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With all operating parameters fixed, the mean coated thickness in gravure coating
should ideally be a constant fraction of the volume factor of the engraving, and, hence,
invariant over coated distance. Experimental data presented, however, reveal an unex-
pected variation of gravure coating thickness over the first few thousand meters of coated
web. The observed variation is attributed to wear of the blade tip. The lubrication ap-
proximation is invoked to model a series of steady-state flows between blade tips of
various profiles and a smooth surface at a fixed gap away from them. The blade tip
profiles are chosen to simulate those of a continously wearing blade tip. The resulting
four-parameter model is used to *fit” experimental data of gravure coating thickness
variation. Then, the model is used to predict the effects of various operating parameters,
including coating liquid properties, blade thickness, blade setup, and web speed, on this

phenomenon.

Introduction

In the gravure coating/printing process (see Figure 1),
coating liquid is first applied to the surface of an engraved
cylinder, most commonly by rotating the latter through a pool
of liquid, but other feed methods have also been reported
(Coyle and Fitzgerald, 1996; Lobo et al., 1997). The engrav-
ing, usually an array of grooves or ‘“cells,” may be continuous
over the surface of the cylinder or in the form of discrete
patches or other patterns. Subsequent to the feed step, a
doctor blade removes liquid in excess of that needed to fill
the cells. The liquid retained by the cells is then applied to
the surface of a moving web by impressing the latter between
the engraved cylinder and a rubber-covered backing roll.

The mean thickness of the coating thus transferred is usu-
ally a known fraction of the volume of engraved cells per unit
surface area of the gravure cylinder, that is, the volume factor
of the engraving. This “fraction transferred” depends on en-
graving design (cell dimensions, number of cells per unit sur-
face area of the cylinder, and so on), pressure on the backing
roll and softness of its rubber cover, liquid properties includ-
ing rheology and surface tension, and gravure cylinder/back-
ing roll speeds and directions of rotation (Hanumanthu, 1996).

In addition to the parameters listed above, gravure coating
thickness depends critically on the doctoring process, or, more
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specifically, on the volume of liquid in the cells, downstream
of the doctor blade. This volume may be equal to, greater
than, or less than that needed to exactly fill the cells; and it is
determined by the complex elastohydrodynamic interactions
between cylinder engraving, liquid flow, blade flexibility, and
blade load (Kistler 1988). However, at fixed doctoring condi-
tions, the metered volume is again chiefly a function of the
volume factor (Kistler, 1988).

Therefore, the key to successful gravure coating is the con-
trol of mean coating thickness via the volume factor alone-and
the invariability of the relationship between the two-once all
other parameters are fixed.

However, recent experiments conducted on a pilot gravure
coating machine at Eastman Kodak Company revealed a
variation in coating thickness, even when all operating pa-
rameters were fixed (see Figure 2). In Figure 2, the abscissa
has been reported as a coated distance, namely, the product
of coating speed and time. The ordinate has been repre-
sented as a ratio of mean coated thickness to volume factor
of the engraving. Thus, the coating thickness was initially
about 58% of the volume factor and it asymptotically re-
duced to 50% of the volume factor over the first few thou-
sand meters of coated web. The thickness then stayed steady
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Figure 1. Gravure coating process.

Coating liquid is applied to the surface of an engraved cylin-
der; a doctor blade removes excess liquid; a fraction of the
liquid remaining in the cells is transferred to the moving web.

at the 50% value for the next several thousand meters of
coated web (data not shown in Figure 2). The Reynolds’ num-
ber of the flow (product of volume factor, liquid density,
coating speed, and inverse of liquid viscosity) was 0.31, and
the capillary number (product of liquid viscosity, coating
speed, and inverse of liquid surface tension) was 1.2. The
gravure cylinder and backing roll were rotated at equal sur-
face speeds in angular directions opposing each other, that is,
in the “forward” roll coating mode. The engraved cells were
“pyramidal,” with a triangular cross-section in the axial direc-
tion of the cylinder, and a sinusoidal cross-section in the az-
imuthal direction (Walters and Lobo, 1995). Further, the cells
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Figure 2. Experimental measurements of mean coating
thickness in gravure coating.

Thickness was initially about 58% of the volume factor of
the engraving. As coating proceeded, thickness reduced to
an asymptotic value of 50%.
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Figure 3. Magnified, cross-sectional images of the tips
of doctor blades taken off a gravure coating
machine at various points of time after the
start of coating.

Profiles clearly show the wear of the blade tip from either
“heel” or ““toe” configurations down to a ‘““parallel” configu-
ration.

were connected in the azimuthal direction by channels. These
channels promote leveling of the transferred coating, yield-
ing, ultimately, a smooth and uniform coated layer.

In the work presented herein, the variation of mean coat-
ing thickness observed in the experimental measurements is
attributed to wear of the blade tip. That the tip of the blade
does indeed wear during gravure coating operation is evi-
denced by the micrographs in Figure 3. In fact, materials of
construction of doctor blades are chosen to be softer than
those of the cylinder, so that the blade wears in preference to
the cylinder surface (Rutherford, 1991). Figure 3 presents
magnified, cross-sectional images of the tips of doctor blades
taken off a gravure coating machine at various points of time
after the start of coating. The two initial configurations
shown-"‘toe” and “heel”-depend on blade setup conditions.

Effects of Blade Setup and Blade Tip Wear

Doctor blades are typically purchased with a prescribed
“bevel angle, 6, (Max Daetwyler Corp., 1994). They are then
mounted at a specified “tangent” angle 6,° relative to the
cylinder surface. When a load is applied on the blade during
coating operation, the blade flexes, and the operating tangent
angle 6, is less than the setup tangent angle 6,° (see Figure
4),

Then, depending on the relation between 6, and 6,, that
is, whether 6, is equal to, greater than, or less than 6,, the
tip of the blade is initially either “parallel” to the cylinder
surface, or the blade is riding on its “toe,” or on its “heel”
(Figure 5). Subsequently, as the tip of the blade wears, both
toe- and heel-gap configurations wear down to the parallel-
gap configuration (see Figure 6, and micrographs in Figure
3.

The mean thickness of liquid on the gravure cylinder
downstream of the blade depends on the rate of flow of lig-
uid between the tip of the blade and the moving cylinder
surface (Figure 7). The nominal blade tip thickness t, is usu-
ally 3—-4 orders of magnitude less than the radius of the
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DOCTOR BLADE

Figure 4. (a) Doctor blades set up to make the blade a
prescribed “tangent” angle, 6,°, with the tan-
gent to the roll surface at the point of contact
between the two.

When the blade is loaded, it flexes, and the operating tan-
gent angle 6, is less than 6,°. (b) magnified view of the tip of
the blade with the pre-sharpened “‘bevel angle” of the blade
Oy

gravure cylinder. Hence, in Figure 7, and for the remainder
of this report, the effects of cylinder radius are neglected and
cylinder surface is treated as essentially flat relative to the tip
of the blade.

When the maximum height H of the gap between the tip
of the blade and the moving cylinder is much smaller than
the length of the flow channel L, the lubrication approxima-
tion (Cameron, 1976) of nearly-rectilinear flow applies. Then,
the total flow rate per unit width between the blade and the
cylinder can be expressed as the sum of a pressure-driven
(that is, Poiseuille) contribution and a drag (or Couette) con-

) ’\- (2) 0, = Oy, : “PARALLEL GAP”

() 8, > 6 : BLADE ON “TOE”

(6, < 8y, BLADE ON “HEEL”

Figure 5. Depending on the relationship between the
operating tangent angle 6, and the blade bevel
angle 6, the blade is riding on its “toe” (6, >
0,), or “heel” (6, < 0,), or the gap between the
tip of the blade and the moving cylinder is
parallel (6, = 6,).
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Figure 6. As the tip of the blade wears, both “toe” and
“heel” configurations of Figures 5b and 5c ap-
proach the parallel-gap configuration of Fig-
ure 5a.

tribution
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where L is the length of the flow channel measured in the
x-direction, AP is the pressure drop across the channel, u is
the viscosity of liquid, and U is surface speed of the gravure
cylinder. h, and hy are, respectively, the effective average
heights of the gap for pressure-driven and drag flows. From
Eqg. 1, the mean thickness h, on the cylinder surface down-
stream of the blade is simply

dy —h‘; AP hy
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The lubrication approximation becomes less accurate as the
gap length L shortens until it is comparable to either height
h, or hy.

The effective average gaps h, and hy for pressure-driven
and drag flows, respectively, are defined for a nonuniform
gap distribution h(x) as (Higgins and Scriven 1980)

e ®)
i fL[h(x)]fsdx
0

Figure 7. If H << L, the flow between the tip of the blade
and the moving roll surface is nearly rectilin-
ear, and lubrication theory applies to this flow.
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It is evident from Eq. 2 that, all else remaining the same,
the mean doctored thickness h, depends critically on the ef-
fective pressure-driven and drag heights h, and hy. And,
clearly, in both the “toe” and ““heel” cases of Figures 5b and
5c¢, the effective height of the gap between the blade tip and
the gravure cylinder surface is larger than that in the “paral-
lel gap” case (Figure 5a).

Further, as the tip of the blade wears, both toe- and heel-
gap configurations wear down to the parallel-gap configura-
tion (Figure 6). Consequently, the effective Couette and
Poiseuille heights of the gap between blade tip and cylinder
decrease with coated distance, until the parallel-gap configu-
ration is attained. Correspondingly, coating thickness, as seen
in Figure 2, reduces asymptotically until it attains the value
for the parallel-gap case.

Model of Flow Coupled with Wear

The flow between the engraved cylinder and blade is not
only three-dimensional, but also time-dependent. In addition,
since the blade wears, the flow between the blade and at least
the unengraved areas of the cylinder is in the regime of
boundary lubrication. All these factors render modeling of
the flow an intimidating task. However, the primary goal of
this work is not to model the flow between the engraved
cylinder and the tip of the blade. Rather, it is to determine if
the excess flow under a blade that is riding on its toe or
heel-compared to when its tip is parallel to the substrate-and
the rate of change of that flow rate as the profile of the blade
tip changes, (for example, due to wear), are sufficient to ex-
plain the variation of thickness observed in the data of Figure
2.

To that end, the model focuses on the steady-state flow
between a blade and a moving, smooth surface at a fixed gap
from it. The calculation is repeated for several such flows,
each with a different profile of the blade tip. The changing
blade tip profile is modeled after a continuously wearing
blade.

Additionally, it is assumed that the change in length of the
blade as its tip wears from a toe- or heel-gap configuration to
a parallel-gap configuration is so small that the operating
tangent angle 6, stays constant during the process-and so does
the applied load on the blade.

Figure 8 then represents various blade tip profiles, and a
moving, smooth substrate at a fixed gap h,, away from them.
In Figure 8, y represents the vertical distance worn, perpen-
dicular to the direction of movement of the substrate. There-
fore, when y = 0, the blade tip is new (unworn), and the length
of the flow channel is L,. When y =y, the tip of the blade
attains the parallel-gap configuration, and the length of the
flow channel is L;. When 0 <y <y, the tip of the blade is
partially worn. Then, L is the length of the flow channel.
Further, L=L,+ L,, where L, is the length of the flow
channel corresponding to the unworn portion of the blade,
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and L, is the worn length of the blade tip (see Figure 8).
The following relationships are evident

tcos|6, — 6,

= : 5

0 sin 6, ®)

L, = ; and 6

f sing, ®)
tsin|6, — 6,

= 7

Y sin 6, ™

where t is the thickness of the blade tip, 6, is the operating
tangent angle, and 6, is the bevel angle of the blade.

The lubrication equation of flow, applied to any of the con-
figurations in Figure 8, is

—hd AP hy
h.= — . (8)
12uU0 L 2

The effective average gaps h, and hy for pressure-driven
and drag flows, respectively, have been defined for a nonuni-
form gap distribution h(x) in Egs. 3 and 4. As shown in Fig-
ure 8, for a partially worn blade, h(x) is linear between x =0
and x=L,, and is uniformly equal to h, between x= L,
and x=L;+L,=L.

The various lengths are expressed in units of the minimum
gap h,, that is H,=hh; H,= hp/hm; Hy=hy/h, Y=
Y/hn and L* = L/h,. Pressure is expressed in units of
pU/h, that is, = = PAuU/hp).

Then, in terms of dimensionless quantities, Eq. 8 is rewrit-
ten as

— A7 s
AT

Hd
- 9

The details of the evaluation of the integrals in Eqgs. 3 and
4 for the partially-worn blade tip profile are omitted here,
but the result, after substitution back into Eq. 9, is

— A7 L3 .
et

He= s TEar c? ' (10
[T ¥ L’E}
Here
LT =(1=Y/Yn) LG (11)
L3 =(Y/Yn) LE (12)
and
C=Y, (1= Y/Y,)+1. (13)

In the equations above, Y,,, L%, and L% are now in units of
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Y=Y, (fully worn blade)

y=0 (new blade on heel)

y=ym (fully worn blade)

Figure 8. Steady-state-flow between a moving, smooth surface and blade tips whose profiles are changing.
Dotted-line triangles represent portions of the blade tip that might be removed by wear.

h,,, that is
T cos|0, — 6]
L= (14)
sin 6,
L T 15
" sing, (1%)
and
Tsinle, — 6,
- (16)
sin 0,

where T is the thickness of the tip of the blade in units of the
minimum gap h,,.

Finally, because the ultimate goal of the model is to pre-
dict mean coating thickness variation as the blade wears, rela-
tive to the thickness when it is fully worn, the calculated mean
thickness H.( Eqg. 10) is further scaled by the coating thick-
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ness when the blade tip is fully worn, that is, when Y/Y, = 1.
This scaled thickness is

-Am L% L5(1+C)
6 "¢ b|/| T Tl

—Am 1
+
6L%

Hy = - an

Wear equation

To relate the vertical distance worn y to the coated dis-
tance represented by the abscissa of Figure 2, the law of ad-
hesive wear (Rabinowicz, 1995) is invoked. This law states
that

Volume worn o (Loading force X Sliding distance)

+ (Hardness of surface being worn).

(18)
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The proportionality constant in the above equation includes
the coefficient of wear. In this work, the proportionality con-
stant, the loading force per unit width of the blade, and blade
hardness are combined into a single, phenomenological con-
stant . This constant has units of length, but here it is ex-
pressed in units of h,,. Then, on a per-unit-width basis, Eq.
18 becomes

Areaworn=0.5 L5Y =¥X,, (19)

where X, is the dimensionless sliding distance, and it is
equivalent to the *“coated distance” referred to in Figure 2.

Now, when Y =Y,,, L = L¥ (from Eq. 12); therefore, from
Eqg. 19

0.5 LY = WX, . (20)

Xsm now represents the coated distance (in units of h,)
when the tip of the blade wears down to the parallel-gap con-
figuration. Per assumptions made earlier on, the constant ¥,
does not change as the tip of the blade wears. Combining
Egs. 19, 20, and 12, we have

Y X,
BHE @

s,m

Thus, for a given blade tip thickness T and setup condi-
tions 6, and 6,, mean coating thickness is estimated from
Egs. 11—17, and Eq. 21, with 0 < X/X; , <1.

Results and Discussion

Equations 11 through 17 represent a four-parameter model,
with the parameters being Aw, T, 6, and 6. In the experi-
ments of Figure 2, 6, and 6, were determined by measure-
ments off micrographs of the blade tips, similar to those
shown in Figure 3. The bevel angle 6, measured off a new
blade was 55°c, and the tangent angle 6, measured off a worn
blade was 60°. Unfortunately, the pressure drop across the
flow channel A7 is unknown for the experiments. Moreover,
the blade tip thickness t was measured, but since the mini-
mum gap h,, (Figure 8) in the lubrication model is arbitrary,
the experimental equivalent of the dimensionless thickness T
could not be estimated. Therefore, in the attempt to fit the
experimental data of Figure 2 to predictions from the model,
arbitrary choices of A7 and T were made.

To simplify the analysis that follows, the pressure drop
across the channel was initially neglected, that is, A7w =0.
This approximation is accurate as long as upstream and
downstream pressures in the liquid are close to ambient, and
inertial and surface tension forces are small. The value of T
was “‘dialed-in” until the best fit was obtained.

The data of Figure 2 was further manipulated to make the
axes of experimental and theoretical plots compatible: first,
the ordinate of the plot in Figure 2 was scaled by 50%-the
asymptotic value of the measured mean thickness as a frac-
tion of volume factor of engraving. Secondly, the abscissa of
Figure 2 was scaled by 2,280 m, which is the length of coated
web (= x,,) when the measured thickness has attained its
asymptotic value.
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Figure 9. Predictions of the lubrication model (—) are
superimposed over the experimental data of
Figure 2 ().

Agreement between the two is within 3%, when Az = 0, and
T = 6. In both theory and experiment, 6, = 60°, 6, = 55°.

Thus, Figure 9 superimposes the theoretical predictions of
the lubrication model and the experimental data of Figure 2.
With A7 =0 and T = 6, the theoretical curve fits experimen-
tal data well-the agreement between the two is within 3%
except at very short coating distances. The discrepancy there
can be attributed to error in the experimental measurements,
as coating does not begin the instant the blade starts wearing.
Typically, the blade is first lowered against the gravure cylin-
der, while the cylinder is rotating at a slow, “idle” speed.
Then, the cylinder is sped up. Once the cylinder has reached
the desired operating speed, the web and backing roll are
lowered. During this time, the blade has been wearing, and
as the slope of the predicted curve in Figure 9 suggests, the
very initial period of wear is accompanied by a rapid drop in
the mean coating thickness. As wear proceeds, the fit be-
tween predictions of the lubrication model and experimental
data of gravure coating thickness further improves.

The model is hence used as a predictive tool to study the
effects of operating parameters on the phenomenon of
gravure coating variation during early stages of coating, or,
per the hypothesis presented here, the early stages of doctor
blade wear.

Figures 10 and 11 show the effects of bevel angle and tan-
gent angle at A7w =0 and T = 6. Clearly, the greater the dif-
ference between tangent and bevel angles, that is, the higher
the blade rides on its toe or heel, the larger is the departure
of the mean coating thickness from its asymptotic value.
Moreover, both Figures 10 and 11 suggest that a blade riding
on its heel shows a faster reduction in thickness with wear
than a blade on its toe. This is explained as follows: when
A =0, Eq. 17 reduces to

L
C
* = =
HZ(Am = 0) Ga+0) (22)
ozt
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/66,/=15°

Figure 10. Effect of bevel angle 6, at a fixed tangent
angle 6, = 60°.
Solid lines represent the toe-configuration (6; > 6y),

whereas dashed lines are for the heel-configuration (6, <
6y,). Blade tip thickness, T =6, A7 = 0.

Both numerator and denominator of the ratio on the right-
hand side of the above equation grow as Y/Y,, rises from 0 to
1. However, since the ratio itself decreases (see Figure 9), the
denominator must grow faster than the numerator. Figure 12a
shows the rise in the denominator when 6, is constant, and
Figure 12b is the same at constant 6,. In both cases, the
denominator of the righthand side of Eq. 22 grows faster when
the blade is on its heel than when it is on its toe. Conse-
quently, a blade riding on its heel shows a faster decay in
mean thickness to the asymptotic value.

Finally, the theoretical model is used to predict the effects
of blade tip thickness T and pressure drop A7 by varying
them one at a time.

Thus, Figure 13 shows the effect of blade tip thickness at
A7 = 0. The thicker the blade tip, the larger the excess flow.

1.5

1.4 |

[0-6,/=15°

11

] 0.2 0.4 0.6 0.8 1

XX m

Figure 11. Effect of tangent angle 6, at a fixed bevel an-
gle 6, =55
Solid lines represent the toe-configuration (6, > 6y),

whereas dashed lines are for the heel-configuration (6, <
6,). Blade tip thickness T =6, A7 = 0.
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Figure 12. Depictions of the growth of the denominator
on the righthand side of Eq. 22.

The effect of pressure drop is the most interesting. As Eq.
10 suggests, the sign of A7 can play a key role in the magni-
tude of thickness variation. Physically, the mean coated thick-
ness (see Eg. 10) cannot be negative. This sets an upper, pos-
itive bound on the pressure

Ly
Am < ) + L%. (23)
1.5
14
13
*
Hc 1.2 |
1.1 4
1 ; ;
0 0.2 04 06 0.8 1
XS/XS, m
Figure 13. Effect of blade tip thickness T.
0, = 60°, 6, =55° Am =0.
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Figure 14. Effect of pressure drop Asr.
6,=60°, 6, =55° T =6.

However, there is no lower bound. In high-speed blade coat-
ing, the flow on the upstream side of the blade is dominated
by inertial effects, and pressure there is usually superambi-
ent. The pressure in the liquid on the downstream side of the
blade is dominated by capillary effects, and it is usually sub-
ambient. Then, the pressure drop, defined as the difference
between downstream and upstream pressures, is almost al-
ways negative. However, if those pressures could be influ-
enced such that their difference became positive, then Figure
14 suggests that the deviation of mean coating thickness from
the asymptotic value would be minimized. However, this hy-
pothesis hasn’t been verified experimentally.

A second prediction of the proposed model is that as the
flow becomes completely dominated by inertia, that is, Aw —
o, the mean thickness becomes independent of the pressure
drop

[L7]

LE(1+C)
2¢C?

HE(Am — o) =

: (24)
+ L’;}

This effect is seen in Figure 15. Of course, the model as-
sumes that the blade doesn’t lift under the influence of these
high inertial forces.

In summary, a lubrication model was used to model the
steady, nearly rectilinear flow between a blade tip and a
smooth surface moving at a fixed gap away from it. The cal-
culation was repeated with varying blade tip profiles. These
profiles were chosen to simulate the continuously changing
profile of a blade tip as it wears. The four-parameter model
thus developed was used to “fit” experimental data of gravure
coating thickness during early stages of doctor blade wear.
From that time, the model was used to predict the effects of

xs"l}:s. m

Figure 15. Effect of large, negative pressure drops.
6,=60° 6, =55° T =6.

blade setup and other operating parameters on this phe-
nomenon.

To incorporate the effects of wear, the simple law of adhe-
sive wear was invoked. The consequences of using other wear
laws was not investigated.
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