopax = JE@-m) (-5,

where f, is a complex function of the rolling variables.?® Some curves are shown in Fig. 8
for ¢ = 102 together with some corresponding curves from the present theory for various

60—

S50

Bland and Ford
theory

A
JPdx

/

40

20

Non-dimensional rolling load /unit width

! I ! J
o] 10 20 30 40 50 60 70

Reduction in ares, %
Fi. 8. Non-dimensional rolling load/reduction curves for ¢ = 10-3
from both the hydrodynamic theory and Bland and Ford’s theory.
The coefficient of friction would have to take values of about 0-02 to
make the Bland and Ford theory agree with the hydrodynamic analysis.
Since the lubricant film thicknesses are probably too thin to allow full
fluid film conditions, the greater friction of “mixed” lubrication will, in
practice, require the commonly used higher values of p = 0-08 or so to
make analysis and experiment agree. The theory indicates that the
rolling loads diminish with # beyond 5 x 10-%, but then rapidly increase
again for ¥>5x 1073,

%. The curves that bunch together for ¢ < 10~* appear to require a u of about 0-02. But,
because the film thicknesses that the hydrodynamic analysis predicts for ¥ <10-* are
again probably too thin to allow a full fluid film to exist, the higher friction of mixed
hydrodynamic/boundary lubrication increases the rolling loads, and the Bland and Ford
model with the usual u of about 0-08 lines up theory and experiment far better.
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(e) Speed effect

It is instructive to plot rolling load vs speed for various reductions in area, Fig. 9,
For ¢ = 10~® a marked minimum is seen in the curves of roll load against speed at
%~ 3x 1073, and then the rolling load increases with speed. For ¢ = 10-2, the curves are
still falling at ¥ = 102, though they are quite flat. The trend of results suggest a minimum
in rolling load for ¢ = 5x 10~® at # 2 10~* although the data for this ¢ are insufficient to
be precise. As remarked by Billigmann and Pomp,? we are reminded of the Sommerfeld
diagram for a journal bearing, where bearing friction is plotted against Sommerfeld
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F1a. 9. Non-dimensional rolling load vs. speed for various percentage
reductions and various ¢. A marked minimum in rolling load is seen
at 4 = 5x10-3 for ¢ = 10-%. The curves of ¢ = 10~2 may have a
minimum about ¥ = 10-%, and those for ¢ = 5 x 10~% (not plotted) may
have & minimum at about ¥ = 10-3. There is an analogy with the
Sommerfeld diagram for a journal bearing, where of course the minima
are more marked than hydrodynamic theory suggests, because of the
high loads of mixed lubrication at low speeds.

number (effectively speed and load-carrying capacity); ¢ is a modified Sommerfeld
number. A minimum is predicted in that curve as is well known, with an increase in
frictional drag subsequently as the speed increases. In practice the minimum is more
marked than the theory suggests, since mixed or boundary lubrication takes over at
speeds lower than the minimum. Compare, in subsection (a) earlier, the suggested values
for 4 at the threshold of full fluid film lubrication, based upon asperity heights.

Since rolling loads can increase at large ¥, we should expect to see & ‘‘reverse’ speed
effect which should be more noticeable at small ¢, where films are thickest. Bedi and
Hillier” noted this possibility with their rigid workroll solution. The rolling speeds at
which loads should start to increase (from % being about 10-4), say, are some 10,000 ft/min,
which are much greater than the fastest commercial speeds at present. The marked
minima in rolling loads for ¢ = 10-3 in Fig. 9, at about ¥~ 3 x 10-3, correspond to roll
speeds in excess of 100,000 ft/min!
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The film thicknesses predicted by the present model for the conditions obtained in
previous experimental studies of the speed effectl: % 20, 2t are extremely thin. Hence the
observations of earlier workers probably reflect the changeover with speed from boundary
lubrication into mixed lubrication, together with pseudo-hydrodynamic effects caused by
puddle entrapment. All workers agree that the speed effect should be more noticeable at
small ¢; this is in accord with e.h.d. theory since small ¢ encourage thick films, and
qualitatively the strip exit thicknesses must diminish when film thicknesses increase with
speed and when the roll flattening and mill spring decrease with the lower loads. Billigmsn
and Pomp’s factor (1/¢)[r/(1—7)] suggests in addition that the speed effect is more
noticeable the greater the percentage reduction in the pass.?’ This is contrary to Ford?!
and the present theory (Fig. 9), but presumably is dependent on lubricant entrapment
over long contact lengths. For reasons explained in the previous section, the experimental
range of values for p associated with the speed effect [derived from Bland and Ford’s
theory in ref. (20) or Ekelund’s theory in ref. (21)] will be greater than the values from
the present analysis. The suggestion® ® that u o %* does not seem to be borne out.

(d) Roll flattening

The effect is most pronounced at small ¢ and small . Some sample calculations for
¢ = 10~3 and ¢ = 10-2 show something like a 10 per cent increase in contact length over
the equivalent rigid roll, isoviscous cases. Hitchcock?®' would predict a 30 per cent increase
in roll radius and hence ,/(1:3) — 1~ 14 per cent increase in arc length. Even though the
arc length calculations of Hitchcock seem similar, the lubricant thicknesses that are
obtained by inserting a ‘‘flattened ¢’ in the equation for film thickness markedly under-
estvmate the actual thickness. Thus the overall rolling response, depending so much as it
does on film thickness, would not be correct using Hitchcock’s expression. It can be argued
that, despite Bland’s thorough analysis,? the validity of using Hitchcock’s flattened roll
radius in rolling theories has never really been tested, since the elusive coefficient of
friction in force—balance analyses is adjusted to make theory and experiment agree (cf.
Jortner et al.?). It can be pointed out again that the incorporation of roll flattening in
the present analysis eliminates the difficulties encountered in ref. (9).

(e) “Modelling” rolling tests

It is notoriously difficult to evaluate and characterize lubricating oils for metal-forming
applications. Laboratory experiments performed on disc and ball machines do not always
predict the performance of the same lubricants in metal-working plant and, in particular,
slow-speed laboratory rolling mill tests do not always coincide with experience on
commercial mills. Measurements of u, either ““directly” or via a rolling theory, often do
not have the same absolute values and also differ in ranking of performance.

Ford®? discussed geometric similarity between rolling tests, and the reproduction of
commercial conditions in the laboratory implies equivalent nondimensional groups.
For example, consider a laboratory mill with 3 in. dia. rolls, rolling mild steel strip of
thickness 0-010 in. at 50 ft/min, ¥ x5 x 10-25, and ¢ 102, A commerecial tinplate mill
with 21 in. dia. workrolls, rolling identical strip at 3000 ft/min has ¢ x4 x 10~*y, and
¢ = 10~4. Even if the same rolling oilis being used in both cases, and that E* and W* are the
same, the rolling performance of the oil in the two cases would not be identical. Generally ¥
will be smaller in the laboratory (there is a limit to steel thickness and mill speed) and ¢
bigger. It is unlikely that hydrodynamie lubrication could be occurring on the laboratory
mill, and if “mixed’’ lubrication is taking place (when the boundary properties of the oil
become of more importance than the bulk properties), this could explain changes in
ranking between the laboratory and the factory. (The parameter ¢ on a laboratory mill
could be kept the same as for a high-speed mill by juggling with 2k. The danger of using &
gofter material to reproduce the behaviour of a harder material concerns surface finish.)
If lubricant entrapment can produce hydrodynamic effects at low speeds where film
thicknesses would be too thin for normal hydrodynamic lubrication, it seems important
to make sure that strip surface finishes are comparable at the start of a test, although
clearly no control could be kept over the individual surface grain deformations during
rolling. Again, E* and W* would be affected by a reduction in 2k which would diminish



Hydrodynamic lubrication in cold rolling 15

the roll flattening and alter the problem somewhat. Other things being equal however, it
does seem from the parameter # that the hydrodynamic characteristics of an oil would
be shown at low speeds with softer materials. These arguments apply equally whether
the fluid is considered to be Newtonian in behaviour or viscoelastic in behaviour.

(f) Non-Newtonian behaviour in the lubricant

Nadai in his 1939 paper® recognized that Newtonian behaviour may not apply in
rolling. The lubricant transit time is about 10— sec in typical commercial cold-rolling
mills operating at speeds of 3000 ft/min. Such times are comparable with the ‘“‘relaxation
times” of lubricants. At present, little information is available about fluid properties
under such high shear rate conditions3% 3 and mathematical models must assume
Newtonian behaviour. Nevertheless, the general implications of viscoelastic effects in
cold rolling have been discussed by Pawelski,?® and he suggests that non-Newtonian
behaviour augments hydrodynamic causes of the “‘speed effect’’.

CONCLUSIONS

Even under the most favourable present-day combinations of strip/roll
geometry and roll speed, lubricant film thicknesses are usually too thin to
prevent asperity contact between roll and strip, if typical surface roughnesses
are taken to be 10-5in. high. Thus cold rolling with full fluid film lubrication
rarely occurs in practice. The pseudo-hydrodynamic effects reported in the
literature must reflect both lubricant puddle entrapment in surface crevices and
the changeover from boundary to mixed lubrication with increase of speed.
It is not surprising therefore that laboratory tests and factory experience with
metal-forming lubricants often do not correspond, even if the oil evaluation
experiments are being “modelled”’ properly, which rarely occurs in practice.
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Hydrodynamie lubrication in cold rolling
TYPICAL PROGRAM SEQUENCE
Using Equations (1) to (8) for Solution
Start
Read ond
print- data
i
Lnitiot values
for V, dv,8
1
Calculate
""“ A, X F
]
. Calculate Other than Calculate
Tand d77 first time P and dP
except at
end points
First|time
1
Calculate Extrapolate
Pand dP for P and dP
at end points
f 3
Print Print
X, F,v, dv; XFV.V,
6.7.47,PdP 6,7.d7,PdP
i I -
Set Is this tenth Calculate and print
= Yes
ol £=p time round or out req d
Oida=4 have Pand 4 quantities
converged ?
No {
Calcuiate Set
et
V,av, 8 oldP=P Finish
OldA=4 :
APPENDIX
Region 1
The elastic displacement of the rolls in non-dimensional terms is
Z=A Z=A
V = ~2E* P(Z)In|$(X—Z)|dZ—W* P(Z)dZ, (1)
Z=0 Z=0

where the flattening is taken to be zero at the roll centres. This may be solved for V(X)
in terms of a given P(X). E* and W* are reduced moduli, involving the ratio of the
rolled material yield stress to the Young’s modulus of the rolls.

Region 2

(a) Inlet and outlet regions. Reynolds equation for these zones (X>d4,X <0),

respectively are

ax
and
ap
dXxX

— 8¢ exp (&P —f6,,) (l +

= — 64 exp (&P — f6,,) (1+

=) Ez (20
=) (2b)
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In these regions the viscosity varies with pressure but no thermal analysis is performed.
The boundary conditions for the pressure are: at X = A, the inlet P matches the plastic
zone P, and P = 0 at a large distance from the thin film zone; at X = 0 the outlet P is
given by the plastic P. It is necessary to establish where “infinity”’ is for the inlet region,
such that the starting point does not materially affect the shape taken by the pressure
build-up. This can be done by trial and error; it was found that a starting position three
or four times further out than the length of the plastic zone was sufficient.

(b) Zone of plastic deformation in the strip. The fluid flow rate in absolute terms for
Couette flow is

Q =

(ﬂ;—%) h. (3)

The dimensionless shear stress on the surface of the strip for Couette flow is

_ Yexp(aP —Bﬂm) Ty
7=- H (1-7)-
The mean film temperature across the film at any X is

2
= 4(1+Q, 0 ) + 32 exp @P B0, (1- 7). (5)
1

Q,, and @, relate, respectively, to the thermal conductivity of the lubricant and the

specific heat of the rolled material. Convection and conduction along the film are neglected

in comparison with the rate of heat transfer across the film from the ‘“hot” plastically

deforming strip to the rolls.* The viscosity is considered to depend only on 8, so that
7 varies merely with X.

Region 3
A simple Sachs-von Karman force balance analysis on an elemental slice is used for
the plastic deformation. We have (e.g. Hill®*)

a7 dP
x-Tx*”
80
gz_TdP % exp (4P — Bom)(1—<TN/T>= 6
ax = H, T TTy) ®

and the change of sign at the neutral point is taken care of in the viscous expression for
J . The boundary conditions are F, 4 = {2k, 4—0,,4} Where o, , are, respectively, the
exit and entry tensions in the strip.

Overall compatibility. The flattened roll position may be thought of as (strip + film) or
(undeformed roll + flattening). Thus in Fig. 1,

V+F =T+H,
where F = 1+ 3¢X? (cf. these are half-thicknesses). Additionally from conservation of
mass flow rate

U, Ty =UgT (strip) and U, Hy = (E]%_U_a) H (Couette lubricant)

Combination of the strip and fluid mass flow equations yields an equation for 7', which is
1+(Ty/T) _ H _F+V-T
1+ (Tw/T) ~ H, ™~ H,

The first consideration in obtaining & solution involves the film thickness. Reymnolds
equation for the inlet zone is used to establish & first guess for the film thickness in the

in the plastic zone. (8)

* Cheng? assumed that the roll surface was isothermal and at ambient temperature.
The experimental and theoretical study of roll cooling by Hogshead?® casts doubt on this.
It was shown that workroll temperatures could be greater than the strip at the end of a
series of cold-rolling stands. Bloor et al.l® agree with Hogshead.
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plastic zone assuming initially that the workrolls are rigid. For various values of 4, the
magnitude of T, could be arranged so that the geometry of the rigid strip/rigid roll entry
bite satisfied equation (2a) for the inlet. P, was chosen at some value appropriate for
the entry tension, and the solution gave the pressure build-up profile for rigid rolls. The
film thickness H, (= F,— T),) is then used in the equations governing the plastic zone to
give a pressure curve for that region, matching the boundary conditions at the change-over
from inlet to plastic zone. The outlet pressure profile may be produced by picking up the
film thickness and pressure at the end of the plastic zone and using the Reynolds equation
for the tail. If merely solutions for rigid rolls are required, this completes the procedure,
allowing of course for some iteration within the plastic region to obtain compatible
temperature profiles.

If elastic flattening of the workrolls is allowed for, the procedure is somewhat longer.
The amount of roll flattening that is caused by the pressure distribution for rigid rolls
(above) is calculated at first; as remarked before the contribution of the pressure tails is
neglected for simplicity. The geometry of the entrance zone (X > 4) has now been altered
by the flattening; so a new film thickness can be calculated from the inlet Reynolds
equation, taking “a new strip height+flattened roll” as rigid profiles. The new
H,(=F,+V,—1T,) is fed into the plastic zone equations again, and so on, until a fully
compatible solution for pressure and film thickness is obtained for entrance and plastic
zone. The outlet pressure profile can then be tacked on at the end, by picking up F,
and H, in equation (2b).

Convergence was oft-times exceedingly slow, especially for the cases with smallest
values of ¢. After gsome experience at running the programs, intelligent first guesses for
film thicknesses could be made with some degree of confidence, and this cut down
computing time considerably.



