
The effect of shear-thickening on the stability of slot-die coating

Sunilkumar Khandavallia, Jonathan P. Rothstein∗,a

aMechanical and Industrial Engineering, University of Massachusetts Amherst, MA 01003 USA

Abstract

Slot die coating is an economical roll-to-roll processing technique with potential to revolutionize the fabri-

cation of nano-patterned thin films at high throughput. In the present study, we have investigated the impact

of shear-thickening of the coating fluid on the stability of slot die coating. For the coating fluid, we chose

as a model system fumed silica nanoparticles dispersed in polypropylene glycol. These dispersions exhibit

shear and extensional thickening characterized through steady shear and capillary break-up measurements.

The critical web velocity for the onset of coating defect for different flow-rates was measured, while the

type of coating defect was visualized using a high speed camera. For the shear thickening particle disper-

sions, the coating failed through the onset of a ribbing instability. The critical web velocity for the onset of

coating defect was found to decrease with increasing particle concentration and increasing fluid viscosity.

The minimum wet thickness was studied as a function of capillary number for the particle dispersions and

compared with a series of Newtonian fluids with similar viscosities. In all cases, shear-thickening behavior

was found to stabilize coating by reducing the minimum wet coating thickness when compared against a

Newtonian fluid with similar viscosity at the same capillary number. Conversely, the shear-thinning fluids

tested destabilized the coating by increasing the minimum wet thickness when compared against a Newto-

nian at the same capillary number. The impact of shear-thickening on slot-die coating was further studied

by quantifying the evolution of the ribbing instability with increasing web speed and by conducting tests

over a wide range of coating gaps.
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Introduction

Roll to roll printing is a continuous high-throughput, low-cost and large area technology which is utilized

in a number of industrial and commercial processes for fabricating flexible films. Compared to conventional

fabricating methods, roll to roll technology has the potential to significantly lower the cost of manufacturing

of flexible devices. Slot-die coating is a roll-to-roll processing technology used to efficiently obtain coating

with excellent uniformity1. It is commonly used in many applications such as adhesive and magnetic tapes,

imaging films2, solar cells3, OLEDs4, and lithium-ion battery electrodes5. Slot-die coating is a pre-metered

coating method where the desired thickness is predetermined by setting the operating parameters, feed flow

rate and substrate velocity. In slot-die coating process, the coating fluid is pumped through a narrow slit

of the die, where it is distributed uniformly and coated onto the moving substrate under the die. A stable

and uniform coating is obtained only for a certain range of operating parameters, flow rates and substrate

velocities. This stable region is known as the operating window6. Outside this window, several coating

defects can be observed such as air entrainment, flooding, ribbing, dripping and streaklines7,8. In many

applications, a wider operating window is desired to delay the onset of the coating defects for faster web

speeds and high throughputs.

Numerous investigations, experimental, theoretical and numerical computations2,6,9–14 have been dedi-

cated to investigating the factors affecting the operating window and the mechanism of evolution of coating

defects15–17. Ruschak6 examined the role of capillary pressures on the coating bead stability through quasi-

static lubrication theory. Higgins and Scriven12 extended the study to include viscous effects. Lee et. al.11

and Gutoff and Kendrick9 experimentally determined the limiting operating parameters for stable coating,

termed as low-flow limit, or minimum wet thickness. It is defined as the maximum coating speed for a given

flow-rate (film thickness) or minimum flow-rate for a given coating speed at which a uniform coating is

possible13. The variation of minimum wet thickness or low-flow limit is commonly studied as a function of

capillary number, Ca. The capillary number is the ratio of viscous to capillary forces given by Ca = ηV/σ.

Where η is fluid viscosity, V is the substrate velocity and σ is the fluid surface tension. For Newtonian so-

lutions, three regimes of minimum wet thickness versus capillary number have been observed10,11,13,18. At

low capillary number regime, the minimum wet thickness was found to increase with capillary number. At

moderate capillary number, the minimum wet thickness was found to be independent of capillary number.
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At large capillary number, the minimum wet thickness was found to decrease with increasing capillary num-

ber. Using flow visualization techniques, the mechanisms of the instability of the coating bead at upstream

and downstream have also been studied2,8,10,13,19. The shape of the fluid meniscus between die lip and the

substrate at the low-flow limit has been correlated to different types of coating defects. The operating win-

dow can also be expanded by applying a vaccum upstream to create a pressure gradient across the coating

bead and reduce the likelihood of air entrainment1,2,14,20.

In printing and coatings, the coating fluids are commonly non-Newtonian or viscoelastic due to the

addition of polymer additives or particles to the coating fluids. There have been several studies through ex-

periments, flow visualization techniques2,7,18,21 and numerical simulations14–16,21,22 investigating the effect

of polymer additives on the operating window of slot-die coating. Ning et. al.7 had examined the effect of

polymer concentration on the maximum coating speed for a stable coating. An optimal polymer concen-

tration was found to maximize the delay in the coating speed for a stable coating. Romero et. al.2,14 have

investigated the impact of viscoelasticity and the evolution mechanism of coating instability through com-

putations and experiments. Their computations indicate that at low Weissenberg numbers, Wi << 1, a mild

increase in elasticity was found to stabilize coating by decreasing the minimum wet thickness. Whereas at

large Weissenberg numbers, Wi > 1, strong extensional thickening was found to destabilize the flow resulting

in larger minimum wet thickness. The Weissenberg number is defined as the product of the fluid relaxation

time, λ, and shear rate imposed, γ̇. A few studies also exist investigating the effect of shear-thinning on

slot-die coating through a combination of experiments, using homogenous blackstrap molasses, and com-

putations23,24. An increased shear-thinning behavior was found to maximize the delay on the onset of air

entrainment23.

Literature also exits on slot-die coating of particle dispersions17,25–27. Yamamura et. al.17 conducted

coating tests on dilute suspensions of poly(methylmethacrylate) (PMMA) particles. They have found that

an optimal particle concentration and particle size maximized the critical velocity for the onset of air en-

trainment. Chu et. al.25, through experiments on suspensions of TiO2 and SiO2 in an aqueous polyvinyl

alcohol (PVA) solutions have shown that particle concentration, particle size and particle surface texture

can have a significant impact on the operating window. Lin et. al.27 investigated the effect of particle size

and particle concentration on the operating window using dilute suspensions of poly(methylmethacrylate)
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(PMMA) particles in glycerol. When the coating defect is ribbing, the operating window was found to be

insensitive to the addition of particles. However, when the coating defect is air entrainment, the particle size

and particle concentration was found to strongly influence the operating window.

The studies on slot-die coating of particle dispersions are limited to dilute concentrations with low

viscosities (<< 0.5 Pa.s) where the behavior is Newtonian or dispersions that exhibit shear-thinning behav-

ior17,25,27. Applications, particularly roll-roll technology for fabrication of broad range of applications, can

involve coating of variety of particle dispersions with complex rheology5. At sufficiently large concen-

trations the particle dispersions can potentially shear-thicken28. The shear-thickening particle dispersions

have also been found to exhibit strong extensional thickening behavior29–31. The combination of shear and

extensional thickening behavior of the particle dispersions can significantly influence the printing/coating

processes31. Here we investigate the behavior of shear-thickening coating fluids on the stability of slot-die

coating process. The impact of shear-thickening on the operating window was studied by conducting tests

on a series of particle dispersions at different concentrations with properties that evolve from Newtonian

to shear thinning, and then to shear thickening as the concentration is increased. In addition, the evolution

of different coating defects outside the operating window was examined. Finally, the effect of coating gap

on the operating window for shear-thickening fluids was studied. In each case, the results were compared

with a similar viscosity Newtonian case to understand the importance of complex rheology for these high

viscosity liquids.

Methods and Materials

Experimental setup

The slot-die coating experiments were performed on a custom-built lab-scale slot-die coater. The

schematic of the slot-die coating experimental set-up is shown in Figure 1. The critical dimensions of the

slot die coater geometry in Figure 1 are presented in Table 1. A syringe pump (kd Scientific, model 100) was

used to deliver the fluid through the slot-die set vertically downward, with flow rates ranging from 8 to 125

mm3/s. The coating fluid pumped through the slot-die was coated onto a PET substrate moving horizontally

with velocities ranging from 1 mm/s to 25 mm/s using two steel rollers. The evolution and uniformity of

the coating was visualized under the die through a high speed camera (Vision Research, Phantom 4.6). The
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coated fluid was recovered to recycle using a scraper at far downstream. In order to construct an operating

window, the flow rate was held constant and the velocity of the substrate was increased incrementally to

identify the critical velocity for the onset of coating defect. The process was repeated for different flow rates

and coating gaps.

Test fluids

Our model fluid was fumed silica nanoparticles (Aerosil @200, Evonik Industries; primary particle

diameter 20 nm, specific surface area 200 m2/g) dispersed in polypropylene glycol (PPG) (Aldrich Chem-

icals, average M.W 1000 g/mol). A series of test fluids with varying concentration (0 wt% to 10 wt%)

were prepared by mixing in a blender for an hour until a transparent and colorless dispersion was obtained.

The resulting dispersions were kept in the vacuum chamber for several hours to remove the air bubbles

before use29. The surface tension was measured using a pendant drop tensiometer (Dataphysics OCA

15plus). The surface tension was found to be insensitive to the nanoparticle concentration, and was found

to be σ = 30 mN/m. Model fluids for Newtonian cases were silicone oil of viscosities 5 Pa.s (Silcone5)

(RT5000, CANNON Instrument Co.) and 30 Pa.s (Silcone30) (VISCO-30M, GE Silicones) of surface ten-

sion, σ = 20 mN/m.

Shear rheology

The shear rheology was probed using a stress-controlled TA DHR-3 rheometer using a 40 mm alu-

minum parallel-plate geometry at a constant temperature of 25◦C temperature with a solvent trap to prevent

evaporation. The samples were pre-sheared to erase any shear history during sampling preparation and

handing32,33. After pre-shear, samples were allowed to rest for 4 minutes to reach equilibrium. Steady shear

viscosity measurements were conducted in the shear rate range of 0.1 s−1 ≤ γ̇ ≤ 100 s−1.

The shear rheology of fumed silica nanoparticle dispersions in PPG with increasing silica concentration

from 0 to 10 wt% is shown in Figure 2. The test fluids were all found to be shear thinning at low shear

rates. This behavior has been shown to result from the formation of strings of particles aligned along the

direction of shear fields34. For concentrations above 5 wt% fumed silica, the fluids were found to shear-

thicken beyond a critical shear rate. The magnitude of shear-thickening was found to progressively increase

with increasing silica concentration from 7.5 wt% to 10 wt%. The mechanism for the shear-thickening
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behavior of these nanoparticles has been attributed to the formation of large hydrodynamic-induced clusters

of nanoparticles34. The critical shear rate for the onset of shear rate of shear-thickening was found to

decrease from γ̇c = 7 s−1 to γ̇c = 4 s−1 with increasing particle concentration. At even larger shear rates (γ̇

> 50 s−1 for 7.5 wt% and γ̇ > 20 s−1 for 10 wt%), the fluids were found to again shear-thin due to yielding

of the microstructure at the large applied shear stresses.

Extensional rheology

Elongational viscosity of the test fluids was measured using a capillary breakup extensional rheome-

ter (CaBER), which is typically used to characterize less viscous fluids35–39. The CaBER measurements

presented here were performed using a high-speed capillary breakup extensional rheometer designed and

developed specifically for these experiments. In CaBER experiments, a cylindrical liquid bridge is created

between two cylindrical plates and is stretched from an initial length, L0, to a final length, L f at a constant

velocity. Once the stretch is stopped, the capillary thinning of the liquid bridge formed between the two

end plates or uniaxial extensional flow that is resisted by the viscous and elastic stresses developed by the

flow within the filament. By monitoring the evolution of the filament diameter as a function of time, the

extension rate, ε̇, of the fluid filament is calculated as

ε̇ = −
2

Rmid(t)
dRmid(t)

dt
. (1)

The apparent extensional viscosity, ηE , can be calculated by applying a force balance between capillary

stresses and the viscous and elastic tensile stresses within the fluid filament ignoring inertia38,39 as

ηE,app =
σ/Rmid(t)

ε̇
=

−σ

dDmid(t)/dt
. (2)

In the CaBER experiments presented here, the initial and final aspect ratios of the liquid bridge were

set as, Λ0 = 1 and Λ f = 3. Where Λ0 = L0/R0 and L0 is the initial separation between the plates. Due to

the shear-thickening nature of these dispersions for concentrations above 5 wt%, the initial step stretch is

created at slower velocities ranging from 2 to 10 mm/s in order to minimize any influence of any deformation

history on the capillary breakup process. The time scales of step stretch are smaller than the viscous breakup

time scales, tv ∼ ηR0/σ, to observe capillary thinning37.
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In Figure 3, the diameter evolution for a series of particle dispersions in PPG with silica concentrations

ranging from 5 wt% to 10 wt% is shown. An increase in the lifetime of the filament was observed with

increasing particle concentration indicating an increasing extensional viscosity. The apparent extensional

viscosity, ηE , thus calculated using equation 2 is shown as a function of Hencky strain, ε, for various

particle concentrations in Figure 4. The corresponding extensional rates, ε̇, calculated from the diameter

decay using equation 1 are also shown in the inset. The apparent extensional viscosity at low strains was

found to increase with increasing particle concentration as expected. Beyond a certain strain, the extensional

viscosity increases indicating extensional thickening of the fluid. This behavior increases with increasing

particle concentration. The Trouton ratio at low Hencky strains, Tr = ηE,0/η0, for all particle concentrations

is approximately three as expected, Tr ≈ 3. The effect of particle concentration on extensional thickening

is consistent with the observations in literature29,31,40.

Results and discussion

Newtonian fluids

Prior to investigating the influence of non-Newtonian behavior on slot-die coating process, tests were

conducted on three Newtonian fluids; two silicone oils one with a viscosity of η = 5 Pa.s (Silcone5) and

the other with a viscosity of η = 30 Pa.s (Silcone30) along with pure polypropylene glycol (PPG) with a

viscosity of η = 0.15 Pa.s. The operating window, flow rate versus critical velocity, usually obtained is a

closed region, where several coating defects appear outside the window. The lower bound of the operating

window, where flooding or dripping is commonly observed, was not possible to observe for most fluids

due to experimental difficulties in obtaining velocities lower than 1 mm/s. Therefore, only upper critical

velocity, Vc, beyond which a coating defect is observed for different flow rates, was studied. The operating

window for the Newtonian fluids are presented in Figure 5. The type of coating defect outside the operating

window has also been presented. For all test fluids, as the volume flow rate of fluid through the slot die was

increased, the critical web velocities for the onset of a coating defect was found to increase. As the fluid

viscosity was increased from η = 0.15 Pa.s to η = 5 Pa.s, the critical web velocity for the onset of a coating

defect for any given flow rates, was found to decrease by a factor of more than three. Increasing the viscosity

further from η = 5 Pa.s to η = 30 Pa.s only slightly decreased the critical web velocities. This decrease in
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the critical web velocities for the onset of a coating defect with increasing viscosity suggests that the fluid

viscosity has a negative impact on the size of the operating window. This behavior is consistent with the

literature observations for the case of homogenous Newtonian solutions9,19,23,27,41–43.

Outside the operating window, a number of different types of coating defects were observed for the three

fluids as shown in the images in Figure 6. For the Silicone5 fluid, the coating defect at low web speeds was

initially observed to be air entrainment. As the velocity of the web was further increased well beyond the

stable coating window a secondary transition from air entrainment to a regular pattern of alternating waves

of dry and wet stripes across the web known as a ribbing defect was observed. An image of this ribbing

defect is shown in Figure 6c. The critical velocity for the onset of ribbing for different volume flow rates of

Silicone5 through the slot die coating head is also shown in Figure 5. For the case of the Silicone30 fluid,

which is six times more viscous than Silicone5 fluid, the coating defect were found to evolve as breaklines

as shown in the image presented in Figure 6d. Unlike Silicone5 fluid, no ribbing defect was observed at

large velocities. However, the defect evolves to air entrainment at large velocities as shown in the Figure 6e.

For the low viscosity PPG fluid, the coating defect outside the operating window is a combination of large

irregular ribs and isolated dewetting spots as shown in the images in Figure 6e and 6f.

Non-Newtonian fluids

In order to examine the effect of shear-thickening on the operating window, slot-die coating measure-

ments were performed on a series of fumed silica nanoparticle dispersions in PPG with varying silica con-

centration ranging from 5 to 10 wt%. The volume flow rate of the fluid through the slot-die coater head

versus the critical web velocity for the onset of coating defect is shown in Figure 7 for these non-Newtonian

test fluids and the pure PPG for reference. For all concentrations, the critical velocity for the onset of defect

increased with increasing flow rate. As the particle concentration was increased from 0 wt% up to 7.5 wt%,

the critical web velocity was observed to decrease by a factor of more than three. Increasing the particle

concentration beyond 7.5 wt% concentration, was found to only slightly decrease the critical web velocity

for the onset of defect. The overall decrease in the critical web velocity for the onset of the coating defect

with increasing particle concentration at any given flow rate suggests that the addition of particles has a

negative impact on the size of the operating window. However, it is important to note that as seen in Fig-

ure 2 adding fumed silica particles to PPG increases the viscosity of the fluid. As shown for Newtonian
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fluids in Figure 5, it is known that increasing the viscosity of the test fluid destabilizes the coating window

by reducing the critical web velocity for coating defect to appear. Here the fluids are non-Newtonian and

the fluid viscosities are not constant, but depend on the shear-rate within the slot-die and in the coating gap

between the slot-die head and the moving web.

The shear rate between the slot-die head and the moving web depends on both the volume flow rate of

fluid and the velocity of the moving web. If we assume all the fluid is deposited on the web and none drips

off the side of the web, we can derive the following velocity profile

u =
6Q
LH3 (yH − y2) + V(1 −

3y
H

) (3)

. From (3) the shear shear rate across the gap can be calculated as

γ̇ =
6Q
LH2 (1 −

2y
H

) +
V
H

(
y
H
− 4) (4)

The viscosity η(γ̇avg) of each fluid is presented in Figure 7b evaluated at the average shear rate between the

die and the moving web at the critical web velocity and the volume flow rate conditions associated with the

onset of coating defect in Figure 7a. This data is presented so that the correlation of fluid viscosity to the

trends in operating window can be examined for each different nanoparticle dispersions. For 5 wt% case,

the critical shear rate at the onset of the coating defect are well into the high shear rate constant viscosity

regime and do not vary much with the web velocity. For the concentration beyond 5 wt%, the critical shear

rates at the onset of defect were all well into the shear-thickening regime. At those processing conditions,

the 10 wt% case has a viscosity that is more than two orders of magnitude larger than both the 5 wt% case

and the pure PPG case. As seen for the Newtonian fluids in Figure 5, increased viscosity is known to reduce

the coating window. The question we would like to answer is whether these variation can be explained

by increased viscosity alone or whether shear thickening and the variation of fluid viscosity across the gap

fundamentally change the stability window and the dynamics of coating defect.

The images of different coating defects presented outside the operating window for the non-Newtonian

fluids are shown in Figure 8. As described previously, at zero particle concentration, the coating defect

outside the operating window appear as a combination of irregular bands and large dewetted regions or spots
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across the web. As the particle concentration was increased, the coating defect evolves to more uniform

ribs with periodic patterns of dry and wet regions across the web. This ribbing instability is shown in

the images in Figure 8 for the three different particle concentrations. The ribbing instability is one of the

most commonly observed defect in coating flows for both Newtonian and viscoelastic fluids2,44,44–51. The

mechanism of ribbing has been extensively investigated in literature, both theoretically45,46,52 as well as

experimentally2,44,50. The ribbing evolution is commonly related to Saffmon-Talyor instabilty, a free surface

flow instability where a fluid film splits in multiple films or fibrils due to adverse pressure gradient driven by

viscous forces53. The evolution of the observed ribbing instability for the 10 wt% shear-thickening fluid is

shown in Figure 9 as a series of images with increasing time for a constant volume flow rate and web speed.

As the web velocity is increased, the upstream meniscus approaches the feed exit and air fingers evolve

from the feed exit. These air fingers propagate further downstream, without breaking up into air pockets,

evolving to a periodic array of stable long fluid stripes across the web separated by lanes of dry webbing.

This evolution of ribbing is similar to reported by Romero et. al2 for the case when no vaccum is applied

upstream. However, they show that when a vacuum is applied at the upstream, the upstream meniscus is

stabilized and the ribbing instability evolves instead from the downstream meniscus with air fingers invading

the coating bead.

We have further examined the intensity of the ribbing defect outside the operating window by comparing

between different fumed silica concentrations in order to study the sensitivity of the instability to the fluids

rheology and the strength of the shear-thickening behavior. From Figure 8, it is clear that as the particle

concentration is increased, the intensity of the ribbing also increases with, the thickness of the wet ribs

decreasing and the number of ribs increasing. These observations can be quantified as a function of web

velocity and are compared between 7.5 wt% and 10 wt% concentrations at a fixed volume flow rate and

increasing web velocity in Figure 10. The width of the dry and wet ribs and their placement across the web

was not completely uniform, as a result error bars which quantify the experiment to experiment fluctuations

are placed over the data in Figure 10a. Due to the rib pattern variations across the film, it was determined

that the periodicity or wave number of the ribbing was not the appropriate variable to quantify. Instead, we

present the number of wet ribs across the web in Figure 10b in addition to the mean thickness of the wet ribs.

For both concentrations, with increasing velocity the mean thickness of wet rib was found to decrease while
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the number of wet ribs were found to increase. At any given velocity, the mean thickness of the wet ribs is

lower for 10 wt% fumed silica dispersion compared to 7.5 wt% case and the number ribs is larger. These

observations suggest that increasing shear-thickening behavior maximizes the intensity of ribbing instability

by not only driving the instability to lower critical web velocity but by increasing the number of ribs and the

rate of change of rib width with increasing web speed.

Previous studies on dilute particle dispersions have reported that, when the coating defect is air entrain-

ment, the addition of particles to a coating fluid, improves the coating window17,25,27. However, in the case

of fumed silica nanoparticle dispersions in PPG, the coating defect is ribbing, which occurs by a different

mechanism compared to air entrainment. Air entrainment is most commonly associated with a failure of

dynamic wetting contact line23,43,54. Lin et al.27 have examined the influence of particle addition when

the coating defect was ribbing. The addition of particles was not found to have any significant impact on

operating window, however the observations were based on limited range of particle concentrations. In all

their experiments the viscosity was quite low and Newtonian. Here shear thickening plays a significant role

in the stability of the coating.

One way to clearly see the effect of non-Newtonian viscosity on the stability of slot die coating is to

study the operating window by plotting the minimum wet thickness, t, as a function of the dimensionless

capillary number, Ca = ηVc/σ. The capillary number is the dimensionless ratio of viscous to capillary

forces. For the non-Newtonian nanoparticle dispersions, the shear-rate-dependent viscosity, η(γ̇), will be

used to evaluate the viscosity where γ̇ will be the average shear rate given in Equation 4. As a result, Ca

= η(γ̇)Vc/σ. The minimum wet thickness is calculated from conservation of mass to be, t = Q/(VcL),

where L is the length of the die. The wet film thickness is commonly normalized with coating gap to form

a dimensionless film thickness, tN = t/H. The normalized minimum wet thickness, tN , as a function of

capillary number is presented in Figure 11 for all three particle dispersions and the Newtonian silicone

fluids which were chosen because they had similar viscosities. At low capillary number regime, Ca << 1,

where capillary forces are important compared to viscous forces, the minimum wet thickness was found to

increase with capillary number. For the Newtonian fluid the data scale like tN ∼ Ca0.5. The scaling exponent

is in agreement with that reported for homogenous Newtonian fluids, which is n ∼ 0.5 - 0.7 at low capillary

number regime6,11,18,19.
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However, what is clear for this low capillary number data is that the shear thinning of the 5 wt% solution

has a clear detrimental effect on the coating stability. Due to shear thinning, a thin film cannot be easily

deposited on the web. As seen in Figure 11, a film with a minimum coating thickness that is nearly twice

large as that of the Newtonian fluid can only be deposited before the film becomes unstable. This is dramatic

increase that only becomes evident when the effect of viscosity is removed by plotting the data as a function

of shear rate dependent capillary number. For the larger capillary number regimes the particle concentrations

in the dispersions are greater than > 7.5 wt% and shear thickening of the viscosity is observed. With

increasing capillary number, the relative importance of viscous forces compared to capillary forces increases.

As can be seen in Figure 11, the results in the high capillary number regime for Newtonian fluids show that

the minimum wet thickness is not strongly dependent on capillary number. In this capillary number regime,

the value of the normalized film thickness increases slowly from tN = 0.44 to tN = 0.55. This behavior is

consistent with the high capillary number limit observed for Newtonian fluids in the past6,10–12. Note now

that unlike the 5 wt% shear-thinning case for which the complex fluid rheology destabilized the coating, for

the shear-thickening fluids, once the effects of Newtonian viscosity increase is accounted for through the

shear rate-dependent capillary number, shear thickening appears to stabilize the coating window. For the 10

wt% solution, this corresponds to a reduction in minimum coating wet film thickness of 12 % on average for

a given capillary number. For the 7.5 wt% system, the wet film thickness is decreased by 8 % due to shear

thickening. The deviation in the case of shear-thinning and shear-thickening fluids, compared to Newtonian

fluids, suggests that the viscosity variation of the fluid associated with changes in local shear rates across

the coating gap, can have an important influence on the stability of the coating.

Effect of coating gap

As seen in Figure 2 the shear-thickening fluids used here have quite a complex rheology. They shear-

thin at low shear rates, shear thicken at moderate shear rates and shear thin again at large shear rates. By

varying the coating gap, the range of experimentally accessible shear rates can be varied as seen in Equation

4 while simultaneously studying the impact of coating gap. Here we focused the gap dependent tests on

the 10 wt% solution and the 30 Pa.s silicone oil for a range of coating gaps between 0.1 and 1 mm. The

operating window constructed for the both the fluids is shown in Figure 12a. For both the Newtonian and

non-Newtonian fluids the critical velocities for the onset of defect was found to increase with decreasing
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the coating gap. This was consistent for all flow rates tested. This observation demonstrates that decreasing

the coating gap allows one to deposit thinner films on the web and work at much higher speeds there by

expanding the operating window. For the Newtonian fluid, the coating defects outside the operating window

at all gaps were found to be breaklines. The effect of coating gap on the operating window for Newtonian

fluids is consistent with reported in literature for the case of Newtonian fluids10,11,41.

The effect of coating gap on the shear-thickening fluid shown in Figure 12a was found to be slightly more

profound than for the Newtonian fluid. At the largest coating gap, H = 1 mm, the critical web velocities were

found to be lower, by as much as 7%, for the 10 wt% shear-thickening fluid compared to the Newtonian oil.

However, as the coating gap was decreased to 0.5 mm and below, the impact on the critical web velocities

was found to change sign and the critical velocity became larger than that measured for the Newtonian

fluid resulting in films with smaller minimum wet thickness. In fact, for the H = 0.1 mm gap, the critical

web velocity was measured to be 18% larger for the shear-thickening fluid compared to Newtonian fluid.

Further, the type of coating defect observed beyond the critical web speed was also found to be sensitive

to the coating gap. The images of the coating defect outside the operating window for the 10 wt% shear-

thickening fluid at different gaps are show in Figure 13. For coating gaps equal to H = 0.25 mm and below,

the coating defect was found to be ribbing. While for coating gaps of H ≥ 0.5 mm the coating defect was

found to air entrainment. Note that for the Newtonian fluid, the coating defect at all gaps was found to be

breaklines.

Additionally, the minimum wet thickness as a function of capillary number at different coating gaps

was also studied for both Newtonian and 10 wt% shear-thickening fluid and is presented in Figure 14. The

capillary number was calculated using a shear-rate-dependent viscosity, η(γ̇), where the average shear-rate

in coating gap, γ̇c, was given in Equation 4. At all gaps, for both shear-thickening and Newtonian fluid,

the minimum wet thickness did not change significantly with increasing capillary number. With decreasing

coating gap from H = 1 mm to 0.1 mm the minimum wet thickness was found to decrease for both shear-

thickening and Newtonian fluids. This observation is consistent with the reported in literature for Newtonian

fluids7,11. For coating gaps below H = 1 mm, the minimum wet thickness of shear-thickening fluid was

similar to the Newtonian fluids at lower capillary numbers and slightly lower by as much as 8 % at higher

capillary numbers. This is quite different from H = 1 mm coating gap, where the minimum wet thickness of
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shear-thickening fluid was found to be larger than the Newtonian fluid by approximately 8 %. Furthermore,

because the average shear-rates within coating gap for the H = 1 mm placed the the viscosity well within

the shear-thinning regime, the resulting capillary number calculated for the shear-thickening fluid appears

shifted to a lower capillary number by more than an order of magnitude than the Newtonian fluid.

One explanation for the disagreement in the critical capillary number between Newtonian and shear-

thickening fluid for the H = 1 mm coating gap could be that we are using inappropriate shear rate to evaluate

the shear rate dependent viscosity. The fluids are also sheared within the slot-die geometry prior to being

ejected into the coating gap. The apparent shear-rates in the slot gap is given by Hagen–Poiseuille flow as,

γ̇g = 6Q/(WL2)55. For the thin coating gap experiments, this shear rate is much smaller than the shear rate

between the die and the moving web. As a result, the effect of pre-shear in the slot gap can be ignored.

For the H = 1 mm gap, the shear rates in the die are quite large and dominate the coating dynamics. The

viscosity based on the shear-rates calculated based on slot die gap, η(γ̇g), and the coating gap, η(γ̇c), are

shown in Figure 12b for H = 1 mm gap. As seen in Figure 12b for a coating gap of H = 1 mm, the

shear-rates calculated in the slot gap, η(γ̇g), were found to be in the shear-thickening regime while the shear-

rate dependent viscosity in the coating gap, η(γ̇c), was found to be in the shear-thinning regime. Thus the

fluid exiting the slot die has thickened and as it passes through the coating gap it will thin with time and

accumulated strain by more than an order of magnitude. The capillary number calculated based on shear-rate

dependent viscosity in the slot gap, η(γ̇g), is overlayed onto Figure 14 for a coating gap of H = 1 mm. The

data is shifted to much larger capillary numbers, close to the Newtonian cases which suggests η(γ̇c) is the

appropriate viscosity to use when calculating the capillary number in this case. Finally note that for the H =

1 mm gap case the minimum wet thickness is larger for shear-thickening case compared to Newtonian fluid.

This is similar to the observations for shear thinning fluids as seen in Figure 11. This makes some intuitive

sense. For shear thinning fluids the viscosity is lowest at the walls where the shear rate is highest and the

viscosity is largest in the middle of the flow where the shear rate goes to zero. This viscosity variation leads

to destabilization. The variation in viscosity for a shear thickening fluid is inverted with maximum viscosity

along the walls. The result is a flow stabilization. For the case where the fluid shear thickens in the die,

the viscosity distribution in the coating gap will be similar to the shear thinning fluid with the maximum

viscosity in the middle of the flow and lower viscosity near the wall. This is because the fluid enters the
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coating gap at high viscosity. The fluid near the walls experiences a lower shear rate and thins. The fluid at

the center is not sheared. As a result, its viscosity decays quite slowly, remaining high as it passes through

the coating gap.

Conclusions

We have investigated the impact of non-Newtonian behavior, namely shear-thinning and shear-thickening,

on the slot die coating process. A model shear-thickening fluid, fumed silica nanoparticles dispersed in

polypropylene glycol, was used. The dispersions exhibit shear and extensional thickening behaviors char-

acterized through steady shear and capillary break-up measurements. A series of particle dispersions with

concentrations ranging upto 10 wt% was studied. Three Newtonian fluids were also tested for comparison

with shear-thickening fluids. The critical web velocity for the onset of coating defect for different flow-rates

was measured. And the type of coating defect outside the operating was visualized through high speed cam-

era. With increasing the particle concentration, the critical web velocity for the onset of coating defect was

found to decrease for any given volume flow rate of the fluid, suggesting that shear-thickening of the fluid

has a negative impact on the size of the operating window. At all concentrations, the coating instability was

found to be ribbing. The ribbing instability was found to evolve from upstream of the coating bead between

the slot-die and the substrate. The intensity of ribbing instability was found to increase with increasing

shear-thickening magnitude or the particle concentration. The minimum wet thickness as a function of cap-

illary number was also studied. A deviation in the minimum wet thickness behavior was observed when

compared between non-Newtonian and Newtonian fluids. The shear-thinning fluid was found to destabilize

coating resulting in a larger minimum wet-thickness, conversely shear-thickening resulted in a smaller min-

imum wet thickness compared to Newtonian cases and a stabilized coating. The effect of shear-thickening

was additionally examined by conducting tests with varying coating gap. For both Newtonian and shear-

thickening cases, increasing coating gap delayed the critical web velocity for onset of the coating web and

resulted in smaller minimum wet thickness. From tests at different coating gaps, the coating stability for

shear-thickening fluids was found to be more sensitive to coating gap than Newtonian fluid. At very large

gaps, the stability of the coating was found to be affected by the shear thickening of the fluid in slot die gap

prior to entering coating gap. The shear-thickening of the fluid in the coating gap was found to stabilize the

15



coating resulting in smaller minimum wet thickness compared to coatings of Newtonian fluids. Conversely,

shear-thinning in the coating gap was found to destabilize the coating resulting in a larger minimum wet

thickness compared to Newtonian case. The study demonstrates that the non-Newtonian behavior can sig-

nificantly impact the stability of the slot-die coating process beyond what can be accounted for by simply

normalizing the data with the appropriate capillary number.
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Figure 1: Schematic of slot-die coating experimental set-up
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Table 1: Slot-die parameters and range of experimental operating parameters.
Die parameters Dimensions
Die length (L) 48 mm
Die width (B) 24 mm
Slot gap width (W) 0.50 mm
Coating gap (H) 0.1 - 1.0 mm
Cavity radius (R) 4.7 mm
Substrate velocity (V) 1.0 - 25.0 mm/s
Pump flow rate (Q) 8 - 125 mm3/s
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Figure 2: Steady shear viscosity as a function of shear rate for a series of fumed silica dispersions in PPG. The data include a series
of particle concentrations: (�) 5.0 wt%, (©) 7.5 wt% and (�) 10 wt%.
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Figure 3: Diameter evolution as a function of time during a capillary breakup extensional rheology measurement for a series of
fumed silica dispersions in PPG. The data include a number of different particle concentrations: (�) 5.0 wt%, (©) 7.5 wt% and (�)
10 wt%. The corresponding plots of extension rate versus Hencky strain for the particle dispersions are shown in the inset.
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Figure 4: Apparent extensional viscosity as a function of Hencky strain for a series of fumed silica dispersions in PPG. The data
include several different particle concentrations: (�) 5.0 wt%, (©) 7.5 wt% and (�) 10 wt%.
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Figure 5: Flow rate, Q versus critical velocity for the onset of defect, Vc, for different Newtonian fluids at a coating gap of 0.25
mm. The test fluids include (D) PPG (η = 0.15Pa.s), (J) silicone oil (η = 5 Pa.s) and (4) silicone oil (η = 30 Pa.s). The dotted line
for silicon oil of 5 Pa.s represents the second critical velocity of the onset of ribbing defect. The coating defects beyond the critical
velocities are labeled as AE for air entrainment, BL for breaklines and Rib for ribbing.
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Figure 6: Images of coating for different Newtonian test fluids outside the operating window at a coating gap of 0.25 mm. The
images include a) stable coating of 5 Pa.s silicone oil at Q = 30.5 mm3/s, V = 3.2 mm/s , b) air entrainment defect for 5 Pa.s silicone
oil at Q = 30.5 mm3/s, V = 5.7 mm/s, c) ribbing defect for 5 Pa.s silicone oil at Q = 30.5 mm3/s, V = 11.8 mm/s, d) breaklines
defect in 30 Pa.s silicone oil at Q = 24.9 mm3, V = 4.1 mm/s e) air entrainment defect in 30 Pa.s silicone oil at Q = 24.9 mm3, V =

4.8 mm/s and, f) irregular ribbing and air entrainment in PPG at Q = 22.2 mm3/s, V = 11.6 mm/s.
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Figure 7: a) Flow rate, Q versus critical velocity for the onset of defect, Vc and b) viscosity, η(γ̇c = Vc/H), versus critical velocity
for the onset of coating defect, Vc for a series of fumed silica dispersions in PPG at a coating gap of 0.25 mm. The data include a
series of particle concentrations: (D) 0 wt%, (�) 5.0 wt%, (©) 7.5 wt% and (�) 10 wt%. Symbols correspond to the data points
presented in the operating window for different particle concentrations. The coating defects beyond the critical velocities are labeled
as AE for air entrainment and Rib for ribbing.
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Figure 8: Images of ribbing defect for a series of fumed silica dispersions in PPG outside the operating window for a coating gap
of 0.25 mm. The images include for particle concentrations of a) 5 wt% at Q = 22.2 mm3/s, V = 12.7 mm/s b) 7.5 wt% at Q = 22.2
mm3/s, V = 14.4 mm/s and c) 10 wt% Q = 22.2 mm3/s, V = 13.5 mm/s.
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Figure 9: Time series of images of evolution of the ribbing instability of 10 wt% silica in PPG dispersions at a flow rate of 16.6
mm3/s and web speed of 6.5 mm/s at a coating gap of 0.1 mm. The images include a) stable coating at t = 0 s b) the upstream
meniscus approaching the feed exit at t = 0.46 s, c-f) air fingers evolution at feed exit and propagation as ribbing downstream for t
> 1.63 s.
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Figure 10: Ribbing defect parameters, a) normalized mean thickness of the wet rib, dw = d/L, and b) number of wet ribs across
the web, as a function of web velocity, V - Vc, at a flow rate of 22.2 mm3/s for (©) 7.5 wt% and (�) 10 wt% fumed silica dispersion
in PPG.
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Figure 11: Normalized minimum wet thickness, tN , as a function of capillary number, Ca, for a series of test fluids. The data include
a series of fumed silica dispersions in PPG with different particle concentrations: (D) 0 wt%, (�) 5.0 wt%, (©) 7.5 wt% and (�) 10
wt%. The data for Newtonian silicone oils of viscosities (/) η = 5 Pa.s and (N) η = 30 Pa.s is also included. The capillary number is
evaluated as, Ca = η(γ̇c)Vc/σ, where γ̇c = Vc/H. The dotted line is a power law fit for Newtonian fluid which scales as tN ∼ Ca0.5.
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Figure 12: a) Flow rate, Q, versus critical velocity for the onset of defect, Vc, for 10 wt% fumed silica dispersion in PPG (filled
symbols) and silicone oil with η = 30 Pa.s (hollow symbols) at different coating gaps and b) Shear viscosity, η(γ̇) versus critical
velocity for the onset of defect, Vc, for 10 wt% fumed silica dispersion in PPG for different coating gaps. The data include for
different coating gaps: (7) 0.1 mm, (�) 0.25 mm, ( ) 0.5 mm and (N) 1 mm. The viscosity evaluated based on shear-rate in
coating gap given by γ̇c = Vc/H is shown in filled in symbols and for viscosity evaluated based on shear-rate in slot-gap given as
γ̇g = 6Q/(LW2) for 1 mm coating gap is shown in half shaded symbols, where W and L are slot-gap width and slot-die length. The
coating defects beyond the critical velocities are labeled as AE for air entrainment, BL for breaklines and Rib for ribbing.
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Figure 13: Images of coating defect at different coating gaps for 10 wt% fumed silica dispersion in PPG. The images include for
coating gaps of a) 0.1 mm at Q = 22.2 mm3/s, V = 10.2 mm/s, b) 0.5 mm at Q = 36.1 mm3/s, V = 8.3 mm/s.

0 . 0 5 0 . 1 1 1 0 3 0
0 . 0

0 . 1

0 . 2

0 . 3

0 . 4

0 . 5

0 . 6

Mi
nim

um
 W

et T
hic

kne
ss, 

t [m
m]

 

C a p i l l a r y  N u m b e r ,  C a
Figure 14: Minimum wet thickness, t, as a function of capillary number, Ca, for 10 wt% fumed silica dispersion in PPG (filled
symbols) and silicone oil with η = 30 Pa.s (hollow symbols). The data include for different coating gaps: (7) 0.1 mm, (�) 0.25
mm, ( ) 0.5 mm and (N) 1 m. The capillary number is evaluated as, Ca = η(γ̇)Vc/σ, where the data evaluated using γ̇ = Vc/H is
shown in filled symbols and for data evaluated for 1 mm coating gap using γ̇ = 6Q/(WL2) is shown in shaded symbols.
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