Optical Monitoring of Dip Coating: Non-Newtonian liquids
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Abstract. Dip coated films, widely used in the coating industry, are usually measured during fabrication by capacitive
methods with micrometric precision. In this work, interferometric determination of thickness evolution in real time, for
the first time to our best knowledge, is applied to a class of non-Newtonian liquids with distinct viscosities. Thickness
evolution during the process depends on time as predicted by a power-law model. Comparison with measured results
(uncertainty of + 0,007 wm) shows very good agreement after initial step of the process.
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INTRODUCTION

Among wet bench films production processes, dip coating is widely used especially for fabricating coatings on
non-planar or long-dimension objects [1]. 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
coating [2, 3], as well as several empirical observations [4, 5, 6, 7]. However, in these experimental studies, film
thicknesses are traditionally measured by capacitive techniques with large uncertainties (+2 pm), which are also
influenced by other parameters, such as substrate or belt thickness variations [5].

More recently, accurate optical techniques have been used to spatially measure the film profile by an
interferometric technique [8, 9], or for temporally monitoring physical thickness evolution during the process [10].
Comparison between experimental 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 +
0.007um), are reported for Newtonian mineral oils, with constant refractive index during the dip coating process
[10].

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, simultancously and in real time [11].

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 Newtonian liquid [12].

However, in spite of the numerous theoretical-experimental papers about non-Newtonian proprieties [13, 14,
15, 16, 17], to our best knowledge still there is no optical monitoring study reporting temporal physical thickness
evolution of non-Newtonian liquids during the dip coating process.

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 comparison between experimental results and
theoretical predictions.

CP992, RIAO/OPTILAS 2007, edited by N. U. Wetter and J. Frejlich
© 2008 American Institute of Physics 978-0-7354-0511-0/08/$23.00

1289



EXPERIMENTAL

Synthesis

In a typical mixture of Carbopol and Carboxymethyl Cellulose (CMC), according to the Gutfinger and
Tallmadge procedure [13], the Carbopol or CMC powder was first dissolved in deionized water, in distinct
concentrations of 0.20 and 0.16 mol L. The colloidal suspension was prepared by adding powder to deionized
water under magnetic stirring. Afterwards the colloidal suspension was filtrated using an FTFE membrane
(Millipore with 0.2mm pore size) and homogenized by ultra-sound vibration. The resultant transparent suspensions
were used to coat clean silicon substrates by the dip coating process.

Optical measurements

Monitoring of the CMC and Carbopol film deposition properties is obtained by analysis of the reflected signal
of a diode laser beam (1), at wavelength A= 660 nm. The double-optical monitoring setup, shown in Fig. 1a, can be
described as follows. In the interferometric arm at normal incidence, the light transmitted by both beam splitters (4,
13) is reflected by the sample (9), in which a liquid film is flowing (Fig. 1b), and is captured by the sample detector
(11). This reflected light is compared with a signal captured by the reference detector (8), and is later processed by a
lock-in amplifier (not shown in Fig. 1a). The high acquisition rate, typically of 3.5 KHz, and the proper alignment of
the optical system, leading to a small illuminated spot on the sample (diameter <0.5 mm) at x=x,, are carcfully kept
for detailed monitoring of the dip coating process. In the polarimetric arm, at oblique incidence typically of 50-60°
with the substrate normal, the laser light reflected by the beam splitter (4) and mirrors (5, 7), after traversing the
Glan-Thompson polarizer (6) with transmission axis in the plane of incidence, impinges onto the sample at a
variable angle [11] and is captured by the second sample detector (10), which is connected to a computer through an
A/D converter.
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FIGURE 1. (a) Simplified scheme of the double-optical monitor, composed of laser (1), chopper (2), attenuator (3), beam
splitters (4, 13), polarizer (6), mirrors (5, 7), reference detector (8), sample (9), sample detectors (10, 11) and dip coater (12).

(b) Nlustration of the dip coating batch process, where laser probing is shown. The spot under measurement corresponds to a
fixed value in the vertical x-axis.

The sample and the double-optical monitoring system are vibration-isolated from the dip coater. In order to

prevent contamination, as well as temperature inhomogeneities, the bath container is routinely kept inside a
transparent chamber. In all experiments, the relative humidity and the temperature of the dip coater chamber are
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controlled (at 90% and 24°C respectively). The measuring spots, produced at low power from the attenuated mW
laser source, do not affect the temporal pattern of the interference fringes, thus indicating 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 Abbe refractometry results at the processing temperature of 24°C
[11].

THEORETICAL

The extremes in the interference modulated curve can be written as a function of the film optical thickness (12/)
as [16]:
nhcos¢g=M A/4, €8]
where 7 is the film refractive index and /# its physical thickness; ¢ is the angle with the interface normal inside the
film, % is the wavelength of light in vacuum, and A is an integer number. In reflection, for a film with a refractive
index larger than that of the substrate, Equation (1) applies to interference minima for A/ even and to interference

maxima for A 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 the Gutfinger and Tallmadge equation [13]:
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where x/# corresponds to the withdrawing speed U for an observer in the laboratory reference system, where s is the
power index and K is the apparent non-Newtonian viscosity, o 1is the liquid density and g the gravity force.

RESULTS AND DISCUSSION

By use of the Double Optical Monitoring Method [11], experimental results were obtained for two volatile
non-Newtonian liquids (Carbopol and CMC) with distinct viscosities.

Figure 2 shows interferograms obtained from the temporal evolution of Carbopol, where each interval between
successive extremes corresponds to an optical thickness (physical thickness multiplied by refractive index) variation
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FIGURE 2. Reflectance temporal evolution for Carboxymethyl Cellulose (CMC), during dip coating.
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Through these A/4 step intervals, and by direct polarimetric measurement of the refractive index in real time,
information about physical thickness evolution was achieved during the process, as shown in figure 3.
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FIGURE 3.Temporal evolution of physical thickness and refractive index during dip coating of Carbopol 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.

In this figure, 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 equation (2), since the initial
thickness is larger for a higher viscosity.

Now we focus on the comparison between experimental results and the theoretical power-law predictions
shown as a solid line in Figure 3. 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 values obtained from Non-Newtonian
power-law relation (2). The theoretical fitting parameters, K and s, are compatible with previous reports by
Gutfinger and Tallmadge involving Carbopol [15].

CONCLUDING REMARKS

First double-optical analysis during batch dip coating of non-Newtonian fluids was presented. Quantitative
description of temporal thickness variation was then achieved since the beginning of the process at an acquisition
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. The precision of the optical method in thickness variation during the dip coating process is two
orders of magnitude better than that attained by traditional capacitive measurements. As a consequence, the optical
method allows characterization of liquid layer thicknesses with nanometric precision, thus opening new perspectives
for further characterization and understanding of the process temporal dynamics of Non-Newtonian liquids.
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