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Atomic force microscopy (AFM) has been used to study the morphology and microstructure of an amine-cured epoxy be-
fore and after outdoor exposure. Measurements were made from samples prepared in an essentially CO2-free, H2O-free
glove box and from samples prepared in ambient conditions. For those prepared in a CO2-free glove box, AFM imaging
was conducted on (1) an unexposed air/coating surface, (2) an unexposed coating bulk, (3) an unexposed coating/sub-
strate interface, and (4) a field exposed air/coating surface. For samples prepared in ambient conditions, only the unex-
posed air/coating surface was investigated. The same regions of the exposed samples were scanned periodically by the
AFM to monitor changes in the surface morphology of the coating as UV exposure progressed. Small angle neutron scat-
tering and Fourier transform infrared spectroscopy (FTIR) studies were performed to verify the microstructure and to fol-
low chemical changes during outdoor exposure, respectively. The results have shown that amine blushing, which occurs
only under ambient conditions, had a significant effect on the surface morphology and microstructure of the epoxy. The
surface morphology of the samples prepared under CO2-free, dry conditions was generally smooth and homogeneous.
However, the interface and the bulk samples clearly revealed a two-phase structure consisting of bright nodular domains
and dark interstitial regions, indicating an inhomogeneous microstructure. Such heterogeneous structure of the bulk was
in good agreement with results obtained by small angle neutron scattering of unexposed samples and by AFM phase im-
aging of the degraded sample surface. The relationship between submicrometer physical changes and molecular chemi-
cal degradation is discussed.

Keywords: Atomic force microscopy, surface analysis, epoxy resins, durability, physical properties, service life prediction,
weatherability, surface chemistry
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Surface morphology and bulk microstructure play an
important role in the physical and chemical degrada-
tion of an epoxy-based coating exposed to weather-

ing environments. Although photochemical degradation
of amine-cured epoxies has been extensively studied,1-5 lit-
tle research6,7 has been focused on the physical degrada-
tion of these materials, particularly on morphological and
microstructural changes at the early stage of degradation
when the physical changes are only on submicrometer
length scales. Additionally, the microstructure of amine-
cured epoxies is still controversial, and this unresolved is-
sue could hinder a complete understanding of degrada-
tion behavior of epoxies. A number of studies have
reported that a thermoset epoxy network is inhomoge-
neous, containing high crosslink density regions from

6 nm to 104 nm in diameter and some low crosslinked in-
terstitial regions.8-12 On the other hand, several studies
contend that the epoxies have a homogeneous mi-
crostructure.13-16 One study suggested that the nodular
structures often observed in the epoxy materials by elec-
tron microscopy are artifacts resulting from the interac-
tion of the electron beam or etching agents with the sam-
ple surface.13-15 Based on AFM analysis of the air/epoxy
surface, a recent study also claimed that amine-cured
epoxy has a homogeneous structure, similar to that of an
amorphous thermoplastic.16 Note that this study was
based on the measurements taken only on the air/film
surface, not from the bulk of the epoxy. Since the air sur-
face of a polymeric film can have different chemical and
physical properties than the bulk due to enrichment of



low surface-energy materials at the air surface,17-20 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 morphol-
ogy and bulk microstructure of an amine-cured epoxy be-
fore and after outdoor exposure. Atomic force microscopy
(AFM) is a powerful technique that can provide direct spa-
tial mapping of surface morphology with nanometer reso-
lution. 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 copoly-
mers,21-26 and heterogeneity mapping in polymer coat-
ings.6,27,28 Other advantages of AFM include minimal sam-
ple preparation procedure, operation in ambient
condition, and a relatively nondestructive detection, mak-
ing it suitable to use this technique to monitor the
changes of the surface feature of the same sample as a
function of exposure time. Samples studied in this article
include the surface, interface, and microtomed fractured
(bulk) specimens prepared in an essentially CO2-free, H2O-
free glove box, and specimens prepared in ambient condi-
tions. AFM studies of surface physical degradation were
performed on specimens exposed outdoors. Small angle
neutron scattering was also carried out to corroborate
AFM results on the microstructure of the bulk, and FTIR
transmission spectroscopy analysis was performed to pro-
vide chemical degradation information. 

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
Chemical) and 1,3-bis(aminomethyl)-cyclohexane (1,3
BAC, Aldrich). Appropriate amounts of toluene were
added to the mixture, then all the components were me-
chanically mixed for seven minutes. After degassing in a
vacuum oven at ambient temperature to remove most of
the bubbles, the epoxy/curing agent/solvent mixture was
applied to the substrates. Unless specified otherwise, all
applications were carried out in an essentially CO2-free,
dry glove box. Thick films used for microscopic imaging
were approximately 150 µm in thickness and were ob-
tained by casting the mixture onto silicon wafers using a
drawdown technique. Thin films of approximately 7 µm
thick used for transmission FTIR spectroscopy study were
obtained by spin casting onto CaF2 substrates at 209
rad/sec for 30 sec. Except for those used in the blushing
study, all the samples were cured at room temperature for
24 hr in the CO2-free dry glove box, followed by heating
at 130°C for two hours 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 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 termed the surface. For study
of the bulk microstructure, a thick film was microtomed
by an ultra-fine microtomer. 

Outdoor UV Exposure 

Outdoor UV exposures were carried out in Gaithersburg,
MD. Specimens were first loaded into the multiple-window
exposure cells which were then placed in an outdoor en-
vironmental chamber at 5° 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 the sides were enclosed with
a breathable fabric 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 of exposure
in Gaithersburg. The specimen expo-

X. Gu et al.

JCT Research548 July 2005

*Certain commercial products or
equipment are described in this article in
order to specify adequately the experi-
mental 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 avail-
able for the purpose.

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

Figure 2—Optical images of the amine-cured epoxies prepared inside an essentially CO2-free,
H2O-free glove box (A) and in ambient conditions (B and C). The approximate dimensions of the
images are 110 µm × 110 µm. 



sure chamber was equipped with a
thermocouple and a relative humidity
sensor, and the temperature and rela-
tive humidity in the chamber were
recorded once every minute, 24 hours
per day for 365 days per year.

Measurement Techniques

ATOMIC FORCE MICROSCOPY (AFM)—
To image the morphology and mi-
crostructure of amine-cured epoxy
coatings before and during outdoor
exposures, a Dimension 3100 AFM
(Digital Instruments) was used in tap-
ping mode with commercial silicon
probes from Veeco Metrology. The
optical images were captured by the
integrated optical microscope of the
AFM. Topographic and phase images
were obtained simultaneously using
a resonance frequency of approxi-
mately 300 kHz for the probe oscilla-
tion 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 for AFM analysis included: (1) the sur-
face, interface, and bulk specimens prepared inside the
CO2-free, H2O-free glove box; (2) specimens applied and
cured, but not mixed at ambient conditions outside of
the glove box (22°C, approximately 45% relative humid-
ity); and (3) specimens exposed in the outdoor chamber
at different times. For samples exposed outdoors, AFM
measurements were performed at almost the same loca-
tions of the same sample to follow the structural
changes of the same region with respect to the exposure
time.

FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)—
Chemical degradation of the epoxy coatings was meas-
ured by FTIR transmission using a PIKE autosampling ac-
cessory (PIKE Technologies), described previously.29 This
automated sampling device allowed efficient and rapid
recording of the FTIR transmission spectra of the coating
at all windows of the exposure cell before or after each ex-
posure time. Since the exposure cell was mounted pre-
cisely on the autosampler, errors due to variation of sam-
pling at different exposure times were essentially
eliminated. The autosampler accessory was placed in an
FTIR spectrometer compartment equipped with a liquid
nitrogen-cooled mercury cadmium telluride (MCT) detec-
tor. Spectra were recorded at a resolution of 4 cm–1 and
128 scans. The peak height was used to represent IR inten-
sity, which is expressed in absorbance. All FTIR results
were the average of four specimens.

SMALL ANGLE NEUTRON SCATTERING (SANS)—SANS ex-
periments over q (wave vector) range from 0.009 Å–1 to
0.138 Å–1 were carried out using the eight-meter SANS in-
strument at the National Institute of Standards and
Technology (NIST) Center for Neutron Research. The inci-
dent neutron wavelength was λ = 8 Å with a wavelength
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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 µm × 50 µm, and the height scale from white to
black is 3 µm. (C) and (D) are AFM height and phase images obtained from the “valley” and the
“hill” of image B, respectively, at high magnification. Scan size is 0.748 µm × 0.748 µm, and the con-
trast variations from white to black are 150 nm for the height images and 30° for the phase images. 

Figure 4—AFM 2D height image (A) and corresponding 3D height image
(B) of amine-cured epoxy cured in an essentially CO2-free, H2O-free
glove box. Scan size is 50 µm × 50 µm, and the height scale from white
to black is 3 mm. (C) shows AFM height and phase images obtained
from one 0.748 µm × 0.748 µm region of image A. The contrast varia-
tions from white to black are 150 nm for the height images and 30° for
the phase images. 

resolution of ∆λ/λ = 0.15. The scattered intensity was cor-
rected for background and parasitic scattering, placed on
an absolute level using a calibrated secondary standard
and circularly averaged to yield the scattered intensity, I
(q), as a function of the wave vector, q, where q = (4π/λ)
sin (θ/2) (θ is the scattering angle).



RESULTS AND DISCUSSION

Surface Microstructure and Amine Blushing

Amine-cured epoxy materials often show surface
whitening, low gloss patches, or oiliness if the curing oc-
curs under conditions of cool ambient temperatures or
high humidity. This phenomenon is commonly known as
“amine blushing” or “blushing.”30 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 pronounced because the evap-
oration of the solvent can cause the temperature of the ap-
plied film to fall below the dew point of the water-laden
air, resulting in condensation of water on the coating sur-
face.31 For small molecular-mass 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 the reaction rate.30 To eliminate blushing,
several strategies have been recommended, such as lower-
ing the amine concentration, decreasing gel times, im-
proving the resin/amine compatibility, or processing un-
der a controlled condition. In this study, the blushing was
minimized by preparing and initially curing the samples
in an essentially CO2-free, H2O-free glove box. Figure 2
shows optical microscopic images of the films prepared in-
side the controlled glove box (A) and at laboratory ambi-
ent conditions (B and C). Except for a few particles, the
surfaces of samples prepared in the CO2-free glove box are
smooth within the 110 µm × 110 µm imaging areas.
However, for those prepared in ambient laboratory condi-
tions, the sample surfaces are cloudy and not as glossy.
The white clusters, patches, and particles (Figure 2B) and
well-organized patterned features (Figure 2C) are com-
monly 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.32,33 Spinodal decomposition usually
forms because the mixture is unstable due to infinitesimal
fluctuations in density or composition and thus separates
spontaneously into two phases.32 The reason for such phe-
nomenon 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 CO2 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. 

Additional morphological and microstructural infor-
mation for samples prepared in ambient conditions can be
found in Figure 3. In this figure, A and B are the 2D and
3D AFM height images, respectively, in a 50 µm × 50 µm
scanning area, and C and D are the 2D height and phase
images from the “hill” and the “valley” in part B with a
scanning area of 0.748 µm × 0.748 µm. For comparison,
AFM images of the samples prepared inside the glove box
are displayed in Figure 4. Figure 3 shows that samples pre-
pared in ambient conditions have a rougher surface than
those prepared in the essentially CO2-free dry environ-
ment. A substantial difference in the microstructure be-
tween 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 orienta-
tions. These “hills” are possibly composed of mostly the
salts of carbamate zwitterions or ammonium bicarbonate,
which are the reaction products between CO2 of the air
and amine curing agent.30 Characterization of the surface
chemical heterogeneity of these samples is being investi-
gated. 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 ef-
fect on the appearance, wettability, surface physical degra-
dation, and sorption of water on amine-cured coatings.
One can also find that blushing in the epoxy system used
in this study can be successfully minimized by preparing
samples in an essentially CO2-free, H2O-free environment.
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Figure 5—AFM height images (left) and phase images (right) of epoxy
coatings: (A) surface, (B) interface, and (C) bulk samples. Scan size is 1
µm × 1 µm for (A) and (B), 500 nm × 500 nm for (C). Contrast varia-
tions 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. 

A

B

C



Surface, Interface, and Bulk Microstructures of Epoxy

AFM height and phase images of the surface, interface,
and bulk samples are presented in Figure 5. The surface
sample appeared homogeneous and smooth with little
phase contrast. On the other hand, the interface sample
was rougher, showing a two-phase microstructure consist-
ing of a light matrix and relatively dark interstitial regions
in the phase image. It should be mentioned that the sili-
con surface, where the interface samples were initially in
contact and from which they were peeled, was 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 distinct (probably due to the microtoming action),
and the nodular structures are not as organized as those of
the interface sample, Figure 5C does show a similar inho-
mogeneous feature as that of the interface. Such a hetero-
geneous microstructure is consistent with those observed
for other epoxies28,34,35 and an acrylic-melamine coating
interface.36 Further, the difference in the microstructure
between the surface and the interface has been observed
in other amine-cured epoxies and other polymeric coat-
ings.35,37 It is suggested that the outermost surface layer of
an amine-cured epoxy is homogeneous; however, the mi-
crostructure of the bulk and the interface is heteroge-
neous. Although the contrast mechanism in phase imag-
ing 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.23,24 It is reasonable to conclude that
the bulk microstructure of an amine-cured epoxy is het-
erogeneous, consisting of softer regions dispersed in a
harder matrix. The harder, nodular domain in the matrix
has been attributed to highly crosslinked material and the
soft interstitial regions to less crosslinked, low molecular
mass material.8,11,28 The high crosslink density regions
have been reported to be only weakly attached to the sur-
rounding matrix,10,11 and their size varies with cure
process and other conditions.10

A previous AFM study also reported that the air surface
of an amine-cured epoxy is homogeneous.16 Based on this
observation, the authors have concluded that the epoxy-
amine networks are homogeneous at the nanometer scale.
This observation is consistent with our results in Figure 5A,
which show that the air surface is homogeneous, with
smooth topography and little phase contrast. However,
both the interface and the bulk microstructures exhibited
substantially more topographic and phase contrast than
that of the surface (Figures 5B and 5C). The homogeneous
structure of the air surface is believed to be due to an en-
richment of low surface energy materials at the air-film
surface. Our previous results on contact angle measure-
ments and surface-free energies of several amine-cured
systems have shown that the air surface has a lower polar-
ity than that of the interface, providing a good argument
for such a hypothesis.34 Further, enrichment of a low sur-
face-free energy material at the air surface is a common
phenomenon in multiple component systems.17-20 The
presence of this homogeneous, enriched outermost layer
probably would mask the bulk microstructure under-

neath. Therefore, the inhomogeneous structure observed
in Figures 5B and 5C is believed to be the inherent struc-
ture 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 Figures 5B
and 5C suggest that the phase contrast in Figure 5 is not
due to the topography, but more likely due to the property
difference of the multiple components in the network.

To validate the heterogeneous microstructure of this
epoxy, SANS measurements were performed on the same
epoxy before and after soaking with deuterated acetone
(d-acetone). In principle, if the epoxy network is homoge-
neous on a nanometer scale, even after soaking in d-ace-
tone, only the incoherent neutron scattering would be ob-
served. On the other hand, in a heterogeneous network,
the neutron scattering curves would be expected to devi-
ate from the incoherent background when the inhomoge-
neous structures are swollen and the neutron contrast
would be enhanced by d-acetone. Figure 6 shows the re-
sults of SANS study. For dry bulk samples, only incoherent
scattering background was observed, and there was no vis-
ible neutron contrast. After soaking in d-acetone for 48 hr,
however, an obvious peak appeared at q = 0.008517 nm–1,
and an upturn had been observed in relatively low q re-
gion (ca. q < 0.03 Å–1). The enhanced neutron intensity is
due to the diffusion of d-acetone into the epoxy film,
where a lower crosslink density region tends to absorb
more d-acetone than a higher crosslink density region;
therefore, the neutron contrast between these two regions
is increased by the sorption of d-acetone. The peak indi-
cated the existence of a correlated microdomain struc-
ture. The value of the peak position can be related to an
average d-spacing (d=2π/q) between the microdomains,
which is approximately 74 nm. This value is consistent
with the size of nodules obtained from the AFM, espe-
cially when the swollen effect is taken into account. The
upturn in the relatively low q region suggests that a cor-
relation length between the domains exists on a larger
length scale. The multiple features of the scattering
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Figure 6—Small angle neutron scattering curves of epoxy film soaked
in deuterated acetone for 0 hr (- - -) and 48 hr (⎯).The estimated ex-
tended uncertainties (k=2) in the SANS data presented in this paper are
smaller than the size of symbols in all figures.



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
micro- structures 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 density regions, unre-
acted and partially reacted materials
in the heterogeneous structure, would
have an influence on the degradation
behavior of an amine-cured epoxy
material. 

Morphological and Microstructural
Changes of Epoxy after UV Exposure

AFM topographic images of the epoxy
coating after exposure to an outdoor en-
vironment chamber in Gaithersburg,
MD are shown in Figure 7. Approx-
imately the same regions of the speci-
men 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 scan
sizes, 80 µm × 80 µm, 25 µm × 25 µm,
and 10 µm × 10 µm, are presented as
columns A, B, and C. Typically, a
smaller scanning dimension was se-
lected from a fixed location of a larger
frame; thus, the degradation of the
same region of the sample was fol-
lowed in all scan sizes. General micro-
scale morphological changes due to
degradation can be observed from the
80-µm scan size. However, detailed mi-
crostructural changes can be better
seen with the high magnification in
the smaller scan sizes. Figure 8 displays
the corresponding 3D AFM topo-
graphic images of Figure 7 with a 5 µm
× 5 µm scanning area. For the first six
days of exposure, the surface was simi-
lar to that of the unexposed samples,
which was smooth with a few small
protuberances (bright spots) that
might be due to defects resulting from
the sample preparation. After 38 days, a
few circular features started to appear,
which can be seen clearly in the 10 µm
× 10 µm scan. The 3D images of Figure 8
show that these circular features are pro-
tuberances varying in sizes. After 69 days
of exposure, some protuberances seemed
to disappear, and some became smaller,
but a pronounced structure appeared in
some locations of the surface, sur-

rounded by many new circular features. From higher magni-
fications and 3D presentation, those new features were ob-
served as well-distributed pits (Figure 8C). These pits,
having the elevated edges, average about 0.3 µm in diam-
eter. The three relatively large pits in Figure 8C are be-
lieved to be the original three obvious protuberances
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Figure 7—AFM topographic images of the epoxy coating after exposure to outdoors 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 µm × 80 µm; in B column is 25 µm × 25 µm; in C column is 
10 µm × 10 µm. The height scales from white to black for A, B, and C are 100 nm, 50 nm
and 25 nm, respectively.



shown in Figure 8B. More degradation features appeared
after 77 days and almost covered the entire 80 µm-
scanned area. These features are generally organized and
larger but not as circular as at shorter exposure times. It
could be because the previously formed smaller pits have
coalesced to form large pits whose depths also increase
with time. The enlargement and the deepening of those
degradation pits became more severe as the degradation
progressed. After 84 days of exposure, the surface was
dominated by the coalesced deep pits. The elevated edges
of those pits were still obvious at this stage, exhibiting a
rough topography. The above microscopic results are
consistent with the gloss measurements on these sam-
ples, which showed a substantial loss of gloss after 84
days of exposure (not shown). Additionally, it is impor-
tant to note that the degradation features observed above
have reproducibly been observed for this amine-cured
epoxy exposed to outdoors, regardless of the month the
exposure began, film thickness, or substrates used. The
origin of these features is still under investigation. 

A high-resolution AFM imaging was performed on a 1
µm × 1 µm region where several circular pits were ob-
served (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 enlarges with
exposure time. Further studies are needed to
establish whether the observed microstruc-
ture is due to the inherently heterogeneity of
the epoxy or if it is formed during degrada-
tion. Nevertheless, the two-phase microstruc-
ture observed in the degraded pits probably
gives an additional 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
exposes the bulk microstructure. Further, the
degradation-susceptible regions (low molecu-
lar mass, low crosslink density regions) in the
two-phase domains undergo degradation
first, resulting in a modified microstructure
observed inside the pits. 

To relate the morphological changes to the
chemical degradation of this amine-cured
epoxy coating, FTIR measurements were per-
formed on the 7 µm-thick spin-cast films on
CaF2 at different exposure times. These results
are presented in Figure 9. The difference spec-
tra were obtained by subtracting the spectrum
of the unexposed sample from that of the ex-
posed one after adjusting for any baseline
shift. Three exposure times close to those used
in the AFM study are shown. The bands of in-
terest for studying the degradation of an
amine-cured epoxy coating are those at 1250
cm–1, 1510 cm–1, 1658 cm–1, 1728 cm–1, 2925
cm–1, and 3400 cm–1. The 1250 cm–1 band is
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attributed to C–O stretching of aryl ether, 1510 cm–1 to
benzene ring stretching, and 2925 cm–1 to CH2 antisym-
metric 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 intensity de-
creases of the existing bands, the spectra show the forma-
tion of new chemical species in the 1620 cm–1 to 1800
cm–1 region as a result of exposures. Two prominent bands
at 1658 cm–1 and 1728 cm–1, which are assigned to C=O
stretching of a ketone and amide C=O stretching, respec-
tively, are due to formation of oxidation products. The OH
stretching bands near 3400 cm–1 also shift to lower fre-
quency and new bands appear around 3225 cm–1. The
above FTIR results are in good agreement with the pho-
tooxidative mechanisms proposed by Bellinger and
Verdu2-4 for epoxy cured with aliphatic amines. 

The plots of FTIR absorbance for the amide C=O
stretching band at 1658 cm–1 and the aromatic ring
stretching band at 1510 cm–1 as a function of exposure
time are shown in Figure 10. Each data point in this figure
was the average of four specimens. The standard deviation
of the four samples is less than ± 10% of the average value.
A, B, C, D, and E pointing to 6, 38, 69, 77, and 84 days of
exposure correspond to the five exposure times shown in

Figure 8—3D 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 µm × 5 µm. The height scale is 25 nm.
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Figures 7 and 8 in the AFM study. The decrease of the 1510
cm–1 band intensity was nearly linear with exposure time.
On the other hand, the amide formation at 1658 cm–1

reached a maximum after approximately 80 days and ap-
peared to decrease after 90 days of exposure. The decrease
in the FTIR intensity of the oxidation products at long ex-
posures was probably due to a combination of a depletion
of the degradable materials and the loss (both physical
and chemical) of the oxidation products.38

Figure 9—AFM height (left) and phase (right) images of the epoxy ex-
posed to outdoors during May and July: (A) before exposure, (B) after
exposure for 1 month, and (C) after exposure for 2 months. The scan
size is 1 µm × 1 µm. Contrast variation from black to white is 30 nm
for height image and 60° for phase image. 

Figure 10—FTIR spectra of the amine-cured epoxy after exposure to outdoors during March and June for 0 (⎯), 6 (---), 34 (- - -) and 83 (….) days:
(left) absorbance spectra; (right) difference spectra. 

A relation may be established between the nanoscale
physical changes shown in Figures 7 and 8 and the chem-
ical degradation presented in Figure 11. Chemical degrada-
tion processes such as oxidation, chain scission, and mass
loss are likely the origins of surface morphological
changes observed by AFM. The migration of oxidation
products may also happen during deepening and enlarge-
ment of the pits. 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
when oxygen is available, and the rate of oxidation prod-
uct formation should be greater at locations where oxygen
is more abundant. However, it is unknown why the protu-
berances have a regular pattern and the initial pit distribu-
tion is so uniform. Nanoscale physical and chemical meas-
urements are needed to provide a good understanding of
these degradation behaviors. 

Physical changes monitored by the AFM appeared to fol-
low qualitatively with chemical degradation reasonably well
for an amine-cured epoxy exposed to outdoors. For exam-
ple, for the first six days of exposure, FTIR results exhibited
a small but detectable chemical change (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 revealed a rough-
ness increase, indicating that the surface morphology and
microstructure had been changed. On further exposure,
when the surface topographic changes were severe, a sub-
stantial chemical degradation had also occurred. For exam-
ple, when the surface was dominated by the circular pits at
77 days of exposure, amide formation almost reached a near
maximum and benzene ring loss was 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 expo-
sure, particularly at the early stages of degradation when
physical changes are on a submicrometer length scale.

SUMMARY
AFM was used to study the surface morphology and mi-

crostructure of an amine-cured epoxy before and after ex-
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posures to outdoors. When samples were prepared inside
an essentially CO2-free and H2O-free environment, a fea-
tureless, smooth surface was observed. However, AFM re-
sults of samples prepared at ambient conditions revealed a
patchy appearance (blushing) or patterned surface mor-
phology resembling a spinodal decomposition structure.
The interface and bulk microstructures showed a two-phase
structure consisting of bright nodular domains with dark
interstitial regions in the AFM phase images. Such hetero-
geneous microstructure of the bulk is consistent with small
angle neutron scattering results, which show an obvious
peak and an upturn in the low q region of the scattering
profile, indicating clearly a heterogeneous microstructure
of this epoxy material. This two-phase heterogeneous struc-
ture was also observed on degraded sample surfaces. 

AFM was used to follow morphological and microstruc-
tural changes of the epoxy during outdoor exposure. The
same fixed locations on the samples were measured with
exposure times. The formation of spotty protuberances was
observed at the early degradation stages, followed by the
appearance of circular pits having different sizes as expo-
sure continued. At long exposure times, the circular fea-
tures enlarged and deepened, resulting in a rough surface
topography. FTIR analyses revealed substantial chemical
degradation, with the formation of various oxidation prod-
ucts 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 was
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 degra-
dation of polymeric coatings during outdoor exposure.
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