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Abstract Photodegradation of polymer coatings gen-
erally involves photooxidation, resulting in the forma-
tion of oxidized products, chain scission, and
crosslinking. On severe exposure to ultraviolet (UV)
light in the presence of air, chemical degradation
transforms into substantial changes in the physical and
mechanical properties, leading to failures of the coat-
ings. Systematic research by NIST on service life
prediction of polymeric coatings indicates that the
degradation of polymer coatings starts from the sub-
micrometer degradation-susceptible regions at the sur-
face and then grows in width and depth. Additionally,
due to the oxygen diffusion effect and the attenuation of
the UV light passing through the polymer, the degrada-
tion can be spatially heterogeneous. In this study, the
changes with depth of the mechanical and chemical
properties of a UV-exposed epoxy/polyurethane system
were measured by nanoindentation and Fourier trans-
form infrared spectroscopy (FTIR) microscopy using
cross-sectioned specimens. Multilayers of epoxy/poly-
urethane samples were prepared by a draw-down
technique. After curing, samples were exposed to the
outdoors in Gaithersburg, MD, for four months. Cross-
sectioned slices of the exposed and unexposed samples,

approximately 500 nm thick as-prepared by microtom-
ing, were used for micro-FTIR imaging. Samples for
nanoindentation were prepared by embedding the
epoxy/polyurethane multilayers (both exposed and
unexposed) in a molding compound, followed by
microtoming and polishing the embedded films in the
thickness direction. Micro-FTIR images clearly show
that, for the outdoor exposed samples, substantial
amounts of oxidation products are distributed in the
60 lm deep region from the surface to the epoxy bulk,
decreasing in the center of epoxy region and increasing
again toward the epoxy/urethane interface. Nanoinden-
tation results also show that the modulus significantly
increases in the first 60 lm region after UV degradation,
and then decreases gradually with depth until a value
slightly higher than the modulus of the undegraded
epoxy is reached. The modulus rises again in the region
near the epoxy/urethane interface. These similarities in
the depth profiles of the properties indicate the linkage
between the chemical degradation and the mechanical
degradation. The study clearly shows that the spatial
distribution of chemical species and mechanical prop-
erties is heterogeneous in the thickness direction for
polymer coatings after UV degradation. It also demon-
strates that cross-sectional analysis using nanoindenta-
tion and micro-FTIR imaging techniques is a useful
method to characterize the mechanical and chemical
depth profiles of polymer coating degradation.
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Introduction

Polymeric materials are generally susceptible to oxi-
dative degradation when exposed to ultraviolet (UV)
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irradiation or heat in the presence of oxygen due to the
formation of free radicals and other reactive interme-
diates.1 The chemical modification of polymers result-
ing from photooxidation would lead to changes in
physical and mechanical properties, such as molecular
mass,2 crosslinking density,3,4 glass transition temper-
ature (Tg),3,4 modulus and hardness,5,6 roughness and
gloss.7,8 Extensive studies by NIST6,9–12 on service life
prediction of polymeric materials from nanoscale to
macroscale via atomic force microscopy, confocal
microscopy, nanoindentation and spectroscopy, indi-
cate that degradation of polymeric materials initiates at
sub-micrometer degradation-susceptible regions on the
surface, and then the degraded regions expand,
deepen, and aggregate with longer exposures. The
photodegradation mode of polymeric materials ap-
pears as a heterogeneous process rather than an
ablation.13 Additionally, in the case of photooxidation,
because of the oxygen diffusion effect and the atten-
uation of the UV light passing through the polymer,14

the degradation could be spatially heterogeneous, both
laterally along the sample surface and along the
thickness direction perpendicular to the surface. This
spatial heterogeneity implies that a thorough charac-
terization of photodegradation is challenging, and the
conventional techniques for bulk property character-
ization such as regular Fourier transform infrared
spectroscopy (FTIR), and dynamic mechanical analy-
sis, may not reveal the detailed property changes
resulting from UV irradiation. Therefore, it is neces-
sary to develop depth-profiling techniques to charac-
terize the spatial distribution of the chemical species
resulting from photodegradation and the variation in
physical or mechanical properties along the direction
normal to the sample surface.

Attenuated total reflectance FTIR (ATR-FTIR) and
photoacoustic spectroscopy FTIR (PAS-FTIR) are two
common techniques used to follow chemical changes
during polymer degradation, mainly due to their non-
destructive sampling and the ability to provide chemical
structural information at different depths of the sam-
ple.15–17 The spatial effect in the photodegradation of
poly (acrylonitrile-butadiene-styrene) has been studied
by ATR-FTIR using microtomed sections.15 It was
found that the spatial distribution of degradation prod-
ucts is heterogeneous; significant amounts of photo-
products were detected only in the top irradiated layer of
approximately 50 lm depth. However, ATR-FTIR is
more suitable for the investigation of surfaces and of
layers close to the surface than for the bulk. The
analyzed depth is wavelength-dependent and ranges
from 0.5 to 2.8 lm (3600–600 cm–1) for ATR equipped
with a germanium crystal.16 By changing the modulation
frequency of the IR radiation, i.e., the mirror velocity of
the FTIR spectrometer, photoacoustic spectroscopy
(PAS) can be employed to study layers at various depths
below the surface of a sample. This technique therefore
allows depth-profile analysis of heterogeneous poly-
mers.17,18 Quantitative spectroscopy with this technique
can be relatively difficult. Unlike other vibrational

techniques such as ATR-FTIR, which depend largely
on the optical properties of the material, a photoacoustic
signal is also coupled to the thermal properties of the
sample, and particularly, is a function of the modulation
frequency of the incident light beam.17 While the
frequency dependence can be eliminated by the use of
step scan interferometric detection,18,19 thermal heter-
ogeneity of polymeric films and coatings, resulting from
either processing or degradation, can pose significant
problems. Therefore, theoretical thermal models are
generally needed for estimating the penetration depth in
order to use step-scan PAS-FTIR to depth profile
heterogeneous polymers.

Micro-FTIR is an effective technique to characterize
the depth profiles of degradation through cross-
sectional analysis of microtomed layers. Gardette
et al.20–24 have used micro-FTIR to study the photo-
degradation of polymers such as polystyrene, polycar-
bonates, and epoxy. A spatial heterogeneous
distribution of the oxidation photoproducts has been
observed for all these systems. By comparing micro-
FTIR with PAS-FTIR, Gonon et al.17,24 found good
agreement between the two methods in the region
from 11 to 22 lm where the analyzed layers over-
lapped. PAS was found to be more suitable to
determine the superficial extent of degradation,
whereas the micro-FTIR appeared more adapted to
depth profiling the bulk properties. Since the sample is
prepared as microtome slices perpendicular to the
surface, the drawback of this technique (i.e., micro-IR)
is that the surface could be partially damaged by the
microtome. The size of the regions that can be studied
in this way can be as small as a few microns.

AFM nanoindentation and instrumented indenta-
tion testing (IIT) are two advanced, newly developed
techniques for depth profiling the mechanical proper-
ties of photodegraded polymers. Mailhot et al.14,16

have recently used AFM nanoindentation to study the
heterogeneity of the mechanical properties of photo-
oxidized epoxy resins. An increase or a decrease in the
stiffness was found near the surfaces of different epoxy
systems, which was attributed to different degradation
mechanisms, e.g., crosslinking or scission reaction.
However, instrumental uncertainties can affect AFM
indentation measurement. The typical instrumental
uncertainties include the uncertainties in optical lever
detection systems, piezo nonlinearities, lateral motion
of the probe tip due to bending of the cantilever,
cantilever stiffness uncertainty, and contact area deter-
mination.25 These errors will then propagate through
the calculations of tip deflection and indentation
displacement, affecting the determination of nanome-
chanical properties of the sample.

Instrumented indentation testing (IIT) or nanoin-
dentation is increasingly being used to probe the
mechanical properties of materials. Although origi-
nally developed for indentation of metals and ceramics,
nanoindentation has been successfully demonstrated as
a polymeric material characterization tool26–29 through
the use of depth sensing indentation (DSI). DSI
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continuously measures the stiffness of the indenter/
sample interaction as the indenter travels into the
material. By modeling the instrument as a damped
harmonic oscillator, a continuous value of stiffness is
calculated throughout the loading curve. With the area
function of the indenter tip determined from calibra-
tion procedures in a known standard, equation (1) can
be used to calculate the effective elastic modulus
(Eeffective) for any indenter tip that creates a circular
contact. The sample modulus (Esample) can then be
calculated from equation (2) with knowledge of the
sample Poisson’s ratio (msample) and the indenter elastic
modulus (Eindenter) and indenter Poisson’s ratio
(mindenter).

Eeffective ¼
ffiffiffi
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p
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Care must be taken when conducting IIT testing on
polymeric materials since the inherent viscoelasticity of
the polymers can violate the foundational elastic
contact mechanics. However, the high frequency oscil-
lations appear to minimize the contribution of the
viscous component on the measurement of elastic
modulus for most elastomeric or glassy polymers.30

Drzal et al.6 have recently used nanoindentation to
study the effect of UV degradation on the nanome-
chanical properties of epoxy/TiO2 nanocomposites.
Exposure to UV radiation was found to increase the
elastic modulus of top irradiated regions of the
nanocomposite, and the rate of increase in the elastic
modulus was reduced with increasing volume fraction
of nanoparticles. Monney et al.5 also found that
Young’s modulus and hardness of two epoxy materials
increased with UV irradiation time and continuously
decreased with the indentation depth. The formation
of a thin photooxidation layer was found at the sample
surface due to photodegradation.

In this study, an epoxy/polyurethane (EPO/PU)
multilayer system was selected and exposed to the
outdoor environment in Gaithersburg, MD, for
6 months. Thickness of the epoxy layer is approxi-
mately 300 lm and the polyurethane layer approxi-
mately 150 lm. Because of the great thickness for both
toplayer and underlayer, it is nearly impossible to have
an effective depth profiling using the above instru-
ments without an appropriate sampling. It has been a
great success to examine the automotive paint systems
as a function of depth since Bohnke et al.31 invented
the in-plane microtomy to study the migration of
ultraviolet light absorber (UVA) and hindered amine
light stabilizer (HALS) between coating layers.
Haacke et al.32 developed this in-plane microtomy to
obtain Tg and crosslink density profiles and then
Adamsons et al.33 used it to produce chemical depth
profiles for the automotive coating systems. Gerlock

and his coworkers34 also used this technique to acquire
the ~5 lm thick slices for their studies on long-term
weathering performance of automotive coatings. In the
present work, however, cross-sectional microtomy was
used to prepare specimens for depth profiling of the
mechanical and chemical properties of the EPO/PU
multilayer system before and after UV exposure.
Compared to in-plane microtomy, cross-sectional sam-
pling is more suitable for a continuous chemical
mapping by micro-FTIR imaging and a continuous
mechanical profiling by nanoindentation which has
sub-micron spatial resolution. To the best of our
knowledge, this is the first publication using both
micro-FTIR imaging and nanoindentation to probe the
spatial distribution of chemical and mechanical prop-
erties of a photodegraded multilayer polymeric system.
The relationship between the chemical degradation
and the mechanical changes during UV exposure is
also discussed.

Experimental1

Specimen preparation

Cross-sectioned specimens were prepared from a model
EPO/PU two-layer systems before and after outdoor
exposure in Gaithersburg, MD. The epoxy was a non-
UV stabilized, unpigmented, stoichiometric mixture of
a diglycidyl ether of bisphenol A (DER 332, Dow
Chemical) and 1,3-bis(aminomethyl)-cyclohexane (1,3
BAC, Aldrich). The PU was a two-part, black pig-
mented acrylic urethane (customized by Sherwin-
Williams Company) containing 2.5% (based on PU
mass) of a UV stabilizer (Tinuvin 1130, Ciba). The PU
layer was prepared by casting the UV-stabilized, two-
part mixture on release agent-treated aluminum panels
by drawdown. Coated samples were cured at room
temperature for 24 h, followed by heating at 130�C for
10 min in an air circulating oven. The epoxy/curing
agent mixture in solvent was then applied to the
partially cured PU film by drawdown in a CO2-free,
dry glove box to avoid the amine blushing effect.11 The
EPO/PU coated samples were then cured in the glove
box at room temperature for 24 h, followed by heating
at 130�C for 2 h in an air circulating oven. Thickness of
the cured epoxy layer ranged from 280 to 350 lm while
the polyurethane layer ranged from 120 to 200 lm. The
double-layered EPO/PU free films were removed from
the panels and cut into a sample size of approximately
36 x 36 mm2. Some samples were used for measuring
the initial properties of EPO/PU system, while others
were exposed to outdoor environments. Cross-sectional

1 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 Tech-
nology, nor does it imply that it is necessarily the best available
for the purpose.
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specimens were prepared from both unexposed and
exposed systems. For the chemical mapping measured
by the FTIR microscope, the approximately 500 nm
thick cross-sectioned slices were prepared by a micro-
tome (MT-990, RMS Products). Nanoindentation sam-
ples were prepared by embedding the multilayer EPO/
PU samples (both UV exposed and unexposed) in a
mounting compound, which was composed of 25 parts
of an epoxy resin (EPOES, Struers Inc.) and three parts
of a hardener (EPOAR, Struers Inc.) by mass fraction.
After curing at room temperature for 24 h, the hard-
ened mounted samples were ground and polished, after
which nanoindentation measurements were made.

UV exposure condition

Outdoor UV exposures were carried out in Gaithers-
burg, MD for 4 months starting from July 2002.
Specimens were placed in an environmental chamber
at 5� from the horizontal plane facing south (Fig. 1).
The bottom of the chamber was made of black-
anodized aluminum bottom covered with ‘‘borofloat’’
glass; all four sides of the chamber were covered with a
nonmoisture absorbing fabric material, which acted as
a filter to prevent dust particles 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 chamber was equipped with a thermocouple
and a RH sensor, and the temperature and relative
humidity in the chamber were recorded continuously.

Measurement techniques

Nanoindentation

Mechanical properties of the embedded cross-sec-
tioned samples were measured using an instrumented
nanoindenter (NanoXP, MTS Nanoinstruments, Oak
Ridge, TN) and a 1-lm radius 60� diamond conical

indenter. Depth sensing indentation parameters of
45 Hz and 5 nm amplitude dynamic oscillations were
superimposed onto the loading portion of the inden-
tation experiments to determine the contact stiffness.
Indenter tip shape has been measured for this probe
using indentation of a fused silica reference sample. All
indentation experiments were conducted using a strain
rate of 0.05 s–1 and were indented to a depth of about
1.5 lm. A Poisson’s ratio of 0.33 was assumed for all
polymeric layers and reported values of modulus were
averaged over depths from 500 to 1000 nm. The
nanoindenter was programmed to perform 50–60
indents while traveling across the thickness of a
multilayer sample. A schematic drawing of a molded
cross-sectioned sample after nanoindentation is dis-
played in Fig. 2. The blue marks across interfaces are
the residual indents resulting from nanoindentation.
Additional details about nanoindentation on multi-
layer samples can be found in a recent work by Drzal
et al.35

Confocal microscopy

A Zeiss model LSM510 reflection laser scanning
confocal microscope (LSCM) was employed to char-
acterize the surface morphology of the multilayer cross
section and to measure the distance between indents
resulting from nanoindentation testing. A detailed
description of LSCM measurements can be found
elsewhere.36 The laser wavelength used in this study
was 543 nm. LSCM images are two-dimensional (2D)
intensity projections resulting from a series of over-
lapping optical slices (a stack of z-scan images) with a
z-step of 0.1 lm. The 2D intensity projection images
are effectively the sum of all the light scattered by

Fig. 1: The chamber used for outdoor exposure, showing
the exposure cells, the radiometer, and the wires connect-
ing to the temperature and relative humidity sensors

Mounting Compound

Mounting Compound

PU

EPO

Fig. 2: A schematic drawing of a molded, cross-sectioned
EPO/PU multilayer specimen after nanoindentation. Blue
marks represent indents
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different layers of the coating, limited by the maximum
depth of light penetration. The pixel intensity level
represents the total amount of back-scattered light.
Darker areas represent regions that scatter less light
than lighter colored regions do.

Micro-FTIR imaging

FTIR transmission images were recorded on an imag-
ing microscope equipped with an indium antimonide,
64 pixel x 64 pixel, focal plane array (Digilab Sting-
ray). The samples are illuminated in transmission and
the focal plane of the 15·, 0.50 NA Schwarzchild
objective is imaged onto the array. The field of view of
the microscope is 384 x 384 lm2. The IR radiation is
directed into the microscope from a Fourier transform
IR spectrometer (Digilab FTS-700) equipped with a
potassium bromide (KBr) beamsplitter. An interfero-
gram is recorded on each array element, yielding 4096
spectra for each image. The spectra reported here
result from the signal averaging of 64 mirror scans,
each acquired with an optical retardation velocity of
0.16 cm s–1, and nominal resolution of 4 cm–1 using a
triangle apodization function.

Results and discussion

Depth profiling of mechanical properties of
multilayered samples before and after UV exposure

Figure 3 shows a confocal microscopic image of
indentations conducted across the cross section of a
molded, unexposed epoxy/polyurethane (EPO/PU)
multilayer sample. The rectangle identifies the path
of the indents across the sample. The black dots within
the rectangle are the residual indents resulting from
plastic deformation of the materials after nanoinden-
tation. The interface between the epoxy and the black
polyurethane is clearly visible; thus, using the indent at

the EPO/PU interface as the origin, the position of the
other indents can be located. Figure 4 is a plot of the
elastic modulus as a function of distance from the
EPO/PU interface of the same specimen. The assign-
ment of different regions in the plot to the different
layers is based on the analysis of the modulus change
and the indented marks observed in the confocal
image. Two regions on either end of the plot that show
a much lower modulus than other regions identify the
mounting compound (M). The left side of the EPO/PU
interface corresponds to the unexposed epoxy layer,
while the right side to the polyurethane layer. A small
decrease in modulus is observed in the EPO/PU
interface from the epoxy side to the PU side. A
constant value, (3.6 ± 0.1) GPa, of the elastic modulus
is observed in the epoxy layer, which is consistent with
the surface modulus of an unexposed free-standing
epoxy film measured directly from the sample surface
by nanoindentation. It indicates that the surface and
the bulk of the unexposed epoxy have similar modulus
values. The PU layer has a slightly lower modulus than
the epoxy layer, which is consistent with the results
from dynamic mechanical analysis.

M= Mounting Compound

PU
100 µm

M

M

EPO/PU
Interface
defined as
X=0

EPO

EPO= Epoxy Layer
PU= Black Polyurethane

]

Fig. 3: Confocal microscopic image of the cross section of an unexposed epoxy/polyurethane sample embedded in
mounting compound. The rectangle indicates the path of indenter travels across the thickness of the sample
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Caution should be exercised when interpreting the
modulus results for regions close to an interface having
dissimilar properties, as in the case of M/EPO or PU/
M. The gradual change of the modulus near the PU/M
interface may be an indication of the diffusion of
mounting compound to the PU layer during the
preparation of the encapsulated cross-sectioned sam-
ple. On the other hand, the sharp increase in the
modulus from mounting compound to epoxy layer in
the M/EPO interfacial region may suggest that the
interdiffusion effect is minimal.

Figure 5 shows the elastic modulus as a function of
distance from the EPO/PU interface for an outdoor
exposed epoxy/polyurethane cross-sectioned sample.
Compared to the data of the unexposed sample
(Fig. 4), an obvious increase in the modulus from
(3.6 ± 0.1) GPa to (4.5 ± 0.1) GPa is observed on the
surface of the exposed sample. Similar results have
been observed in other epoxy systems after UV
exposure.6,14 We believe that this increase is due to
the photodegradation of the epoxy through oxidation.
The modulus then gradually decreases to a value of
(3.7 ± 0.1) GPa at some distance from the surface. It
remains essentially constant in the interior region of
the film but rises rather sharply in the region near the
EPO/PU interface. This interesting behavior is dis-
cussed further below.

As can been in Fig. 5, the modulus value in the
plateau is only slightly higher than that of the unexposed
epoxy, suggesting that the epoxy in this region probably
has not been substantially degraded, at least not
dramatically enough to significantly change the modu-
lus. Based on the distance between the surface and the
plateau, we suggest that a photodegraded layer with
significantly increased modulus has formed in the region
about 62 lm deep from the surface into the epoxy bulk.

Spatial distribution of chemical species in
cross-sectioned samples before
and after UV exposure

FTIR transmission microscopy was used to image the
spatial distribution of chemical species along the

thickness direction for the cross sections of samples
unexposed and exposed to the same outdoor condi-
tions as those for nanoindentation. This technique
yields spectral images that contain full IR spectra for
each 6 x 6 lm2 sample region that is imaged onto each
array detector pixel (64 x 64). These spectra can be
analyzed to generate spatial maps of chemical species
based on the area under absorption features due to
those species.

Based on analyses of the IR spectra of the unex-
posed epoxy region (Fig. 6a) and the unexposed
polyurethane region (Fig. 6b), both of which were
from the cross sections of the fresh EPO/PU sample,
and the IR spectrum of the surface region of the
outdoor exposed sample (Fig. 6c), chemical maps of
three species of interest can be created from the area
under three absorption features peaked at 1510, 1693,
and 1658 cm–1, respectively. The band of 1510 cm–1,
which is attributed to benzene ring stretching, is a
strong and characteristic peak in the epoxy region. Our
previous studies11,13 indicated that during photodegra-
dation, the intensity of 1510 cm–1 decreased with
exposure, and the growth of new absorptions was
observed in the region between 1620 and 1800 cm–1.
The broad band around 1658 cm–1 has been assigned to
C=O stretching of an amide37,38 resulting from photo-
oxidation or a quinone methide structure.39 The band
at 1693 cm–1, which is attributed to C=O stretching in
the urea, is a typical absorption for this selected
polyurethane. Since the spectra of epoxy and the
polyurethane do not significantly overlap in the regions
of these three absorption bands, the areas under 1510,
1693, and 1658 cm–1 are used for mapping the epoxy
region, the polyurethane region and the oxidation
products, respectively, for the unexposed and exposed
cross-sectioned samples.
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EPO/PU sample, and of (c) a surface region of the outdoor
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Figure 7a–c shows the 384 x 384 lm2 color maps of
the epoxy, urethane, and oxidation product species for
the exposed sample, respectively. The color scale in
Fig. 7a extends from zero (blue) to 9.5 (red) in units of
area under the 1510 cm–1 absorbance band. Note that
the width of the effective imaging area of the cross
section is only about 180 lm (y-direction) because
parts of the sample are out of the microscope focus due
to part of the specimen curling. All of the analysis has
been done on the brightest region of the sample
bounded by the dashed line box as shown in Fig. 7a.
The blue area on the left side of the image is air and
the yellow solid line marks the approximate position of
the air/epoxy interface at the coating surface. The red
area of an approximate thickness of 280 lm is the
epoxy region of the coating cross section, while the
blue region on the right side is due to the polyurethane
layer. The position of the epoxy/urethane interface is
confirmed by the urethane map in Fig. 7b where the
narrow red section on the right identifies the polyure-
thane region. The approximate epoxy/urethane inter-
face is also marked by a solid yellow line. The color
scale in this image extends from zero (blue) to 40.0
(red) in units of area under the 1693 cm–1 absorbance
band. Careful examination of images in Fig. 7 indicate
that the air/epoxy and epoxy/urethane interfaces are
quite sharp and that the interfacial width is smaller
than can be measured with IR microscopy. The
apparent interfacial widths in these images are dom-
inated by the instrumental spatial resolution, which is
on the order of 15 lm at these imaging wavelengths.

Figure 7c is a color map of the carbonyl containing
oxidation products, extending from zero (blue) to 2.0
(red) in units of area under the 1658 cm–1 absorbance
band. The carbonyl map shows an interesting spatial
dependence, peaking near the air/epoxy interface (the
coating surface), decreasing in the center of epoxy
region and increasing again toward the epoxy/urethane
interface. This behavior can be seen most clearly in
Fig. 8 where the carbonyl stretching band area aver-
aged in the y-direction within the analysis region
(boxed area in Fig. 7a) is plotted as a function of the X-
axis position in the image. The X-axis position equal to

zero in this plot corresponds to the left edge of the
images in Fig. 7. The peak carbonyl intensity around
80 lm corresponds to the red area near the air/epoxy
interface in Fig. 7c while the broad peak around
300 lm corresponds to the second bright region in
Fig. 7c near the epoxy/urethane interface. The rise in
the carbonyl band area near the air/EPO interface is
quite slow given that the same interface appears quite
sharp in the image in Fig. 7a. This effect is largely due
to the averaging over the analysis area. Due to the
nonuniform edge of the cross-sectioned sample, the
position of air/epoxy interface on the x-axis varies in
the analysis region, leading to a blurring of the
apparent interfacial width in the average carbonyl
band area plot. The negative carbonyl band area in the
urethane region has no physical significance and is due
to spectral interference between the photooxidation
product carbonyl band and the urea carbonyl band.

Similar IR spectral images of EPO/PU cross-section
samples before exposure to outdoor environments are
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shown in Fig. 9. There is no evidence of carbonyl
oxidation product formation, with the 1658 cm–1 band
areas of nominally 0.1 compared to the peak values of
1.6 seen in Fig. 8 for the exposed samples. This is true
for all spatial regions of the unexposed, cross-sectioned
sample including areas close to the air/epoxy interface
(Fig. 9a, c) and epoxy/urethane interface (Fig. 9b, d).
As mentioned previously, the negative values of the
carbonyl band area in the PU region shown in Fig. 9d
have no physical significance and are due to spectral
interference. This observation confirms that the pres-
ence of carbonyl containing compounds is due to
degradation of epoxy materials during outdoor expo-
sure.

Comparing the micro-IR profiles of the exposed
sample with the depth profiling from nanoindentation,
one can find that the spatial distribution of the oxidized
products with absorptions around 1658 cm–1 has sim-
ilar trend as the modulus profile as a function of depth
(Figs. 5, 7c, 8). Both the concentration of oxidized
products and the modulus value summit near the
degraded coating surface, decreasing in the center of
epoxy region and increasing again toward the epoxy/
urethane interface. The region with significant amounts
of photoproducts just beneath the surface (red colored
region in Fig. 7c) corresponds to the region with the
pronounced modulus increase, both of which are
approximately 60 lm deep from the sample surface.

This consistency indicates that the modulus increase of
the degraded region may be related to the formation of
the oxidized products, even though the internal stress
in the interface could play a role as well. Mailhot
et al.14,16 have attributed the increase of the stiffness in
the photodegraded polymers to the predominance of
crosslinking, while the decrease in stiffness mainly to
chain scission. In our case, further studies need to be
done to clarify the degradation mechanism of the
studied epoxy because our dynamic mechanical anal-
ysis has shown that the glass transition temperature of
the epoxy bulk decreases with the longer outdoor
exposure.

Careful examination of the chemical and mechanical
depth profiles reveals further information about the
relationship between the chemical degradation and the
mechanical changes resulting from photodegradation.
As can be seen in Fig. 5, the interior epoxy region with
relatively constant modulus is much wider than the
epoxy region with low carbonyl concentration of
oxidized products (the valley in Fig. 8). Since the
modulus in the interior epoxy region is only slightly
higher than that of the unexposed epoxy, the above
difference between the chemical spatial distribution
and the mechanical property spatial variation indicates
that the chemical changes may take place earlier than
the visible mechanical changes. This suggests that
significant amounts of oxidized products are required
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to bring about the obvious increase in the modulus.
However, this conclusion is based on the current
research; the ability to sense chemical and mechanical
changes may be system dependent.

The observed heterogeneous distribution of the
chemical species and the mechanical properties could
be explained by two factors: the light penetration and
the oxygen permeability.14,40 The peak in the oxidation
products near the air/epoxy interface is consistent with
expectations for a photooxidation process driven by
UV exposure, wherein the subsequent decay in car-
bonyl products with increasing depth into the epoxy
reflects the decrease in the number of photons
absorbed at that depth. The UV–visible spectra of
the epoxy films (not shown) indicate that the epoxy
topcoat has an approximately 50% of UV absorbance
at 340 nm. As exposure proceeds, the attenuation of
UV light from the epoxy layer is becoming more severe
due to the formation of the chromophoric photoprod-
ucts through epoxy degradation.16 The transmission of
340 nm UV radiation to the underlying PU layer is
only about 5% after 1 month outdoor exposure. The
more surprising result is the peak in carbonyl contain-
ing products in the epoxy region near the epoxy–
urethane interface, where a sharp increase in the
modulus is also observed. The reason for the high
concentration of carbonyl products in this region is not
certain, while several mechanisms are possible. The
interdiffusion and reaction of epoxy and polyurethane
in the interface might yield a carbonyl formation.
However, no evidence of such diffusion and reaction
has been found because the EPO/PU interface is quite
sharp for both exposed and unexposed samples, as
shown in Figs. 7 and 9. Another possibility for the
carbonyl formation is due to the photooxidation in the
EPO/PU interfacial region. Similar results have been
reported by Gerlock et al.34 in their studies on weath-
ering performance of multilayer automotive paint
systems. Because of the limited UV screening effect
from epoxy toplayer, the EPO/PU interfacial region
and the PU underlayer can be photoliable. Compared
to the interior of epoxy layer, the EPO/PU interfacial
region would have a relatively higher temperature,
which results from the light absorption in the black PU,
and a preferential oxygen accessibility because the
interface is susceptible to delamination as a conse-
quence of the hygrothermal stresses during outdoor
exposure. These two factors are both favorable to the
oxidized product formation and the related modulus
increase in the EPO/PU interfacial region, rather than
within the epoxy interior. However, further studies
need to be done to investigate if these factors are the
main aspects to cause the differences between the
epoxy interior and the interfacial region. Nevertheless,
the changes of the depth profiles of chemical and
mechanical properties of this EPO/PU system suggest
that, not only the topcoat, but also the topcoat/
basecoat interfacial region of a multilayer sample can
be subjected to photodegradation during outdoor
exposure. The photodegradation in this region may

lead the topcoat/basecoat interface to be the most
susceptible region to the outdoor weathering condi-
tions in the multilayer system.

Summary

Depth profiling mechanical and chemical changes of an
epoxy/polyurethane multilayer polymeric system has
been investigated by nanoindentation and micro-FTIR
imaging using cross-sectioned samples. Significant
amounts of oxidation products are observed in the
60 lm deep region from the degraded surface to the
epoxy bulk, and then the concentration of carbonyl
products subsequent decreases with increasing depth
into the epoxy. Nanoindentation results also show that
the modulus significantly increases in the first 60 lm
region after UV degradation, and then decreases grad-
ually with depth until a value slightly higher than the
modulus of the undegraded epoxy is reached. The
presence of carbonyl containing products also increases
near the EPO/PU interface along with the increase in the
modulus. The reason for this change is not certain. One
possibility could be due to the photooxidation in the
EPO/PU interfacial region. This study clearly shows that
the spatial distribution of chemical species and the
mechanical properties is heterogeneous in thickness
direction for polymer coatings after UV degradation.
The shapes of the chemical depth profile (oxidized
products) and the spatial variation in the mechanical
properties are similar but not exactly the same. It
suggests that the modulus increase of the degraded
region may be related to the oxidized products forma-
tion. However, significant amounts of oxidized products
are required to bring about an obvious increase in the
modulus. This study also demonstrates that cross-
sectional analysis using nanoindentation and micro-
FTIR imaging techniques is a useful method to charac-
terize the mechanical and chemical depth profiles of
polymer coating degradation.
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