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Waterborne coatings emit a low amount of harmful volatile organic compounds (VOCs) into
the atmosphere compared to solvent-cast coatings. A typical waterborne formulation for
agricultural applications consists of colloidal thermoplastic particles (latex) as the binder, a
thickener to raise the viscosity, inorganic filler particles with a water-soluble dispersant, and
a colloidal wax tomodify surface properties. The formulations typically contain hygroscopic
species that are potentially subject to softening by environmental moisture. The hardness,
tack adhesion, and coefficient of friction of formulated coatings determines their suitability
in applications. However, the relationship of these properties to the components in a
coating formulation has not been adequately explored. Furthermore, the relationship
between hygroscopic components and properties is an added complication. Here, we
have characterized the hardness and tack adhesion of model formulated coatings using a
single micro-indentation cycle with a conical indenter under controlled temperatures
(above and below the glass transition temperature of a latex binder) and relative
humidities. In parallel, we measured the coefficient of kinetic friction, μk, for the same
coatings using a bespoke testing rig under controlled environmental conditions. Across a
range of temperatures, RH and compositions, we find an inverse correlation between the
coating hardness and μk. Any correlation of μk with the roughness of the coatings, which
varies with the composition, is less clear. Formulations that contain wax additives have a
higher μk at a low RH of 10%, in comparison to formulations without wax. For the wax
formulations, μk decreases when the RH is raised, whereas in non-wax formulations, μk
increases with increasing RH. Wax-containing coatings are hydrophilic (with a lower water
contact angle), however the wax has a lower water permeability. A lubricating layer of water
can explain the lower observed μk in these formulations. The addition of wax is also found
to planarize the coating surface, which leads to higher tack adhesion in dry coatings in
comparison to coatings without wax. Greater adhesive contact in these coatings can
explain their higher friction. Our systematic research will aid the design of seed coating
formulations to achieve their optimum properties under a wide range of environmental
conditions.
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1 INTRODUCTION

Waterborne colloidal polymers, called latex, are used as the
binder material in films applied in a range of sectors:
infrastructure (Jiang et al., 2017) and automotive (Nobel et al.,
2007) (as protective coatings), packaging (in adhesives and
binders) (Chen et al., 2015), printing (in inks) (Zhang et al.,
2012), cosmetics (e.g., in nail varnish) (Peng et al., 2020),
agriculture (to contain active ingredients in coatings)
(Mulqueen, 2003; Pedrini et al., 2017), and pharmaceuticals
(e.g., encapsulants (Lecomte et al., 2004)). Latex films have
been growing in use over the past several decades because
primarily water evaporates from them during their deposition
and film formation, unlike coatings with an organic solvent
carrier, which emit volatile organic compounds (VOCs) into
the environment. Depending on the particular application, the
waterborne binder is formulated with additives, such as viscosity
modifiers, fillers, wetting agents, and dispersants. The particular
application determines the requirements for properties and
influences the selection of formulants. In applications in
protective coatings, a high hardness and mar resistance are of
great importance. In applications as coatings on objects, such as
drug tablets (Hancock et al., 2010) or seeds (Steffen et al., 1999),
friction and tack adhesion should be low to ensure ease of
production and handling.

The coefficient of friction, μ, is related directly to the friction
force, F, and to the normal applied load, L, via the relationship
known as Amontons’ Law (Amontons, 1699):

F � μL. (1)

This simple, well-known relationship is surprisingly good at
describing both smooth and rough surfaces in sliding contact, in
dry and lubricated conditions (Gao et al., 2004), as long as the
surfaces are not in adhesive contact. For adhering surfaces, there
is an additional contribution to the friction force that is
proportional to the “real” contact area. For perfectly smooth
surfaces the adhesive contribution to friction is very high, because
the “real” contact area is the same as the “apparent” contact area.
When adhesion-controlled friction exists, the friction force is
proportional to the number of contacts. Roughness can thus play
an important role in the coefficient of friction. Additionally, the
hardness of the surfaces in contact is also very important: a hard,
rough surface can have a very low “real” contact area, whereas a
soft, rough surface can have a higher “real” contact area than the
“apparent” contact area, leading to a very high friction force.

As formulated, waterborne coatings are invariably textured
and chemically heterogeneous, the complex interplay of
roughness and adhesion is necessary to consider. He et al.
(2008) studied how surface texture affects the friction of
polydimethylsiloxane. They found that pillar-textured surfaces
resulted in a much lower coefficient of friction than smooth-
surface alternatives of the same material in both macro-scale and
micro-scale experiments. This reduced friction coefficient was
attributed to the reduced contact areas between the sample and
probe. Santner and Czichos (1989) investigated tribological
behavior of several thermoplastic polymers in dry sliding
conditions. They found that the friction coefficient decreased

as the surface roughness of the steel counter-face increased, until
a critical value was attained. At higher roughness values, the
coefficient of friction began to increase. For small values of
surface roughness, adhesion forces can dominate, and at
higher roughness values, abrasion plays a more important role
(Menezes and Kailas, 2016).

There have been numerous studies of the hardness and friction
of homogeneous materials in coatings. However, in formulated
coatings, the microstructure is heterogeneous because it is made
from multiple components. The composition typically contains
mixtures of materials with soft adhesion (such as the binder and
dispersants) and hard, non-adhering components such as
inorganic fillers. There have been far fewer investigations of
the complex relationship between the formulation of latex
films and their friction and hardness. However, Divry et al.
(2017) found that water and coalescing aids softened the
polymer phase, which resulted in decreased hardness coupled
with higher friction coefficients. A water-soluble thickener in
their formulation provided a lubricating effect that reduced the
friction. However, the addition of hard inorganic pigment
particles decreased the friction. Although the influence of
atmospheric conditions was inferred from the polymer
softening from water absorption, the effects of relative
humidity (RH) and temperature were not investigated by
them. In our previous research (Hall et al., 2021), we provided
conclusive evidence for the effects of RH and temperature on the
hardness and tack adhesion of waterborne acrylic latex films.

In the present work, we investigate the influence of several
different additives on the friction and micromechanical surface
properties of waterborne coatings under low and high relative
humidities. Specifically, we consider the effects of a water-
absorbing (hygroscopic) polymer, used as a thickener, with an
expectation of softening with moisture sorption.We also consider
the effects of an inorganic filler, which is expected to increase the
surface roughness. We explore the effects of a waxy additive, with
an expectation that it will reduce friction. Additionally, we
consider more complex formulations that contain more than
one additive. Our aim is to correlate systematically the
components in the coatings formulations and the
environmental conditions with their performance properties.
This research will aid the future materials design of coatings
used in challenging environmental conditions.

2 MATERIALS AND METHODS

2.1 Latex Synthesis
A latex dispersion of copolymer particles in water was synthesized
by emulsion polymerization of styrene (St), butyl acrylate (BA)
and acrylic acid (AA)monomers at POLYMAT (University of the
Basque Country, San Sebastián, Spain). Sodium dodecyl sulfate
surfactant was used as the emulsifier. A detailed description of the
latex synthesis is given in Hall et al. (2021). The resulting latex
dispersion had a solids content of 40 wt% with a particle size of
89 nm, found using dynamic light scattering (Malvern Zetasizer
Nano Series, Malvern, UK). Differential scanning calorimetry
analysis, reported previously (Hall et al., 2021), found a glass
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transition temperature (Tg) of the material to be 23.2°C (on the
second heating). The copolymer in the latex dispersion will be
called P(St-BA-AA) hereafter.

2.2 Coating Formulation
The latex described in Section 2.1was diluted to 30 wt% using de-
ionized water. This blank formulation is referred to hereafter
simply as Latex. This material was used as the binder in the
coating formulations listed in Table 1.

To investigate the effects of a hydrophilic component used as a
thickener, xanthan gum was added to a formulation. A 2 wt%
solution of xanthan gum (Rhodopol 23, Solvay) in water was
prepared. This aqueous solution also contained 0.4 wt%
dipropylene glycol solution of 1,2-benzisothiazolin-3-one
(Proxel GXL, Lonza) as a biocide to prevent spoilage from
bacteria, yeasts, and fungi. For simplicity, xanthan gum and
the biocide are jointly referred to hereafter as XG. The
formulation with a small amount (0.2 wt%) of XG added to
the latex is called L (XG).

Another formulation contained waterborne waxy particles,
added with the intention of exploring the effect on the friction. A
non-ionic emulsion containing a modified high-density
polyethylene (HDPE) wax (Aquacer 583, 40 wt% in H2O,
supplied by BYK) in water was used as received. Differential
scanning calorimetry confirmed that the HDPE was semi-
crystalline at room temperature, with a melting temperature of
approximately 125°C. This additive for coatings is marketed as
increasing the ease of handling and flow of coated seeds in
agricultural applications. It was used as an additive to the
latex in the sample called L (Wax).

A more complex formulation was made with three
components: latex, XG, and wax. This formulation is known
as L (XG-Wax).

2.2.1 Calcium Carbonate Formulations
Two different precipitated calcium carbonate (CaCO3) powders,
with mean sizes of 0.7 and 12 μm, were obtained from Minerals
Technologies (New York, NY) and used as inorganic fillers in
formulated coatings. The density of the particles is reported by
the manufacturer to be 2.71 g cm−3.

Poly (acrylic acid, sodium salt) solution (PAA, averageMw ∼ 8,
000 g/mol, 45 wt% in H2O, Sigma Aldrich) was used as a
dispersant for the filler particles. PAA was diluted with water
and stirred by hand until clear before the filler particles were

added. CaCO3 was added slowly to the diluted PAA solution and
stirred before being placed in an ultrasound bath for 5 minutes at
room temperature to ensure any initial aggregates were broken
up. Note the concentration of PAA in the CaCO3 suspensions was
fixed despite the particle size to enable a fair comparison of the
mechanical properties. As a consequence, the density of surface
area coverage is lower for the 0.7 μm particle size. XG was added
after sonication to prevent sedimentation of the CaCO3 and the
suspensions were placed on a roller mixer for 24 h.

The resulting suspensions contained 30 wt% CaCO3 and used
either 0.7 μm or 12 μm CaCO3 exclusively. A similar suspension
containing 0.7 μmCaCO3 and wax was also made using the same
method. In this suspension some of the de-ionized water was
replaced with Aquacer 583.

The 0.7 and 12 μm CaCO3 suspensions were mixed with L
(XG) in a mass ratio of 3:7, along with XG as a thickener, making
two new formulations, L (XG-0.7 μm) and L (XG-12 μm). The
0.7 μmCaCO3 suspension containing wax wasmixed with L (XG-
Wax) in a mass ratio of 3:7, making L (XG-Wax-0.7 μm).

Tables 1 and 2 provide a summary of the compositions of each
formulation along with the names used to describe them in the
wet and dry states, respectively.

2.3 Film Formation of Samples for
Micro-indentation
The formulated mixtures described in Section 2.2 and Table 1 were
spread onto clean glass substrates (76mm × 52mm). The coatings
were placed in an oven in air held at 30°C for 24 h to ensure complete
film formation. The final compositions of the dry coatings are shown
in Table 2. The resulting coatings had a thickness of approximately
400 μm. The thicknesses were measured using digital calipers and
recorded prior to mechanical testing.

Following film formation, the coatings were placed in one of
two bespoke chambers with humidity-controlled environments
(relative humidity (RH) values of 10% or 90%). The two different
RH environments were created using open containers of silica gel
and de-ionized water, respectively. The coatings were left at room
temperature in the humidity-controlled chambers to reach
equilibrium, typically for 1 week.

2.4 Micro-indentation
Analysis of the hardness, viscoelasticity, and tack adhesion of the
coatings was carried out using a single cycle on a micro-indenter

TABLE 1 | Sample nomenclature and percentage weight of each component for
wet formulated mixtures.

Sample name Composition (wt%)

P(St-BA-AA) PAA XG Wax CaCO3 H2O

Latex 30.0 0.0 0.0 0.0 0.0 70.0
L (XG) 30.0 0.0 0.2 0.0 0.0 69.8
L (Wax) 25.5 0.0 0.0 4.5 0.0 70.0
L (XG-Wax) 29.3 0.0 0.2 6.0 0.0 64.5
L (XG-0.7 μm) 21.0 1.0 0.2 0.0 9.0 68.8
L (XG-12 μm) 21.0 1.0 0.2 0.0 9.0 68.8
L (XG-Wax-0.7 μm) 20.5 1.0 0.2 6.0 9.0 63.3

TABLE 2 | Sample nomenclature and percentage weight of each component for
dry coatings.

Sample name Composition (wt%)

P(St-BA-AA) PAA XG Wax CaCO3

Latex 100.0 0.0 0.0 0.0 0.0
L (XG) 99.3 0.0 0.7 0.0 0.0
L (Wax) 85.0 0.0 0.0 15.0 0.0
L (XG-Wax) 82.5 0.0 0.6 16.9 0.0
L (XG-0.7 μm) 67.4 3.0 0.7 0.0 28.9
L (XG-12 μm) 67.4 3.0 0.7 0.0 28.9
L (XG-Wax-0.7 μm) 55.9 2.6 0.6 16.4 24.5
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(Texture Analyser, Stable Micro Systems, Godalming, Surrey). A
conical, stainless-steel indenter with its semi-angle at the apex of
α � 70.3° (as inWang et al. (2010) and Hall et al. (2021)) was used
to indent the samples using a force of 0.98 N over a period of
300 s. The indenter tip was polished to minimize its surface
roughness and cleaned with acetone between measurements.
The contact area of the indenter, A, is related to the depth of
indentation, h, through the angle, α, as A � πh2 tan2α � 24.5h2.
The hardness, H, was found by dividing the applied load
(0.98 N) by A.

Under certain environmental conditions some coatings had
measurable tackiness. The analysis that is used for the probe-tack
tests on pressure-sensitive adhesives was applied Deplace et al.
(2009), although typically probe-tack experiments use a spherical
or flat-punch probe and a short contact time of a few seconds.
When withdrawing the indenter from the coatings the opposing
force, caused by the tack adhesion, was measured as a function of
distance above the coating’s surface. The nominal stress, σ, was
found from the measured load divided by A at the start of
unloading. The strain, ε, is defined as the increase in the
height of the indenter divided by its height at the end of the
identation. The energy of adhesion upon the probe withdrawal
(WAdh) of a coating with an initial thickness h0 was calculated as
Deplace et al. (2009):

WAdh � h0 ∫
εmax

0

σ ε( ) dε (2)

where the maximum strain, εmax, was found from the indenter
height that corresponds to the detachment between the probe and
the coating. As the thicknesses of the coatings were very similar in
value, comparison of WAdh values between samples is valid.

Prior to measurements, coatings were stored in environmental
chambers that were designed to enable fast and easy attachment
to the micro-indenter. Thus, the samples were both stored and
analysed inside the humidity chambers with minimal disruption.
The chambers were also designed to allow lateral movement, so
samples were probed in multiple locations along one plane
without disruption to the RH and temperature inside the
chamber. The environmental chambers are described in more
detail in Hall et al. (2021).

Two Peltier modules (TEC1-12 706), fitted with heat sinks
and 12 V fans attached to either side of the module, were used
inside the chambers to control the temperature. Three
temperatures (16°C, 21°C, and 30°C) were chosen to
investigate how the mechanical and tack adhesion properties
change when going above and below the sample Tg. The
temperature and relative humidity were monitored using
three Arduino-controlled sensors (Telaire T9602 IP67 Harsh
Environment Humidity & Temperature Sensor, ± 2% RH, ±
0.5°C). The samples were allowed to reach the set
temperature for 1 hour before micro-indentation
experiments began.

2.5 Friction Experiments
A state-of-the-art, custom-built test rig was used to measure the
friction characteristics of the coatings described in Table 2. The

rig consists of a linear actuator that pulls the sample along a
support rail at a constant, user-defined speed (see Figure 1A).
330 × 160 × 5 mm aluminium sheets, with elongated pilot holes to
allow lateral movement and fixing with bolts, were used as
substrates for the coatings for friction measurements
(Figure 1B). The friction probe is made of a steel sphere, with
an 80 mm diameter, embedded in a hardened two-part epoxy
resin within an acrylic well (Figure 1C), which is attached to a 3-
axis force sensor. The steel sphere of the probe is pressed into
contact with the coating by a fixed normal load imposed by
hanging weights. As the coating sample moves beneath the probe,
the frictional, normal, and lateral forces are measured. The
coefficient of friction, μ, was calculated by dividing the
frictional force by the measured normal load (using Eq. 1).
The entire rig is placed inside an environmental chamber
(MKF240, BINDER, Tuttlingen) that controls the temperature
to within 0.5°C and the relative humidity within 2.5%.

Prior to the friction measurements, the environmental
chamber was set to the desired environmental condition for
testing by setting the temperature (16°C, 20°C or 30°C) and
the RH (10% or 90%). The coated substrates were fixed to the
rig using six bolts. Each sample was allowed to equilibrate in the
environmental chamber for at least 30 min before the friction
testing began.

A sliding distance of 20 mm was chosen, with three
repetitions, amounting to a total travel distance of 60 mm in
each experiment. The travelling speed in all measurements was
set to be 0.5 mm/s, and three different normal loads were used:
7 N, 15 N, and 20 N. The elongated drilled holes in the sample
substrate allowed some lateral movement to shift the sample to a
new testing site when changing the normal load.

2.6 Stylus Profilometry
Following friction experiments there was visible deformation in
the sample surface (shallow trough-like tracks, which should
increase in depth with increased normal load). The depth of
the troughs was evaluated using a stylus profilometer (Dektak XT,
Bruker) with a 2 μm radius stylus and a stylus force of 0.03 mN.
The stylus traced a profile across the three troughs created during
friction experiments roughly perpendicular to the direction of
friction probe travel.

2.7 Confocal Laser Scanning Microscopy
The roughness of each of the samples characterised in the friction
rig was quantitatively determined using a confocal laser scanning
microscope (CLSM, LSM 700, Zeiss, Oberkochen). Areas of the
coating that had not been in contact with the friction probe were
selected for the analysis by confocal microscopy.

The instrument uses a 10× objective lens and a 405 nm laser to
scan the sample, producing an image as the light is reflected
through a pinhole into a detector. Given some start and end
parameters, the height of the sample stage is incrementally
adjusted automatically during the acquisition of the image.
Incremental steps of the height of the sample stage make it is
possible to focus on different parts of a rough sample, creating a
series of ‘slices’. At the end of the scan, these slices are collated to
produce a 3-D model.
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Roughness values were calculated using the Confomap
software, provided with the CLSM. The average roughness, Ra,
was calculated via the following equation:

Ra � 1
n
∑
n

i�1
|yi| (3)

In this equation, yi is the amplitude of any protrusions or
cavities that deviate from the mean at position i.

The average roughness, Ra, was characterised according to a
standard (ISO 4287:1997, 1997). Ra is the most commonly used
parameter for statistical comparisons. Ra represents the mean of
the absolute values of the profile deviations from the mean line.
Using the Confomap software a randomised profile, 4 mm in
length, was taken from the sample surface. The cut-off was set at
0.8 mm.

2.8 Contact Angle Measurements
A drop shape analyser (DSA, DSA25B, Krüss, Hamburg) was
used to study the contact angle (θ) of water on coatings created
following the procedure in Section 2.2. In each experiment a drop
of deionized water with a volume of 1 μL was placed onto the
sample surface. A video recorded the contact angle over the first
10 s after contact, the value at 10 s is reported here. Values of the
contact angle were obtained by using the ADVANCE software.

The results are given as mean values of three measurements. Prior
to analysis, the coatings were stored in humidity-controlled
environments at either 10% RH or 90% RH before being
transferred to a smaller, in-situ chamber used on the DSA,
allowing RH control during the experiments. Silica gel was
used to adjust the RH to 10%, and liquid water was use to
create the RH of 90%.

2.9 Time of Flight Secondary Ion Mass
Spectrometry (SIMS)
Three samples were prepared by casting formulations on 18 ×
18 mm glass coverslips and film-forming at 30°C for 24 h. Two of
the samples were pure components (latex and wax), which were
used to obtain characteristic spectra or “fingerprints” from the
components. The final sample was L (Wax). The surfaces of these
samples were analysed with the ToF-SIMS 5 time-of-flight mass
spectrometer (IONTOF GmbH, Münster). SIMS spectra were
acquired using a 25 keV Bi3+ primary ion beam rastered over an
area of 100 × 100 μm at a resolution of 64 × 64 pixels. Each
sample was probed three times in three different areas to
investigate the reproducibility. Both positive and negative
SIMS spectra were acquired in the high current bunched mode
over a mass range of 1–800 u. In addition to acquiring spectra,
SIMS images were obtained for L (Wax) by raster scanning the

FIGURE 1 | (A) Schematic drawing of the friction test rig, adapted fromO’Neill et al. (2021). (B) Aluminium substrate prior to being coated. Its dimensions are 33 cm
by 16 cm. (C) Steel sphere (used as the friction probe) with a diameter of 80 mm partially embedded in an acrylic well and attached with a two-part epoxy resin.
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Bi3+ primary ion beam over a 500 × 500 μm area at a resolution of
128 × 128 pixels. Spectral acquisition, processing, and mapping
was achieved using ION-TOF GmbH SurfaceLab v6.4 software,
and a principal component analysis (PCA) tool, simsMVA
(Trindade et al., 2018), was used to help identify unique peaks
within the spectra.

3 RESULTS AND DISCUSSION

An example of the data from a friction measurement is shown in
Figure 2A. The coefficient of friction, μ, and the normal load are
both shown as a function of time. The three peaks in the
measurement correspond to the static coefficient of friction.
The level plateau that follows is the sliding or kinetic friction
coefficient, μk, which corresponds to 20 mm of travel. The
relatively low level of variability in the coefficient of friction is
evident in this plot. Following the plateau is a dip; this indicates
the 5-s period during which the probe is stationary before

beginning a new measurement. For a data set comprising
three sliding measurements, the mean and the standard
deviation are taken from all μ data points within the plateau
regions. This same method of analysis was used for all
experiments.

3.1 Correlations of Friction and Coating
Hardness
We first investigate the influence of the temperature on the
kinetic coefficient of friction, μk (Figure 3). The Tg of the L
(XG) sample was measured to be 23.3°C using differential
scanning calorimetry (Hall et al., 2021). Hence, the kinetic
coefficient of friction was measured for L (XG) films at a
temperature below Tg (16°C), above it (30°C), and near it
(20°C). Measurements were made on dehydrated films
(equilibrated at an RH of 10%) and in hydrated films
(equilibrated at an RH of 90%). The friction coefficient was
measured at three different normal loads: 7, 15 and 20 N. As
μk was found to be independent of the applied normal load only
results obtained with a load of 15 N are presented here for the
sake of clarity and brevity. There is a clear trend showing an
increase in μk with increasing temperature for both values of RH.
At the temperature of 16°C, the P(St-BA-AA) copolymer binder is
in a glassy state, where limited plastic deformation is expected
during the sliding of the probe. However, at 30°C, the binder is in
a rubbery melt state where viscous deformation will dissipate
energy during the measurement. Tracks from the sliding indenter
could be observed by eye on the film surfaces after the
experiments, suggesting plastic deformation. An example
profilometer trace on L (Wax) at 10% RH and 20°C is shown
in Supplementary Figure S1. As the applied normal load
increased from 7 to 20 N, the depth of plasticly deformed
traces typically increased from approximately 2–6 μm.

Interestingly, in Figure 3, there is a consistent effect of the
environmental RH on the coefficient of friction. At each
measured temperature, samples at an RH of 90% consistently

FIGURE 2 | Typical raw data from a friction measurement (A) showing friction coefficient, μ, and normal load as a function of time. At the end of each of three slides
when the probe is static, the values decrease. The data after processing is shown in (B). The mean coefficient of kinetic friction, μk, is found using these data. This
measurement was made on a L (XG) coating at 10% RH and 20°C.

FIGURE 3 | Kinetic friction coefficient for L (XG) in a range of
environmental conditions. Error bars indicate the standard deviation in μk.
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have a greater μm value than at 10%. As the formulation contains
XG, which is a hygroscopic macromolecule, there is a softening of
the material because of water sorption. In our previous work (Hall
et al., 2021), the Tg of this L (XG) formulation was found to be
similar to the Latex, but hardness and viscosity values were lower
under a high RH.

As a way to interpret the results, the inverse of the hardness of
L (XG) films, which was measured in micro-indentation
experiments, is plotted against μk in Figure 4. There is a clear
inverse relation, wherein at both higher temperatures and higher
RH, the hardness is lower, and then the μk is greater. The

combined effects of temperature and RH can explain the
results. With greater deformation during the sliding in the
surfaces softened by heating and water sorption, the sliding
friction is greater.

Having established the dependence of μk on temperature,
subsequent experiments were performed only at 20°C and at
10 and 90% RH.

Figure 5 shows the measured friction coefficient for the entire
selection of samples at two humidities. Considering just the dry
samples (10% RH, blue bars), the coefficient of friction clearly
depends on sample composition. In general, the addition of wax
causes the μk to increase above the value for the “blank” coating
(Latex), and the addition of CaCO3 causes it to decrease. To put the
results into context, we compare the μk for the samples containing
wax to literature values for steel and HDPE, which is the main
constituent of the wax. There is a report of the coefficients of
friction ranging from 0.13 to 0.26 as the load increases from 0.5 to
20 N with a pin-on-disk geometry (Da Silva et al., 1999). Although
the test geometry is different, the loads and materials are similar to
themeasurements reported here. For the RH of 10% (dry coatings),
the values of μk for L (Wax) and L (XG-Wax) are in the range for
HDPE under a high load and hence are not unreasonable.
Considering that Latex has a μk value of approximately 0.2, an
HDPE additive on its own will not reduce the μk greatly
considering the literature value for HDPE on steel.

We have considered how temperature can affect hardness
above and below the Tg of the polymer, but we have not yet
considered the effect of sample composition on hardness.
Supplementary Figure S2 shows the hardness of all samples
at 20°C and two humidities. Here we can see that at 10% RH, the
additives have an inverse effect on hardness. That is, the addition
of CaCO3 increases hardness, and the addition of wax lowers
hardness. This influence helps to explain the change of μk with
sample composition.

FIGURE 4 | Inverse correlation between the hardness and kinetic friction
coefficient for L (XG) coatings in a range of environmental conditions. Blue data
points represent a storage and test RH of 10%; orange points represent an
RH of 90%. Vertical error bars indicate the standard deviation in μk,
horizontal error bars indicate the propagated standard error in the mean
hardness.

FIGURE 5 | Kinetic friction coefficient for a range of samples tested at
20°C and two RH conditions. Error bars indicate the standard deviation.

FIGURE 6 | Inverse correlation between the hardness and kinetic friction
coefficient for a range of coatings at 10% RH and 20°C. Vertical error bars
indicate the standard deviation in μk, horizontal error bars indicate the
propagated standard error in the mean hardness. The line is a guide to
the eye. The outlier point in the lower right is data from the Latex (XG) sample.
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In Figure 6, the coefficient of friction at 10% RH is plotted
against the inverse of hardness. There is a general trend in which
the coefficient of friction increases as the hardness decreases,
which is as expected. In coatings with a lower hardness, there is
greater plastic indentation. There is a clear outlier in the trend
shown in Figure 6. That is, the kinetic friction coefficient for the
Latex (XG) sample is less than 0.1 despite its lower value of
hardness, which suggests that other factors (such as the roughness
or lack of adhesive contacts) are having an influence.

Next we consider the effect of RH. As can be seen in Figure 5, the
effect of RH - whether increasing or decreasing μk - depends on the
specific formulation. As a general trend, the three formulations that
contain the wax additive and the formulations without wax show an
opposite friction behaviour at high RH. Specifically, when the wax is
present in the formulation, μk is lower at the high RH (90%). One
explanation is that at the RH of 90%, a thin layer of water acts as a
lubricating film. In contrast, when the wax is not present, the μk is

higher at the high RH, perhaps as a result of a softening of the
composite material because of water sorption. Supplementary
Figure S2 shows the hardness of all samples at 20°C and two
humidities. It reveals that samples containing wax are less likely
to soften in the presence of high RH compared to their wax-free
counterparts, which could be another factor causing a relatively low
coefficient of friction at high RH. Note that although the wax was
added as particles suspended in water, the particle cores are not
hygroscopic and is not plasticised by the presence of water (liquid or
vapour).

3.2 Characterisation of Surface Roughness
Although according to the simple theory, the roughness should not
influence the friction of hard surfaces, the situation can be different
on heterogeneous and partially adhesive surfaces, such as are studied
here. The surface roughnesses were measured to help to explain the
differences in the trends under changing RH storage and

FIGURE 7 | Topographic surface images (and corresponding roughness values) obtained using CLSM surface from each of the coatings: (A) Latex (Ra � 4.4 μm),
(B) L (Wax) (Ra � 0.5 μm), (C) L (XG-Wax) (Ra � 1.2 μm), (D) L (XG-Wax-0.7 μm) (Ra � 0.7 μm), (E) L (XG) (Ra � 2.0 μm), (F) L (XG-0.7 μm) (Ra � 3.3 μm), (G) L (XG-12 μm)
(Ra � 3.8 μm). The images show the same area (1.2 mm by 1.2 mm), but the scale bars for the z-direction are different for each image. The areas analysed here are not
the same regions studied by the friction analysis.
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experimental conditions. Figure 7 shows topographic images and
the corresponding roughness values for each of the formulations.
The three formulations that contain the wax additive (B, C and D in
the figure) have a lower roughness in comparison to the
corresponding formulations without wax. It is apparent from
these results that the addition of wax to the formulation has the
effect of planarizing the surfaces. In contrast, the addition of the non-
deformable calcium carbonate filler particles increases the roughness
above the values without the filler.

In this sample series, the compositions of the coatings (and hence
their potential to form adhesive contacts) are varied, and hence any
effect of the roughness cannot be de-coupled from other factors.
Consequently, there is indeed no correlation between the kinetic
friction coefficients and the corresponding roughness values, as is
shown for completeness in Supplementary Figure S3. These data
are presented for completeness. We note, however, that the Latex
sample has a relatively high friction considering its high roughness,
which could be explained by the predominance of adhesive contacts,
which are lacking in the other formulations with the calcium
carbonate fillers.

This roughness analysis led us to speculate that the smoother
surfaces achieved with the wax addition will work in combination
with a condensed water layer present at 90% RH to contribute to
the lubrication, thus explaining the effectiveness of the wax in
reducing μk at high humidity. To investigate the effect of roughness
on this lubricating water layer the water contact angle for a range of
samples at two RH was measured. The effects of wetting and
surface lubrication are considered in the next section.

3.3 Effects on Wetting and the Water
Contact Angle
The water contact angle measurements are shown in Figure 8.
The contact angle varies greatly with sample composition. In all

cases, the contact angle is less than 90°, meaning that all sample
surfaces are classified as hydrophilic. The samples that contain
wax in combination with XG have a very low contact angle
compared to the other samples, including L (Wax) and L (XG).
This is a surprising result, as the general consensus is that wax
(and any nonpolar hydrocarbons) makes surfaces more
hydrophobic compared to polar polyacrylates. However, the
wax is described as “modified HDPE,” which could indicate
that it has been oxidised. The combination of wax plus XG
could have a synergistic effect whereby both co-formulants
together increase hydrophilicity. To help to explain the contact
angle results, ToF-SIMS was used to investigate the surface of
Latex, wax, and one wax-containing sample, L (Wax).

3.4 Chemical Composition of Coating
Surfaces via SIMS Analysis
Our strategy in this analysis is to identify characteristic SIMS
peaks for the Latex and wax and then compare them to L (Wax),
as a means to identify surface composition in the mixture.

Figure 9 shows the positive ion mass spectra of Latex, wax,
and L (Wax). The Latex has characteristic peaks at 23 u (Na+),
63 u (C5H+

3 ), 91 u (C7H+
7 ), 117 u (C9H+

9 ), 165 u (Na3SO+
4 ), 181 u

(K3SO+
2 ), and 197 u (K3SO+

3 ), which are significantly more intense
than the peaks found in the wax spectrum at the same positions.
Hence, they can be used to identify the Latex component.

The as-received wax sample has characteristic positive ion
peaks at 45 u (C2H5O

+), 67 u (C5H+
7 ), 69 u (C5H+

9 ), 71 u
(C5H+

11/C4H7O
+), 83 u, and 95 u, which are significantly more

intense than the peaks found in the Latex sample at the same
positions. Two other peaks of interest, which are present in both
Latex and Wax (with a greater intensity in the wax), are at 55 u
(C4H+

7 ) and 57 u (C4H+
9 ). The main peaks of interest are

summarised in Table 3.
A selection of these peaks were chosen to create SIMS images

to understand the homogeneity (or lack thereof) of wax at the
surface of the L (Wax) composite (Figure 9A–C). The images
show that the surface of the L (Wax) sample is heterogeneous in
this scan region, with greater intensity in the two regions in the
top left and bottom right of each map. Even so, there are still
counts visible in the darker region that makes upmost of the map.
This is evidence to suggest that the mapped fragments in
Figure 9A–C are ubiquitous, but in the darker regions the
intensity is lower due to coverage of sodium dodecyl sulfate
(SDS) surfactant and/or potassium persulfate (KPS) initiator. In
the two other scanned regions (Supplementary Figure S4), there
is more homogeneity, which is increasing evidence of the uniform
distribution of wax within the latex.

Supplementary Figure S5 shows maps obtained via SIMS for
L (Wax) for peaks at 23 u (Na+, counterion in surfactant
headgroup), 165 u (Na3SO+

4 , surfactant), 181 u (K3SO+
2 ,

potassium sulfate fragment), and 197 u (K3SO+
3 , potassium

sulfate fragment), which are attributed to surfactant (SDS) and
initiator (KPS) coverage (Zafar et al., 2013), originating from the
Latex component. There is evidence to suggest that the
surfactant/initiator coverage is patchy in this scanned region,
given the heterogeneous nature of the maps. Further evidence of

FIGURE 8 |Measured contact angle for a range of samples at 20°C and
two RH conditions. These values were obtained after 10 s of wetting.
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FIGURE 9 | Positive ion mass spectra in the range 0–200 u for Latex (top row), as-received wax (second row), and L (Wax) (third row). Black arrows indicate peaks
clearly present in both Latex and wax fingerprints, orange arrows represent peaks present in the latex fingerprint, blue arrows represent peaks specific to the wax and *
represents peaks from which SIMS images have been created. Positive ToF-SIMS images of L (Wax) are shown at (A) 45 u (C2H5O

+), (B) 55 u (C4H
+
7/C3H3O

+), and (C)
57 u (C4H

+
7/C3H5O

+).

Frontiers in Mechanical Engineering | www.frontiersin.org January 2022 | Volume 7 | Article 79685310

Hall et al. Friction and Tack of Coatings

https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


the SDS surfactant was seen in the negative spectra of L (Wax) at
80 u (SO−

3 , sulfate headgroup), 97 u (HSO−
4 , sulfate headgroup),

and 265 u (C12H25SO−
4 , dodecyl sulfate) (White et al., 2017)

(Supplementary Figure S6). A high concentration of this ionic
surfactant could be responsible for the increased hydrophobicity
of L (Wax) at 90% RH in the contact angle measurements (El-
Khouri and Johal, 2003).

The HDPE wax emulsion is made using a non-ionic
surfactant, the details of which are withheld by the
manufacturer. There is evidence of surfactant coverage in
the positive ion spectrum of wax above 400 u, as there is a
repeating loss of 44 u (Supplementary Figure S7). This
repeating unit is attributed to an alcohol ethoxylate, a
typical non-ionic surfactant used in emulsions (Huang and
Rood, 1999), with general formula R(OCH2CH2)nOH). The
HDPE wax has likely been oxidized, and some positive peaks,
such as 45 u (C2H5O

+), show evidence of oxidized
polyethylene (Briggs et al., 2003). Both the non-ionic
surfactant and the oxidation process can improve
wettability, which helps to explain why the contact angle is
so low for XG and wax-containing formulations.

3.5 Possible Water Interactions With
Coatings
To explain the observed effects of RH on the friction of wax-
containing coatings, we consider how water can interact with the
materials. There are at least three distinct possibilities.

1. Water vapour can be sorbed into hygroscopic components of a
coating.

2. An equilibrium water film will develop on the coating surface
because of the disjoining pressure.

3. Water can condense onto the surface.

We briefly consider each possibility hereafter.

1. Water sorption. At higher RH, more water is sorbed into the
hydrophilic components, as is expected from a sorption
isotherm. There will be a softening of the phases because of
hydroplasticization when the Tg is reduced below the ambient
temperature. Greater deformation of the plasticised polymer
under the friction probe will lead to a higher coefficient of

friction, just as a higher coefficient was found at temperatures
above the Tg. Higher μk is seen at higher RH at each
temperature for L (XG) in Figure 3, owing to the
hygroscopic, hydrophilic XG component. The wax is
composed of non-polar molecules, and the amount of water
sorption in it is expected to be very low. It is not expected to be
plasticized. The SIMS shows the presence of the wax phase at
the coating surface. If the wax formed a non-permeable barrier
on the surface of the coating, then the effects of
hydroplasticization could be diminished. Water should have
a low permeability in the non-polar HDPE wax, despite the
hydrophilic surface of the oxidised wax. This is one reason
why the wax-containing coatings do not have a higher friction
coefficient at the higher RH.

2. Equilibrium water film. The refractive index of water is
intermediate to that of air and the wax (and polymeric
components in the coatings). Consequently, it is expected
that water/air/wax will have a negative Hamaker constant
(Israelachvili, 2011).With this condition, an equilibriumwater
film is stable at the interface between air and wax. According to
theory, the thickness of an adsorbed water film will be thicker
at a higher RH. The thickness will vary as (ln (RH))−1/3. At an
RH of 10%, the thickness of the adsorbed water later will be
negligible. However, at an RH of 90%, the thickness will be
greater. However, without a reliable value of the Hamaker
constant, we cannot calculate the value of the thickness. The
Hamaker constant for the water/air/wax system will differ
slightly from the water/air/P(St-BA-AA) system, however the
effect on the equilibrium water layer thickness will be small.

3. Condensed water layer. At the measured RH of 90% at a
temperature of 20°C, the dewpoint is at a temperature only 2°C
lower (that is, 18°C) (Lawrence, 2005). Any small fluctuations
in temperature of the coating within the environmental
chamber will drive water condensation. Additionally, on
surfaces that are hydrophilic, such as the wax coating, there
will be capillary condensation into nanoscale crevices or pores
(Israelachvili, 2015). The contact angle of water is lower on the
wax coatings in comparison to the non-wax coatings.
Therefore, when water droplets condense onto the wax
coating, they will spread to form a lubricating layer. The
SIMS analysis showed the presence of SDS surfactants on
the L (Wax) coating surface. Condensed water could dissolve
the surfactant to create a soapy layer to reduce the friction.

TABLE 3 | Summary of the polarity, mass, assignment, identity and association of ToF-SIMS peaks of interest in the L (Wax) sample.

Polarity m/z Assignment Identity Association

Positive 23.0 Na+ Counterion in SDS headgroup SDS, Latex
Positive 45.0 C2H5O

+ - Wax
Positive 55.0 C4H

+
7/C3H3O

+ - Latex and Wax
Positive 57.0 C4H

+
7/C3H5O

+ - Latex and Wax
Positive 67.0 C5H

+
7 - Wax

Positive 69.0 C5H
+
9/C4H5O

+ - Wax
Positive 71.0 C5H

+
11/C4H7O

+/C3H3O
+
2 - Wax

Negative 80.0 SO−
3 Sulfate headgroup SDS, Latex

Negative 97.0 HSO−
4 Sulfate headgroup SDS, Latex

Negative 265.0 C12H25SO
−
4 Dodecyl sulfate SDS, Latex
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In conclusion, the addition of wax to the coatings has two
important effects. One, it reduces the amount of
hydroplasticization by reducing the volume fraction of
hygroscopic material and creating a hydrophobic surface
barrier. Two, its hydrophilic surface allows condensed water to
spread, dissolve surfactant, and then act as a lubricating layer.

3.6 Relative Humidity and Roughness
Effects on Tack Adhesion
Having explored how roughness affects friction, we will now
consider the possible link between roughness and the tack
adhesion.

WAdh was calculated following the micro-indentation
experiments. Figure 10 shows the WAdh for three samples:
Latex, L (Wax) and L (XG-Wax). The micro-indentation
experiments were performed at 20°C and at two RH, 10

and 90%. At higher RH the tack adhesion increases for
Latex, but the opposite trend is seen for the two samples
containing wax. The increase in tack adhesion for Latex at
high RH is attributed to slight hydroplasticization of the
copolymer. The wax-containing samples should largely
prevent this phenomenon both by acting as a barrier to
water sorption and by replacing some of the hydrophilic
components with non-polar wax molecules. The adhesion
is also expected to be reduced for these samples at high RH
because of the lubricating water layer described in Section 3.5.
The loss of tack adhesion for the wax-containing samples at
the high RH can also explain the low values of friction for
these same samples. Likewise, the higher tack adhesion at
higher RH for the Latex sample can explain the higher friction
that was also observed.

Figure 11A shows tack adhesion curves for three CaCO3-
containing samples at 90% RH. The peak tack adhesion and
WAdh is much higher for L (XG-Wax-0.7 μm) compared to
both L (XG-0.7 μm) and L (XG-12 μm). We have established
that with the addition of wax the surface is planarized. This
smoothing of the surface appears to be increasing the
measured tack adhesion of these samples. Conversely, the
larger CaCO3 particles increase the roughness and decrease
the tack adhesion, as is shown in Figure 11B. Tack adhesion
requires close contact between the probe and the adhering
surface. With a lower roughness this contact is achievable.
These results are consistent with the findings of Chiche et al.
(2000) on a pressure-sensitive adhesive in contact with
stainless steel surfaces of varying roughness, where an
inverse correlation between tack and roughness.

4 CONCLUSION

We have investigated the complex relationships between coating
formulations, environmental conditions, and the properties of
friction and tack adhesion.

FIGURE 10 | Average WAdh for Latex, L (Wax), and L (XG-Wax) at 20°C
at a relative humidity of 10 and 90%. The error bars indicate the standard error
in the mean WAdh value.

FIGURE 11 | (A) Probe-tack curves of CaCO3-containing samples at 90%RH, (B) correlation between theWAdh at 90%RH andRa for CaCO3-containing samples.
Vertical error bars indicate the standard error in the mean WAdh value, horizontal error bars indicate maximum and minimum Ra values.
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For the L (XG) formulation, there is a strong increase in μk as
temperature is increased, which can be explained by the softening
of the binder above its Tg, allowing viscous deformation and
energy dissipation during the measurement in which there is
plastic deformation. The hardness, in turn, is affected by the
composition, and, depending on the hydrophilicity of the co-
formulants in any given sample, the storage and test RH. After
storage at higher RH, the samples containing hydrophilic and/or
hygroscopic components are softened because of
hydroplasticization. However, adding wax appears to largely
prevent the softening of these samples by both acting as a
barrier to preventing water sorption and reducing the amount
of hydrophilic, polar molecules.

There is a clear and obvious trend that as the hardness
increases, the coefficient of friction decreases under dry (low
RH) conditions. The surface roughness, which is governed by the
sample composition, adds another level of complexity. The
addition of CaCO3 increases the roughness, whereas the
addition of wax reduces roughness by comparison. There
appears to be a weak inverse relationship between roughness
and friction. However, as hardness, roughness, and adhesive
contacts are all varied, it is impossible to distinguish the
impact that each factor alone has in affecting μk.

At a low value of RH (10%), when the film is dehydrated, the
addition of wax does not reduce the friction coefficient, despite
initial expectations. The roughness, however, is reduced because
the wax has a planarizing effect on the sample surface. A greater
contact area between the friction probe and the sample surface—on
its own—should not affect the friction according to Amontons’
Law. However, under the high RH storage, the wax does indeed
reduce the friction coefficient, possibly by preventing plasticization
and through the creation of a lubricating film. There is SDS
surfactant at the sample surface, as found in ToF-SIMS analysis
of L (Wax) samples, which may dissolve in the water layer on the
sample surface, thus creating a soapy, lubricating film. At the low
RH, without the effects of this surface layer, the friction on the same
samples is higher, and the effect of wax is lost.

The study of tack adhesion offers additional insights. The
addition of wax to the formulation results in a lower adhesion at
the high RH, probably because of a water layer, whereas the Latex
formulation has a higher adhesion, possibly because of the
softening of the polymer by hydroplasticization. In turn, there
is a correlation between the tack adhesion and friction for the
same samples, which suggests that adhesive contacts are having
an influence on the latter.

Our results show the importance of a number of major
components used in formulated waterborne coatings, and the
role of these additives under challenging environmental
conditions. These results can be used by formulators in the
future to develop coatings for targeted applications.
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