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Abstract

The apparent viscosity of a particle suspension d@&rSi; particles,
polyhydromethylsiloxane (PHMS) preceramic polymad ar-Octane solvent, used to process
polymer-derived ceramic composite coatinigsshown by viscometric experiments to be shear-
thinning. The suspension is dip-coated onto sutestrand the measured entrained coating
thicknesshy is observed to be a power-law functionlfthe substrate extraction speedhas
0.5051°%° The experimentally observed semi-empirical modebirectly compared to the
results of a variety of theoretically derived Landaevich scaling laws and other models that
have similar liquids and that include other effedt®one of these cases predicts the scaling
observed in these experiments. A correction fadomtroduced to quantify the difference
between the semi-empirical model with existing tleéioal models. Possible explanations for the

observed scaling behavior are presented.
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1. Introduction

Particle-reinforced ceramic matrix composite (CMGatings can be made by a polymer-
derived ceramic route [1-5]. CMC coatings show peamn many important applications, such
as high-temperature environmental/thermal barrg@tings, because of their attractive thermal
and mechanical properties and ease of processimgpresentative slurry composition used for
making CMC coatings contains sub-micron size pladica silicon-based preceramic polymer
and organic solvent, resulting in a complex fluudtem. A typical processing approach is to coat
a substrate with this slurry (e.g. by dip-coatimgspin-coating), evaporate the solvent, crosslink
the polymer and finally convert it to the ceramargosite using high temperature pyrolysis. A
previous study [6] involving particle-reinforced @Mcoatings has shown the existence of a
maximum critical coating thicknesg, before pyrolysis, that ensures crack-free coatiafjer
pyrolysis. It has been shown that cracking is tluestresses generated during constrained
pyrolysis. t. depends on the unconstrained shrinkage of themmlyduring pyrolysis and
increases as the unconstrained shrinkage decre@bkes.unconstrained shrinkage can be
controlled by adding filler particles. The optintahge of filler particle volume fraction/() is
30-40%. Due to the necessity of ensuring that thaticg thickness in the polymeric stage
remains belowt., there is a critical need to establish a methat tan predict the coating
thickness made by dip-coating complex fluids camtay suspended particles, whose rheological
properties are almost always non-Newtonian.

The ability to well-predict and hence control fillmcknesses of dip-coated substrates is
of high interest to the engineering research conityunot only for quality-control of the CMC
coatings just described above, but also because #ne many other applications of dip-coating

involving complex liquids. The classical drag-oué.( dip-coating) problem in fluid mechanics



typically involves a flat substrate, vertically ivitrawn from an infinitely deep fluid bath at fixed
speed, which leads to the formation of a contintentsained film. Landau and Levich [7] were
the first to carry out an analysis, valid to leadorder in capillary numbeZa = (uU/o), whereu

is the liquid viscosity and is the gas-liquid surface tension, that predieésfiim thickness of a
Newtonianfluid along a plate emerging from the bath at sggéeThe thickness prediction of the
Landau-Levictdrag-out problem is:

hy :[%J% f(ca). 1)

wherehg is the film thickness is the liquid density, and the functié(Ca) takes the form:

%
f(Ca):O.94z(£J , for capillary numbeta = 2% « 1. (2)
0- g

Eqgn. (2) is valid in the low capillary number regimn which gravitational forces do not drive
liquid film drainage and thus do not regulate th&aned layer thickness. On the other hand, in

the large capillary number regime:

f (Ca) =1, for capillary numbeta = £7 > 1. (3)

Eqgn. (3) was first obtained by Derjaguin [8] and/adid under conditions in which gravitational
drainage dominates. In the intermediate regimethascapillary number increases from very
small values to very large values, gravity playsrameasingly important role. There have been
several treatments of the drag-out problem formmesliateCa. For example, Spierst al[9, 10]

predict the film thicknesk, to be determined by the solution of:

(Ah)2=1.784h ,Ca/lc}[ Ca-(/ 9)2] , (4)



where A{ hy, Ca, Ac} is a numerically determined function of the filthickness, the capillary
number and the capillary length = (o/pg)*2 (The limit1.78X hy .Ca.} = 0.944 is the result

of White and Tallmadge [11].) Egn. (4) agrees weith experiments involving Newtonian
liquids for capillary numbers up to approximatelyA® will be shown, these results do not agree
with the experimental results of this work. The dhe has been generalized to different
geometries, including coatings on cylindrical fibdry Derjaguin [12, 13], to non-vertical plate
withdrawal orientations and to include higher ord#ects by Wilson [14]. Bretherton [15] used
asymptotic methods to predict the speed of a wetias bubble migrating within a large (small)
diameter cylindrical tube with (without) gravitatial effects. Park and Homsy [16] validated the
matching procedure applied by Landau & Levich ameklierton, and showed how the curvature
of the capillary statics region is determined bytechang with the transition layer. The location of
the transition region is determined to be nearapparent zero of the outer solutios high
capillary number theory has also been develope@imgnveld [17]. There have been full-scale
numerical and experimental efforts [9, 18-20] arehtments of Newtonian liquids that include
inertial effects [21].

In practice, knowledge of the viscous behaviorafmplex’, technologically important
polymeric liquids, solutions and suspensions, wiioh often used as coatings, remains limited
[22]. These liquids are typically characterizeddear-thinning or other more complicatesh-
Newtonianbehaviors. In the shear-thinning case, the ligexisbit Newtonian behavior at very
low and very high shear-rates, but in the interratedshear-rate regime often their viscosities are
modeled as a power-law function of the shear tatgeneral, the original Landau-Levich model
and its extensions must be carefully adapted te tedn-Newtonian effects into account. Power

law, Ellis, Carreau-Yasuda, viscoelastic and evamgBam models have been considered by



different authors [10, 23-26]. These models havadiieved a qualitative level of success, and
some experimental results match well with the tbgcal predictions. One of the earliest
treatments to include viscoelastic effects was oy d&d Homsy [27], who examined the
entrained layer thickness as a function of pulbpged by means of an expansion involving both
the capillary number and the Weissenberg numbemreMecently, after concluding that the
experimental dip-coating results for various nomfitmian complex fluid cases cannot be
accounted for by considering only the capillary tem Ashmoreet al. [28] performed an
asymptotic analysis to predict the film thicknessan-Newtonian liquids in both shear-thinning
and strong elastic limits. Their results give a mguatively accurate prediction for the film
thickness in the polymer solutions studied. Ourand Homsy [29] have experimentally studied
the effects of adsorbed particles on the drag-ooblpm, although there are few other studies
that have reported modification of the Landau-Lbvimodel for particle-suspendechon-
Newtonian fluid systems. In addition, recently Diand Homsy have studied the Landau-Levich
problem with elastic [30] and elastocapillary [3&ffects. Kretchetnikov and Homsy have
examined the drag-out problem with a surfactanématiquid resulting in the displacement of
stagnation points away from the gas-liquid integfand in film thickening behavior, compared
to the case without surfactant. None of the resaitslving complex fluids cited here provides

the same scaling that we have experimentally oleskrvthis work.

This paper provides insight into the drag-out entreent layer thickness problem for a
complex particle suspension by combining pracecejineering methodology with mathematical
analysis. The semi-empirical model is based onetkgerimental results presented here and

provides a scaling that is in the form of a Landawich model, enabling comparison to other



models and providing insight into the origin of lsog differences due to the complex nature of

these experiments.

2. Experiments
2.1 Procedure

The slurry used in this study was prepared follagnine Greil analysis [32, 33] for the
processing of a polymer-derived ceramic compositd Wow-shrinkage during pyrolysis. A
mixture consisting of 30 vol% submicron Zgpiarticles (Accumet Materials Co., Ossining, NY,
USA) and 70 vol% silicon-based polymer precursolylpgdromethylsiloxane (PHMS, HMS-
992, Gelest Inc., Morrisville, PA, USA) forms thkease slurry’. PHMS, a linear polymer, is
liquid at room temperature. To improve the partidistribution uniformity and to enhance
particle oxidation during pyrolysis, theZsSparticles were attrition-milled in isopropyl alah
for 10 hours at room temperature, dried in a comedrying oven (~100°C) and ground back
to fine powder using mortar and pestle before ngxanth the PHMS. Due to its high volatility,
low boiling point (126°C) and low viscosity (~1 cétise), an organic solvent n-Octane (98+%,
Alfa Aesar, Ward Hill, MA, USA) was added into thmase slurry’ to further adjust the viscosity.
In the present work, the volume ratio of ‘base rgluo n-Octane’ was set at 3:5 to achieve the
desired coating thicknesses in the range of withidraspeeds investigated. Therefore, the
volume ratio of ‘ZrSj particles : PHMS : n-Octane’ in the final slurig 11.25% : 26.25% :
62.5%. The slurry was then ball-milled for 4 hoursa tumbler to remove agglomerates and
form a homogeneous particle suspension.

To understand the slurry rheological propertiescasity measurements were taken using

a Haake VT550 rotational viscometer (Thermo Fisdaentific, Inc., Waltham, MA, USA) with



a SV-2P sensor and a SVP cup, which allows matabfiregdesirable sample volume (6 ml) and
a shear rate range (4-390Y)swith the pulling process. Tests were carried atitroom
temperature (~20°C), with a rotational speed betwi®eB800 revolutions-per-minute. Different
shear-rate testing modes were used: constant,ncously-increasing and stepwise-increasing.
The last mode was determined to be the most seaitéhl this study considering the non-
Newtonian nature of the complex fluid.

For coating deposition, the slurry was dip-coaiatb stainless steel 304 plate substrates
(30x10x1.2 mm, 600 grit surface finish) using astdion 4505 (lllinois Tool Works Inc.,
Norwood, MA, USA) mechanical testing frame to psety control the withdrawal speed. The
investigated withdrawal speeds were between 100 10 mm/min (1/600 to 1/60 m/s).
Coating samples of all thicknesses were dried @inreemperature with the substrate/coating in
two orientations, one in which the direction of dp@avitational force is parallel to the coating-
substrate interface (the vertical orientation), d@ne other in which the gravitational force is
perpendicular to the coating-substrate interfabe (torizontal orientation). The samples were
then crosslinked at 18Q for 2 hours (all processes were carried out m. &rosslinked
thickness data were derived from profilometric measients (Dektak 6M Stylus Profiler, Veeco
Instruments Inc., Plainview, NY, USA) at differelaications in each sample and the average
thickness was calculated from multiple measureméatsninimum of 8 measurements per
coating). Knowing the shrinkage during drying andsslinking, the wet coating thickness (right

after withdrawal from the slurry) is calculated.

2.2 Results

2.2.1 Apparent Viscosity of the Slurry



Unlike single-phase liquids, the slurry in the greiswork is a particle suspension. The
submicron ZrSi particles, as well as the PHMS (linear moleculpigy an important role in the
suspensiois rheological properties due to the much highersitgn(4.88 g/cm) of ZrSk,
compared to PHMS (0.99 g/érand n-Octane (0.70 g/én

Viscometric results show that when a constant sredaris applied the shear-stress in the
slurry reaches steady-state within 10 seconds.eftwe, a stepwise-increasing shear rate mode
(as a function of time, 6.2 sper step and 30 seconds per holding) was usedsire that the
measurement of the shear stress was reliable & &aear rate tested (Figure 1.a). This
procedure generates one shear stress data powadbrapplied shear rate every 30 seconds, as
shown in Figure 1.b. By re-plotting shear stresa &sction of shear rate, the slurry is observed
to be shear-thinning (Figure 1.c). This is in castrwith the hypothesis used in the work of
Torreyet al[34], who assumed that this type of slurry is Nevian. The data plotted in Figure
1.b show three time ranges over which the sheasstis nearly constant, however, it is
hypothesized that these results are due to a lackdequate viscometric resolution. (The
viscometer continuously and automatically samples r@cords data. Since the measured shear
stress fluctuates due to the stepwise-increasiegrstate, time is needed for the readjustment
and stabilization of the liquid. Each shear stdes point in Figure 1.b is an averaged number).
The measurements are reproducible and the sheguistgibehavior is clear.

The shear-thinning behavior observed in these sisspes is attributed to the breakdown
of gel structures in the flocculated suspensiorsediby the imposed shear [35]. The intensity of
the shear determines how many ‘flocs’ will be degtd. If the shear rate is high enough, the gel
structure will be destroyed so that each particled$ independently in the mixture of preceramic

polymer and organic solvent leading to a lower o$sty. Microscopically, the particle
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suspension exhibits dynamic equilibrium, which isadance between the rates of gel breakdown
and restoration. In dynamic equilibrium, the susp@m exhibits a constant apparent viscosity at
any given shear rate. This explains the observati@teady states in our slurry if it is held under
a condition of constant shear rate for long endugh.

The red curve in Figure 1.c is the result of fdtithe shear stress) (versus shear rate

(y ) data to the power-lakhat best characterizes the nature of the quawmétaelationship

between shear stress and the shear:
=K. ()

K is the flow consistency index amdis the power-law exponent. Thus, the apparentosisg

(Hyp) for a power-law liquid is given by:
H app =K E‘V—l' (6)

The fit of the power-law model to the experimemtata in Figure 1.c gives = 0.11036 ant =

0.76729 so that:

Moo = 0.1y 0% (7)
Eqn. (7) is plotted in Figure 1.d showing the sk&aring nature of the liquid.

2.2.2 Experimental Reproducibility

Figure 2 illustrates the reproducibility of the éstr stress—shear rate’ measurements just
presented. Figure 2 is derived from three ‘sheasst—shear rate’ measurements conducted in
the same manner described above. The curves dre measurements do not entirely overlap
(they are close in the low shear rate regime amdrge slightly as shear rate increases) but the

key parametersk andn, still exhibit good reproducibility (Table 1) witktandard deviations
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being 0.001652 and 0.006621, respectively. The ameervalues ofK and n of the three
measurements are 0.11 and 0.77 (rounded off atéeonal places), which are the same values
of all experiments when rounded off. Note that ealtaken from measurement 1 were used to
construct graphs and to carry out calculationsgmesl here, instead of the average valudsé of
andn. Measurements 1, 2 and 3 were conducted in the saanner as described in section

2.2.1.

Table 1. Experimental reproducibility of the three ‘sheaess—shear rate’ measurements.

K n
Measurement 1 0.11036 0.76729
Measurement 2 0.10931 0.76186
Measurement 3 0.10645 0.77781
Average 0.10871 0.76899
Average rounded up to two decimals 0.11 0.77
Standard Deviation 0.001652 0.006621

It is worthwhile to note that Figure 1.c shows thgerimentally determined shear stress
data diverging from the power law model betweers2@nd 40 &, implying that the slurry—a
complex fluidl—doesn’t obey the same power law when shear rate is very low. A possible
explanation for this discrepancy is that the imreffect of the suspended particles is not
negligible in this regime. Moreover, there is a medinear increase in the shear stress as a
function of the shear rate for the first three datents, which is characteristic of Newtonian
liquids. However, it will be shown below that thmMest measured shear rates shown in Figure
1.c are of little relevance to the results presgmeahis work.

2.2.3 Estimation of the Experimental ‘Wet’ Thickses
The entrainment thicknesls,, derived in the Landau-Levich model and in our ified

results presented below refers to the ‘wet’ thidenef the film as it is being pulled out of the
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bath with the same composition of the fluid. Howeve the case considered in this work,
although the evaporation time varies dependinghakness, most of the n-Octane in a coating
evaporates in less than 60 seconds after drawapg $or all investigated withdrawal speeds, i.e.,
100-1000 mm/min. Therefore, it is practically irddde to accurately measure-situ ‘wet’
coating thicknesses and instead we experimentagsore thecrosslinkedthicknesses and
utilize the following rationale to indirectly obtaithe wet-thicknes$, from the crosslinked
samples. Figure 3 demonstrates the evolution dfrap¢hickness from the ‘weto the‘dry’ and
finally to the ‘crosslinkedstage.

Upon deposition onto the substrate, the ‘wesdating is longitudinally constrained by the
substrate. Thus, the shrinkage due to evaporatidnceosslinking occurs predominantly in the
transverse thin film direction. A coating sampletlie wet stage keeps its original composition
and thicknesdy. Since the volume ratio between the base slun8i{4 PHMS) and n-Octane
is 3:5, the coating thickness in the dry stage shlink to 3/8 (37.5%) of its wet thickness upon
the evaporation of n-Octane, leaving only a ‘denseating made of the base slurry.
Subsequently, the temperature is raised to 150°@asslink the polymer. During crosslinking,
pure PHMS polymer coating thicknesses shrink apprately 5% [34]. The filler particles take
up 30% of the volume fraction of the base slurntreat the coating thickness reduction is 3.5%

from the dry stage to the crosslinked stage as shmse:

_[h0.3+h0.700.95

_—=|h
Ahdryacrosslinked_ [h] rossinked [ ] Iv=0.965- 1=- 0.03 . (8)
dry

The coating thickness after PHMS crosslinking &°T5 he, can be experimentally measured

using either a profilometer or the SEM, since thmesslinked coating is sufficiently rigid.
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Consequently, the following equation is obtaineaddorelate the crosslinked thickness with the

wet thickness:

he. =hy(exp) [(B7.5%196.5% 0.36%( e, ) (9

in which hg (exp is the experimental wet coating thickness derifreth the measurement of the
crosslinked coating samples.

Experimental results (measurbgl thicknesses) are presented by the solid red amdl sol
black lines in Figure 4. The reason that two liaes presented is the finite length of the plate
(substrate) used in the experimental process. $imecsubstrate has finite length, then, after it is
withdrawn from the liquid bath, the speed of theving plate very quickly reduces to zero,
resulting in a loss of upward momentum in the kigfiim. This promotes excess liquid drainage
after the plate has been withdrawn from the batbabse gravity becomes important as
illustrated by the noticeable difference in theckimess of the films dried in theertical’ (solid
black line) vs the ‘horizontal’ (solid red line) m® shown in Figure 4. It is observed that for
samples dried in the vertical orientation after-cgating, excess slurry drains to the bottom of
the plate and either a meniscus or droplets foathinch off from the sample depending on the
plate withdrawal speed. By comparison, under cambtidentical to the vertical drying case,
samples flipped to a horizontal drying positioreatxtraction from the slurry exhibit negligible
drainage. It is due to the continued drainage envértical drying mode that its measured coating
thickness is always lower than that of samplesddinethe horizontal drying configuration. The
only exception is at the lower end of withdrawaéesgs, e.g.lU = 100 mm/min, in which case
both ‘vertical’ and ‘horizontal’ samples match well with the predicted thicknessssiiy

because in this regime the coating is so thin fravitational forces are limitedven after
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drawing has stoppedThe model results reported in this work applythe horizontal drying
mode.

The experimental data shown in Figurehj(eéxp), horizontal’ in particular, can be fitted
by the scaling law of the coating thickneb&) as a function of the withdrawal spedd) @s

follows (Figure 5):

K =0.0006315-U°%, (10)

The results are samarized in Table 2. In subsequent sections we aoenfhis result to other
models and then provide a rationale for the rasylievelopment of the semi-empirical scaling

model for this process.

Table 2. Actual and predicted coating thicknesses derivenh fdifferent models.

U (mm/min) 100 300 700 1000
U (m/s) 0.0017 0.005 0.012 0.017
hc (exp, vertical) fim] 10.3+0.3 | 14.6+0.1 | 19.1+0.3 | 22.4+0.5
ho (exp, vertical) im] (Eqn. 9) 28.5+0.8 | 40.3+0.3 | 52.8+0.8 | 61.9+1.4
h'cL (exp, horizontal) im] 9.4+0.4 | 15.8+0.2 | 24.8+0.1 | 29.7+0.6
ho (exp, horizontal) im] (Eqgn. 9) 26.0+1.1 | 43.6+0.6 | 68.5+0.3 | 82.1+1.7
ho [um]( Eqn. 19) 26.4 51.0 84.8 105.1
ho (Ashmorg [um]( Egn. 15) 30.9 59.7 99.3 123

t (Eqn. 21) 0.985 0.854 0.807 0.781
h'o [um] (Egn. 10) 25.7 44.5 68.0 81.3

2.2.4 Comparison of the Experimental Semi-EmpiriCakting Thickness Model with other

Models
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Comparisons are made between the measured thsgdagsven by Eqgn. (10) in Figures 4
and 5 and other models that predict entrainedthlickness involving complex liquids. Ashmore
et alused the Criminale-Ericksen-Filbey constitutive &tpn [36] and tested their theory on a
weakly viscoelastic liquid consisting of 0.06 wt%lyacrylamide (PAA) in a 1.1 mixture (by
weight) of water and glycerol, and demonstrated@ddit between experimental and calculated
coating thicknesses. The 0.06 wt% PAA solutionrglimas properties (such as shear-thinning
behavior) very similar to those of the slurry exaed in the present work. Specifically, some
rheological and physical properties from the tweesaare compared in Table 3. Note that the
two liquid systems are different in their polymeolecular weight and constituency, however,
they both show shear-thinning behavior, which iselved to originate from the similar linear-
chain structure of PAA and PHMS. Moreover, solvdikis water, glycerol and n-Octane are all
small molecules, thus should not be able to caumigilbo the shear-thinning effect, although the
filler particles used in the present study notidgahicken the slurry. Defininge, to be the
curvature of the static meniscus, the film thiclsmpsoposed by Ashmoret al [28] takes the

form,

l_
K, oK,

n 2 /1(2”‘“1)
&1{9f (n)s[&nj ] )

for a vertical film, in which

Km: ﬂ’ (12)
g
%K
f(n)=—tm 13
(n) h (13)

and
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n+2 }é
()" ”

Substituting the approximatioffn) = 0.646-0.76 log() [28] and the properties of the slurry
given from Table 3 into Eqn. (11) leads to thedwaling relationship between the film thickness

and the substrate withdrawal speed:

h, =0.001435-U°%, (15)

It is apparent that the Ashmore model does notucapthe dependence of the experimental
entrained thickness on pulling speed of coatingrgyprocessed from the slurry used in the

experiments reported in this work.

Table 3. Comparison of properties of the 0.06 wt% PAA sSoluin [28] and the slurry in the

present work.

0.06 wt% PAA solution| ZrSip-filled PHMS in n-

[28] Octane
Densityp [g/cn] 1.08 1.59
Polymer molecular weight [g/mol] 2.2x10 1.8-2.1x16
Surface tensioa [mMN/m] 61 35
Flow consistency indeK 0.10 0.11
Power law exponemt 0.71 0.77
Zero shear rate viscosiiy [Pa.s] 0.067 <0.1
f (n) 0.90 ~0.83
s [M7] - 943.6
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Finally, we compare the generalized Newtonian nodélAfanasieet al [23] with our
experimental results. For the value f= 0.76729 valid in this workat the Ca number
applicable here), the prediction of the film thieks from the matched asymptotic analysis of
Afanasievet al for a power-law liquid depends on the withdrawaged to the power of 0.6055,
which is not in agreement with the experimental results preskrdgbove. In addition, in
comparing a particular case, it is seen that thtched asymptotic analysis gives a value of
film thickness ~31um at a withdrawal speed of 700 mm/min (see the Agpg, which is less
than the experimental coating thickness of apprexaty 50um reported (vertical, Figure 4).
Numerical integration of the lubrication model ofaAasievet al [23] for this case gives an even
more inaccurate value of film thickness than thestched asymptotic analysis.

In summary, the Ashmore model is shown to agregetyowith the experiments in films
made from PAA solutions, however, it overestimates film thickness for the non-Newtonian
particle suspensions presented in this work. ThanA$iev model underestimates the film
thicknesses presented here. Since no models dgrpeedict the scaling of the thickness with
the withdrawal speed (under conditions for whiclke travitational influence on draining is
minimal), the conclusion is that the exponent deieed experimentally is not simply due to the
shear thinning (non-Newtonian) nature of the flbelng drawn and, instead, is attributable to
other physical effects.

A physical rationale for the experimental powes-lacaling presented in Egn. (10) is
sought. Our approach is to start with the clasdiealdau-Levich model and using systematically
applied modifications eventually derive the regiNen in Egn. (10). In this way a discussion of
the physical effects that may contribute to thalfiorm of entrainment coating thickness result

is facilitated. The effectiveness of Eqn. (10) medgicting film thickness is given in Figure 5,
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where good agreement between the predicted aratcthal thicknesses can be found throughout

the entire order of magnitude range of withdravpaesls considered.

3. Semi-empirical Modeling

3.1 Relevance of the Landau-Levich Model

The experimentally determined scaling law giverHoy. (10), offers no physical insight
into the origin of the power law exponent or thefticient. The purpose of this discussion is to
provide insightinto different physical effects on entrainmentlsgpand to relate them to the
case presented in this paper.

The starting point of the discussion is the Landavich model. Since the conditions for
its applicability are known, modifications can beade to this model to account for the
differences in the complex liquid system and in &x@erimental setup used here, such as the
finite sample length. For a Landau-Levich modelaaply, three of the multiphase system
intrinsic properties: the liquid viscosity, thedig density and the gas-liquid surface tension are
required. The latter two properties are readilyilaée regardless of the fluid rheological nature.
Our slurry viscosity is shear-rate dependent asgmted in Figure 1. Figure 1.d shows that the
maximum apparent viscosity of our slurry is below Pa.s at the lowest shear rates. The largest
withdrawal speed used is 1000 mm/min (0.017 m/sg, e surface tension of the slurry is
measured to be 35 mN/m using a pendant drop m¢B81dco thatmaximumestimated value of
Cais 0.05, orCa®*= 0.368. The capillary number dictates whether Egj.(3) or some other
formulation should be used as a starting pointHerdescription of a drag-out process.

In order that the effect of gravity may be negldcte the Landau-Levich drag-out

/3

analysis,Ca'*<<1 [21]. Therefore, we can assume that althoughittional drainage can play
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a very minor role on entrainment thickness, itesnthant only in the regime of much largea
and so even though the scaling given by Eqn. (B¢emgwith the result presented, it is not
physically relevent to the current experimentalestation, and so we begin the discussion with
Eqgn. (2) (and Eqgn. (1)) as the starting point.

A review of the dip-coating process is depictedFigure 6. The plate substrate is
vertically withdrawn from the bath at a constantegh U, in the positive x-axis direction. The
direction normal to the plane of the substrateaisalbel to they-axis. As is well known, the liquid
region may be subdivided into an entrainment regiamere the liquid is directly entrained by
the motion of the plate to form an adhering filndahe static meniscus (or capillary-static)
region in the bath away from the film, where th&erface shape is minimally distorted by the
motion of the plate. In general, in the entrainnregiion, viscous forces are more important than
capillary forces and the liquid is set into mot@ajacent to the moving plate due to the transfer
of momentum from the plate to the viscous liquidl.the static meniscus, capillary forces are
more important than viscous forces. Separatingetiteainment and the meniscus regions is a
relatively short transition region (or dynamic msis), where the capillary and viscous forces
are comparable. To determine the resulting entdaiiien thickness using a Landau-Levich
approach requires knowledge of the solutions ferftow and interface shape in the capillary-

static and transition regions.

3.2 Shear Rate at the Stagnation Point Thickness

The effect of the non-uniform liquid viscosity isxaanined by incorporating our

experimentally determined values into the moded. behavior of the complex fluids considered
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in this work is accounted for by determining an aygpt viscosity, accomplished by combining
withdrawal speed and film geometry into a sheae.rat

Figure 7 illustrates the Landau-Levich transitioggion in which there will be a
stagnation point at the gas-liquid interface wiaeeflow speed of the liquid vanishes. It divides
the movement of the liquid at the interface into aara above, where liquid moves upward
accelerating as it approaches the lamellar regrmdn reaching the speed of the moving plate,
and an area below, where liquid accelerates agvemaway from the substrate and then slows
down at a distance further into the bath. In tlaagition region, the fluid closest to the liquid-
plate interface moves with the same speed as #te purface due to the no-slip condition, but
slows down nearer to the gas-liquid free surfaneth{e y-direction). Far downstream from the
transition region, a.k.a. in the entrainment regibthere is no gravitational effec€a* << 1)
then the flow is plug-type, and since the influen€gravity is anticipated to be small compared
to viscous forces the flow speed is very nearlyarm throughout the entrained film thickness.

A horizontaldashed line in Figure 7, the stagnation pointkiess line (SL), is drawn
from the stagnation point at the gas-liquid integfédo the plate surface in a direction parallel to
the y-axis, i.e. normal to the substrate surfaceadvance a physical description of the semi-
empirical modeling result, it is assumed that tterlal slurry flow speed decreases along the SL
linearly from its maximum value at the liquid-plate intedato zero at the gas-liquid interface.
Thus, a single shear rate is applicable along bearsline. Similarly, during actual viscosity
measurements, the slurry fills the gap betweerseometer rotor and a cup, and a virtual SL can
also be considered to exist along the radial doeaif the cylindrical rotor-cup viscometer, with
maximum speed at the rotor-liquid interface andozepeed at the liquid-cup interface.

Therefore, the form of the slurry velocity gradientthe viscometer setup is very close to the
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profile assumed along the SL during the dip-coapngcess. As a consequence, shear rates in
the slurry during the drag-out process can be tyreorrelated with those obtained in viscosity
measurements. Once the liquid's shear rate on thies nown, the apparent liquid viscosity
value for a given withdrawal speed can be calcdld&tg making use of Egn. (6), the form of
which was experimentally determined using the salagy. (It is noted that théheoretically
predicted lateral flow speed at smélg, along the SL, which is in the transition regios,
guadratic in the y-coordinate, but the linear agpmation of the flow speed is not anticipated to
be a significant source of error in the analysegause the curvature of the flow speed along the
SL is not large.)

The slurry at the plate is assumed to obey a mpoesindition and, therefore, it translates
at the same speed as the plate withdrawal speddhe thickness of the entrained slurry at the
SL is defined asnhy with m > 1 due to the meniscus shape, whgyés the uniform entrained
film thickness. Applying these conditions, the shede along the shear line and the apparent

viscosity can be approximated as:

._ov, _ U
=% T mn He
and
U n-1
Mo, =K Eﬁm] , respectively. (17)

3.3 Empirical Correction

Substituting Eqn. (17) into (1) and (2), leadshe tollowing modification of the Landau-

Levich model:
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hﬁzn% —09aak B 4 % fog) 2. (18)
The slurry, a particle suspension, has been asstorteelhomogeneous and the evaporation of n-
Octane has been neglected.

In an approach similar to the one presented hereerweld [17] usedn = 3, but for
Newtonian liquids at higheZa. Based on this work, it is assumed that the vafitee numerical
factormrelevant in this study falls between 1 and 3 duthé lowCa. For simplicity, we sein =
2 in the following calculation. The slurry densif) is determined to be 1.59 g/émsing the
rule of mixtures [37] and the magnitude of the deional acceleration is 9.8 mM/sThe
exponent ofU, 2n/3, is a function of W characterizing the power-law nature of the slurry.
Including the shear-thinning slurry rheology andadithe other conditions assumed above leads

to the following power law scaling:
h, =0.0012261°%° (29)

Comparing Egn. (19) with Egn. (1) and (2) revedlsat tthe exponent df) in (19) is slightly
smaller than the Newtonian value of 2/3 given ijj (2. 0.60 < 0.67. Our conclusion is that this
difference in the exponent is directly related he hon-Newtonian behavior of the liquid. It is
interesting to note that although the approachesl wwe different, Eqn. (19) and (15) (the
Ashmore model applied to this case) and the Afawvasiodel all have the same power law
withdrawal speed exponent 0.60, although the azieffts multiplyingu®®° are different. As is
clear from Figure 4, both our Eqgn. (19) and themAsre modebverestimateoating thicknesses
over a wide range of withdrawal speeds except enslbwest withdrawal speed regime. At the
speedU = 1000 mm/min, the value predicted by the Ashmoel is 17% higher than our

current prediction given in Eqn. (19) and is appmately 50% higher than the experimental
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coating thickness for the case of horizontal dryilrg general, despite the agreement of the
scaling exponent with these other models, neithemmodifications nor other theoretical models
reproduce the experimental results. This call§ddher research in this area.

The lack of agreement of the experimental resydtesented in this work with the
modified entrainment law (Eqn. 19) and with othexd®ls previously described, is quantified by
means of an empirical adjustment, denoted(ds which maps the modified Landau-Levich

scaling law given by Eqgn. (19) to the observed expental results:
i, = b, (1=0.001226U°°[F( V), (20)

i.e., it maps the predicted coating thickndsg fo the measured coating thickneb&)(in the
horizontal configuration. The form of the power lavorrection t(U) required to fit the

experimental results reported earlier (Figure 8) is
t(U)=0.5151W %, (21)

It provides Eqn. (10), written again here:

h, =0.0006315L %% (10)

The results are summarized in Table 2. Teenumber in this work is sufficiently small that
gravity is not a major drainage influence duringgdout, as shown in treatments of the drag-out
problem involvingCa numbers of unity and higher values [9-11, 21].r€fare, the value of our
approach has revealed how various physical effewyg or may not account for the actual
scaling law exponent of 0.50 that is measured inexgperiments and quantified through the

correction factor.
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4. Discussion

Due to the lowCa number 0.05 derived in the present work, it issoe@ble to assume
that, in the drag-out stage, gravity has a minu@mce [20]. However, the results reported in
this paper predict that the thickness of the filprcbated on a substrate scales as the square root
of the withdrawal speetl, a non-standard Landau-Levich low capillary numthen coating
film result. A list of other effects have been udéd by researchers to modify to the Landau-
Levich scaling law such as a variety of rheologitqlid behaviors, treating higher order
capillary number effects in the asymptotic analyaed inertial effects. No results provide the
same scaling as observed in the model presented her

Other effects unique to this study that need exgilan. In this application, the work is
focused on the coating of rigid substratesfinite length and thearrest of sample drag-out
occurs prior to thickness measurements made incgexr horizontal orientations. As shown
above, using a different orientation of the samigad to different results. The drag-out
configuration of finite sample length is differeinom the ‘infinite’ substrate configuration on
which virtually all other theories are based. Ivatical orientation, sample arrest results in
additional observed physical phenomena. Firstlithued film undergoes thinning and then there
is the rupture of the liquid film that disrupts thgnamic meniscus (transition region), the region
within which the entrainment layer thickness iefixduring the drag-out stage. The deformation
of the film and the rupture process (that involgagface tension and possibly disjoining forces)
may induce changes in the entrained film geomegfprie measurement. We have calculated
whether or not there will be significant film thimg in ‘horizontal samples during drag-out,

using the approach of de Ryck and Quéré [21], hrgl have shown not. Therefore, our semi-
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empirical modeling approach has only been appliethé case of measurements made in the
horizontal configuration avoiding unnecessary caoapions.

Finally, the viscosity of the suspensibas been measured as a function of the shear rate
revealing power-law behavior as reported earlieowklver, in a suspension, there is an
additional complication arising from the expliciegendence of the viscosity on the volume
fraction of particles. The Einstein law [38] ane tkrieger-Dougherty law [39] are examples of
particle volume fraction dependent viscosities. iDgisubstrate extraction, flow may give rise to
variable particle speeds leading to non-uniforntiglardistributions throughout the liquid during
experiments. This would cause variations in theosgy not captured in the experimental
viscometric measurements and thus not describethdgr-thinning representations.

Other effects that deserve consideration in fustmelies include: interaction of particles
with the gas-liquid interface that generate adddidorces in the liquid, and the evaporation of
solvent during entrainmenthe solventn-octane has a low vapor pressure and evaporates
easily. which mayead to thickness variations and compositionakdéhces that would impact
properties such as the viscosite total evaporation time of n-octane is nearbpprtional to
the coating thickness and pulling speed. For tipeements reported, the evaporation times
were on the order of a minute (60s) or less. Uaingpresentative coating experiment, at a
withdrawal speed of 500 mm/min = 0.833 cm/s, théfira thickness shown in Figure 7 under
these conditions is approximately 15 microns. Thetkickness is therefore 5.625 microns (see
Section 2.2.3). The substrate coating length is@apmately 3 cm, so the total time required to
extract the substrate from the bath is 3 cm/.83 en8.6 seconds. Approximately 5 percent of
the solvent evaporation takes place during extstaand 95 percent of the evaporation occurs

after extraction has completed. Using a time soated on the extraction and the static
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evaporation times, an estimate of the rate oktless change is approximately -.147 microns

per second.

Marangoni effects are driven by constitutionallpgeted gradients in the surface
tension and affect the film thicknesses in dip-cwpexperiments because the only resistance to
surface tension gradients is the (tangential) wisdorce in the fluid at the interface. Flow rates
are affected in the dynamic meniscus and alsodriilim if the evaporation leaves a non-uniform
composition along the film interface. Previous whds shown that for continuous, steady state
drawing, if the capillary number greaterthan approximately I¥) the film thickness will be
different than for the clean case[40, 41]. In axypeximents the film appears to have evaporated
nearly uniformly during the longer static part bétprocess, and so the details of the origin of
the concentration gradients and thus the tangdviaahngoni forces in this case is not entirely
clear but still could be important. This is an atfeat needs further modeling.

Also, the segregation of polymer molecules inltgeid may result from an affinity to
the moving plate, influencing the entrainment thiegs. Further details related to crosslinking

and particle inertia can influence the rheologyhef liquid in different, unknown ways.

5. Summary
Two new, important experimental results are repbite this work. The first is the
measurement of the apparent fluid viscosity of mglex, particle-suspended non-Newtonian

liquid as a function of the shear rate. The apgdteit viscosity behaves as a power-law liquid

for the shear rates considered, with =0.11y***  and a pomereikponent of n = 0.76729.
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The second result is the measurement and disc@feaysemi-empirical scaling law for
the liquid film thicknessesh=0.0006315.%° of entrained particle-suspended non-Newtonian
complex fluid layers deposited on substrates bycdigting. The semi-empirical scaling law is
accurate over a large range of withdrawal speeds.

Insight into the scaling behavior is achieved byngsa Landau-Levich modeling
approach that includes systematically applying riications that allow for additional physics,
for example, incorporation of the experimentallytedlmined apparent viscosity of the non-
Newtonian slurry as a function of the shear ratéin@ar approximation to the flow speed along
a virtual line (orthogonal to the liquid-plate irfeece and terminating at the ‘stagnation point’ on
the gas-liquid interface) provides a single sheae,rso that that the viscosity in the original
Landau-Levich model can be replaced by a functionithdrawal speed. However, although the
scaling relation determined by consideration of shear-rate dependence of the viscosity finds
ho ~ U%®® which agrees with other theories in the literaftthis scaling does not match the
experimental results. Thus, a correction facto)=0.5151"1is identified that accounts for
the overestimation of the previous theories and thatches the experimental results for this
fluid system. The general applicability of this l#zg law for other complex liquid systems
remains to be investigated calling for fundameetglerimental and theoretical research in this

important materials processing area.
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Appendix: Calculation of the film thickness following Afanasiev, Munch and Wagner [23].

The film thickness represented by the power law:

h:L - '5(n)53/(4n+2)
by fitting the data on page 9 to a quadratic fuorctof n (5.19a) instead of solving the partial

differential Eqn. 5.3 and/or 5.4.

n 0.5 1.0 2.0

A(n) 1.488 0.9458 0.6826

The result is:

A, (n) =0.54757 - 1.9056+ 2.30%.

Using the valuen = 0.76729, give55(0.76729)= 1.164. Also note thate‘:Ca%,

thereforee = 0.368 whernCa = 0.05 in this work. The matched asymptotic analys AMW
begins to deviate from the numerical integration tbé Iubrication theory fore > 0.1
approximately; more so for larger It over-estimates the value of the film thicknesspared to
the numerical integrated value, the latter is lvelieto be more accurate in this regime.

Hereho'zL (dimensionless) has been defined by scaling thessnonal thicknes@ by
H, where

n %‘Hl n )/n+1
H :[Lj =[KU j whena = 0. (B.4
pgcosa P9

A\ (D)
HPL — A J(4n+2) — KU 7 3 (4+2)
Thus, ;" = HA(NE e Ane :

To calculate the value dif" at a certain withdrawal speed, eld.= 700 mm/min, we

use
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K =0.11,U = 700 mm/min = 1.167 cm/s,= 1.59 g/cm, e = 980 cm/$ n = 0.76729,

A0.76729F 1.164, ¢ = 0.368,—_ =0.5658 —— =0.4342 and—>
n+1 n+1

=0.591¢. Lastly, the
4n+ 2

result is@ =31 um.
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List of Figures

Figure 1. Viscometric measurements of the Zrfliled PHMS slurry. (a) shear rate as a function
of time; (b) corresponding shear stress as a fomaif time; (c) a plot of shear stress vs. shear
rate with a power law curve superimposed (Eqgn.(8); calculated apparent viscosity as a
function of shear rate (Eqn. 7).

Figure 2. Calculated apparent viscosity of the slurry asrecfion of shear rate.

Figure 3. Schematic of coating thickness evolution during doating. The ‘wet coating
thickness, his the thickness immediately after dip coating #red‘crosslinked'thickness, b, is
the experimentally measured thickness taken aftestinking of the polymer.

Figure 4. Comparison of wet coating thicknesses for ‘veftiogghy(exp), vertical) and
‘horizontal’ (ho(exp), horizontal) drying with predicted valuesrfrAshmore’s analysis [28§
(Ashmore), Egn. (15)) and from a modification oé thandau-Levich model presented as Eqn.
(19) in the present workhf). The experimental wet thicknesses are calculatsshg Eqn. (9)
from the measured crosslinked thicknesdes, (vertical andhc,, horizontal) which are also
plotted here.

Figure 5. The experimental coating thickneds(éxp), horizontal’, fitted by the scaling law of
the coating thicknes$p) as a function of the withdrawal spe&d) (namely Eqgn. (10).

Figure 6. Diagram of the dip-coating process. The liquidaaie subdivided into ‘entrainment
region’ and ‘static-meniscus region’ (‘capillaryasit region’) separated by a ‘transition region’
(‘dynamic meniscus region’jp is the constant film entrainment thickness amn$ a numerical
factor.

Figure 7. Flow pattern during the drag-out process. Thergtagn point thickness is the value of

film thickness at the location x where the flow agés zero at the gas-liquid interface.
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Figure 8. The empirical correction factofU). The best-fit curve is a power law function.
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