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Abstract
In this work, two biocide-based antifouling (AF) coatings (a model and a full commercial system) were
considered in a leveling study. Using an optical three-dimensional (3D) profilometer, an advanced
rheometer, and evaporation rate measurements, the transient effects of wet film thickness, application
wavelength, and coating viscosity on leveling could be investigated.
The model coating was able to level faster and had better final leveling performance than the
commercial coating. This was attributed to the different viscosity profiles of the two coatings, the main
difference being that the commercial coating contained additives (thixotropic and wetting agents) that
affect the coating rheology.
A semi-empirical model, based on the so-called Orchard equation for ideal conditions, but modified
here to take into account solvent evaporation and non-Newtonian rheology, was developed for the
leveling kinetics. Due to the differences in rheological behavior for the two coatings considered,
adjustable model parameters needed to be fitted for each coating case. Overall, viscosity build-up was
found to be the dominating parameter for leveling.
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1. Introduction
The appearance and performance of coatings depend on the ability of the coating to level. One example
is orange peel after spraying application, where a wavy coating texture (similar to the surface of an
orange) can result from unbalanced coating formulation or spray conditions [1]. This affects the
esthetic appearance of coatings and constitutes sites of potential weakness, which may harm the coating
performance [2,3]. Another example is fouling control coatings (FCCs) on ship hulls where the coating
surface must be smooth to lower skin friction and the associated fuel consumption. A non-smooth
surface also leads to more biofouling [4].

1.1 Leveling studies of coatings
The importance of leveling for surface protection was early recognized and leveling of coatings has
been studied since the 1920s. However, progressing the understanding of the mechanisms and the
influencing factors of leveling has been slow [2]. In 1961, the leveling phenomenon was investigated
by Smith, Orchard, and Rhind-Tutt through brush mark studies [5]. Two years later, a systematic study
of leveling was published by Orchard [6], wherein he proposed a rate equation which later became
known as the so-called Orchard equation:
ln(

𝑎𝑡
16𝜋 4 𝜎ℎ3
)=−
𝑡
𝑎0
3𝜆4 𝜂
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(1)

where, at and a0 represent amplitudes of surface ‘waves’ at time t and time zero, respectively.  is the
coating surface tension, h represents the average film thickness, λ is the application wavelength, and η
is the coating viscosity. He proposed that surface tension is the dominant driving force for leveling
when the wavelength is less than one cm [6].
Orchard, as a basis for his equation, assumed a sinusoidally structured coating surface on a smooth
substrate as illustrated in figure 1.

Figure 1. Schematic illustration of a sinusoidally structured coating film. The solid line (wavy curve)
represents the initial coating surface with amplitude a0 and the dashed line (wavy curve) represents the
coating surface with amplitude at after leveling time t. h is the average film thickness,  is the
application wavelength,  is the coating viscosity, and  is the surface tension of the coating film,
respectively.

The Orchard equation was derived assuming that the average film thickness, the application
wavelength, and the coating viscosity do not change over time. This, of course, is unrealistic for
coatings containing solvents that evaporate during and after application. The surface tension was also
assumed to be constant, which is in good agreement with the work of Smith and co-workers [5], and
5

Overdiep [7] and Seeler [8], who found that surface tension in practice typically only changes a few
percent over the course of leveling. One thing to notice, is that the Orchard equation (because of the
assumption of no evaporation and Newtonian liquid) predicts that with time, an entirely smooth surface
is formed (at goes to zero, when t goes to infinity), which is not useful for practical coating applications,
where this performance is not achieved.
Coating viscosity is probably the most important parameter for leveling. In practice, it will vary from
the initial liquid coating viscosity and gradually increase and essentially become infinite as the coating
changes from a viscoelastic liquid to a viscoelastic solid. This happens due to solvent evaporation
and/or chemical curing of the coating. Coating viscosity is also a function of shear which changes from
high shear during application to much lower shear during leveling. The thixotropic (time-dependent
shear thinning) effect complicates the viscosity behaviors during leveling even more. In addition, due
to solvent evaporation, the average film thickness decreases over time. It is perhaps not surprising, that
Overdiep [7] could demonstrate that the Orchard equation failed, even qualitatively, to describe
leveling of solvent-based alkyd coatings.
Wilson, based on the Overdiep model, continued the development work on models for coating films
[9–11]. Various numerical models were developed based on the so-called lubrication theory, a timedependent solution of the Navier-Stokes equations [12–16]. In those models, two assumptions were
needed: 1) the amplitude is small relative to the average film thickness, and 2) the wavelength is long
relative to the average film thickness. Various effects were included in the models, such as
gravitational pull, surface tension gradient effects (also known as Marangoni effects) arising from nonuniformities in the local concentration of solvent [10], and non-Newtonian effects. However, the
models only included one or a couple of those effects [8]. Overall, it has been a challenge to cover all
phenomena in one model.
6

In previous investigations [3,7,17], measurements of leveling were not quantitative and most of the
approaches were designed for certain specialized types of coatings such as alkyd coating, spin coating,
or powder coating. Bosma et al. [18], however, developed a method for estimation of leveling behavior
of powder coatings in a quantitative manner. In the same year, the evolution of surface texture in
automotive coatings was investigated in details by Peters et al. [19], where Newtonian flow without
solvent evaporation, Newtonian flow with solvent evaporation, and viscoelastic coatings with nonNewtonian behavior were studied separately, using model liquids and commercial coatings. They found
that the evolution of surface texture was strongly correlated to temperature and solvent content.

1.2 Strategy of investigation
In the present investigation, the new approach developed in our earlier work (Wang et al. [20]), was
used to study leveling. The technique involves a combination of an automatic spiral-drawdown
application and a 3D measurement system based on an optical profilometer. With this macroscopic
approach, a well-defined sinusoidal surface structure can be generated on the coating surface, thereby
allowing the effects of important physical parameters (average film thickness, application wavelength,
and coating viscosity) on leveling to be systematically studied. Furthermore, by combining the
macroscopic approach with separate measurements in an advanced rheometer, dynamic data for
waviness, average film thickness, wavelength, and viscosity could be collected non-destructively
during leveling process. As a consequence, it was possible to quantify the leveling kinetics of coatings
with solvent evaporation and non-Newtonian rheology.
As a case study for the investigations, a fouling control coating (FCC) was selected. More specifically,
we used a conventional biocide and solvent-based antifouling (AF) coating type which we have
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described in our previous work [4]. FCCs are applied as top layers on ship hulls to prevent biofouling
growth and thereby to limit drag resistance [21]. A rough FCC surface can increase the frictional
resistance and constitute sites of weakness, i.e., potential starting points for corrosion, cracking,

Kommenterede [SK1]: Should we change “rough” to “nonuniform” here? Then we have not specified if we mean roughness or
waviness. If we write “rough”, I think we contradict ourselves in the
introduction.

blistering and biofouling [22,23]. The reason for choosing an AF coating is that it presents a rather
wavy coating surface, which gives rise to a higher drag force than for so-called fouling release coatings

Slettet: rough

[4],due to the high pigment volume concentration (> about 40%). In addition, it cures by physical
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drying only (no crosslinking)

Kommenterede [SK2]: Why do we mention this? Because it
simplifies the analysis?

Both waviness (macro-roughness) and roughness (micro-roughness) can have an influence on the

Slettet: .

measured drag of a surface, but we assume in this work (‘smooth coatings’) that the waviness is the
dominating factor. An investigation in support of this is provided in the work of Townsin et al. (1981),
who found that the drag of a roughened propeller in service was strongly dependent on the wavelengths
above 0.8 mm (an increase in the drag of over 50% was seen when the cut-off wavelength was
increased from 0.8 to 2.5 mm and a change of 100 percent in drag resulted from reducing the cut-off
wavelength to 0.25 mm). Anyway, the analysis of this work is concerned with quantification of coating
leveling and not drag force measurements of FCCs, which are provided elsewhere [4,24,25].

2. Materials and methodology
2.1 Equipment
Surface measurements of coatings, after film application on acrylic panels with a retrofitting
commercial film applicator (Coatmaster from Erichsen), were conducted using an optical 3D
profilometer from KEYENCE with VR-3100 sensor head. Viscosity measurements were performed
using a Discovery Hybrid Rheometer (DHR-2) from TA Instruments. Detailed descriptions for both
8

equipment and uncertainty analysis can be found in our previous work (Wang et al. [20]). Equipment
uncertainty for waviness measurements using the profilometer was about 3%.
Spiral rod applicators with different dimensions, see figure 2, were tailor-made and used in the
experiments. The spiral applicators provided well-defined sinusoidal surface geometries and ensured
various initial wet film thicknesses and wavelengths. For the sinusoidal geometry, the wavelength was
defined by the gap between two spiral wires. The initial wet film thickness was controlled by the depth
of the grooves between two wires which was determined by the size of the wires, the larger the wire,
the larger the grooves. All applicators were made of stainless steel-316.

Figure 2. Spiral applicators with different dimensions of application wavelength and targeted initial
wet film thickness.

2.2 Materials
A commercial AF coating (Globic 9000 78950) and two model AF coatings were used in the
investigations. The two model AF coatings were prepared based on a simplified reference formulation

9

which was formulated based on commercial AF coatings. The composition of the simplified reference
formulation is shown in table 1. The two model coatings had higher solvent contents than the reference
formulation; sample S1 26.9 wt% and sample S2 27.6 wt%.
The raw materials were all supplied by Hempel A/S. Coatings were produced using high-speed
dispersion. During coating sample preparation, the fineness of grind was targeted to 40 μm.
To investigate the effects of viscosity on leveling, coating samples with different solvent contents (31,
29, 28, 27, 25, and 24 wt%) were prepared based on sample S1 to give different initial viscosities.

Table 1. Composition of a simplified reference AF coating formulation.
Ingredients
Xylene/Dimethylbenzene
Methyl isobutyl ketone solvent
Zinc oxide
Bentonite
Talc
Cuprous oxide
Gum rosin
Acrylic binder

Concentration (wt%)
20
4
10
2
12
24
18
10

2.3 Methodology
Surface measurements (waviness and wavelength measurements)
The detailed operational procedure for surface measurements using the film application system and
profilometer, as well as how to separate roughness and waviness based on choosing proper cut-off
lengths, can be found in our previous work [20]. Here will only be given a concise description.
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The waviness parameter, Wa (the average height for waviness profile of multiple defined lines in the
scanned sampling area), was used to evaluate the leveling performance. The calculating methodology
used for Wa complies with International Organization for Standardization (ISO) standards [26,27]. To
obtain the waviness profile, cut-off length values of 2.5 mm and 0.8 mm were applied for coating
surfaces generated from spiral applicators with wavelengths of 3.7, 1 or 2 mm, respectively. Meanwhile,
the wavelength changes during leveling could also be obtained from the transient surface (waviness)
measurements.

Average film thickness measurements
The average film thickness decrease, due to solvent evaporation, was directly measured using the
profilometer. The same application procedure as for the surface measurements was used. Then the
coated panel was placed at a location where the edge of the coating film could be scanned by the
profilometer as shown in figure 3 (left). Subsequently, the average film thickness was measured from
the surface profile (figure 3, right). Thus, transient average film thickness values during solvent
evaporation and the leveling process were obtainable from the same location at different times after
film application.
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Figure 3. The average film thickness measurement after application (left) and an example of a
measurement series obtained from the surface profile (right) at a given point in time. In the figure to the
right, the average film thickness was estimated to about 180 μm, as indicated in the figure.

Evaporation rate experiments
To obtain solvent evaporation profiles, separate evaporation rate experiments were performed. The
coating films were applied under the same conditions as those used in the surface measurements to
simulate the solvent evaporation process during surface measurements. Immediately after coating
application and onwards, the coated panels were weighed using a precision balance (ENTRIS 623I-1S
from Sartorius with an accuracy of 0.001 g). For each sample, the same procedure was repeated three
times.

2.3.1

Experimental procedure for studying effects of individual physical parameters on leveling

The following experimental procedures were performed to study the effects on leveling of coating
sample S1 of different individual physical parameters, including the initial wet film thickness, the
application wavelength, and the coating viscosity. All coating applications were performed horizontally.
The effects of the substrate on the coating leveling was not investigated. All the experiments were done
with acrylic panels with a surface roughness of about 6 µm.

To investigate the effects of the initial wet film thickness, film applications with different spiral
applicators (300, 400, and 500 μm) with the same initial wavelength (3.7 mm) were conducted.
Immediately after each application, the surface measurement was initiated. Three repetitions were done
for the initial wet film thickness of 300 μm.
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To investigate the effects of the application wavelength, film applications with different applicators (1,
2, and 3.7 mm) with the same initial wet film thickness (300 μm) were performed. The same
experimental procedure was repeated three times for each wavelength.
The effects of viscosity on leveling were studied using coating samples with different solvent contents
(31, 29, 28, 27, 25, and 24 wt%). The viscosity of each sample was measured using a DHR-2 rheometer
under the same constant shear rate of 117.4 s-1 (similar to the shear rate generated from a KU-1
Viscometer from Brookfield as used in industry). Thixotropic behavior was observed for all coating
samples, when examined on the rheometer. The film application for each sample was performed using
the spiral applicator with a wavelength of 3.7 mm giving an initial wet film thickness of 300 μm.
Following application, the surface measurement was performed for each sample. For two coating
samples, the film application and surface measurement procedure were repeated three times.
Separate evaporation rate experiments were conducted for coating samples with solvent contents of 29,
27, and 24 wt% to further understand the effects of viscosity on leveling. For each sample, two
repetitions were performed.

2.3.2

Collection of experimental data series for model development

Using the spiral applicator with a wavelength of 3.7 mm, all coating samples were applied on acrylic
panels aiming at an initial wet film thickness of 300 μm. After application, changes in waviness (Wa),
wavelength, and average film thickness were obtained in the same ways as in the aforementioned
“surface measurements” and “average film thickness measurements” sections. Both surface
measurements (for obtaining waviness and wavelength values) and average film thickness
measurements were repeated five times for sample S2 and three times for the commercial AF coating.
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Viscosity measurements
The solvent contents of applied coatings, corresponding to different experimental times during a
leveling experiment, were obtained from the solvent evaporation rate experiments (using approximately
the same film thickness, application method, and laboratory air conditions for leveling and evaporation).
Subsequently, these solvent content-time data sets (see Table 2 for an example) enabled the
formulation of a series of separate coating samples with the exact same solvent contents as those
observed in the time series, which could then be used for viscosity measurements at a constant shear
rate corresponding to leveling. In other words, it was (approximately) possible to follow the viscosity
development of a given coating during simultaneous leveling and solvent evaporation. However, one
limitation for the coatings considered was that the prepared samples could only cover the coating
conditions within the initial 8.5 minutes after application because of too high viscosity values at later
times (where the coating went from a viscoelastic liquid to a viscoelastic solid).

Table 2. Samples prepared for viscosity measurements and their corresponding solvent contents at
different times during leveling of sample S2 after application.
Sample No. Time after application (s) Solvent content (wt%)
1
0
27.55
2
50
27.02
3
95
26.46
4
130
26.00
5
225
24.94
6
330
23.97
7
429
21.98
8
510
21.00

Initially, sample 1 with the highest solvent content (27.55 wt%) was prepared. Then sample 1 was
divided into eight containers and seven of them were subjected to intensive solvent evaporation at room
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temperature by manually stirring the coatings on the balance until the desired solvent content was
reached (the weight was monitored during this process).
Subsequently, the viscosities of the coating samples were measured using the DHR-2 rheometer with
two steps of flow peak hold tests: the first step with high shear rate (103 s-1) representing the application
process; followed immediately by the second step with low shear rate (10-2 s-1), representing the
leveling process. Each sample was measured three times. Thixotropic and shear-thinning behaviors
were observed for all coating samples. Based on the transient viscosity curves obtained during the low
shear rate period, the viscosity value at the targeted time was adopted for each sample to represent the
corresponding transient viscosity during the leveling process, in accordance with the surface (waviness)
measurements.
It should be mentioned that uncertainties exist in the approach of obtaining transient viscosity values
during leveling. The obtained viscosity values may not exactly represent the real viscosities during
leveling due to the unknown corresponding shear rates at different times after application. During the
leveling procedure, the coating might experience lower shear rates than the value used in the viscosity
measurements (10-2 s-1). Moreover, rheometer results showed that the shear stress was increasing
during the measurement because viscosity was increasing when the shear rate was controlled to be
constant. However, the shear stress should be decreasing during leveling after the sudden removal of
application where high shear stress was imposed to the coating [8]. Thus, there are limitations in
obtaining correct viscosity values during leveling.
In summary, experimental series of coupled values of waviness (Wa), application wavelength (λ),
average film thickness (h), and coating viscosity (η) were collected at different times (t) during leveling.
These data series were subsequently used in the development of the semi-empirical leveling equation.
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2.3.3

Development of leveling model

The complexity of the leveling process, when solvent evaporation takes place and film thickness and
coating viscosity change over time, is high. In this case, to capture the leveling process in one single
equation requires a semi-empirical approach. Due to the lack of scientifically-based alternatives, a
semi-empirical model based on the Orchard equation was used as shown below.
𝑎𝑡
16𝜋 4 𝜎ℎ3
𝑊𝑎𝑡
ℎ(𝑡)𝑎
(2)
)=−
𝑡 ⟹ ln(
)=𝑑
𝑡
4
𝑎0
3𝜆 𝜂
𝑊𝑎0
𝜆(𝑡)𝑏 𝜂(𝑡)𝑐
Notice, that the amplitude, at and a0, have been replaced by the waviness, Wat and Wa0. Besides, as
ln(

explained in the introduction section, surface tension σ does not undergo significant changes during
solvent evaporation and has, together with the other constants, been lumped into the constant d. a, b,
and c are new exponents for average film thickness, wavelength and viscosity.
Using minimization of the sum of least squares (eq. 3), the exponent of each individual physical
parameter could be estimated.
𝑛

𝑆𝑚𝑖𝑛 = ∑[ln(𝑊𝑎𝑡 ⁄𝑊𝑎0 )𝑒𝑥𝑝 − ln(𝑊𝑎𝑡 ⁄𝑊𝑎0 )𝑚𝑜𝑑𝑒𝑙 ]

2

(3)

𝑖=1

The ´fmincon´ solver of MATLAB was used for actual implementation. The values of a, b, and c were
constrained to positive values and the value of d was constrained to be negative because the natural
logarithm term of the model (as written in eq. 2) was always negative.

3. Results and discussion
The effects of initial wet film thickness, application wavelength, and coating viscosity on leveling of
coatings with solvent evaporation were investigated and will be presented in the coming paragraphs.
Subsequently, the semi-empirical model is used to describe the leveling process.
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3.1 Effects on leveling of initial wet film thickness
The effects of different initial wet film thicknesses on leveling of sample S1 are shown in figure 4 [28].
It can be seen that the very first Wa value measured decrease when the initial wet film thickness is
increased, which suggests that a higher film thickness results in a more adequate flow around the spiral
applicator and provides better leveling result. However, compared to their initial Wa values, the final
Wa values dropped respectively 56, 62, and 50% for initial wet film thickness of 300, 400, and 500 μm.
Thus, no clear trend was found for the effects of initial wet film thickness on the leveling rate based on
the obtained data. Nevertheless, we think it is possible that the initial Wa value at time zero, which was
not measurable with the present equipment (one measurement takes 15 s), could be proportional to the
depth of the grooves on the spiral applicator, which thereby defines the initial wet film thickness. In
other words, the initial Wa value at time zero could be higher when the initial wet film thickness is
higher. Consequently, the initial leveling rate (the slopes between the first data point and the value at
time zero) may increase with the initial wet film thickness. However, this could not be confirmed.
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Figure 4. Transient waviness (Wa) values over time after drawdown application for different initial wet
film thicknesses (300, 400, and 500 μm). The error bars shown for 300 μm case represent the standard
deviations from three repetitions. Notice that the x-axis is in logarithmic scale to emphasize the curve
development immediately after application.

The slight increase in the Wa value after about 10 min (also seen in figures 5 and 6) can be attributed to
the fast solvent loss, which increased the amplitudes of the peaks and valleys, according to the
waviness (amplitude) profiles obtained over the drying process. All waviness (amplitude) profiles
corresponded well with the changes of the Wa values (a detailed discussion is provided in [20]). The
so-called ‘reversal’ phenomenon (Marangoni effect) [10] was not observed for any of the samples.
3.2 Effects on leveling of application wavelength
The effects on leveling of different initial wavelengths of the sinusoidal surface, generated with the
spiral applicators, are presented in figure 5 [28]. It can be seen that waviness, Wa, increases with
wavelength, which means a larger wavelength leads to a worse leveling result. For the 1 mm case, the
captured initial waviness is already so low due to the initial fast leveling rate, that further leveling does
not seem possible.

18
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Figure 5. Transient waviness (Wa) values over time after drawdown application with different initial
wavelengths of the sinusoidal surface (1, 2, and 3.7 mm). Each data point is the average value of three
repetitions and the error bars shown represent the standard deviation. Notice that the x-axis is in
logarithmic scale to emphasize the curve development immediately after application.

3.3 Effects on leveling of coating viscosity
The viscosities measured of the samples with different solvent contents were 1.06, 1.68, 2.27, 4.09,
6.52, and 8.56 Pa·s under a shear rate of 117.4 s-1. Normally, the viscosity we see of commercial AF
coatings is about 0.95-2.2 Pa·s at this shear rate.
The effects of those initial coating viscosities on leveling are shown in figure 6 [28]. It can be seen that
the waviness, Wa, increases with viscosity. Notice, that the spectrum of the Wa value is very broad.
Moreover, all samples behave in a similar way except the one with the highest viscosity (8.56 Pa·s).
The initial decrease of Wa was not observed for the sample with a viscosity of 8.56 Pa·s.
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Figure 6. Transient waviness (Wa) values over time after drawdown application for coating sample S1
with different initial viscosities (1.06, 1.68, 2.27, 4.09, 6.52, and 8.56 Pa·s). The error bars shown for
4.09 Pa·s case represent the standard deviations from three repetitions. They are too small to be seen.
Notice that the x-axis is in logarithmic scale to emphasize the curve development immediately after
application.

The effects of viscosity on leveling can be further demonstrated with the aid of solvent evaporation rate
experiments. Results, for selected samples with initial viscosities of 1.68, 4.09, and 8.56 Pa·s, are
shown in figure 7 [28]. The viscosity development is coupled to the two distinct evaporation rate
regimes; an initial fast evaporation rate period, where external solvent mass transport controls the rate,
followed by a much slower evaporation rate period, where internal solvent diffusion in the coating
dominates [29]. It can be seen that the sample with the lowest initial viscosity has the longest constant
evaporation rate period (10 minutes versus 7 and 5 minutes for 4.09 and 8.56 Pa·s), corresponding to
the longest time before ‘skin’ forms on the surface of the coating at which point the viscosity increases
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rapidly and the leveling rate goes down. Hence, it confirms that the leveling is retarded by the
increased viscosity resulting from solvent evaporation.

Figure 7. Solvent content over time during evaporation rate experiments for coating sample S1 with
three different initial viscosities (solvent contents): 1.68 Pa·s (29 wt%), 4.09 Pa·s (27 wt%), and 8.56
Pa·s (24 wt%). The plot on the right hand side shows more details within the initial 30 mins. The red
dashed lines indicate the initial constant evaporation rate period. Each data point is the average value of
two repetitions and the error bars shown represent the standard deviations (most of them are too small
to be seen).

Due to the presence of solvent concentration and curing degree profiles in thermoset coatings [29], it
should be noted that viscosity and shear stress will most likely also be functions of position in the
coating. However, such a detailed level of analysis is not possible with the present equipment.

3.4 Simultaneous tracking of solvent content, film thickness, viscosity, wavelength and waviness
The full experimental series of coating parameters within the first seven minutes after application are
summarized in figure 8 [28] for the model coating (S2) (left) and the commercial AF coating (right).
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It can be seen that during the leveling process, the wavelength value did not change much and only
small fluctuations around the expected value (3.7 mm) were observed for the model coating. Moreover,
it was found that the average film thickness decreased (about 10-12%) linearly with time (about 3.7 μm
per minute) within this time span (as shown in figure 9 [28], the film thickness reached a plateau after a
couple of hours). The solvent content curve exhibits a similar trend, which is reasonable because the
reduction of average film thickness is directly related to the solvent evaporation.
Compared to the results of the coating sample S2 (see figure 8), the waviness values of the commercial
coating were much higher and the final leveling result was poorer than for sample S2. Furthermore, the
viscosity build-up of the commercial coating was very different. This, most likely, is because the
overall solvent contents of the commercial coating (from 16 to 19 wt%) were lower than those of
sample S2 (23-27.5 wt%). For sample S2, the viscosity value was 1465 Pa·s when the solvent content
was 22 wt%, which means that the viscosity would be even higher when the solvent content was lower
than 19 wt%. However, for the commercial coating, the viscosity was 83 Pa·s when the solvent content
was 19 wt%. The reason why the commercial coating could have such low viscosity at the same solvent
content as the model sample S2 was most likely that the additives inside the commercial coating
(thixotropic and wetting agents) imposed rheological effects to the coating. This was probably also
responsible for the difference in viscosity build-up. Consequently, the poor leveling performance could
be attributed to the viscosity development. Overall, the coating viscosity was found to be the dominant
parameter affecting the leveling process, because viscosity showed the largest changes (increased about
2379% for S2 and 1940% for the commercial coating) among all parameters during the leveling
process.
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Figure 8. The transient process of solvent evaporation and leveling for the model coating S2 (left) and
the commercial antifouling (AF) coating (right). The coating parameters followed were (from top to
bottom): solvent content, coating viscosity, average film thickness, application wavelength, and
waviness. Each data point is an average value except for solvent content and film thickness in the right
hand plot. The error bars shown represent the standard deviations of repetitions.
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Figure 9. Average film thickness over time for sample S1 after application using the spiral drawdown
applicator giving 300 μm initial average film thickness with 3.7 mm wavelength.

3.5 Development of semi-empirical model for leveling
3.5.1

Relationship between final leveling performance and initial coating parameters

The relationships between final leveling performance and the initial coating parameters (film thickness
and wavelength) were correlated based on the experimental results shown in figure 4 and 5. To
correlate the final waviness values with the different initial film thicknesses, the following relationship
was proposed
𝑊𝑎𝑡
= 𝐸ℎ𝛽
(4)
𝑊𝑎0
where E is a constant. The exponent  for the film thickness dependency can be estimated from the
slope of a plot of ln(Wat/Wa0) against ln(h). For correlating the final waviness values with the different
initial wavelengths, a similar relationship was used:
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𝑊𝑎𝑡
= 𝐸´𝜆𝛾
(5)
𝑊𝑎0
where E’ is a constant and the exponent  for the wavelength can be estimated from the slope of a plot
of ln(Wat/Wa0) against ln(λ). The empirical models obtained are shown in eq. (6) and (7) [28]:
𝑊𝑎𝑡
= (975787𝜇𝑚2.77±0.024 )ℎ−2.77±0.024
(6)
𝑊𝑎0
𝑊𝑎𝑡
= (0.015𝑚𝑚−1.68±0.030 )𝜆1.68±0.030
(7)
𝑊𝑎0
The correlation coefficients for eq. (6) and (7) were 0.9999 and 0.9997, respectively. Equation (6) and
(7) are valid when the film thickness h is within 300-500 μm and the wavelength is within 1-3.7 mm
for coating sample S1, respectively. The two equations can be used for estimating and comparing the
waviness decay or final leveling performance of a similar coating with different initial film thicknesses
and wavelengths, respectively.

3.5.2

Transient model fitting

According to the experimental data provided in figure 8, the application wavelength is practically
constant during leveling process. In addition, the film thickness change is also very little (about 1012%). On the other hand, viscosity changes 2379% (1940% for the commercial coating). Therefore, the
viscosity was assumed to be the only important parameter during solvent evaporation and leveling and
the semi-empirical model of eq. (2) was adjusted to the following model.
𝑊𝑎𝑡
ℎ(𝑡)𝑎
𝑊𝑎𝑡
𝑓
(8)
)=𝑑
𝑡 ⟹ ln(
)=
𝑡
𝑊𝑎0
𝜆(𝑡)𝑏 𝜂(𝑡)𝑐
𝑊𝑎0
𝜂(𝑡)𝑒
where the film thickness term, h(t)a, and the wavelength term, λ(t)b, were lumped into a new constant f.
ln(

Consequently, the semi-empirical model of eq. (8) was fitted to the transient experimental data of
waviness and viscosity for the two coatings. The results are shown in figure 10 [28]. The values
obtained for e and f are provided in table 3 with the associated errors.
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Figure 10. Comparison of waviness values obtained from experiments and calculated from the model
(eq. 8, right hand side) as a function of time for model AF coating S2 (left) and the commercial AF
coating (right). The viscosity profiles are also included. For both experiments and modeling, each data
point is an average of five (model coating) and three repetitions (commercial coating) and the error bars
represent the standard deviations.

Table 3. Estimated values and errors for the constants in eq. (8).
Constant
e
f

Model coating S2
Estimated value
Estimated
error
1.64
±0.02
-34.68 kge·m-e·s-e-1
±2.89 kge·me -e-1
·s

Commercial AF coating
Estimated value
Estimated
error
1.40
±0.02
-23.25 kge·m-e·s-e-1
±2.88 kge·me -e-1
·s

Figure 10 shows that the modeling of waviness is in very good agreement with measured values for
both coatings. It can be seen from table 3 that the values for e and f are somewhat different for the two
coatings, which is probably attributed to the different waviness values (leveling performance) resulting
from the different viscosity developments. In practice, viscosity behavior could be easily altered by
additives present in the formulation. Therefore, it is not possible to match experimental values with
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Kommenterede [SK5]: Please make room in the table for the
errors to be on one line only so you do not have to “cut” the units in
two.

modeling results without a separate fitting of the adjustable model parameters for a given coating.
However, the model remains universal (at least for the coatings studied). It is not meaningful to
compare the equation exponents obtained in this work with those of the Orchard equation, because the
latter is based on an underlying assumption of no solvent evaporation and/or chemical curing taking
place, as well as a constant coating viscosity.

4. Conclusions
Using an optical 3D profilometer in combination with an advanced rheometer and gravimetric
evaporation rate experiments, transient data for leveling of coatings with simultaneous solvent
evaporation and viscosity development could be obtained. Results showed that higher film thickness,
shorter application wavelength, and lower coating viscosity led to better final leveling performance. By
far, the most important parameter to consider for transient effects during leveling process is the coating
viscosity.
The relationships between the final leveling performance and the coating parameters (initial average
film thickness and wavelength) were correlated and both parameters were found to be of significant
importance. Furthermore, a semi-empirical model could be fitted with very good agreement to the
transient experimental data for both coatings. The two fitting parameters for the viscosity dependencies
in the model were similar, but not identical for the two coatings. This was attributed to different
rheology additives (thixotropic and wetting agents) present in the formulations.
Overall, the direct experimental approach can be a valuable tool in the optimization of leveling of
coatings.
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