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Dip coated films, widely used in the coating industry, are usually measured by
capacitive methods with micrometric precision. In this work, interferometric determi-
nation of thickness evolution in real time, for the first time to our best knowledge, is
applied to volatile non-Newtonian liquids with several viscosities and distinct dip with-
drawing speeds. Thickness evolution during the process depends on time as predicted
by a power law model. Comparison with measured results (uncertainty of + 0.007 pum)
showed very good agreement after initial steps of the process. © 2009 American Institute
of Chemical Engineers AIChE J, 55: 3052-3055, 2009
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Introduction

Among wet bench films production processes, dip coating
is widely used especially for fabricating coatings on nonpla-
nar or long-dimension objects." Although dip coating
requires simple equipment and small resources, its dynamics
of film deposition may become complex, with different
stages during the process.

In this sense, extensive theoretical studies have been
devoted to describe Newtonian fluid behavior under dip coat-
ing,z’3 as well as several empirical observations.*” However,
in these experimental studies, film thicknesses are tradition-
ally measured by capacitive techniques with large uncertain-
ties (£2 pm), which are also influenced by other parameters,
such as substrate or belt thickness variations.”

More recently, accurate optical techniques have been used
to spatially measure film profiles by an interferometric tech-
nique,g’9 or for temporally monitoring physical thickness evo-
lution during the process.10 Comparison between experimental
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physical thickness evolution and theoretical results, within a
precision much higher than that of the traditional capacitive
method in the physical thickness determination (uncertainty of
4+0.007 pm), are reported for Newtonian mineral oils, with
constant refractive index during dip coating.'®

For more complex liquids, with significant refractive index
variation during the process, polarimetric and interferometric
techniques were combined (double optical monitoring) to
determine variable refractive index and variable physical
thickness values, simultaneously and in real time."'

Application of the double-optical monitoring method to a
sol-gel sulfated zirconia colloid, with variable refractive
index, allowed comparison between experimental physical
thickness evolution and theoretical predictions, where in the
first stage, dominated by mass loss, the film was shown to be
practically unaffected by evaporation and to flow as a Newto-
nian liquid."?

However, in spite of the numerous theoretical and experi-
mental papers about non-Newtonian properties,'*™ to our
best knowledge still there is no experimental study reporting
temporal physical thickness evolution of non-Newtonian
liquids during the dip coating process that would allow pre-
cise tests of existing theories.
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Figure 1. (a) Optical monitor setup, composed of laser
beam at 4 = 660 nm (1), chopper (2), beam
splitters (3, 4), reference detector (5), sample
detectors (6, 11), polarizer (7), mirror (8), lig-
uid bath (9), sample (10), and dip coater (12);
(b) illustration of the dip coating batch pro-
cess, where laser probing is shown.

The spot under measurement corresponds to a fixed value in
the vertical x-axis.

This is focused in this work, for power-law and volatile
liquids (carbopol and carboxymethyl cellulose (CMC)), by use
of the double-optical monitoring method, and aiming at a com-
parison between experimental results and theoretical predictions.

Experimental
Synthesis

Typical mixtures of carbopol-934 (a water-soluble semi-
synthetic polymer, in which groups of CH,COONa substitute
OH in cellulose chains, forming esters) and CMC (commer-
cial name for polymers composed of long chains of poly-
acrylic acid cross-linked with allylsucrose), were considered.
According to the Gutfinger and Tallmadge procedure,'? car-
bopol and CMC powders were first dissolved in deionized
water, in distinct concentrations of 0.20 and 0.50 mol L~".
The powdered form of these polymers was obtained from
Chemidex.

The colloidal suspension was prepared by adding powder
to deionized water under magnetic stirring, at 500 rpm for
1 h, to achieve a transparent solution, according to the Lab-
anda et al. procedure.'® Afterward, the colloidal suspension
was homogenized by ultra-sound and filtrated using an FTFE
membrane (millipore with 5 um pore size). The resultant
transparent suspensions were used to coat clean silicon sub-
strates by the dip coating process.

Optical measurements

Monitoring of the CMC and carbopol (mixture) film depo-
sition properties is obtained by analysis of the reflected sig-
nal from a diode laser beam (1), at wavelength / = 660 nm.
The double-optical monitoring setup is shown in Figure la,
more details can be found in Ref. 11.

The sample and the double-optical monitoring system are
vibration isolated from the dip coater. To prevent contamina-
tion, as well as temperature inhomogeneities, the bath con-
tainer is routinely kept inside a transparent chamber. In all
experiments, the relative humidity and the temperature of
the dip coater chamber are controlled (at 90% and 24°C
respectively). The measuring spots, produced at low power
from the attenuated microwatts laser source, do not affect
the temporal pattern of the interference fringes, thus indicat-
ing that local heating does not influence film properties.

Systematic errors in optical thicknesses data were
excluded by comparison with those obtained by ellipsometry.
Systematic errors in refractive index data were eliminated by
calibration using oil standards of known refractive indices at
25°C, and by comparison with ex situ Abbe refractometry
results at the processing temperature of 24°C.13

Refractive index values were obtained during the dip coat-
ing process by averaging every 10 successive measurements,
at a sampling rate of 1.7 KHz, corresponding to the maxi-
mum random error uncertainty shown in Table 1. Also in
this table, maximum random error uncertainty in the tempo-
ral occurrence of quarterwave optical thickness variations is
presented, associated with localization of the extremes in the
reflectance temporal curve, whose data was acquired every
0.3 ms.

Theoretical

The extremes in the interference-modulated curve can be
written as a function of the film optical thickness (nh) as'’:

A
nhcosqb:MZ, €))

where n is the film refractive index and /4 its physical
thickness; ¢ is the angle with the interface normal inside the
film, 4 is the wavelength of light in vacuum, and M is an
integer number. In reflection, for a film with a refractive index
larger than that of the substrate, Eq. 1 applies to interference
minima for M even and to interference maxima for M odd.
Physical thickness evolution of a liquid film on a substrate
with infinite length in the dip coating continuous process can
be described, under steady-state flow, by a simplified form

of the Landau-Levich equation2’3:

Table 1. Fitting Values and Physical Properties of the Non-Newtonian Liquids

Withdrawal
Non-Newtonian Speed, Refractive Index, Refractive Index, Density, Final Thickness Power Index, K
Liquids U (mm/s) n (liquid film) n (gel) o (Kg/m3) hg (um) K (Stokes)
Carbolpol 0.1 mol L! 12 1.3341 £ 0.0005  1.3360 + 0.0005 1000 +1 10.7 £ 0.9 0.79 +0.08  0.0055 £ 0.0002
CMC 0.2 mol L™ 12 1.3330 £+ 0.0005  1.3342 + 0.0005 1000 + 1 272+ 0.2 0.38 + 0.02 0.12 £ 0.01
CMC 0.5 mol L™! 12 1.3335 £+ 0.0005  1.3343 + 0.0005 1000 + 1 46.8 + 0.3 0.28 + 0.02 0.31 +0.03
CMC 0.5 mol L™! 10 1.3335 £ 0.0005  1.3343 + 0.0005 1000 + 1 273+ 0.2 0.24 + 0.02 0.29 + 0.02
CMC 0.5 mol L™! 7 1.3335 £+ 0.0005  1.3343 + 0.0005 1000 + 1 243 + 0.4 0.17 +0.03 0.30 + 0.04
CMC 0.5 mol L™ 2 1.3335 £ 0.0005  1.3343 + 0.0005 1000 + 1 22.6 £ 0.7 0.14 + 0.04 0.31 £ 0.07

AIChE Journal December 2009 Vol. 55, No. 12

Published on behalf of the AIChE

DOI 10.1002/aic 3053



CMGDsmnIL
ai I
o0
T
8 | |
[T}
& |
Region 1 i Raglon? . Region 3
T T T T T T T T
[\ 20 40 sn,hme {s]w 100 120 140
—CMCUQmoIL
5 |
: 1 lr Ik
o
g \ ||
o
: ‘
@
&
€T
Region 1 Regmnz .
0 2 40 50 80 100 120 1o
Time (s)

Figure 2. Reflectance temporal evolution for carboxy-
methyl cellulose (CMC), with two concentra-
tions during the dip coating process.

o&h 10,
pOx* ~ p Oy

+g=0, ()

where p is the liquid density, g the gravity force, 1., is shear stress,
and o is related to surface tension. These tree terms represent the
surface tension, the viscous and de gravitational effects, respec-
tively. In a region far away from the static meniscus, the surface
tension effect may be neglected and Eq. 2 can be expressed as:

1 8@}

p Oy

For non-Newtonian liquids, the shear stress and shear rate
do not present a linear relation. For fluids that follow the

power-law behavior, the shear stress is related with velocity
variation by a power index ‘““s” though the relation:

+¢=0, 3
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where “K” is the rheological constant. Equation 1, with Eq. 2
and initial conditions:

uy(y =0) = uo (5a)
Ou,\’
dy

give the physical thickness (%) evolution,

W) = (p—’(g>_(§)_ ©)

where x/t corresponds to the withdrawing speed u for an
observer in the laboratory reference system, shown in Figure 1b.

=0 (5b)

Results and Discussion

By use of the double optical monitoring method,"" experi-
mental results were obtained for two volatile non-Newtonian
liquids (carbopol and CMC) with distinct viscosities, and
under several withdrawing speeds.
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Figure 2 shows the raw data, as reflectance interferograms,
obtained from the temporal evolution of carbopol, with dis-
tinct concentrations, where in accordance with Eq. 1 each
interval between successive extremes corresponds to an opti-
cal thickness variation, nh, of A/4.

The interferograms, shown in Figure 2, may be divided into
three distinct regions. In the first one, dominated by mass drain-
age,'> a continuous increase in reflectance amplitude was
observed, due to a reduction of light scattering as the film becomes
thinner. After a short period of stability during the second region,
a significant reduction of reflectance amplitude is seen in the third
region. The film then becomes gradually translucent, and whitish
to the naked eye, probably as a result of solvent evaporation.

Furthermore, in Figure 2, the observed decrease in time
interval between successive extremes, since refractive index
is kept nearly constant by the low evaporation rate at high
humidity (as later shown in Figure 3) can be attributed to
the temporal decrease of the physical thickness Ah(x,f). This
can be explained from relation (6), which at a constant laser
probing position, x, leads to the temporal variation

o, X! ‘_7 (7)

whose value decreases with time for s > 0.

Through these 4/4 step intervals of nh, and by direct po-
larimetric measurement of the refractive index, n, in real
time, information about physical thickness, /4, evolution was
achieved during the process, as shown in Figure 3.

In a previous investigation,'? the beginning of the evapora-
tion mass loss stage was identified through refractive index
monitoring. However, this was not possible for the volatile
non-Newtonian liquids in this study, due to the small variation
of refractive index between the liquid and the jellified film, as
shown in Figure 2. Ex situ measurements performed by Abbe
refractometry (Table 1) confirmed this small variation.
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Figure 3. Temporal evolution of physical thickness and
refractive index during dip coating of carbo-
pol and carboxymethyl cellulose (CMC) at
distinct concentrations.

Although experimental points were obtained at each A/4
variation, only data at each A variation are shown for better
visualization. Modeling results are shown in solid curves.
Displayed uncertainties are specified at the inset.
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Figure 4. Temporal evolution of physical thickness during
dip coating of carboxymethyl cellulose (CMC), at
different withdrawal speeds, with process pa-
rameters and uncertainties specified at the inset.

Modeling results are shown in solid curves. Although exper-
imental points were obtained at each A/4 variation, only
data at each A variation are shown for better visualization.

In Figure 3, we note that as the CMC concentration
increases, so does the mass loss in the same time interval.
This does not imply in a smaller optical thickness value,
which would contradict Eq. 2, since the initial thickness is
larger for a higher viscosity.

Similarly, we note in Figure 4 that as the withdrawing
speed increases, so does the mass drain in the same time
interval. On the other hand, Eq. 2 indicates that a larger film
thickness adheres to the substrate for a faster withdrawing
speed. These two observations are consistent, since a thicker
film allows faster flow in its most external layers.

Now, we focus on the comparison between experimental
results and the theoretical power-law predictions shown as solid
lines in Figures 3 and 4. The agreement attained, after the very
initial moments of the process, indicates that the experimental
data, within the uncertainty of -7 nm, agree well with the val-
ues obtained from are non-Newtonian power-law relation (2).

In Figures 2 and 3, for both CMC concentrations, good
agreement is shown between experimental results and theo-
retical power-law predictions until the beginning of region 3.
Later on, possibly the influence of solvent (H,O) evaporation
becomes relevant to film viscosity. In a similar way, increase
of withdrawal speed, shown in Figure 4, delays the influence
evaporation, thus making possible agreement with model
predictions through a longer period.

The theoretical fitting parameters, K and s, are compatible
with previous reports by Gutfinger and Tallmadge involving
Carbopol.]4

Further characterization and understanding of the process
temporal dynamics of non-Newtonian liquids, we believe,
might facilitate control and optimization of their film forma-
tion temporal parameters for a variety of applications.

Concluding Remarks

First double-optical analysis during batch dip coating of
non-Newtonian fluids was presented for carbopol and CMC.
Quantitative description of temporal thickness variation was
then achieved since the beginning of the process at an acqui-
sition rate of 3.5 KHz.

After the initial few seconds, the experimental data agreed
very well with the dependence predicted by the power-law
model. This agreement corroborates the validity of the ana-
lytical theoretical treatment for power-law fluids, as well as
reinforces applicability of the double-optical method—with
nanometric precision in physical thickness variation—for
quantitative analysis for quantitative analysis of the dip coat-
ing process dynamics with complex non-Newtonian liquids.
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