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Abstract Temperature effect on the kinetics of pho-
todegradation and surface accumulation of nanoparti-
cles in an epoxy nanocoating exposed to ultraviolet
light (UV) was investigated. A model epoxy coating
containing 5% untreated nanosilica was selected.
Exposed film specimens were removed at specified
UV dose intervals for measurements of chemical
degradation of the epoxy component, and nanosilica
accumulation on specimen surface release as a function
of UV dose for four temperatures. The chemical
degradation was measured using Fourier transform
infrared spectroscopy, X-ray photoelectron spec-
troscopy, and UV–visible spectroscopy. Atomic force
microscopy was employed to determine the kinetics of
nanosilica accumulation on the nanocoating surface
during UV exposure. The temperature dependence
behaviors of kinetic parameters obtained by various
measurement techniques will be used to better under-
stand the degradation mechanism and surface accu-
mulation of nanoparticles in exterior nanocoatings.
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Introduction

Polymeric materials containing nanofillers (polymer
nanocomposites) have attracted growing interest due
to their outstanding properties as well as their unique
applications.1,2 Polymer nanocoatings, a subclass of
nanocomposites, are increasingly used outdoors such

as on building structures, airplanes, and automobiles,
because of their excellent mechanical, gas barrier, self-
cleaning, and UV resistance properties.3–7

Studies have long indicated that most common
polymers undergo significant degradation during expo-
sures to outdoor environments.8–15 A serious conse-
quence of the matrix degradation for nanocoatings is
that the nanofillers embedded in the polymer matrices
could be released via the effect of rain, snow,
condensed water, and wind. Such nanoparticle release
during nanocoating life cycle is a concern, because
engineered nanofillers have been shown to be haz-
ardous to the environment and human health.10,11,15–18

Taking advantage of the highly uniform and high-
intensity UV radiation from the SPHERE (Simulated
Photodegradation via High Energy Radiant Exposure)
device,19 the National Institute of Standards and
Technology (NIST) has investigated the degradation
rate, nanomaterial surface accumulation, and nanoma-
terial release for a model epoxy (without UV stabiliz-
ers) containing silica nanoparticles.20–24 In a previous
study on an amine-cured epoxy nanocoating exposed
to UV radiation at 60�C/» 0% relative humidity (RH)
exposure condition, we have found that the epoxy
matrix in the nanocoating underwent rapid pho-
todegradation during exposure to 295 nm to 400 nm
UV, exposing nanosilica on the surface and subse-
quently releasing it from the nanocoating.23

Although nanosilica accumulated on the surface and
subsequent release from the nanocoatings was ob-
served and measured,23 the role of temperature on the
photodegradation rate, surface accumulation, and
release of nanoparticles has not been investigated.
Temperature is an important factor in the degradation
process of polymers. In this study, we examined how
temperature affects both the photodegradation of
polymer matrix and surface accumulation of nanosilica
during UV exposures of an epoxy nanocoating. The
resulting knowledge of temperature dependence
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behaviors on kinetic parameters obtained by different
measurements will be useful for understanding the
degradation mechanism and predicting the long-term
release of nanoparticles in exterior nanocoatings.

Experimental procedures

Materials and preparation of nanocoating

Unless stated, the silica nanoparticles (i.e., nanosilica)
were an untreated material in powder form, having a
normal diameter of 15 nm and a purity greater than
99.5% (provided by manufacturer). The epoxy coating
was a model stoichiometric mixture of a diglycidyl
ether of bisphenol A (DGEBA) epoxy resin having an
equivalent mass of 189 (grams of resin containing one
gram equivalent of epoxide) and a tri-polyetheramine
curing agent. There were no UV stabilizers added to
the amine-cured epoxy coating. It should be noted that,
due to steric hindrance and restricted transport during
the late curing stages, some residual unreacted epoxide
and amino groups are expected to be present in the
coating films after curing. The presence of these
functional groups and impurities (e.g., residual cata-
lysts, processing aids) may have an influence on the
photodegradation of an amine-cured epoxy coating.
The solvent used for nanoparticle dispersion and
coating processing was reagent grade toluene (pu-
rity > 99.5%). The chemical structures of the compo-
nents and the cured epoxy coating are given
elsewhere.22 Free-standing films having a thickness
between 125 and 150 lm of the amine-cured epoxy
containing 5% mass fraction of nanosilica were pre-
pared following the procedure described in reference
(21). All films were cured at ambient conditions (24�C
and 50% RH) for 1 d, followed by post-curing for
45 min at 110�C in an air circulating oven. The quality
of all epoxy/nanosilica coating (epoxy nanocoating)
films was assessed by visual inspection for evidence of
air bubbles or defects (cracks). Specimens were only
selected from defect-free regions.

UV exposure

Specimens of epoxy nanocoating were exposed to <1%
RH at four different temperatures, 30, 40, 50, and 60�C
in the NIST SPHERE UV chamber.20 The very dry
condition was used to minimize any effect of water on
the photodegradation of epoxy. The NIST SPHERE
UV chamber produces a highly uniform UV flux of
approximately 140 W/m2 in the wavelength range of
295–400 nm. The equivalent accelerating factor of
SPHERE exposure is estimated to be 15x compared
with the typical outdoor exposures in Florida with an
estimated dosage of 285 MJ/m2 per year for the
wavelengths between 295 and 385 nm.25 Specimens
for characterizing surface morphology had a dimension

of 10 mm 9 10 mm, and those for tracking chemical
changes had a diameter of 19 mm. Specimens were
removed after specified accumulated UV doses (i.e., at
specified time intervals) for various characterizations.
UV dose, in MJ/m2, is defined here as the total
accumulated energy resulting from repeated UV radi-
ation exposures at a particular time period per unit
irradiated surface. Because the SPHERE was operated
without interruption during this experiment, its UV
dose is linearly proportional to exposure time.

Characterization of nanocoating degradation and
surface morphological changes

The chemical degradation of both neat epoxy and
nanocoating was measured using molecular spec-
troscopy via attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR), X-ray
photoelectron spectroscopy (XPS), and UV–visible
spectroscopy (UV–Vis). ATR-FTIR spectra were
recorded at a resolution of 4 cm�1 using dry air as a
purge gas and a spectrometer (Nexus 670, Thermo
Nicolet) equipped with a liquid nitrogen-cooled mer-
cury cadmium telluride (MCT) detector. A ZnSe prism
and 45� incident angle were used for the ATR-FTIR
measurement. All spectra were the average of 128
scans. The peak height was used to represent the
infrared intensity, which is expressed in absorbance, A.
All FTIR results were the average of four specimens.
UV–visible spectra were recorded using an HP 8452A
spectrometer fitted with an autosampler. Spectra were
collected for wavelengths from 190 to 1100 nm with an
integration time of 0.5 s.

XPS was used for elemental and chemical state
analysis of the nanocoatings. Analyses were carried out
using an Axis Ultra DLD spectrophotometer (Kratos
Analytical) equipped with a monochromated Al Ka X-
ray source (1486.6 eV). The photoelectrons were
collected along the surface normal at a pass energy
40 eV and a step size of 0.1 eV/step for the C(1s),
Si(2p), O(1s), and N(1s) regions. All XPS spectra were
fit with a Shirley baseline and adjusted with the
appropriate elemental sensitivity factors to obtain
information on percent composition.

Surface morphological changes of nanocoating were
followed by tapping mode atomic force microscopy
(AFM) at ambient conditions (24�C, 50% RH) using a
Dimension Icon system (Bruker, USA) and silicon
probes (TESP, Bruker). Both topographic (height) and
phase images were obtained simultaneously using a
resonance frequency of approximately 300 kHz for the
probe oscillation and a free-oscillation amplitude of
62 nm ± 2 nm. Height images of a scan size of 20 lm
were analyzed by the image software provided by the
AFM instrument, and the function of bearing analysis
was used to follow the nanosilica accumulation on the
nanocoating surface with UV exposure. The results are
the average of three different locations.
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Results

Surface morphological changes

Figure 1 displays AFM height and phase images of
unexposed and UV-exposed epoxy nanocoating sur-
face at, as an example, 40�C. Contrast in the height
images of Fig. 1a is due to the surface topography, with
little evidence of nanoscale particles being present on
the surface, which is also confirmed in the featureless
phase image (Fig. 1a, right). As the UV dose increased,
the surface roughness increased and nanoparticles or
clusters of nanoparticles appeared on the surface, as
shown in both the height and phase images of Fig. 1b.
Brightness of the particles in the height image indicates
that they were near and above the surface. The phase
image also shows a strong contrast between the
nanoparticles and the matrix, which is typically
observed for mixtures of a high modulus inorganic
material and a low modulus polymeric material.

Figure 2 shows the surface morphological changes
of the nanocoating exposed to different UV doses in
four temperatures (30, 40, 50, and 60�C). All four
temperatures showed similar effects. The number of
particles on the surface increased with increasing UV
dose, and the size of the particle clusters and the
number of connected clusters also increased with UV
dose. After 400 MJ/m2 dose, a layer of compact
particles almost covered the entire surface for all four

temperatures. Similar results were observed in NIST
previous studies for a silane-treated nanosilica in a
similar epoxy system.20,22

To follow the accumulation of nanosilica on the
nanocoating surface during UV exposure, an AFM
software image analysis was conducted on height
images. Figure 3 displays the surface coverage (in %)
of revealed particles (assuming as nanosilica clusters) as
a function of UV dose. The offset of 20% particle
coverage is due to the initial rough nanocoating surface,
which resulted in an overestimation of the surface
coverage of the larger particle clusters. The rough
surface morphology as observed in the raw AFM height
image (Fig. 1a) may affect the gray-level threshold
(flatness in the bearing analysis function) and conse-
quently the percentage value of the peaks (white dots).

It shows that the accumulation of nanosilica on the
UV-exposed nanocoating increased rapidly between 0
and 300 MJ/m2 dose but slowed down substantially
thereafter. The dose amount of 300 MJ/m2 of UV is
roughly what is seen in a harsh outdoor environment
such as Florida or Arizona per year.25,26 The shape of
nanosilica coverage vs UV dose curve is similar to the
chemical changes such as oxidation measured by FTIR
with UV dose,23 suggesting that the accumulation of
nanosilica on the nanocoating surface with UV expo-
sure is closely related to photodegradation of the
epoxy matrix; that is, as the epoxy layer on the
nanocoating surface was degraded by UV radiation,

Height
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Fig. 1: AFM height images (left column) and phase images (right column) of nanocoating (a) unexposed and (b) exposed
for 30 MJ/m2 UV dose and at 40�C. Scan size is 20 lm 3 20 lm. The scale bars represent the height and phase range of
each image
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silica nanoparticles that were embedded in the matrix
were increasingly exposed on the surface. Figure 3
shows that a higher exposure temperature resulted in a
higher amount of surface accumulation of nanosilica
for dose less than 600 MJ/m2. For example, at an
exposure dose of 400 MJ/m2, the surface coverages
were approximately 45%, 50%, 56%, and 60% for 30,
40, 50, and 60�C, respectively. However, at doses of
700 MJ/m2 or greater, there was essentially no differ-
ence in surface coverage between 50 and 60�C.

Chemical degradation

ATR-FTIR spectroscopy was used to follow chemical
degradation of both neat epoxy (EP) and an amine-
cured nanocoating (EP/SiO2) as a function of UV dose

(or exposure times). For example, ATR-FTIR spectra
of neat EP and EP/SiO2 at 0 MJ/m2, 60 MJ/m2 (4 d),
and 343 MJ/m2 (23 d) at 40�C and 0% RH exposure
conditions are shown in Fig. 4. Note that these spectra
were obtained after normalizing to a reference band
(1380 cm�1, due to the gem-dimethyl CH3) to account
for any effect due to sampling. The selection of this
reference band was because the intensity of this
1380 cm�1 band showed little change up to the
340 MJ/m2 dose through a parallel quantitative trans-
mission FTIR study.23 The assignment of the IR bands
and detailed description can be found in references
(20–23). Except for the 1000–1150 cm�1 region, the
spectral changes between the neat epoxy and the
nanocoating are similar. In this region (1000–
1150 cm�1), the intensity increased for the nanocoating
but decreased for the neat EP. This result was reflected

2                  30 MJ/m2                       12 MJ/m2                     52 MJ/m2 

2                   104 MJ/m78 MJ/m

31 MJ/m

2                       73 MJ/m2                     91 MJ/m2 

187 MJ/m2                  253 MJ/m 2                   195 MJ/m2                   182 MJ/m2 

40°C30°C 50°C 60OC

Fig. 2: AFM height images of epoxy nanocoating as a function of UV doses for four different temperatures; scan size:
20 lm 3 20 lm. The height range of the images is roughly from 0 nm to 1.5 lm
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from a combination of band intensity related to Si–O–
Si bonds (increased with UV dose) and various C–O
bands decreased with UV dose. The band at
1060 cm�1, which is attributed to epoxy C–O and Si–
O bonds, was selected for monitoring surface accumu-
lation of silica nanoparticles of nanocoating during UV
exposure. Note that the intensity increase around

1060 cm�1 is actually an underestimate of the concen-
tration of nanosilica detected.

The intensities of numerous bands of the epoxy
structure substantially decreased under UV radiation,
including the bands at 1508 cm�1 due to the benzene
ring, 1245 cm�1 due to aromatic C-O. The decrease in
the intensity of these bands, attributed to chain scission
due to photodegradation, was observed in both neat
EP and nanocoatings. New bands in the 1620–
1740 cm�1 region appeared and the intensities in-
creased as UV dose increased. These bands were
related to the photo-oxidation process. As shown in
Fig. 4, the intensity at band 1724 cm�1 increased faster
in the neat EP than that of nanocoatings from 0 to
343 MJ/m2 dose range. This result indicated that the
addition of nanosilica reduced the rate of the photo-
oxidation of the EP. Similar results were observed in
the 60�C and 0% RH exposure conditions in our
previous study.23

The FTIR-ATR relative intensity changes (with
respect to 0 d) at 1245, 1724, and 1060 cm�1 bands after
normalization to 1380 cm�1 with UV dose are dis-
played in Fig. 5 for neat EP and EP/5%SiO2 for four
different temperatures. As discussed previously, the
bands at 1245 and 1724 cm�1, representing chain
scission and oxidation of the epoxy, respectively, and
at 1060 cm�1, attributed to both epoxy C–O and Si–O
bonds, were used to follow various degradation pro-
cesses and surface accumulation of silica nanoparticles
of nanocoating during UV exposure. The error bars in
Fig. 5 show small standard deviations (except at high
UV dose), indicating a good reproducibility between
specimens. As shown in Figs. 5a and 5b for both EP
and nanocoatings, the intensity of the bands at 1245
and 1724 cm�1 changed rapidly at shorter/lower expo-
sure time/dose (<200 MJ/m2), but reached a plateau
value for dose >400 MJ/m2. The 60�C data show the
highest degradation rate (fewer data points than other
temperatures because of rapid degradation) among the
four temperatures. Furthermore, the total changes in
peak intensity at 1245 cm�1 (Fig. 5a) and 1724 cm�1

(Fig. 5b) were lower in nanocoatings than that in neat
EP. This result indicated that the addition of nanosilica
reduced the rate of the photo-oxidation of the EP, as
mentioned earlier. However, there is no strong tem-
perature effect on the rates of degradation in the dose
range less than 200 MJ/m2, except the 60�C data.

The intensity of the band at 1060 cm�1 decreased in
neat EP (Fig. 5c, left column) while it increased in
nanocoatings (Fig. 5c, right column) with increasing
UV dose, suggesting that silica has gradually accumu-
lated on the specimen surface. This observation was
confirmed by XPS measurements and our parallel
particle release study using silane-treated nanosilica/
EP coatings.27 There is no clear trend in the temper-
ature effect on this combined C–O and Si–O band.
This is probably a result of two oppositely competing
processes taking place on the nanocomposite surface
during UV irradiation: loss of epoxy material (C-O
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Fig. 3: Nanosilica coverage on epoxy nanocoating surface
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loss, shown in Fig. 5c, left column) and increase of
silica nanoparticles on the surface (Si–O increase).

In addition to FTIR data, UV–Vis measurements
were also carried out on thinner nanocoating speci-
mens (a 7 lm film on a CaF2 substrate) to obtain the
chemical degradation rate at various exposure temper-
atures. Figure 6 displays the chemical changes via UV–
Vis absorbance at wavelength (k) = 354 nm for both
neat epoxy and nanocoatings at four different exposure

temperatures. In both materials, the absorbance
increased as UV dose increased, and higher tempera-
ture had a higher rate of increase.

To detect the chemical composition on the
nanocoating surface, XPS measurements were per-
formed on the same samples after AFM measure-
ments. Figure 7 displays the XPS-based carbon (C),
oxygen (O), nitrogen (N), and silicon atomic (Si)
percentages on the epoxy/nanosilica coating surface vs
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Fig. 5: ATR-FTIR relative intensity changes with UV dose at four temperatures for bands at: (a) 1245 cm21, (b) 1724 cm21,
and (c) 1060 cm21 for neat EP (left column) and EP/5% SiO2 (right column). The intensities have been normalized to that of
the band at 1380 cm21. The results are average of 6 specimens, and error bars represent one standard deviation

J. Coat. Technol. Res., 14 (4) 893–902, 2017

898



UV dose. The loss of the epoxy matrix and an increase
of the silica material near the nanocoating surface as a
function of UV dose observed by ATR-FTIR in
Figs. 5a (right column) and 5c (right column) are
consistent with the XPS results displayed in Fig. 7. As
the UV dose increased from 0 to 770 MJ/m2 (»60 d) at
60�C exposure condition, the percent surface concen-
trations of carbon decreased from 77.4 ± 1.4% to
50.2 ± 1.7%, while those of silicon started at
3.4 ± 0.8%, dropped after a small dose of 54 MJ/m2

to 0.9 ± 0.1% followed by a steady rise to a final value
of 6.5 ± 0.4%, and nitrogen increased from
1.4 ± 0.2% to 8.1 ± 0.2%. The increase of nitrogen
with UV dose observed in Fig. 7 for nanosilica com-
posite may be explained as due to the adsorption of the
base amine curing agent on the acidic nanosilica
surface during mixing and film formation. In this case,
the adsorbed amine would form an interfacial layer
between the silica nanoparticles and the epoxy poly-
mer. Discussion on the formation of this interfacial
layer is described in reference (23).

To get a better comparison visually, the increase of Si
element percentage at different temperatures was plot-
ted vs UV dose for four different temperatures; the
results are displayed in Fig. 8. For doses less than
200 MJ/m2, all data scattered around 2% with large
error bars for all temperatures. Except for the 50�C
exposure condition, the data do not follow a steady
increase with temperature, and the last data point drops
unexpectedly. In general, a higher exposure tempera-
ture resulted in a higher amount of Si element percent-
age for doses >200 MJ/m2. However, the Si(2p)
percentages increased with UV dose at a rate that
increased with temperature. Extrapolated based on a
linear fit of measurements (dose > 0 MJ/m2) at each
temperature (not shown), the Si percentage that is at the
surface for 600 MJ/m2 is 2.5 ± 0.1%, 2.8 ± 0.2%,

3.6 ± 0.3%, and 5.4 ± 0.4% for 30, 40, 50, and 60�C,
respectively. This result is in agreement with tempera-
ture effects on nanosilica surface accumulation data
obtained by AFM measurements shown in Fig. 3. Note
that the Si element percentage at 0 dose is about (2–
3) %, which is much smaller than the initial offset
particle surface coverage estimated from AFM mea-
surements (Fig. 3). The reason is due to different
detection mechanisms and limitations between two
techniques. AFM image estimation is based on particles
raised above the surface, which include those covered
with a thin layer of thematrix. AFM can scan the surface
with height variation as large as a few microns (up to
1.5 lm in Fig. 2). As mentioned previously, because of
the complication in the surface morphology of
nanocoatings (e.g., rough surface and some silica parti-
cles were embedded in EP matrix or formed a larger
cluster size), the percent of particle surface coverage can
be overestimated. On the other hand, XPS data are
based on mostly bare Si material and the probing depth
is only a few nm. Even multiplying a factor of 60/28
(molecular mass of SiO2/molecular mass of Si assuming
that all Si were from SiO2), the percentage is still lower
than 10%. Therefore, the amounts of nanosilica esti-
mated by AFM are expected to be greater than those
measured by XPS.

Kinetics analysis

To examine the temperature effects on photodegrada-
tion and nanosilica surface accumulation, UV dose-
dependent curves of particle surface coverage via AFM
(Fig. 3) and UV–Vis absorbance @340 nm (Fig. 6—
both EP and EP-5% SiO2) were fitted to an exponen-
tial function equation (1), and Si elemental percentage
via XPS (Fig. 8) to a linear relationship equation (2).
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IðsÞ ¼ A � expð�k � sÞ þ Io ð1Þ

IðsÞ ¼ k � sþ Io ð2Þ

where I(s) is the relative change of degradation
property (or damage) at dose = s, Io is intercept at
dose (s) = 0, and k is the rate of change per UV dose
(MJ/m2). The fitted kinetic parameters are listed in
Table 1. The goodness (R2, not listed here) of fitting
for UV–Vis and AFM data is good arranging from 0.95
to 0.99, but only 0.20, 0.72, 0.80, and 0.82 for XPS data
@ 30, 40, 50, and 60�C, respectively, due to larger error
bars in Fig. 8. The degradation rates (k) determined
from UV–Vis absorbance @340 nm data for EP are
higher than those of nanocoatings for all temperatures.
This result implies that nanosilica additives induce the

delay in the photodegradation process, which is con-
sistent with the results observed through FTIR results.
However, there are no kinetic parameters extracted
from ATR-FTIR data. Based on the observations in
Figs. 5a and 5b (1245, 1724 cm�1), temperature had
little effect on the rates of degradation in the dose
range less than 200 MJ/m2, except the 60�C data. Note
that these IR bands were normalized by peak intensity
at band 1380 cm�1. And there is no clear trend in the
temperature effect on intensity changes at band
1245 cm�1. Moreover, the peak intensity at the refer-
ence band (1380 cm�1) started to decrease around
300 MJ/m2 UV dose or higher due to increase in
specimen surface roughness (especially, for the EP-5%
SiO2 coatings). The ATR-FTIR data beyond this dose
were not reliable; thus, the estimated kinetic parame-
ters were not reliable extracted from the ATR-FTIR
data.
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The reaction rates are expected to increase with
temperature according to Arrhenius equation (3).28

k ¼ Ae � exp �Ea=Tð Þ ð3Þ

where k is the rate of reaction, Ae is the pre-
exponential factor, Ea is the activation energy, R is
the gas constant, and T is the absolute temperature in
Kevin (�K = 273.12 + �C). As shown in Table 1, the
rates for all degradation properties increase with

increasing temperature. The activation energy can be
determined by plotting the natural logarithm of the
relative rates against 1/T(�K), and the results are listed
in Table 1. Overall, the activation energy (kJ/mol)
determined from UV–Vis results is reasonable; the
difference in EP and EP/SiO2 is insignificant. The
activation energy determined from XPS method is
much higher than that from AFM. Further investiga-
tion on the correlation between the values of activation
energy and degradation mechanism via detection
methods is ongoing.

Concluding remarks

The effects of temperature on both the photodegrada-
tion of epoxy matrix and surface accumulation of
nanosilica during UV exposures of an epoxy coating
containing 5 mass% nanosilica were investigated
through a suite of techniques, such as FTIR, XPS,
UV–Vis, and AFM. The FTIR and UV–Vis results
indicated that the addition of nanosilica reduces the
rate of the photodegradation of the EP. For the effect
of temperature on the degradation rate, all results
(except FTIR data) indicated that the higher temper-
ature, the higher photodegradation and surface
nanosilica accumulation rate. The chemical degrada-
tion rate of the matrix (UV–Vis data in Fig. 6) and
accumulation rate for Si on the surface (via AFM:
Fig. 3 and via XPS data in Fig. 8) followed the right
temperature order, i.e., 60�C > 50�C > 40�C > 30�C.
The corresponding degradation kinetic parameters and
activation energy were also obtained, and the rates for
all degradation properties increase with increasing
temperature, as expected (Arrhenius relationship).
These kinetic parameters are useful for understanding

Table 1: Kinetics parameters (Io, A, k) and activation energy (Ea) for three different degradation properties for EP and
EP/SiO2 coatings at four different temperatures

Degradation
property

Kinetic
parameter

30�C 40�C 50�C 60�C Activation
energy

Ea (kJ/mol)

UV–Vis absorption
@ k = 354 nm

EP (Fig. 6a)

Io 0.316 ± 0.015 0.389 ± 0.022 0.462 ± 0.007 0.603 ± 0.015 32.12 ± 8.63
A �0.239 ± 0.017 �0.399 ± 0.022 �0.400 ± 0.011 �0.600 ± 0.023
k 0.009 ± 0.001 0.010 ± 0.002 0.040 ± 0.003 0.027 ± 0.003

UV–Vis @
k = 354 nm

EP/5%SiO2 (Fig. 6b)

Io 0.596 ± 0.015 0.652 ± 0.025 0.765 ± 0.021 0.895 ± 0.038 38.92 ± 3.27
A �0.607 ± 0.015 �0.656 ± 0.024 �0.766 ± 0.028 �0.879 ± 0.059
k 0.005 ± 0.001 0.007 ± 0.001 0.012 ± 0.001 0.020 ± 0.003

Surface particle
coverage via AFM

EP/5%SiO2 (Fig. 3)

Io 60.68 ± 7.67 58.42 ± 0.99 65.59 ± 0.99 64.85 ± 0.68 18.59 ± 4.60
A �54.56 ± 4.84 �42.02 ± 1.03 �44.45 ± 1.73 �37.93 ± 0.81
k 0.0028 ± 0.0008 0.0042 ± 0.0003 0.0039 ± 0.0004 0.0057 ± 0.0004

Si element via XPS
EP/5%SiO2 (Fig. 8)

Io 2.093 ± 0.218 1.509 ± 0.203 1.543 ± 0.239 2.187 ± 0.312 64.48 ± 11.21
K 0.0007 ± 0.0003 0.0021 ± 0.0004 0.0049 ± 0.0005 0.0053 ± 0.0009

A is the pre-exponential factor, Io is intercept at 0 dose, and k is the rate of change per UV dose (MJ/m2). Ea is the activation
energy
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Fig. 8: XPS-based silicon (Si) % elemental percentage on
the epoxy/nanosilica coatings surface vs UV irradiation
dose at four different temperatures. Each data point
consists of two or more specimens, and the error bars
represent one standard deviation. The dashed line indi-
cates the dose at 600 MJ/m2
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the degradation mechanism and for predicting the
service live of the exterior nanocoatings.

Disclaimer

Certain commercial product or equipment is described in
this paper in order to specify adequately the experimen-
tal procedure. In no case does such identification imply
recommendation or endorsement by the National Insti-
tute of Standards and Technology, nor does it imply that
it is necessarily the best available for the purpose.
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