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Abstract

The atomic force microscopy (AFM) has been used to study the morphology and
microstructure of an amine-cured epoxy before and after outdoor exposure. Samples
included the surface (air), interface and bulk specimens prepared in CO,-free and ambient
conditions, and specimens exposed to outdoors for different exposure times. The same
regions of the exposed samples were scanned periodically by the AFM to monitor the
changes in surface morphology of the coating as UV exposure progressed. Small angle
neutron scattering and FTIR transmission spectroscopy studies were also performed to
verify the microstructure and to follow chemical degradation during outdoor exposures,
respectively. The results have shown that blushing, which occurs only under ambient
conditions, has significant effect on the surface morphology and microstructure of the
epoxy. The surface (air) morphology of samples prepared in CO,-free, dry condition is
generally smooth and homogeneous. However, the interface and the bulk samples clearly
reveal a two-phase structure consisting of bright nodular domains and dark interstitial
regions, indicating an inhomogeneous microstructure of this epoxy material. Such
heterogeneous structure of the bulk is in good agreement with results obtained by small
angle neutron scattering of unexposed samples and the AFM phase images of the
degraded sample surface. The relationship between submicrometer physical changes and
molecular chemical degradation is discussed.



Introduction

Surface morphology and bulk microstructure of the epoxy network play an important role
in the physical and chemical degradation of an epoxy-based coating exposed to
weathering environments. Although photochemical degradation of amine-cured epoxies
has been extensively studied,’” little research® ” was focused on physical degradation of
these materials, particularly on morphological and microstructural changes at the early
stage of degradation when the physical change is only on a submicrometer length scale.
Additionally, the microstructure of amine-cured epoxies is still a topic of controversy,
and this unresolved issue could hinder a complete understanding of degradation
phenomena of epoxies. A majority of studies has reported that thermoset epoxy network
is inhomogeneous with high crosslink density regions from 6 nm to 10* nm in diameter
dispersed in low crosslinked interstitial regions.®*? On the other hand, several studies
contend that the epoxies have a homogeneous microstructure.***® One study suggested
that the nodular structures often observed in the epoxy materials by electron microscopy
are the artifacts resulted from the interaction of the electron beam or etching agents with
the sample surface.***® Based on AFM results of the sample surface (air), a recent study
also claimed that amine-cured epoxy has a homogeneous structure, similar to that of an
amorphous thermoplastic.’® Since this study was based on the results of the air surface,
not from the bulk, and the air surface of a polymeric film can have different chemical and
physical properties from the bulk due to enrichment of low surface-energy materials at
the air surface,'”° further research is needed to verify whether the microstructure of the
air surface can represent that of the bulk in an epoxy material.

In this study, AFM is used to study the surface morphology and bulk microstructure of
amine-cured epoxies before and after exposure to outdoors. Atomic force microscopy
(AFM) is powerful technique that can provide direct spatial mapping of surface
morphology with nanometer resolution. Further, the phase contrast in tapping mode AFM
often reflects differences in the properties of individual components of heterogeneous
materials, and is useful for compositional mapping in polymer blends and copolymers,?*
%6 and heterogeneity mapping in polymer coatings.® 2 % Additionally, AFM requires no
specific sample preparation procedure, can be operated in ambient condition and provides
information about the sample surface in a relatively nondestructive way, it is very
suitable to use this technique to monitor the change of the surface feature of the same
sample with the time of the exposure. Samples used include the surface, interface and
microtomed fractured (bulk) specimens prepared in an essentially CO,-free, H,0-
free glove box, and specimens prepared in ambient conditions. AFM studies of surface
physical degradation were performed on specimens exposed to outdoors. Small angle
neutron scattering was also carried out to verify AFM results on the microstructure of the
bulk, and FTIR transmission spectroscopy analysis was performed to provide chemical
information on the degradation.



Experimental Procedures*

Materials and Specimen Preparation

The amine-cured epoxy was a stoichiometric mixture of a pure diglycidyl ether of
bisphenol A (DGEBA) with an epoxy equivalent of 172 g/equiv (Der 332, DOW
Chemicals) and 1,3-bis(aminomethyl)-cyclohexane (1,3 BAC, Aldrich). Appropriate
amounts of toluene were added to the epoxy resin/amine curing agent mixtures, and then
all components were mechanically mixed up for seven minutes. After degassing in a
vacuum oven at ambient temperature to remove most of the bubbles, the epoxy/curing
agent mixtures in solvent were applied to the substrates. Unless specified otherwise, all
applications were carried out in an essentially CO,-free, dry air glove box. Thick films
used for microscopic imaging were approximately 150 pum in thickness and were
obtained by casting the mixture onto silicon wafers using a drawdown technique. Thin
films of approximately 7 um thick used for transmission FTIR spectroscopy study were
obtained by spin casting onto CaF, substrates at 2000 rpm for 30 s. Except for those used
in the blushing study, all samples were cured at room temperature for 24 h in the CO,-
free dry glove box, followed by heating at 130 °C for 2 h in an air-circulated oven. The
glass transition temperature, Tg, of the cured films was 123 °C + 2 °C, as estimated by
dynamic mechanical analysis.

The samples used for AFM microstructural studies of the interface were obtained by
immersing the thick epoxy coated silicon substrates in liquid nitrogen or hot water,
followed by peeling the film away with a tweezers. The film interior side that was in
contact with the silicon substrate during film formation is termed the interface, and the
side exposed to air is the surface. For study of the bulk microstructure, a thick film was
microtomed by an ultra-fine microtomer.

Outdoor UV Exposure

Figure 1. The chamber used for outdoor exposure, showing the exposure cells, the
radiometer, and the wires connecting to the temperature and relative humidity sensors.

Outdoor UV exposures were carried out in Gaithersburg, Maryland. Specimens were first
loaded into the multiple-window exposure cells and then placed the cells in an outdoor
environmental chamber at 5 degrees from the horizontal plane and facing South (Figure
1). The bottom of the chamber was made of black-anodized aluminum, the top was
covered with “borofloat” glass, and all sides were enclosed with a vortex material that



allowed water vapor, but prevented dust from entering the chamber. UV-visible spectral
results showed that the borofloat glass did not alter the solar spectrum before or after
more than one-year exposure in Gaithersburg, MD. The exposure cells were equipped
with a thermocouple and a RH sensor, and the temperature and relative humidity in the
chamber were recorded continuously. The temperature inside the chamber was found to
be as much as 25 degrees higher than the surrounding ambient temperature.

Measurement Techniques

Atomic Force Microscopy (AFM)

To image the morphology and microstructure of amine-cured epoxy coating before and
during outdoor exposures, a Dimension 3100 AFM (Digital Instruments) was used. The
optical images were captured by the integrated optical microscope of the AFM. The
system was operated in tapping mode using commercial silicon probes. Topographic 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. The set-point ratio (the ratio of set point amplitude to the free amplitude)
ranged from 0.60 to 0.80. Samples used for AFM studies include 1) the surface, interface,
and bulk specimens prepared inside the CO,-free, H,O-free glove box, 2) specimens
prepared (both applying and curing, but not mixing) at ambient conditions (outside of the
glove box, 22 °C, approximately 45% relative humidity), and 3) specimens exposed in
the outdoor chamber at different times. For outdoor exposure samples, AFM
measurements were performed at almost same locations of the same sample to follow the
structural changes of the same region with respect to the exposure time.

Fourier Transform Infrared Spectroscopy

Chemical degradation of the epoxy coatings was measured by Fourier transform infrared
spectroscopy in the transmission mode (FTIR-T) using a PIKE auto-sampling accessory
(PIKE Technologies), described previously.?® This automated sampling device allowed
efficient and rapid recording of the FTIR-T spectra of the coating at all windows of the
exposure cell before or after each exposure time. Since the exposure cell was mounted
precisely on the auto-sampler, errors due to variation of sampling at different exposure
times were essentially eliminated. The auto-sampler accessory was placed in a FTIR
spectrometer compartment equipped with a liquid nitrogen-cooled mercury cadmium
telluride (MCT) detector. Spectra were recorded at a resolution of 4 cm™ and 128 scans.
The peak height was used to represent IR intensity, which is expressed in absorbance. All
FTIR results were the average of four specimens.

SANS measurements

Small angle neutron scattering (SANS) experiments over the g range from 0.009 A™ to
0.138 A were carried out using the 8-m SANS instrument at the National Institute of
Standards and Technology (NIST) Center for Neutron Research. The incident neutron
wavelength was A = 8 A with a wavelength resolution of AA/A = 0.15. The scattered
intensity was corrected for background and parasitic scattering, placed on an absolute
level using a calibrated secondary standard and circularly averaged to yield the scattered
intensity, 1 (g), as a function of the wave vector, g, where q = (4n/A) sin (6/2) (0 is the
scattering angle).




Results and Discussion

Surface Microstructure and Amine Blushing

A
Figure 2. Optical images of the amine-cured epoxies prepared inside a CO,-free, H,O-
free glove box (A) and in ambient conditions (B and C). The approximate dimensions of
the images are 110 x 110 gm.

Amine-cured epoxy materials often show surface whitening, low gloss patches or oiliness
if the curing occurs under condition of cool ambient temperatures or high humidity. This
phenomenon is commonly called as “amine-blushing” or “blushing”.*® Generally,
blushing is caused by sorption of moisture and carbon dioxide from the atmosphere
during curing. The solvent in the coating could make blushing more significant because
the evaporation of the solvent can cause the temperature of the applied film to fall below
the dew point of the water laden air, resulting in condensation of water on the coating
surface.®® For small molecular primary amines, such as 1,3-bis(aminomethyl)-
cyclohexane (1,3 BAC) used in this study, the reaction between amines and carbon
dioxide is rapid, and the addition of moisture increases the sorption capacity and reaction
rate manifold.*® To eliminate blushing, many strategies have been recommended, such as
lowering amine concentration, decreasing gel times, improving the resin compatibility, or
being processed under a controlled condition. In this study, the blushing was minimized
by preparing and initially curing the samples in an essentially CO,-free, H,O-free glove
box. Figure 2 shows the optical microscopy images of the films prepared inside the
controlled glove box (A) and at laboratory ambient conditions (B and C). Except for a
few particles, the surfaces of samples prepared in the CO,-free glove box are smooth
within the 110 um x 110 um imaging areas. However, for those prepared in ambient
laboratory condition, the sample surfaces are cloudy and less glossy. The white clusters,
patches and particles (Figure 2B) and well-organized patterned features (Figure 2C) are
commonly observed with this amine-cured epoxy system. The organized pattern is
similar to the so-called bicontinuous spinodal decomposition structures, which are
usually found during the phase separation in the systems of multi-components.® 3
Spinodal decomposition usually formed because the mixture is unstable due to
infinitesimal fluctuations in density or composition and thus separates spontaneously into



two phases. The reason for such phenomenon in the present epoxy system is not clear.
The presence of moisture in the air may change the solvent evaporation rate and the
reactions between CO; and amine curing agent. Both of these effects may cause a phase
separation in the film surface while the epoxy resin is reacting with the amine curing
agent during curing in ambient conditions.

B

Figure 3. 2D AFM height image (A) and corresponding 3D height image (B) of amine-
cured epoxy prepared in ambient conditions. Scan size is 50 zm x50 um, and the height
scale from white to black is 3 gm. (C) and (D) are AFM height and phase images
obtained from the “hill” and the *“valley” of the image B, respectively, at high
magnification. Scan size is 0.748 um x 0.748 um, and the contrast variations from white
to black are 150 nm for the height images and 30 °for the phase images.

Additional detailed morphological and microstructural information for samples prepared
in ambient conditions can be found in Figure 2. In this figure, A and B are the 2D and 3D
AFM height images, respectively, in a 50 um x 50 um scanning area, and C and D are the
2D height and phase images from the “hill” and the “valley” in the A and B with a
scanning area of 0.748 um x 0.748 um. For comparison, AFM images of the samples
prepared inside the glove box are displayed in Figure 4. Figure 3 shows that samples
prepared in ambient conditions have a rougher surface than those prepared in the CO,-
free dry environment. A substantial difference in the microstructure between the “hill’
and the “valley” regions can also be seen in the ambient-prepared samples. The “valley”
region is relatively smooth, having features that are quite similar to those of the entire



surface of samples prepared in the glove box. On the other hand, the “hill” region
consists of many crystal-like structures that exhibit certain orientations. These “hills” are
probably composed of mostly the salts of carbamate zwitterions or ammonium
bicarbonate, which are the reaction products between CO, of the air and amine curing
agent.®® Characterization of the surface chemical heterogeneity of these samples is being
investigated. From the above results, it is clear that blushing does greatly alter the
morphology and the microstructure of an amine-cured coating surface. Such change will
have an effect on the appearance, wettability, surface physical degradation, and sorption
of water on amine-cured coatings. One can also find that blushing for the epoxy system
used in this study can be successfully minimized by preparing samples in a CO,-free,
H,O-free environment.
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Figure 4. AFM 2D height image (A) and corresponding 3D height image (B) of amine-
cured epoxy cured in CO,-free, H,O-free glove box. Scan size is 50 zm x 50 zm, and the
height scale from white to black is 3 u#m. (C) shows AFM height and phase images
obtained from one 0.748 um x 0.748 um region of image A. The contrast variations from
white to black are 150 nm for the height images and 30 °for the phase images.

Surface, Interface and Bulk Microstructures of Epoxy

AFM height and phase images of the surface, the interface and the bulk samples are
presented in Figure 5. The surface sample appears homogeneous and smooth with little



phase contrast. On the other hand, the interface sample is rougher, showing a two-phase
microstructure consisting of a light matrix and relatively dark interstitial regions in the
phase image. It should be mentioned that the silicon surface, where the interface samples
were initially in contact and peeled from, is essentially smooth and featureless as
observed in AFM images with the same magnification (not shown). Figure 5C displays
the microstructure obtained from an ultramicrotomed fractured surface of a bulk sample.
Although these images are not so clear (probably due to the microtoming action), and the

Figure 5. AFM height images (left) and phase images (right) of epoxy coatings: (A)
surface sample, (B) interface sample, and (C) bulk sample. Scan size is 1 gm x 1 um for
(A) and (B), 500 nm x 500 nm for (C). Contrast variations in (A) and (B) from white to
black are 10 nm for the height images and 90 °for the phase images, in (C) from white to
black are 10 nm for the height images and 30 °for the phase image.



nodular structures are not as organized as those of the interface sample, Figure 5C does
show a similar inhomogeneous feature as that of the interface. Such heterogeneous
microstructure is consistent with those observed for other epoxies®® * ** and an acrylic-
melamine coating interface.® Further, the difference in the microstructure between the
surface and the interface has been observed in other amine-cured epoxies and other
polymeric coatings.®> *" It is suggested that the outermost surface layer of an amine-cured
epoxy is homogeneous; however, the microstructure of the bulk and the interface is
heterogeneous. Although the contrast mechanism in phase imaging is not fully
understood, for moderate tapping force, the bright regions in the phase image usually
correspond to harder materials and the darker-phased regions to more compliant
materials.?® %* It is reasonably to conclude that the bulk microstructure of an amine-cured
epoxy is heterogeneous, consisting of softer regions dispersed in a harder matrix. The
harder, nodular domain in the matrix has been attributed to the high crosslinked material
and the soft interstitial regions to the less crosslinked, low molecular mass material % ** %
the high crosslink density regions have been reported to be only weakly attached to the
surrounding matrix, 1 ** and their size varies with cure process and other conditions. *°

A previous AFM study also reported that the air surface of an amine-cured epoxy is very
homogeneous. ** Based on this result, the authors have concluded that the epoxy-amine
networks are homogeneous at the nanometer scale. The observation for the air surface of
the cited study is consistent with our results in Figure 5A, which show that the air surface
iIs homogeneous, containing smooth topography and little phase contrast. However, both
the interface and the bulk microstructures exhibit a substantial more topographic and
phase contrast than that of the surface (Figure 5B and 5C). The homogeneous structure of
the air surface is believed to be due to an enrichment of low surface energy materials at
the air-film surface. Our previous results on contact angle measurements and surface free
energies of several amine-cured systems, which show that the air surface has a lower
polarity that that of the interface, provides a good argument for such a hypothesis.**
Further, an enrichment of a low surface free energy material at the air surface is a
common phenomenon in multiple component systems.)”?° The presence of this
homogeneous, enriched outermost layer probably would mask the bulk microstructure
underneath. Therefore, the inhomogeneous structure observed in Figures 5B and 5C is
believed to be the inherent structure of this amine-cured epoxy. It is noted that, even
though the topography could bring about the artifacts of the phase images in some cases,
the independence of the phase contrast on the height image shown in Figure 5B and 5C
suggest that the phase contrast in Figure 5 is not due to the topography, more likely due
to the property difference of the multiple components in the network.

To validate the heterogeneous microstructure of this epoxy, small angle neutron
scattering measurements were performed on the same epoxy before and after soaking
with deuterated acetone (d-acetone). In principle, if the epoxy network is homogeneous
on a nanometer scale, even after soaked in d-acetone, only the incoherent neutron
scattering would be observed. On the other hand, in a heterogeneous network, the neutron
scattering curves would be expected to deviate from the incoherent background when the
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Figure 6. Small angle neutron scattering curves of epoxy film soaked in deuterated
acetone for 0 h (---) and 48 h (—).

inhomogeneous structures are swollen and the neutron contrast would be enhanced by d-
acetone. Figure 6 shows the results of small angle neutron scattering study. For dry bulk
samples, only incoherent scattering background is observed, and there is no visible
neutron contrast. After soaking in d-acetone for 48 h, however, an obvious peak appears
at q = 0.008517 nm™, and an upturn has been observed in relatively low g region (ca.
 <0.03 A). The enhanced neutron intensity is due to the diffusion of d-acetone into the
epoxy film, where a lower crosslink region tends to absorb more d-acetone than a higher
crosslink region does, therefore the neutron contrast between these two regions is
increased by the sorption of d-acetone. The peak indicates the existence of a correlated
microdomain structure. The value of the peak position can be related to an average d-
spacing (d=2n/q) between the microdomains, which is approximately 74 nm. This value
is well consistent with the size of nodules obtained from the AFM, especially when the
swollen effect is taken into account. The upturn in the relatively low g region suggests
that a correlation length between the domains exists on a larger length scale. The multiple
features of the scattering curve could be due to a broad domain size distribution or the
existence of some irregularly packed structures. The above SANS data are consistent
with the heterogeneous microstructures observed by AFM, suggesting that the
heterogeneous nodular structures not only exist on the interface side of the sample, but
also inherently exist through the bulk of the epoxy. Such a heterogeneous structure is
confirmed further with the microstructure of the degraded sample, which will be shown
later. It is believed that the lower crosslink regions, unreacted and partially reacted
materials in the heterogeneous structure would have an influence on the degradation
behavior of an amine-cured epoxy material.
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Morphological and Microstructural Changes of Epoxy after UV Exposure

AFM topographic images of the epoxy coating after exposure to outdoor environment
chamber in Gaithersburg, Maryland are shown in Figure 7. Approximately same regions
of the specimen were measured with exposure time. From top to bottom in Figure 7, the
exposure times are 6, 38, 69, 77 and 84 days, respectively. Three scanning sizes, 80 um x
80 um, 25 um x 25 um and 10 um x 10 um, are presented as column A, B and C.
Typically, a smaller scanning dimension was selected from a fixed location of a larger
frame; thus, the degradation of a same region of the sample was followed in all scan
sizes. General micro-scale morphological changes due to degradations can be observed
from the 80 um scanning size. However, detailed microstructural changes can be better
seen with the high magnification in the smaller scan sizes. Figure 8 displays the
corresponding 3-D AFM topographic images of Figure 7 with a 5 um x 5 um scanning
area. For the first 6 days of exposure, the surface is similar to that of the unexposed
samples, which is smooth with a few small protuberances (bright spots) that might be due
to defects from the preparation. After 38 days, a few circular features start to appear,
which can bee seen clearly in the 10 um x 10 um scan. The 3D images of Figure 8 shows
that these circular features are protuberances varying in sizes. After 69 days of exposure,
some protuberances seem to disappear, and some become smaller, but a pronounced
structure appears in some locations of the surface, surrounded by many new circular
features. From higher magnifications and 3D presentation, those new features are
observed as well-distributed pits (Figure 8C). These pits, having the elevated edges, are
average about 0.3 um. The three relatively large pits in the Figure 8C are believed to be
the original three obvious protuberances shown in Figure 8B. More degradation features
appear after 77 days and they almost cover whole 80 um-scanned area. These features
are generally organized, larger size but not as circular as at shorter exposure times. It
could be because the previously formed smaller pits have connected to form large pits
whose depths also increase with time. The enlargement and the deepening of those
degradation pits become more severe as the degradation progressed. After 84 days of
exposure, the surface is dominated by the coalesced deep pits. The elevated edges of
those pits are still obvious at this stage, exhibiting a rough topography. The above
microscopic results are consistent with the gloss changes on these samples, which show a
substantial loss of the gloss after 84 day of exposure (not shown). Additionally, it is
important to note that the degradation features observed above have reproducibly been
observed for this amine-cured epoxy exposed to outdoors, regardless of starting time of
exposure, the thickness of the film or the substrates of the film. The origin of these
features is still under investigation.

11



Figure 7. AFM topographic images of the epoxy coating after exposure to outdoor during
March and June for (from top to bottom) 6, 38, 69, 77 and 84 days. Lateral dimensions
for the images in A column is 80 gm x 80 xm; in B column is 25 gm x 25 gm; in C
column is 10 #m x 10 um. The height scales from white to black for A, B, and C are 100
nm, 50 nm and 25 nm, respectively.
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Figure 8. 3-D AFM topographic images of the epoxy coating after exposure to
outdoors during March and June for (A) 6 days; (B) 38 days; (C) 69 days; (D) 77 days;
(E) 84 days. Lateral dimension for the images is 5 um x 5 um. The height scale is 25 nm.

A high-resolution AFM imaging was performed on a 1 um x 1 um region where several
circular pits were observed (Figure 9). The phase images of the pitted regions clearly
show a two-phase microstructure similar to those observed from the interface and
microtomed samples (Figure 3). The bright nodules in the two-phase microstructure
appear larger than those observed in the interface or in the bulk, and they grow in size as
the pit enlarge with exposure time. Further studies are needed to establish whether the
observed microstructure is due to the inherently heterogeneity of the epoxy or it is formed
during degradation. Nevertheless, the two-phase microstructure observed in the degraded
pits probably gives a further evidence for the existence of inherently heterogeneous
structure in the bulk of the epoxy. Because of the similarity in the observed
microstructure between the bulk and the degraded surface, however, we believe that the
degradation of the outermost layer render the bulk microstructure exposed. Further, the
degradation-susceptible regions (low molecular mass, less crosslinked regions) in the
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two-phase domains undergo degradation first, resulting in a modified microstructure
observed inside the pits.

1 pmx1 pum

Figure 9. AFM height (left) and phase (right) images of the epoxy exposed to outdoors
during May and July: (A) before exposure; (b) after exposure for 1 month; (c) after
exposure for 2 months. The scan size is 1 um x 1 um. Contrast variation from black to
white is 30 nm for height image and 60 ° for phase image.

To relate the morphological changes to the chemical degradation of this amine-cured
epoxy coating, FTIR measurements were performed on the 7 um-thick spin-cast films on
CaF; at different exposure times. These results are presented in Figure 9. The difference
spectra were obtained by subtracting the spectrum of the unexposed sample from that of
the exposed one after adjusting for any baseline shift. Three exposure times that are close
to those used in the AFM study are shown. The bands of interest for studying the
degradation of an amine-cured epoxy coating are those at 1250 cm™, 1510 cm™, 1658
cm?, 1728 cm™, 2925 cm™ and the band around 3400 cm™. The 1250 cm™ band is
attributed to C-O stretching of aryl ether, 1510 cm™ to benzene ring stretching, and 2925
cm™ to CH, anti-symmetric stretching. The decrease in intensities of these bands
indicates that chain scission and mass loss in the films have taken place. In addition to the
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intensity decreases of the existing bands, the spectra show the formation of new chemical
species in the 1620 cm™ to 1800 cm™ region as a result of exposures. Two prominent
bands at 1658 cm™ and 1728 cm™, which are assigned to C=0 stretching of a ketone and
amide C=0 stretching, respectively, are due to formation of oxidation products. The OH
stretching bands near 3400 cm™ also shift to lower frequency and new bands appear
around 3225 cm™. The above FTIR results are in good agreement with the photo-
oxidative mechanisms proposed by Bellinger and Verdu** for epoxy cured with aliphatic
amines.
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Figure 10. FTIR spectra of the amine-cured epoxy after exposure to outdoors during

March and June for 0 (—), 6 (---), 34 (- - -) and 83 (....) days: (upper) absorbance
spectra; (bottom) difference spectra.
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Figure 11. Plots of FTIR intensity for amide C=0O stretching band (1658 cm™) and
aromatic ring stretching band (1510 cm™) as a function of time of exposure to outdoors
during March and June. The letters of A, B, C, D and E correspond to 6, 38, 69, 77 and
84 days of exposure, respectively.

The plots of absorbance for the amide C=0 stretching band at 1658 cm™ and the aromatic
ring stretching band at 1510 cm™ as a function of exposure time are shown in Figure 11.
Each data point in this figure was the average of four specimens. The letters of A, B, C, D
and E pointing to 6, 38, 69, 77 and 84 days of exposure, which correspond to the five
exposure times shown in Figure 7 and 8 in the AFM study. The decrease of the 1510 cm™
band intensity is nearly linear with exposure time. On the other hand, the amide
formation at 1658 cm™ reaches a maximum after approximately 80 days and appears to
decrease after 90 days of exposure. The decrease of the oxidation products at long
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exposures is probably due to a combination of a depletion of the degradable materials and
the loss (both physical and chemical) of the oxidation products.*®

A relation may be established between the nanoscale physical changes shown in Figures
7 and 8 and the chemical degradation presented in Figure 11. Chemical degradation
processes such as oxidation products formation, chain scission, and mass loss, are likely
the main source of surface morphological changes observed by AFM. The migration of
oxidation products may also happen during the pits deepening and enlargement. The rates
of these processes depend strongly on the availability of the reactants, i.e., oxygen and
the degradable chemical species in the film. It should be noted that the oxidation
reactions can only take place only when oxygen is available, and the rate of oxidation
product formation should be greater at locations where oxygen is more abundant.
However, it is unknown why the protuberances have a regular feature and the initial pit
distribution is so uniform. Nanoscale physical and chemical measurements are needed to
provide a good understanding of these degradation behaviors.

Physical changes monitored by the AFM appear to follow qualitatively with chemical
degradation reasonably well for an amine-cured epoxy exposed to outdoors. For example,
for the first 6 days of exposure, FTIR results exhibit a small but detectable chemical
changes (letter A, Figure 11). The corresponding AFM images show no visible features,
but the surface root mean square roughness results obtained from the AFM images during
this period reveal a roughness increase, indicating that the surface morphology and
microstructure have been changed. On further exposure, when the surface topographic
changes are severe, a substantial chemical degradation has also occurred. For example,
when the surface is dominated by the circular pits at 77 days of exposure, the amide
formation almost reaches a near maximum and the benzene ring loss is approximately
35 %. Therefore, nanoscale imaging of degradation by an AFM can be helpful to
establish a relationship between physical and chemical degradation of polymer coatings
during UV exposure, particularly at the early degradation stages when physical changes
are on a submicrometer length scale.

Summary

AFM was used to study the surface morphology and microstructure of an amine-cured
epoxy before and after exposures to outdoors. When samples are prepared inside a CO,-
free and H,O-free environment, a featureless, smooth surface was observed. However,
AFM results of samples prepared at ambient conditions reveal a patchy appearance
(blushing) or patterned surface morphology resembled a spinodal decomposition
structure. The interface and bulk microstructures show a two-phase structure consisting
of bright nodular domains with dark interstitial regions in the AFM phase images. Such
heterogeneous microstructure of the bulk is consistent with small angle neutron scattering
results, which show an obvious peak and an upturn in the low g region of the scattering
profile, indicating clearly a heterogeneous microstructure of this epoxy material. This
two-phase heterogeneous structure is also observed on degraded sample surfaces.

17



AFM was used to follow morphological and microstructural changes of the epoxy during
exposure to outdoors. The same fixed locations on the samples were measured with
exposure times. The formation of spotty protuberances is observed at the early
degradation stage, followed with the appearance of circular pits having different sizes as
exposure continues. At long exposure times, the circular features enlarge and deepen,
resulting in a rough surface topography. FTIR analyses of the same epoxy material reveal
a substantial chemical degradation, with formation of various oxidation products and
mass loss of various chemical groups in the films after exposure to outdoors. These
chemical processes are likely the main reason for surface morphological changes
observed by AFM, and a qualitative relation between nanoscale physical changes and
chemical degradation is observed. In summary, AFM is a powerful technique to study
surface, bulk, and interface microstructure of an amine-cured epoxy. It also provides
nanoscale information essential for linking physical changes and chemical degradation of
polymeric coatings during exposure to outdoors.

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