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 A B S T R A C T

Waterborne polymer coatings are increasingly used as sustainable alternatives to solvent-borne systems, but 
their long-term durability remains a challenge. Elucidating their degradation mechanism at the nanoscale, 
where damage first emerges, is essential for delivering more durable waterborne coatings. Here, we use 
intermodulation atomic force microscopy (ImAFM) to investigate the nanoscale origins of degradation in 
an accelerated weathered waterborne acrylate coating. Our measurements reveal a progressive, three-stage 
degradation pathway induced by accelerated weathering. In the first stage, the coating stiffens as a result 
of physical aging and (photo-)chemically induced degradation. Subsequently, former acrylate particles re-
emerge and become surrounded by regions of increased damping and reduced stiffness. Continued weathering 
eventually gives rise to pronounced viscoelastic heterogeneity. To support these observations, we performed 
both bulk and nanoscale dynamic mechanical analysis measurements on accelerated weathered samples. 
These measurements reveal increased storage modulus and damping, consistent with the nanoscale evolution 
observed by ImAFM. Together, these results identify the mechanical changes that precede macroscopic 
embrittlement and demonstrate that durability limitations in waterborne acrylate coatings are strongly linked 
to the development of localized viscoelastic heterogeneity at the nanoscale.
. Introduction

Modern polymeric coatings are shifting towards waterborne sys-
ems to minimize harmful environmental emissions. As a result, they 
ain substantial commercial uptake in large sectors such as architec-
ural and automotive industry. Nevertheless, their performance still 
ags behind conventional solvent-borne systems [1]. Exposure to UV 
adiation, temperature changes, moisture, and oxygen, induces chemi-
al and physical transformations in coatings, including chain scission, 
photo-)oxidation, radical formation, and network restructuring. Such 
olecular-scale processes lead to degradation and manifest macroscop-
cally as gloss and color loss, cracking, chalking, and blistering [2–
].
Coatings degradation typically begins at the surface on the

anoscale and progressively propagates through the bulk [5,7]. Al-
hough surface degradation may be tolerated in certain protective 
pplications, it can signal an underlying damage process. This effect 
an be amplified by formulation heterogeneity, where non-uniformly 
istributed components create localized mechanical contrasts and weak 
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interfaces that promote crack initiation and subsequent propagation. 
Ultimately, this can lead to a progressive loss of the protective and 
aesthetic functions of coatings [8]. These considerations are espe-
cially relevant to waterborne coatings, which are intrinsically het-
erogeneous by design [9,10]. Unlike solvent-based coatings, where 
polymeric components are molecularly dissolved and form a molecular 
homogeneous film, waterborne coatings consist of discrete polymer 
particles dispersed within a continuous aqueous phase, resulting in 
a compartmentalized microstructure. These waterborne coatings can 
show a morphological homogeneity but on the molecular level there are 
still signs of the former particles due to different connections between 
the particles and molecular bindings and entanglements inside the 
particles [11,12]. Consequently, understanding the onset and progres-
sion of degradation in waterborne coatings requires characterization 
techniques capable of resolving nanoscale heterogeneity and its evo-
lution during environmental exposure. Despite their widespread use, 
conventional bulk characterization techniques such as dynamic me-
chanical analysis (DMA) [13], only yield spatially averaged viscoelastic 
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responses and therefore lack sensitivity to early-stage, nanoscale degra-
dation which can be caused by heterogeneous microstructure. For 
instance, coatings with distinct UV exposure histories may exhibit 
comparable loss modulus behavior, masking differences in degradation 
state and mechanism, as reported in [7]. Environmental exposure often 
activates multiple degradation pathways that may occur simultaneously 
or sequentially, with their individual effects masked in bulk measure-
ments. In addition, nanoscale structural changes can act as initiation 
sites for macroscopic degradation, highlighting the need for characteri-
zation methods capable of capturing nanomechanical processes during 
material evolution [14].

In this work, we investigated the degradation of an acrylate wa-
terborne coating, undergone accelerated weathering, at the nanoscale 
to resolve its early-stage nanomechanical changes. Previous atomic 
force microscopy (AFM) studies have already shown that UV exposure 
induces pits and inhomogeneous nano- to micro-scale domains [5]. 
However, while the most commonly used dynamic AFM methods can 
access local properties, quantitative mechanical information is out 
of reach [15,16]. Hence, the nanomechanical consequences of these 
structural changes and their role in coating degradation remain poorly 
understood. Intermodulation AFM (ImAFM) overcomes these limita-
tions by enabling high-sensitivity mapping of surface morphology while 
simultaneously providing quantitative nanoscale mechanical character-
ization [15,16]. To determine the nanomechanical properties, in this 
study we combined ImAFM with low-frequency nanoscale viscoelastic 
measurements that probe the local response in a manner analogous to 
DMA. This approach enables direct monitoring of the evolution of struc-
tural and nanomechanical heterogeneity during weathering. We show 
that degradation is initiated by the re-emergence of former acrylate 
particles surrounded by regions with enhanced loss tangent. With con-
tinued accelerated weathering, we show that these localized changes 
develop into pronounced viscoelastic heterogeneity characterized by 
mechanically weak domains. Together, these observations reveal how 
the intrinsic heterogeneity of waterborne coatings governs the onset of 
localized embrittlement and ultimately limits coating durability.

2. Materials & methods

2.1. Coating production

The waterborne coating was prepared by mixing 60 wt% of a 
commercial acrylate binder (Primal AC337DS, Dow Chemicals) with 
water (16 wt%) and several additives (24 wt%) consisting of rheology 
modifier, co-solvents, surfactants and anti-microbial preservatives. The 
acrylate binder included 45 wt% solids of an acrylate polymer dispersed 
in water, with a minimal film formation temperature (MFFT) of about 
14 ◦C, based on the technical sheet information. When excluding water 
and organic co-solvents from the recipe, the calculated residual solid 
content of the formulation was about 33% w/w, of which 29% was the 
binder. All ingredients were incorporated one by one under mechanical 
stirring with a table mixer (2500 rpm), starting with water and the 
acrylate binder. After at least 24 h of storage, the liquid formulation 
was applied on primed aluminum and on bare polypropylene panels 
with a wired bar (k-bar 7) on an automatic applicator to reach a dry 
coating film thickness of 32 ± 1 μm.

In Fig.  1 the curing process is summarized. The latex film formation 
is also described in more detail in [9]. For most water-based acrylate 
emulsion binders, emulsion polymerization is used, where acrylate 
monomers are first emulsified before starting the polymerization. Due 
to the hydrophobic properties of the monomers, a monomer droplet 
surrounded by surfactant molecules is created inside an aqueous envi-
ronment (step 1). The polymerization of the monomer then results in 
particles with a typical size of 50 to 200 nm (step 2). Subsequently, 
the waterborne binder is formulated and applied to a surface; the wet 
film dries (step 3) and the particles arrange in a close particle packing 
(step 4), with a particle size of less than 100 nm in our case. An AFM 
2 
topography and phase image of the unformulated binder is presented in 
Fig.  1, revealing the presence of separated acrylate particles. A similar 
morphology in early-stage polymer films has been reported in [12], 
where AFM height images of a freshly applied polymer film resemble 
the phase image observed here for the unformulated binder. Lastly, a 
particle deformation process due to surface minimization effects takes 
place (step 5). The liquid films were left to dry in ambient conditions 
for 24 h, and later for at least two days at 50 ◦C, which is above the 
stated Minimum Film Forming Temperature (MFFT) of this formulation 
as well as the coatings’ glass transition temperature 𝑇g, that has been 
estimated to be 40 ◦C via DMA (cf. SI [17], reference state) according 
to the tan 𝛿 method. Here, the particle coalesce and an optical homo-
geneous film is formed (step 6). The coalescence of particles is only 
observed visibly (transparent films), when the drying temperature is 
above the MFFT of the binder. Performing a forced drying above 𝑇g, 
ensures that particle coalescence is achieved to an even higher extent. 
Then, an interpenetration of chains may happen so that a continuous 
film is formed [10].

2.2. Accelerated weathering

To assess coating degradation, accelerated weathering protocols are 
commonly used that expose coatings to a combination of environmental 
stressors, including temperature cycling, UV radiation, oxygen expo-
sure, and humidity. The extent of degradation is strongly environment-
dependent, with UV exposure producing more severe chemical and 
mechanical changes than thermal aging alone [18]. The durability of 
the coatings analyzed in this study was evaluated using accelerated 
weathering in a xenon arc Weather-O-Meter (WOM). The exposure 
cycle followed ISO 16474-2 (Method A, Cycle 1) [19], ISO 4892-2 
(Method A, Cycle 1) [20], and Volkswagen PV 3930 [21]. Samples were 
applied on aluminum sheets (these samples were used for AFM testing) 
and polypropylene sheets, where it was possible to peel-off the coatings 
for DMA measurements. The specimens were subjected to alternating 
dry and wet periods under simulated sunlight, controlled temperature, 
water spray, and relative humidity. During the dry period, specimens 
were exposed for 102 min at a black standard temperature of 65 ± 2 ◦C, 
chamber temperature of 38 ± 3 ◦C, relative humidity of 55 ± 5%, and 
an irradiance of 0.51 ± 0.01 W m−2 nm−1 at 340 nm. The wet period 
consisted of an 18 min front spray at a black standard temperature 
of 38 ± 3 ◦C and relative humidity of 95 ± 5%, while maintaining 
constant irradiance. Exposure was performed using a 6.5 kW or 12 kW 
xenon lamp equipped with borosilicate (inner/outer) filters, within the 
specified tolerances of the referenced standards.

2.3. AFM

All AFM experiments were conducted in an environmental chamber, 
and nanomechanical characterization experiments were performed at 
a constant humidity of approximately 10%, regulated by flushing the 
chamber with dried air. This reduces the effects of adhesive and capil-
lary forces due to adsorption of water on the polymeric surface [22,23]. 
The temperature for all AFM measurements was set at 20 ◦C using a 
Peltier element-based controller (Meerstetter Engineering GmbH) since 
the properties of the viscoelastic material are strongly temperature 
dependent.

The topography images were acquired using a commercial AFM 
(Nanosurf GmbH, DriveAFM), operating in a standard dynamic mode, 
where the cantilever was vibrating close to its resonance and the mod-
ulation of its amplitude was used to control the tip sample interaction. 
All measurements were conducted using rectangular silicon cantilevers 
by NanoAndMore, the Tap190Al-G. The cantilever properties were 
determined before each measurement by using the thermal calibration 
based on the Sader’s method [24,25]. The properties were in the range 
of 𝑘 = 14.5−27 N/m, 𝑓0 = 162−168.6 kHz, and 𝑄 = 308−549. The tip 
radius was 10 nm (according to the manufacturer). A line-scan rate of 
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Fig. 1. Waterborne acrylate latex coating curing process. First monomer droplets are dispersed into water using a surfactant. Inside the droplets, which have 
a size of approximately 100–200 nm, the polymerization (step 2) takes place. Step 3–6 show the film formation process. By heating the film over 𝑇g, polymer 
chain connection between the former particles are created. The AFM pictures show the topography and AFM cantilever phase of the binder before step 5 and 6.
1 Hz was set, and AFM images were obtained at different dimensions 
with a resolution of 500 × 500 pixels. The surface roughness was 
determined by using Gwyddion (Opensource). The displayed values are 
the average values of five lines across the whole image width of three 
images.

The ImAFM experiments were performed using the same AFM in-
strument as for imaging, however in this case combined with a multi 
lock-in amplifier (MLA) (Intermodulation Products AB). The MLA was 
used to measure, control and analyze the frequency components re-
sulting from the tip-sample interaction. In ImAFM measurements, the 
cantilever was excited by two tones (𝑓1 and 𝑓2) equidistant from its 
fundamental resonance frequency (𝑓0). The interaction of the cantilever 
with the sample generates intermodulation products (IMP), i.e., equally 
spaced tones or frequency peaks with a distance equal to the me-
chanical bandwidth 𝛿𝑓 = 𝑓0∕𝑄. A detailed explanation of ImAFM as 
a technique is provided in [26–29]. The occurrence of such IMPs is 
dependent on the material properties. In the SI [17], for example Figure 
S5 shows the influence of the accelerated weathering time on the IMPs.

To extract the viscoelastic properties, the tip-sample force was 
analyzed based on its in-phase and out-of-phase components, knowing 
the amplitude and phase of intermodulation products and following the 
procedure detailed out in our earlier work [30]. These components of 
the tip-sample force are only affected by the respective conservative 
and dissipative parts of the interaction [28]. More information about 
the viscoelastic material property retrieval procedure based on the 
measured in-phase and out-of-phase components and simulated ones 
can be found in the SI [17] in chapter S3.

To probe the viscoelastic properties of coatings using ImAFM, we 
model the sample as a Kelvin–Voigt solid [15,31] and use long-range 
nonlinear van der Waals (non-contact) and Derjaguin–Muller–Toporov 
(contact) forces to account for tip-sample interactions [32]. This leads 
to the following expression for the force between the cantilever tip and 
the sample 𝐹ts

𝐹ts(𝑧) =

⎧

⎪

⎨

⎪

−𝐻𝑅
6𝑧2

, for 𝑧 > 𝑎0,

−𝐻𝑅
2
+ 4𝐸†

√

𝑅𝜐3∕2 + 𝜓
√

𝑅
√

𝜐 𝜐̇, for 𝑧 ≤ 𝑎0.
(1)
⎩ 6𝑎0 3

3 
in which 𝑧(𝑡) is the instantaneous tip-sample separation, measured from 
the sample, 𝑎0 the intermolecular distance, and 𝜐 = 𝑎0 − 𝑧 is the 
sample indentation. Eq.  (1) indicates a purely attractive regime (𝐹nc) 
for the cantilever (𝑧 > 𝑎0), where the interaction is influenced by 
the Hamaker constant 𝐻 and the tip radius 𝑅. When 𝑧 ≤ 𝑎0, the 
regime of contact is entered (𝐹c). Here, in addition to the adhesion 
𝐹nc|𝑧=𝑎0 , a repulsive force proportional to the effective Young’s modulus 
𝐸†, and the square root of the tip radius is present. The effective 
Young’s modulus is commonly known as the contact elasticity, which 
is composed of the elasticity of the sample and the tip [33]. Since, in 
our case the deformation of the tip is negligible compared to the one 
of the sample, 𝐸† =

𝐸𝑠
1 − 𝜈2𝑠

 where 𝐸𝑠 and 𝜈𝑠 are the Young’s modulus 
and the Poisson’s ratio of the sample, respectively.

For most elastic materials, contact elasticity describes the amount of 
energy stored within the material. This can be compared to the elastic 
component of viscoelastic materials, known as the storage modulus 
𝐸′ [34]. The purely elastic behavior exhibits no frequency dependence, 
and in our model is related to the component 4

3𝐸
†
√

𝑅. However, in 
contrast to purely elastic materials [35], viscoelastic materials require 
a model that accounts for a velocity-dependent viscous component. 
This component is proportional to the viscosity parameter 𝜓 , capturing 
the dissipative nature of the material [31]. The loss component for 
viscoelastic materials (loss modulus 𝐸′′) stems from the friction force 
in Eq.  (1) that is 𝜓

√

𝑅
√

𝜐𝜐̇. The ratio of energy loss to energy storage 
defines the loss tangent, expressed as tan 𝛿 = 𝐸′′

𝐸′  in terms of the 
mechanical properties of the material, and is calculated via: 

tan 𝛿 =
⟨𝐹ts ⋅ 𝑧̇⟩
𝜔⟨𝐹ts ⋅ 𝑧⟩

, (2)

where the ⟨⟩ represent a time average [36].
The relation of the loss tangent with the material parameters is: 

tan 𝛿 = 𝜔
2
𝜓
𝐸†

. (3)

More information about the retrieval of Eq. (3) can be found in [37].
The cantilever was opto-thermally driven using an intensity modu-

lated laser diode with a power of 8 mW. ImAFM images were obtained 
at different sizes with a resolution of 256 × 256 pixels.
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Fig. 2. Topography images, captured using dynamic AFM. The evolution of 
the surface topography over accelerated weathering time is depicted. (a) Initial 
state, (b) 1 week accelerated weathering, (c) 4 weeks accelerated weathering, 
(d) 18 weeks accelerate weathering. Note that the scale is adjusted to every 
picture so that as many details as possible can be observed. An increase in 
topological features like round spots (see arrows and marked region) with 
increasing accelerated weathering time is visible.

To complement the ImAFM measurements, we performed nanoscale 
dynamic mechanical analysis using the VEA module of DriveAFM from 
Nanosurf. This technique probes the local viscoelastic response through 
low-frequency oscillatory excitation, analogous to nano-DMA [38,39]. 
In this mode, the cantilever tip is brought into contact with the ma-
terial, and after a relaxation period, it is driven at different frequen-
cies. The force needed is recorded and the phase difference between 
the actuation and the measured response gives information about the 
viscoelastic material properties. The evaluation model to translate de-
flection information into mechanical properties is based on a spherical 
Hertz model. At each measurement position, ten VEA measurements 
were performed. Afterwards the tip deflection 𝑦(𝜔) and indentation 𝛿(𝜔)
was gained from frequency fits. More detailed information can be found 
in the SI [17] in Figure S7. The equation used to convert the raw data 
into nanomechanical properties was based on the method described by 
Rebêlo et al. [40], as follows: 

𝐸∗(𝜔) =
(1 − 𝜈)𝑘𝑐
2
√

𝑅 ⋅ 𝛿0
⋅
𝑦(𝜔)
𝛿(𝜔)

(4)

where 𝜈 is the Poisson’s ratio (set to 0.4), 𝑘𝑐 is the cantilever stiffness, 𝑅
is the tip radius, and 𝛿0 is the equilibrium indentation depth. Thereby, 
the storage modulus 𝐸′ is the real part of the complex modulus 𝐸∗

and the loss modulus 𝐸" the imaginary part. The cantilever for these 
measurements was actuated by a z-piezo. Since the force evaluation 
of VEA is strongly dependent on the deflection sensitivity determined 
in the calibration process, an additional calibration was conducted 
before VEA measurements. The deflection sensitivity was calibrated 
on a hard silicon sample were a force distance grid of 10 × 10 μm
was measured. The lowest slope of the retracted curve was taken as 
deflection sensitivity.

2.4. DMA

The bulk viscoelastic behavior of the coatings was assessed on a 
Q800 (TA instruments) in tensile mode. To ensure the samples are 
deformed in the linear viscoelastic region (LVR), where the character-
ized viscoelastic parameters of the materials are independent of the 
applied strain, a strain sweep was first performed to determine the 
linear strain range. The strain sweep was conducted at 30 ◦C at 10 Hz. 
4 
Fig. 3. Roughness values 𝑅𝑎 and 𝑅𝑧 and gloss loss (initial value amounts 
to 64 GU) over accelerated weathering duration (estimated via AFM — see 
Section 2.3 and quantified using a specular glossmeter — see Section 2.5). 
With increasing weathering duration the surface roughness increases and the 
gloss decreases.

A strain amplitude of 0.02% was selected from the strain sweep for the 
following temperature sweep which is a type of oscillatory testing in 
DMA, that deforms the rectangle-shaped coating samples sinusoidally 
as a function of temperature. The gauge length of the specimen used 
in the measurement was between 4–5 mm. Each measurement was 
performed on a fresh specimen, and the specimen was constantly 
tensioned to prevent buckling by applying an axial force of 0.2 N. 
The temperature sweep increased the temperature by 5 ◦C per step, 
and multi-frequencies from 10 Hz to 150 Hz were applied at each 
temperature step. The temperature range was between −20 ◦C to 80 ◦C. 
The upper boundary of 80 ◦C in the latter range was as close to the 
glass transition temperature 𝑇g as the force resolution limit of the 
machine would allow. Results of these measurements are also presented 
in [17] Figure S3. The thickness of the samples was measured using a 
commercially available optical profilor (Bruker Contour GT-K).

2.5. Gloss loss measurements

Surface gloss was quantified using a specular glossmeter (BYK In-
struments) at three geometries (20◦, 60◦, and 85◦) in accordance with 
internationally standards ISO 2813 [41] and ASTM D523 [42]. Gloss 
is defined as the ratio of specularly reflected light from a test surface 
to that from a reference standard with a refractive index of 1.567 at a 
wavelength of 589 nm, with results reported in gloss units (GU) with 
an uncertainty of ±1 GU.

2.6. Photo-oxidation product analysis by FTIR-ATR

Chemical degradation of coatings during weathering was evalu-
ated by monitoring the formation of photo-oxidation products (POP) 
using Fourier Transform Infrared spectroscopy in attenuated total re-
flectance (FTIR-ATR) mode. Photo-oxidative degradation was assessed 
by following the buildup of hydroxy (–OH) and acid (–COOH) func-
tional groups relative to the remaining organic binder. Infrared spectra 
were collected directly from coated surfaces, and POP values were 
calculated by integrating the combined –OH/–NH stretching region 
(3500–2500 cm−1) and normalizing it to the C–H stretching region 
(3120–2760 cm−1), which serves as an internal reference for film thick-
ness and residual organic content. The POP signal was defined as the 
increase in the normalized –OH/–NH contribution relative to the initial 
(unexposed) state. The evolution of POP as a function of exposure 
time was used as a qualitative indicator of the photo-oxidation rate, 
enabling early assessment of coating durability prior to the appearance 
of macroscopic damage such as gloss loss, cracking, or discoloration.
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Fig. 4. Spatial distribution of the loss tangent tan 𝛿 evolution over accelerated weathering duration. With increasing weathering time areas with high damping 
properties (high loss tangent values, yellow) appear.
3. Results and discussion

3.1. Evolution of coating topology

The investigated waterborne acrylate coatings visibly exhibits a 
homogeneous film formation (clear transparent films), and no residual 
acrylate particles were detectable with the AFM after curing, see Fig. 
2(a). We monitored the evolution of 𝑅𝑎 (average roughness) and 𝑅𝑧
(mean roughness depth) and observed that they increase over the 
weathering duration (see Fig.  3).

The roughness increase is approximately linear and is attributed 
to the apparition of particles along with other emerging topological 
features, which start to appear as isolated hillocks of few tens of 
nanometer in height after one week of accelerated weathering time 
(Fig.  2(b)) and are more pronounced after four weeks of accelerated 
weathering time, see Fig.  2(c). More AFM topography and phase images 
of all accelerated weathering steps analyzed in this study can be found 
in the supporting information [17] in Figure S1 and S2.

Alongside the increase in roughness, the sample experiences a 
macroscopic loss of gloss (triangle markers in Fig.  3). This effect is a 
byproduct of the roughness increase, as already reported in literature 
(see e.g. [43]). A slight increase in gloss at 0.5 weeks might be related 
to some loss of surfactant, as previously reported in other studies 
on gloss-loss such as in [44]; however, no clear explanation for this 
increase has been proposed. For unpigmented waterborne coatings, 
Vink et al. observed a significant gloss loss after approximately three 
weeks [45], which is comparable to our findings.

Next to the already mentioned increase in roughness, AFM measure-
ments also revealed the appearance of round features (see 2(b)). Similar 
protuberances have been observed during the early degradation stages 
of epoxy coatings investigated by AFM [46]. This early topographical 
evolution precedes significant macroscopic gloss loss, which becomes 
pronounced after approximately four weeks of exposure. After this 
period, many accumulations of these round features were found, as it 
can also be seen in Fig.  2(c). Similar early-stage roughening has been 
associated with the onset of selective degradation and evolving mi-
crostructural heterogeneity in waterborne coatings [47]. Furthermore, 
exposure to UV radiation and high relative humidity has previously 
been shown to induce surface roughening and pit formation in poly-
meric coatings [48], supporting the interpretation that the observed 
5 
topographical changes represent early stages of weathering-induced 
surface degradation.

The consistent gloss reduction at four weeks of accelerated weather-
ing time, reflects the cumulative effect of nanoscale roughening evolv-
ing into microscale roughness changes, which is sufficient to enhance 
diffuse light scattering. This progression from nanoscopic changes to 
macroscopic degradation has also been reported for different coat-
ing systems including solvent borne polyurethane under accelerated 
weathering [2].

3.2. Emergence of highly damped nanoscale areas

To further analyze the local nanomechanical changes caused by the 
degradation process, ImAFM images of each accelerated weathering 
stage with a size of 2.5 μm × 2.5 μm were taken. In Fig.  4, the measured 
loss tangent tan 𝛿 is presented as function of location using a color code. 
It can be seen that after nine weeks of accelerated weathering, and 
particularly after 18 weeks, nanoscale regions with locally increased 
loss tangent values were detected: a higher proportion of the energy 
is dissipated rather than stored. In the SI [17] Figure S6 the according 
effective Young’s modulus maps can be found. Since we did not monitor 
the tip degradation, we used the nominal tip radius provided by the 
manufacturer. Based on earlier studies (see [37,49]) for the material 
model used here, we assume an uncertainty of roughly 5% due to a 
possible change in tip radius.

Close-up images with a size of 1 μm × 1 μm show the appearance 
of highly damped areas in more detail in Fig.  5. The distribution of 
mechanical data derived from these measurements as well as another 
area on the same samples are shown in Figure S10 in the SI. These 
dissipative regions coincided with lower stiffness areas compared to 
the surrounding matrix, as marked with red arrows. This observation 
suggests localized structural breakdown. Especially noticeable in the 
loss tangent distribution after nine weeks of accelerated weathering, 
low-damping areas become observable, which resemble particles em-
bedded in areas of higher damping. This is particularly visible in the left 
upper corner of Fig.  5(a). By taking the average of 15 measurements, an 
average particle size of 95 ± 88 nm was determined. The unformulated 
binder shows a particle size of 89 ± 22 nm, which is also stated in 
Fig.  1. The highly damped regions are, on average, slightly larger than 
the original particle size. A plausible mechanism of the creation of 
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Fig. 5. 1 μm × 1 μm images of highly damped areas which were first 
detected after 9 weeks (a–d) and are more pronounced after 18 weeks (e–h) 
of accelerated weathering. The arrow marks the same areas in the loss tangent 
tan 𝛿 (a+e), E-modulus (b+f), viscosity (c+g) and cantilever amplitude (d+h) 
of the first drive tone of ImAFM measurement for 9 and 18 weeks weathering 
duration.

these highly damped pathways is the cleavage of interparticle polymer 
bridges formed during film formation above MFFT. Although particle–
particle interfaces seem initially eliminated via chain inter-diffusion 
and entanglement, the interface can be inherently heterogeneous due to 
a lower chain entanglement between former acrylate particles than in-
side the particles themselves. Weakly entangled domains, characterized 
by higher mobility and water uptake, are particularly susceptible and 
act as preferential degradation sites. This supports the hypothesis that 
regions between former acrylate particles serve as initiation points for 
degradation. Under UV exposure, degradation starts preferably locally 
at weak nanoscale sites [5]. Accelerated weathering studies on water-
borne acrylate nanocomposites show selective interfacial degradation 
and nanoscale phase separation [47], while oxidative degradation in 
polyurethane coatings leads to micro-crack initiation in mechanically 
weakened zones [2]. Consistently, earlier AFM studies already reveal 
that UV degradation proceeds in a localized manner, forming nanoscale 
pits that grow in size and depth over time [5]. Morsch et al. observed 
a heterogeneous degradation due to the distribution of cross-linking 
density in epoxy resins which leads to locally enhanced water uptake in 
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regions of lower cross-linking density [50]. With increasing weathering 
time, the area fraction of highly damped areas increases significantly 
from below 1% to over 6%. This can also be seen in Figure S10 in the 
SI.

We therefore propose that former particle boundaries act as latent 
weak points enriched in high-cross-linked domains. These compliant 
nanoscale regions act as stress concentrators within a stiff oxidized 
matrix, promoting strain localization and brittle failure. Failure prop-
agation may thus follow these predefined high damped interfacial 
pathways, consistent with the localized pit growth observed during 
degradation by Nguyen et al. [5]. Chain scission hence, may reduce 
entanglement density across these regions, which may enable the re-
emergence of particle-like domains with elevated viscoelastic property. 
Of course, as it can be seen in the bigger area size of re-emerging 
particles compared to the original particle size in Fig.  1, not every 
connection between former particles was degraded. Further, we cannot 
completely exclude that the observed round features and high-damping 
regions could also arise from other degradation mechanisms such as 
surfactant loss or heterogeneous oxidation.

3.3. Evolution of (nano)mechanical properties

ImAFM further revealed a systematic increase in effective Young’s 
modulus at the microscale with increasing weathering duration (com-
pare Fig.  6(a)). Concurrently, the histogram, which represent the nor-
malized amount of counts (pixels) of the effective Young’s modulus val-
ues, broadens and shifts toward higher stiffness. The shift to higher val-
ues is consistent with surface oxidation and hence, the creation of more 
polar regions, which restrict segmental mobility and increase local stiff-
ness [47]. However, the broadening of the effective Young’s modulus 
distribution indicates growing mechanical heterogeneity rather than 
uniform stiffening. This heterogeneity can be rationalized by spatially 
non-uniform oxidation, moisture ingress, and local differences in stabi-
lizer or surfactant distribution. Humidity-induced phase transitions of 
surfactants embedded in latex coatings have been shown to drastically 
alter mechanical properties and water barrier behavior, creating me-
chanically distinct nanoscale domains [51]. Such local compositional 
rearrangements may amplify stiffness gradients under weathering.

Hence, the weathered coating evolves from an initially homoge-
neous Young’s modulus distribution toward a mechanically heteroge-
neous nanostructure characterized by stiff oxidized regions interspersed 
with comparatively compliant domains. Similar weathering-induced 
development of locally stiff regions has been reported in [14], who 
attributed the increase in local rigidity to the formation of polar oxida-
tion products that promote stronger intermolecular interactions within 
the polymer network, and by [52], where thermal oxidation of a mul-
tiphase polymer similarly results in both a global increase in stiffness 
and a pronounced development of mechanical heterogeneity. Specifi-
cally, cross-linking in the rubbery phase leads to local stiffening, while 
concurrent chain scission in the glassy phase reduces molecular weight 
and promotes embrittlement. The coexistence of these competing mech-
anisms produces spatially distinct mechanical domains, reinforcing that 
the broadening of modulus distributions reflects heterogeneous degra-
dation rather than uniform material evolution [52]. In the case of the 
present study, the connections between the former acrylate particles 
become weaker with increasing weathering time. On the other side, 
the highly entangled areas oxidize and become even stiffer, leading to 
an overall increase in Young’s modulus.

In addition to ImAFM, bulk and nanoscale DMA have been per-
formed to compare the storage modulus for bulk and surface properties. 
Fig.  6(b) depicts the resulting evolution of the storage modulus over 
accelerated weathering time. At first, the bulk and nanoscale DMA 
measurements coincide well. After two weeks of accelerated weath-
ering time however, it is noticeable that the bulk storage modulus 
remains approximately constant but showing a higher spread within 
the measurement points compared to earlier degradation steps. The 
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Fig. 6. (a) Effective young’s modulus histogram evolution over accelerated weathering duration measured with ImAFM. For ImAFM every measured pixel 
corresponds to a calculated effective Young’s-modulus. The number of counts (pixels) per effective Young’s modulus are normalized for each sample and presented 
in the violin plot for each time point. With increasing weathering time the Young’s modulus not only increases but also is spread more widely. (b) Storage modulus 
evolution over accelerated weathering time at 20 ◦C and approx. 150 Hz. Two different measurement methods are presented: Bulk DMA measurements as described 
in Section 2.4 and VEA as described in Section 2.3. With increasing accelerated weathering time the storage modulus increases.
nanoscale VEA measurements still show an increasing storage modulus. 
The formation of an oxidized ‘‘skin’’ layer could result in a pronounced 
gradient in chemical composition and mechanical properties across the 
film thickness, with a stiffened oxidized surface (see also Fig.  7) and 
a comparatively less degraded, more compliant subsurface [2]. This 
depth-dependent evolution is consistent with spectroscopic observa-
tions linking oxidation product formation to the progressive loss of 
reactive groups in the near-surface region under UV exposure [53]. 
Although the oxidation is a surface driven process, the whole coating 
became more brittle with accelerated weathering time as shown in the 
bulk DMA measurements, see the SI [17] Figure S3 (increasing 𝑇𝑔), and 
the increased standard deviation after nine weeks of accelerated weath-
ering, cf. Section 2.3(b). Further, it was also noticeable for the sample 
handling. Following a period of nine weeks of accelerated weathering, 
the samples exhibited a marked increase in brittleness, making it 
challenging to detach them from their polypropylene substrates. The 
samples, which had undergone accelerated weathering for a period 
of 18 weeks, could not be detached due to their excessive fragility, 
hence, no bulk DMA measurements at 18 weeks were carried out. 
This finding aligns with the documented phenomenon of progressive 
embrittlement in free-standing films, as also reported in literature [54]. 
This increased brittleness suggests the presence of possible micro-cracks 
in the DMA samples, which may have contributed to premature failure 
and reduced stiffness. In this context, it has also been reported that 
conventional DMA measurements can have limited sensitivity in dis-
tinguishing different degradation states, particularly when mechanical 
damage influences the response [7]. This problem did not emerge in 
the nanoscale VEA measurements because the coating did not require 
detachment from the substrate, and no micro-cracks were observed 
during testing. This underscores the efficacy of implementing DMA at 
the nanoscale level, as it facilitates more efficient and dependable sam-
ple management. In summary it can be said that although the surface 
is mostly affected, the overall coating mechanical properties change 
with accelerated weathering time. Concurrently, the development of 
oxidized surface regions is associated with increased local rigidity, 
leading to a heterogeneous distribution of mechanical properties across 
the coating [53], which can also be observed in the present coatings. 
This behavior is further supported by Wärnheim et al. [14], who at-
tributed weathering-induced increases in local stiffness to the formation 
of polar oxidation products, such as hydroxyl- and peracid-containing 
groups, which promote stronger intermolecular interactions through 
hydrogen bonding within the polymer network. Next to the increase 
in the OH/NH region and a decrease in the CH region, a broadening 
in the carbonyl band can be seen at the same time, characteristic 
of the disappearance of ester functionalities [55] and formation of 
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Fig. 7. FTIR measurements of the accelerated weather samples. With increas-
ing weathering time the amount of photo-oxidation products (POP) increases 
which leads to more polar groups in the coating molecular structure. The 
inclusion of dashed lines in the diagrams is intended to facilitate the visual 
guidance of the reader’s eye. For more details see Section 2.6.

new carbonyl compounds (ketones, carboxylic acids) [56,57], while 
the growth of a small band near 1781 cm−1 was also reported for 
weathered acrylic coatings as characteristic for cyclic lactones [58]. In 
the SI Figure S8 a close-up of the C=O region broadening induced by 
accelerated weathering can be found.

A comparison of the storage modulus increase due to only thermal 
aging with accelerated weathering is shown in the SI in Figure S9. 
It shows that already a significant stiffening of the samples is caused 
by thermal aging and hence, physical aging. It further reveals that 
the stiffness increase for accelerated weathering is more pronounced, 
indicating that the storage modulus increase caused by accelerated 
weathering is not only due to physical aging but also due to chemical 
changes, see Figure S9 in the SI. This is also supported by Fig.  7 
which shows a quantifiable increase in surface oxidation products (as 
measured by FTIR-ATR) already after 0.5 weeks of exposure.

A summary of the proposed nanoscale degradation mechanism is 
sketched in Fig.  8. The first step shows the initial state of the cured 
coating. Due to the weathering cycle, the sample stiffens (step 2), 
which is attributed to the combined effects of physical aging and 
photo-oxidation. The presence of oxygen, water, and photo-degradation 
further induces degradation processes (step 3), which may contribute 
to the development of heterogeneous nanoscale mechanical domains 
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Fig. 8. Schematic representation of the proposed degradation evolution during accelerated weathering of a waterborne acrylate latex coating (top view; not to 
scale). The first step represents the initially homogeneous state after the curing process described in Fig.  1. During the accelerated weathering cycle, heating 
(step 2) induces physical aging and a corresponding increase in stiffness, which is overlapped by humidity-, UV-, and oxygen-induced degradation processes. 
Continued exposure to humidity, oxygen, and UV radiation promotes further degradation (step 3), resulting in the development of heterogeneous mechanical 
properties within the coating. The formation of mechanically distinct regions is schematically illustrated based on the observed increase in modulus heterogeneity 
and highly damped areas. These regions may be associated with degradation processes occurring preferentially in areas related to the former acrylate particle 
morphology, where reduced cohesion compared with the interior of the original particles may contribute to their formation. With increasing weathering time, 
the fraction and spatial distribution of these mechanically distinct regions increase (step 4), resulting in increasingly heterogeneous degradation. The localized 
highly damped regions may represent preferential pathways for failure initiation, contributing to the increasing brittleness observed with prolonged degradation. 
The schematic does not represent directly observed molecular structures or degradation domains, but illustrates a proposed interpretation of the experimentally 
observed chemical, topographical, and nanomechanical changes. In this schematic, UV exposure is oriented perpendicular to the coating surface. The viewer 
observes the coating surface, while the coating extends further into the paper direction.
and the appearance of features associated with the former acrylate 
particle morphology. The entanglement of polymer chains at the in-
terface between particles is expected to be weaker than inside the 
original particles, and degradation in these regions may therefore result 
in reduced cohesion between former acrylate particles. This process 
may contribute to the formation of highly damped areas (illustrated in 
yellow). With increasing accelerated weathering time, a larger fraction 
of the coating is affected, and these mechanically distinct regions 
become more pronounced and spatially distributed across the former 
acrylate particle structure (step 4). Therefore, the degradation is het-
erogeneous, and the presence of highly damped areas may facilitate 
failure initiation. This phenomenon contributes to an increasing degree 
of brittleness as degradation time progresses.

4. Conclusion

In this study, we performed a comprehensive analysis of degrada-
tion in a waterborne acrylate coating by combining nanoscale measure-
ment techniques (ImAFM and VEA) with commonly used characteriza-
tion methods for assessing coating degradation. By correlating chem-
ical, topographical, and nanomechanical information, a multi-stage 
degradation scenario is proposed:

1. Stage 1 (0.5–4 weeks of accelerated weathering): An over-
all increase in stiffness is observed, which is attributed to the 
combined effects of photo-oxidation and physical aging. The for-
mation of oxidation products and the development of nanoscale 
mechanical heterogeneity indicate the onset of localized degra-
dation processes. After approximately four weeks, gloss loss 
becomes macroscopically visible.

2. Stage 2 (4–9 weeks of accelerated weathering): Increas-
ing mechanical heterogeneity is observed, characterized by the 
emergence of highly damped nanoscale regions and increasing 
contrast between stiff and compliant domains. For emulsion-
based coatings, this behavior may be associated with degra-
dation of interparticle bridge regions and reduced cohesion 
between previously coalesced particles. However, the present 
measurements do not directly resolve molecular disentangle-
ment or interparticle bridge cleavage, and this interpretation 
should therefore be considered a proposed mechanism consistent 
with the observed mechanical evolution.

3. Stage 3 (long-term, 18 weeks of accelerated weathering):
The continued evolution of mechanically heterogeneous regions 
is consistent with localized embrittlement and the development 
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of preferential pathways for crack initiation and propagation [8], 
as described for weathered polymer coatings [2]. In the present 
study, regions associated with former acrylate particle bound-
aries may represent mechanically weakened pathways where 
degradation preferentially progresses.

These conclusions are based on measurements of the surface, where 
degradation starts. Further research on coatings cross-sections would 
have to confirm if the phenomena observed in the surface reflect what 
happens deeper inside the coating.
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