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ABSTRACT: In this article we studied the evolution of thermo-

mechanical properties of a polyester-urethane coating during

degradation under different degradation conditions, i.e., aero-

bic and anaerobic conditions with and without dry/wet cycling

during degradation. Dynamic mechanical and thermal analyses

show that under aerobic conditions the coatings become stiffer

and more brittle in the glassy state. This stiffening is probably

due to the increase in the amount of hydrogen bonding and

the formation of oxidized groups which increase the polarity of

the material and enhance the interactions of the polymer seg-

ments. However, oxidation reactions result in a considerable

decrease in cross-link density and stiffness in the rubbery state.

Both changes, in the glassy and rubbery states, give rise to

development of internal stresses. These stresses increase as

the degradation process proceeds. Nevertheless, for samples

exposed to anaerobic conditions, the stiffness remains con-

stant in the glassy state and the cross-link density slightly

increases as a result of degradation. This reconfirms the domi-

nance of the effect of oxidation reactions on the mechanical

failure of the coatings. Oxygen permeation measurements

show a more-or-less time-independent diffusion coefficient and

a gradual decrease in solubility of oxygen as a function of

exposure time. This results in a slight decrease in oxygen per-

meation (mainly in the early stage of the degradation) as deg-

radation proceeds. VC 2015 Wiley Periodicals, Inc. J. Polym. Sci.,

Part B: Polym. Phys. 2016, 54, 659–671

KEYWORDS: degradation; internal stress; mechanical properties;

oxygen permeability; polyester-urethane; polyurethanes; Ther-

mal properties; thermomechanical properties

INTRODUCTION Understanding how the physical proper-
ties of a coating change during degradation is of great
importance for predicting its service life.1 Particularly inter-
esting is how the physical changes are linked to the chemical
evolution of the coating as a result of degradation.2–5 Specifi-
cally, the mechanical stability of a coating is an important
factor which is expected to be preserved during its service
life. It is a common experience that the hardness of clear-
coats increases gradually during degradation which results
in stiffer and more brittle coatings. Notwithstanding this, for
most thermoset coatings, the cross-link density diminishes
during degradation.6 A possible explanation for the first
observation is the formation of more polar groups that cre-
ates stiffer segments in polymer network and also leads to
an increase in hydrogen bonding, as the coating undergoes
oxidation reactions.6 Another rationalization could be the
effect of physical aging7 on the mechanical properties of the
coating.8 Physical aging in glassy polymers leads to a

decrease in mobility of the polymer segments,9 but is a ther-
moreversible process. Therefore, in order to link the changes
in the physical properties to the chemical changes in the
coating as a result of degradation, one would like to exclude
this effect.

The changes in glass transition temperature Tg, elastic mod-
uli E0 and E00, hardness H, oxygen and water diffusivity DX

have been investigated on different length and time
scales4,10–13 for different systems. These changes in physical
properties of the coatings lead to a considerable amount of
stress built up in the coating during degradation14,15 and are
considered to be the main cause of micro-crack formation. In
addition to (irreversible) change in chemical structure of the
coating due to degradation, (reversible) physical aging of the
coating can also add to the amount of internal stress. As
said, for the physical study of a degraded coating and, more
importantly, for correlating the physical changes to the
changes in the chemistry of the coating, one has to take

Additional Supporting Information may be found in the online version of this article.
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extreme care to separate the reversible and irreversible
effects. In addition, it is proven that the internal stress of
coatings can change tremendously as a function of tempera-
ture and relative humidity (RH).16

As mentioned, one of the major reasons of the change in
physical properties as a result of degradation is oxidation of
the coating. Therefore, understanding the oxygen permeation
through the coating thickness is of great importance. More-
over, elucidating the cause of the change in oxygen perme-
ability as a result of degradation, by studying the change in
the solubility and diffusivity of the oxygen, can substantially
increase the insight into the degradation mechanism.

All in all, as mentioned also in a previous article,17 while
having all the degradation stress factors applied to the coat-
ing at the same time might give a fair overview of the trends
of the physical changes of the coating, more insight is cre-
ated if these stress factors are applied in a controlled,
decoupled and systematic ways. Therefore, in this article, we
tried to study the abovementioned properties during degra-
dation by means of dynamic mechanical analysis (DMA),
modulated differential scanning calorimetry (MDSC), internal
stress analysis, and oxygen permeability/diffusivity/solubility
(PDS) measurements.

EXPERIMENTAL

Material
A model OH-functional polyester poly(neopentyl isophtha-
late) or PNI (provided by DSM Resins) with a hydroxyl value
of 100 (theoretical molecular mass 1144 g/mol, degree of
polymerization 4.4), noncross-linked or cross-linked with
hexamethylene diisocyanurate trimer or HDT (provided by
Perstorp), are used in this study.

Coatings Preparation
Different experiments need different coating preparation
methods on different substrates. All methods, however, are
based on solution coating application. PNI is dissolved in
1,3-dioxolane at 70 8C, after cooling down to room tempera-
ture, HDT was added to the solution at an NCO:OH ratio of
1.05 and then stirred for 5 min at room temperature. Coat-
ing application is specified below. After application, coatings
were dried and cured in a convection oven at 120 8C for 1
hr. According to our demands, we used two individual prepa-
ration techniques for physical measurements.

In order to make free-standing films, first, a very thin water-
soluble polymer layer (using a 10 m % aqueous solution of
the sodium salt of polyacrylic acid (PAA, Sigma-Aldrich),
molecular mass 40,000 g/mol) was spin coated on panels of
aluminum alloy AA3003 (Q-Lab Corporation). After drying
the PAA salt layer (“sacrificial layer”) for 3 hr at 100 8C in a
convection oven that results in a submicrometer layer, we
spin coated our coating solution (38 m % of PNI) for 30 s at
2000 rpm. This method gives a “potentially” (still-on-the-
substrate) free-standing film with a thickness of around 10
lm. For thicker coatings we applied the coating solution

multiple times (two or three times depending on the need).
After degradation these samples in the artificial degradation
machines, we soak them in demineralized water for a few
hours during which the sacrificial layer dissolves in water
and once the films detached from the substrate we rinse the
free films and dry them at 50 8C in a convection oven for
3 hr.

For stress analysis, cold-rolled stainless steel strips (1.4301
grade, Hasberg, Germany) with lateral dimension of 25 3

100 mm2 and thickness of 10 lm, were etched with ammo-
nia/hydroperoxides (1:1 ratio) water solution (40 v %) for 2
days in order to improve the adhesion between coating and
substrate. After rinsing and drying the etched steel strips,
the coating solution (38 m % of PNI) was spin coated on
them (30 s at 2000 rpm). This method results in a coating
with thickness of about 10 lm. Care was taken that these
samples were kept flat during the exposure. In order to mea-
sure the curvature, we placed the coatings (on thin steel
strips) in a climate chamber at a RH of 6% and set the tem-
perature at 65 8C for 24 hr before each measurement in
order to remove the thermal history of the coatings. Coatings
were placed in the climate chamber as cantilevers and
imaged with a digital camera from the side (top view).
Thereafter we decreased the temperature of the climate
chamber with 5 8C/hr steps. At each temperature step, at
least three images were taken and, using image analysis
techniques, the curvature of strips calculated. After 30 min
of relaxation time at the desired temperature, the change in
the curvature is negligible but for the measurements we let
the film relax at each temperature step for 1 hr to make
sure that the curvature ceased to change. The error in the
radius of curvature calculated using different images at the
same temperature was not larger than a millimeter. Consid-
ering that the smallest radius of curvature was around
2.5 cm, the error was always below 5% of the calculated
value.

Artificial Degradation
A Ci65A Weather-Ometer (WOM, Atlas MTS), equipped with
xenon arc lamps and borosilicate inner and outer filters, was
used as the first artificial degradation machine. Continuous
exposure in air was carried out at a black standard tempera-
ture (BST) of 65 8C, with a total cycle time of 2 hr that was
composed of a 102 min dry cycle at 40 to 60% relative
humidity (ISO 11341, cycle-A with daylight filters) and an 18
min wet cycle with water spray (ISO 4892-2, cycle 2). The
exposure time of each degraded sample is defined by the
moment at which it is removed from the equipment. Samples
were not re-exposed after removal.

A Suntest XXL1 (Atlas MTS) was used, equipped with xenon
lamps (NXe1700) and daylight inner and outer filters, as the
second artificial degradation machine. In order to have two
exposure conditions in a single run of the Suntest XXL1, two
exposure cells were made (Equipment and Prototype Center
at TU/e, Eindhoven) of aluminum alloy with a top window
of fused silica which has been sealed by a silicon rubber O-
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ring. Each cell has an inlet and an outlet tube to purge it by
a desired gas. One cell was constantly purged by dry air and
the other one by dry nitrogen during exposure. The BST sen-
sor was placed in the cell and the power of the lamps tuned
in order to have the similar situation as for the WOM. Hence,
the BST was set to 45 8C outside the cells, which approxi-
mately corresponded to a BST of 65 8C inside the cells. Sam-
ples were reshuffled every 500 hr in order to provide a
uniform irradiance of light for all of them.

Analytical Methods
Dynamic mechanical analysis (DMA) measurements were per-
formed on a RSA-G2 (TA Instruments) machine. Temperature
sweep tests (with constant amplitude and temperature range
from 230 to 160 8C) were performed in a tension mode on
films with a lateral size of 15 3 6 mm2 and a thickness
between 10 and 20 lm. A maximum strain between 0.01%
and 1% and a frequency of 10 s21 were used.

Modulated differential scanning calorimetry (MDSC) meas-
urements were performed on a Q800 (TA Instruments)
machine. Aluminum sealed pans (Hermetic pans, TA Instru-
ments) were used containing 3 to 5 mg of coating. A heating
rate of 3 8C/min with a modulation amplitude of 0.5 8C and
a period of 30 s was employed for all samples. TGA meas-
urements (TA Instruments) were done but revealed no dis-
tinctive details, see the Supporting Information, section 2.

Our internal stress measurement is based on the relation
between the change in curvature of a coated very thin steel
strips (acting as a cantilever) and the change in the amount
of stresses in the coating. This measurement was performed
in a climate chamber, controlling the RH using a lithium bro-
mide saturated salt solution (RH � 6%) and tuning the tem-
perature using a thermostat system. Optical images were
taken from films on steel strips under equilibrium conditions
and, using image analysis techniques, the curvature of the
films was calculated. Because of the lack of space for sam-
ples in the Suntest cells, we could perform these experi-
ments for WOM conditions only.

Oxygen permeation experiments were performed on coatings
with a thickness of about 20 lm, using a customized com-
mercial Oxtran 2/21 coulometric permeation instrument
(Modern Controls, Inc., Minneapolis, MN). The instrumental
setup is based on ASTM D3985-81. All experiments were
conducted with a customized system, where an external per-
meation chamber holding the sample allows for permeation
through a 20 3 20 mm2 specimen and is positioned in a
common temperature-controlled laboratory oven to allow
elevated temperature experiments. Samples were also cooled
to 0 8C by placing the permeation chamber in ice. The feed
gas is air at atmospheric pressure. The pick-up gas flow,
which collects the oxygen after diffusing through the poly-
mer film, is pure nitrogen with approximately 2% hydrogen.
The measured concentration of oxygen in the detector flow
relies on the reaction between oxygen and hydrogen utilizing
a proprietary catalysis-based sensor and is detected as a sig-
nal based on a chemical reaction of oxygen.

Note that for all the measurements the WOM samples were
removed and measured after exactly 0, 487, 908, 1380, and
1963 hr and the Suntest samples were removed and meas-
ured after 0, 2622, 3287, 3969, 4296, and 6500 hr from the
air and nitrogen cells. However, for the sake of simplicity,
rounded numbers are mentioned in the labels of the figures.

THEORETICAL BACKGROUND

In this section, a very brief overview on the methods used in
this article is given. All the calculations presented in the
result (sub-)sections are based on the associated theories.

Dynamic Mechanical Analysis
In a temperature sweep DMA, one measures, at a fixed fre-
quency, the dynamic response of the material as a function
of temperature, as characterized by storage modulus E0 and
loss modulus E00. In (ideal) rubber elasticity theory, there is a
relationship between the thermodynamic equilibrium storage
modulus (E0) and average molecular weight Mc between two
cross-links in the polymer network.18

E05
3qRT
Mc

(1)

where q is the density of the coating, R is the universal gas
constant, and T the temperature at which the equilibrium E0

is measured. An alternative form of eq 1 is

E053mRT (2)

where m is the average cross-link number density. The
mechanical loss, as characterized by

tand5
E
00

E0
(3)

signifies the ratio of the dissipated energy to the stored
energy per cycle of sample deformation.19 When plotted as
function of temperature it shows a peak at or near Tg due to
the relaxations of the polymer. Polymers show relaxations
with different length and time scales, therefore, the tan d
peak shows a specific height and width dependent on
mechanical properties and cooling/heating rates. The broad-
ening of the tan d peak is often considered as an indication
of heterogeneity in the cross-linked network.20–22 Moreover,
the height of tan d peak indicates the dissipative contribu-
tion of the relaxation energy of the polymer network at Tg.

22

Therefore, comparing the height and the width of the tan d
peak for the coating at different exposure times provides
useful information about the change in the damping proper-
ties of the network and the inhomogeneity as a result of deg-
radation, respectively.

MDSC Analysis
MDSC was used to monitor the change in Tg as a function of
exposure time for different degradation conditions. By over-
laying modulation on a linear temperature ramp, instead of
using a linear ramp only as in conventional DSC, one can
separate the reversible (thermodynamic) and nonreversible
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(kinetic) contributions of the total heat flow.23 The total heat
flow can be defined as

dQ

dt
5qCp

dT

dt
1f T; tð Þ (4)

where dQ
dt is the total heat flow, Cp is the heat capacity, t and

T are time and temperature, and f is the kinetically-limited
heat flow. The total heat flow obtained by MDSC can be
deconvoluted by discrete Fourier transformation to obtain
the reversible qCp dT

dt and nonreversible f ðT; tÞ contributions.

As a matter of fact, our coatings show such a quick physical
aging7 that even with rapid quenching, some relaxation takes
place between the first and the second heating run of the
DSC that interferes with the transition in the heat flow at Tg.
Therefore, in order to measure a precise Tg, we removed the
non-reversible contributions to the heat flow, i.e., physical
aging, by using MDSC and to remove the thermal history of
the material as a result of degradation process, we always
annealed our samples at 85 8C for 5 min after the first heat-
ing run and considered the transition in the second heating
cycle of the MDSC.

Figure 1 shows the nonreversible contributions, the reversi-
ble contributions and the derivative of the reversible heat
flow as a function of temperature for the virgin material.
The inset of the figure depicts the modulated temperature as
a function of time. As can be seen, using this method a Tg is
clearly observed in the reversible heat flow curve. Note that
our criterion for estimating Tg is the inflection point of the
reversible heat flow. For instance, as shown in Figure 1, the
Tg of the virgin material reads as 62.5 8C which is the mini-
mum of the derivative of the reversible heat flow. All Tgs
reported in this article are averaged value over at least two
measurements for two different samples.

Internal Stress Analysis
There are various methods available for internal stress meas-
urements.14,24 Most of them are based on the Stoney25 equa-
tion in which the amount of stress, r, in a thin coating on a
flat thick metallic substrates is related to the curvature, j, of
the system, after allowing it to bend to its equilibrium shape,
the Stoney equation reads

r5
Esh2sj

6hcð12msÞ
(5)

where E and m are Young’s modulus and Poisson’s ratio, h
the thickness and subscripts s and c denote the substrate
and thin film, respectively.

This relation is based on several assumptions: (1) both coat-
ing and substrate thickness are uniform and small compared
with the lateral dimensions. (2) hc � hs. (3) Both the sub-
strate and the coating are assumed to show linear elastic,
isotropic behavior. (4) All stress components in the thickness
direction are negligible through the coating. However, since
on the one hand, the order of magnitude of the internal
stress in organic clear coats as a result of degradation is a

few MPa,14 and on the other hand, the modulus of the sub-
strate (in this case steel strips) is rather high, in our case a
comparable thickness of substrate and coating is needed to
be able to monitor the change in the curvature of the sys-
tem. This fact violates assumptions 2 and 3 of the Stoney
equation. To tackle this problem, Freund et al. derived an
expression for the curvature-strain relationship in which the
these two assumptions are relaxed26 which reads

j5
6em
hs

hm

�
11h

11hmð416h14h2Þ1h4m2

�
(6)

where h5 hc/hs and m5Mc/Ms and M5E/(12m) and em is
the mismatch strain which is the strain exerted to the system
as a result of change in the internal stress of the coating.

Having j measured by optical imaging and image analysis,
one can use the elastic constants, i.e., E and m, as measured
for degraded samples by DMA and calculate the correspond-
ing mismatch strains by

rint5Eem: (7)

PDS Measurement
The accessibility of oxygen to the coating during the degrada-
tion process is valuable information to understand how poly-
mer degradation proceeds. The oxygen permeability is the
product of oxygen diffusivity and solubility in the polymer net-
work. One can directly measure the oxygen permeability by
having an equilibrium oxygen flux through the coating thick-
ness.27 Under the assumption that the material is spatially
homogeneous, Fick’s law, in the steady state, reads

J52D
@CO2

@x
(8)

where J stands for the flux of oxygen and D and C are the
diffusion coefficient and concentration, respectively. If the

FIGURE 1 MDSC reversible and non-reversible heat flow of vir-

gin polyester-urethane coating. The derivative of the reversible

(dotted line) is plotted on the right vertical axis. The modulated

temperature as a function of time is shown as inset. Nonrever-

sible plots are shifted vertically by 0.02 W/g.
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coating is clamped in between two chambers, of which one
contains (flowing) air and the other the (flowing) detection
gas N222% H2, and in the absence of any oxygen consump-
tion by the coating (oxidation reactions), one can rewrite eq
8 as

J5D
CO2ðx50Þ

L
5

D:S:pO2

L
5

P:pO2

L
(9)

where S, pO2 , and L are the solubility of the oxygen in coat-
ing, partial pressure of the oxygen in the flowing air in the
chamber, and the thickness of the coating, respectively.

In order to calculate the diffusion coefficient from the oxy-
gen flux measurements, the non-steady state part of the
measurement is needed, i.e., before the equilibrium flux is
reached. Having the oxygen concentration passing through
the film thickness as a function of time before the equilib-
rium state is reached, one can calculate the diffusion coeffi-
cient of oxygen using the standard solution for the diffusion
equation as, e.g., given by Crank.28

From the permeability data at the steady state part of the
measurement, i.e., where the equilibrium is reached, and the
calculated diffusion coefficients, one can obtain the solubility
of the oxygen in the coating at different exposure times and
temperatures knowing that P5D:S where S stands for
solubility.

RESULTS AND DISCUSSION

Dynamic Mechanical Analysis
DMA was used to study the evolution of the thermomechani-
cal properties of the coatings as a result of degradation.
These measurements were performed on free-standing films
(thickness of 12–20 lm) prepared as discussed in the Exper-
imental section. For DMA measurements often thicker sam-
ples are used in order to reduce the uncertainties in
thickness measurement and difficulties due to clamping of
the sample. However, since we are interested in linking the
chemical changes due to the degradation to the thermome-

chanical properties of the coating, and because of spatial
inhomogeneity of the degradation of such a coating,29 we
have to perform DMA on samples “as thin as possible.” For a
temperature-sweep measurement, one imposes a constant
strain (or stress) and from the response to a superposed
(modulated) force (or displacement), E0, E00 and tan d, are
calculated.

Starting with the WOM exposure, Figure 2 shows how the E0

and tan d change as a function of exposure time. Note that
the E00 graphs for samples with different exposure times
superimpose. A decrease in E0 in the rubbery state and low-
ering and broadening of tan d as a function of exposure time
are observed. Using eqs 2 and 3, we calculated the average
molecular weight between cross-links and the average cross-
link density. Note that the temperature at which the equilib-
rium E0 is calculated is the temperature corresponding to the
minimum E0 of each individual curve and that the density of
the coating has been estimated as 1.0 g/cm3. To assess the
changes in height (maximum value) and width (d half tem-
perature30) as objectively as possible, an extreme function fit
on the tan d data was used, see Figure 2. (note that the tan
d data show a growing shoulder (tail) to the higher tempera-
tures as the coating degrades. As a simple symmetric Gaus-
sian function cannot give a good fit on the data, we used the
(Gumbel) extreme value distribution function, as used in sta-
tistics, that includes a shape parameter governing the tail
behavior of the distribution).

Figure 3 shows how these values evolve in time for samples
degraded in the WOM. As can be seen, m drops (Mc

increases) as a function of exposure time. In addition, the
width of tan d peak increases and the height of the tan d
peak decreases as a result of degradation.

Figure 4 shows the same properties as shown in Figure 3,
but for samples degraded in the Suntest nitrogen and air
cells. The cross-link density, m, shows different trends for
samples exposed to aerobic and anaerobic conditions. Con-
sidering the chemical pathways of the degradation, as dis-
cussed in a previous article,17 (urethane and ester) bond

FIGURE 2 E0 and tan d at different exposure time (WOM). The lines in the right graphs are extreme function fits. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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scission and other recombination reactions can contribute to
the average cross-link density. From Figure 4 it is clear that
the cross-link density of the coating degraded in anaerobic
conditions remains constant and only at very long exposure
times slightly increases. In contrast, the cross-link density of
the samples degraded in the Suntest air cell, shows a trend
similar to the samples degraded in the WOM. This, of course,
is due to the dominance of urethane bond scission and, sub-
sequently, accelerated ester bond scission, in aerobic
conditions.

As a matter of fact, by degradation, the heterogeneity in the
coating (width of tan d) grows under all conditions but with
different rates. The changes in the width of the tan d peak of
samples degraded in aerobic (WOM and Suntest air cell) and
anaerobic (Suntest nitrogen cell) conditions show a similar
trend but with different rates as a function of exposure time.
As mentioned before, bond scission and recombination reac-
tions (short cross-links) contribute to the change in cross-
link density of the network. Both types of reactions take
place during the degradation process, however, the urethane
bond scission is the dominant reaction in the beginning of
the degradation process.17 In order to provide a clear picture
of the relation between the changes in the network structure
of the coating and the chemical aspect of the degradation,
we plot in Figure 5(a,b) the change in cross-link density, i.e.,

m, and the width of tan d peak as a function of the concentra-
tion of urethane bonds. The latter is assessed by the relative
area of the FT-IR peak with a maximum at 1520 cm21, i.e.,
RðtexpÞ=Rðt0Þ, as explained in a previous article.17

As can be seen in Figure 5(a), for samples degraded in aero-
bic conditions (WOM and the Suntest air cell), there is a
unique correlation between cross-link density and the ure-
thane bond scission. In addition, a reverse correlation has
been found between the heterogeneity in the polymer net-
work, i.e., the width of the tan d peak, and the urethane
bond scission, see Figure 5(b). The deviation of the data
points for the Suntest nitrogen samples from the general
trend indicates that, lacking the dominance of the urethane
bond scission, other mechanisms can play a prominent role
in the change of the average cross-link density, e.g., ester
bond scission and other possible recombination reactions.
Moreover, for aerobic conditions, a two-stage trend in the
change in cross-link density is observed such that in the
beginning of the degradation process (up to the relative con-
centration of 0.75) the cross-link density decays faster (with
respect to the rate of urethane bond scission) than during
the rest of the process. This might be explained by the “two-
stage degradation process” that was described in a previous
article.17 However, one can comment on the rate of change
in the cross-link density only if time is involved. On the

FIGURE 3 Change in Mc and m (left graph) and height and width of tan d (right graph) as a function of exposure time (WOM).

FIGURE 4 Change in Mc and m (left graph) and height and width of tan d (right graph) as a function of exposure time (Suntest air

and nitrogen cells). The last point for the Suntest air cell samples (6500 hr) is missing due to the failure of the samples before

reaching the equilibrium E0 at the rubbery state.
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other hand, as mentioned previously,17 since the intensity of
light is larger in the WOM, degradation proceeds 2.5 times
faster in the WOM as compared with the Suntest machine.
Therefore, for a reliable interpretation and a fair comparison,
we plotted the cross-link density as a function of exposure
time t* in Figure 5(c). For samples degraded in the Suntest
air and nitrogen cell t*5 t, while for the WOM samples
t*5 2.5t. As shown, for aerobic conditions, the two-stage
degradation is observed in this graph as well. As mentioned
the previous article, after the initially-slow start of the degra-
dation, the degradation process accelerates because of an
increase in the optical absorptivity of the coating. This
increase in the optical absorptivity was found to be due to
the increase in the rate of recombination reactions (e.g., for-
mation of biphenyl structures). Therefore, most likely after
the initial stage, the recombination reactions become more
pronounced so that with a further decrease in the urethane
bonds, the average cross-link density reaches a plateau. In
the other words, after the oxidation of urethane groups
accelerates, more radicals are generated and therefore more
recombination reactions take place. The competition between
urethane bond scission and recombination reactions leads to
the level-off as shown in Figure 5(a,c). This observation
clearly emphasizes the correlation between the chemical evo-

lution and the change in the physical properties of the mate-
rial that was stated in the Introduction section as one of our
major goals in this research.

The reverse trends observed for the cross-link density and
the width of the tan d peak as a function of urethane bond
scission in Figure 5(a,b) triggers the question how the cross-
link density and the heterogeneity in the network structure
are related. Figure 6 depicts the cross-link density versus
the width of the tan d peak. As one expects, damaging the
network structure by breaking bonds in a random way intro-
duces heterogeneity to the spatial distribution of cross-
linked points in the network structure (i.e., increases the
width of tan d peak). However, the urethane bond scission is
not the only parameter which influences the width of tan d.
Ester bond scission, formation of new cross-links and (local)
phase separation can also introduce heterogeneity to the net-
work structure. All in all, for samples degraded in aerobic
conditions, a unique correlation between the decay in the
cross-link density and increase in the heterogeneity of the
cross-link density is observed. It is worth emphasizing that
the abovementioned two-stage trend is also clear in Figure
5(b). Moreover, the amount of heterogeneity increases signif-
icantly when the cross-link density of the network more or

FIGURE 5 (a) and (b) Change in cross-link density and width of tan d as a function of concentration of urethane bonds for samples

exposed in the WOM, Suntest air and nitrogen cells. (c) Change in the cross-link density as a function of exposure time for Suntest

samples and as a function of “2.5 3 exposure time” for WOM samples.
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less reaches a plateau. This indicates that, although the bond
scission reactions and recombination reactions influence the
average cross-link density in opposite directions, both con-
tribute to the increase in the heterogeneity of the network.

Looking back at Figure 4, the height of the tan d peaks for
the Suntest air and nitrogen experiments show a decay but
with different trends, meaning that in both cases the viscous
response of the material at Tg decreases, but for different
reasons. The presence of more polar groups (oxidized
groups) leads to higher polymer-polymer interactions in the
case of aerobic conditions that can decrease the flexibility of
the polymer network. However, these oxidized groups do not
form in the case of anaerobic conditions. Instead, under
anaerobic conditions, initiation and termination reactions
result in a different network structure with a slightly higher
cross-link density and possibly a different distribution of
cross-link points and results in the lower tan d peaks, as
shown in Figure 4.

MDSC Analysis
By means of MDSC the change in Tg is monitored. Figure 7
shows the change in Tg as a function of exposure time for
WOM, Suntest air and nitrogen cells exposure. In this figure
the Tg of samples degraded in the WOM is shown as a func-
tion of time t*, see Dynamic Mechanical Analysis section
under Results section. Note that all degraded samples were
dried in a convection oven at 50 8C for 3 hr before each
measurement. As shown, samples exposed to the WOM con-
dition and the ones exposed to the Suntest air cell conditions
show quite different trends. For the WOM samples there is a
gradual decay in Tg, while for the Suntest air cell samples a
very small drop up to 4300 hr is observed, followed by a
gradual increase up to the initial value, after 6500 hr. For
the Suntest nitrogen cell samples, Tg remains constant up to
4500 hr and reaches a slightly higher value as compared
with the virgin material after 6500 hr.

Since in the absence of oxidation, ester bond scission and
recombination reactions are the most important processes,

one expects that in the anaerobic condition, Tg depends only
on the cross-link density of the network. As expected, the
same trend for m exists (Fig. 4). In the presence of oxidation
reactions, i.e., aerobic conditions, since m significantly drops,
one would expect a considerable drop in Tg as well. How-
ever, in case of the Suntest air cell condition, we observe a
more-or-less constant Tg during the degradation. Therefore, a
counter effect should exist by which the effect of the drop in
m is canceled out. Potential counter effects are an increase in
the amount of hydrogen bonding due to the formation of a
considerable amount of hydroxyl end groups and carbonyl
groups as photodegraded products,17 e.g., hydroperoxides,
carboxylic acids and alcohols, and an increase polarity of the
material.31 An increase in the amount of intramolecular
hydrogen bonding is indeed observed as indicated by a shift
in the carbonyl vibration from an intermolecular H-bonded
carbonyl (1726 cm21) to an intramolecular H-bonded car-
bonyl (1705 cm21)32 in the FT-IR spectra as a result of deg-
radation, see the Supporting Information, section 1, while an
increase in the polarity of the material is known to lead31 to
stronger interactions between polymer segments that restrict
the polymer segmental motions. Hence, these two effects
probably cancel out the effect of the drop in the cross-link
density on Tg. As can be seen in Figure 7, the competing
effects of a looser polymer network, on the one hand, and
stronger interactions between polymer segments, on the
other hand, result in a more-or-less constant Tg in case of
the Suntest air cell condition.

Since the chemical pathways of degradation in the WOM and
the Suntest air cell were shown to be similar,17 the differ-
ence in the trend of Tg could be due to the excess amount of
water, widely available in the WOM experiment, acting as a
plasticizer. Particularly, the formation of abovementioned
hydrophilic compounds as a result of degradation can
strengthen the bonding between water and the coating so

FIGURE 6 Cross-link density versus width of the tan d peak for

samples degraded in the WOM and the Suntest air cell.

FIGURE 7 Tg as a function of t*, that is, exposure time t for

Suntest samples and 2.5 t for WOM samples. [Color figure can

be viewed in the online issue, which is available at wileyonline-

library.com.]
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that drying fails to remove part of the water from the coat-
ing. Additionally, an excess amount of water can hydrolyze
some of the oxidized structure elements, such as anhy-
drides,17 and split smaller molecules off the network that
contribute as plasticizers as well. Apparently, the formation
of plasticizers under WOM conditions is more pronounced as
compared with the amount that is washed out by water
spray.

It is also worth noting that comparing the peak of tan d (Fig.
2, left) and the MDCS result of WOM samples (Fig. 7), it
seems that the two measurements show different trends for
Tg; however, there is an explanation for this apparent
“contradiction.” On the one hand, the photodegradation pro-
cess of the polymeric material follows highly complicated
chemical pathways by which a wide spectrum of photode-
graded products are developed. On the other hand, Tg char-
acterizes the temperature range in which a glassy material
gradually undergoes a transition to the rubbery state. In
order to quantify this transition, there are several methods
available, e.g., using the maximum of the E00 peak, the maxi-
mum of the tan d peak, the mid or inflection point of heat
flow, etc., and each quantification method characterizes the
transition in a different way. Thus, we believe that for a fair
comparison between the Tgs of the material at different
exposure times, one has to find a suitable method for quanti-
fication of Tg and use this method for all the degraded sam-
ples. Note that this mismatch between Tgs quantified by
different methods can occur in a single measurement. For
instance, if we plot the E00 curves for the same samples and
from the same DMA measurements from which the tan d
curves are shown, one can see a completely different trend
(a constant Tg) as compared with the one obtained from tan
d peak, see Supporting Information section 4. Therefore, we
believe that a rather complicated change occurs in the chem-
ical structure of the material as a result of degradation that
results in slightly different trends for different areas of the
glass transition region.

Internal Stress Measurements (ISM)
Using the method discussed in Internal Stress Analysis sec-
tion (using eqs 6 and 7), the change in the internal stresses
of the samples degraded in the WOM is monitored. Figure 8
pictures the change in the curvature of the virgin coating as
a function of temperature in a cooling/heating cycle. As can
be seen, the results from the cooling and heating cycles
show a small hysteresis.

Figure 9 shows the calculated internal stress for degraded
samples in the WOM as a function of temperature (only cool-
ing cycle). Note that splines are shown only as a guide to the
eye. The results indicate that the amount of internal stress
increases as a result of degradation. Since the thermal his-
tory of all samples is removed before each measurement, the
increase in internal stress is not due to physical aging of the
samples during the degradation process. Moreover, as shown
in Dynamic Mechanical Analysis section under Results sec-
tion, the average cross-link density of the material decreases
as a function of exposure time, see Figure 3, and the increase
in the internal stress cannot be due to the formation of a
denser network which would lead to shrinkage of the
coating.

In addition, during the measurements on degraded films
(exposed longer than 1400 hr), we noticed that once we
increase the temperature above 60 8C, the curvature of the
strip became smaller than the virgin coating and sometimes
an inverted curvature was observed. Therefore, in Figure 9
the values are shown up to 55 8C. This observation is con-
sistent with the fact that the average cross-link density drops
by degradation. As a matter of fact, the (on average) less
dense network of the degraded coatings corresponds to a
higher value of thermal expansion coefficient above Tg.
Therefore, once the temperature exceeds the Tg, the material
expands more than in its virgin state and thus reduces the

FIGURE 8 Curvature of the virgin coating as a function of tem-

perature in a cooling/heating cycle.

FIGURE 9 Internal stresses as a function of temperature for

samples degraded in the WOM. Note that the vertical axis is in

log scale. Splines are shown to guide the eye. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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tensile stress that the steel strip imposes on the coating so
that the strip bends back. Note that below the Tg, coatings
do not have enough thermal energy to provide segmental
motions and increase the volume. Moreover, as degradation
proceeds, the amount of hydrogen bonding as well as the
amount of polar groups (oxidized groups) increase, so that
in the glassy state these stronger physical interactions lead
to a shrinkage of the volume of the coating and therefore a
higher tensile stress for the coating is observed. In addition,
the material loss can also contribute to the increase in the
internal stress. Figure 10 shows a schematic (top) view of
the strips from sample preparation to the situation after
degradation.

As mentioned in the Experimental section, we could not per-
form this experiments for the Suntest conditions. However,
one would expect the same trend in aerobic condition,
namely that the coatings become stiffer in the glassy state
and less stiff in the rubbery state. In contrast, this trend is
not expected for the samples degraded in anaerobic condi-
tion. Therefore, in Figure 11, we plotted the storage modulus
of the coatings degraded in the Suntest air and nitrogen cells
next to each other. As can be seen, this figure is consistent

with the abovementioned hypothesis. Note that the DMA
measurements for WOM samples (Fig. 2 left) do not show a
similar trend in the glassy state. This could be a measure-
ment error since a set of load-control nano-indentation
measurements confirms the stiffening for the WOM samples,
as well as the Suntest air samples, in the glassy state.33 In
addition, although the DMA results are in line with our
hypothesis, we cannot directly predict the trend of internal
stresses for the Suntest degraded samples from the DMA
results. For such a conclusion, further internal stress meas-
urements for the Suntest samples are needed.

Oxygen Permeability/Diffusivity/Solubility
Measuring the flux of oxygen through the coatings and using
eqs 8 and 9, we calculated the permeability of the oxygen
through the degraded samples in the WOM at 0, 23, and
40 8C, see Figure 12. We also calculated the oxygen diffusion
coefficient through the degraded coatings at different expo-
sure times at 0 and 23 8C (due to the small thickness of the
films, the response of the oxygen flux at 40 8C was too fast
to establish the diffusion coefficient).

FIGURE 10 A schematic view of the curvature of the strips from sample preparation to the weathering stages. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 11 E0 for the Suntest (a) air and (b) nitrogen cells as a function of temperature. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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FIGURE 12 Permeability of samples degraded in the WOM as a function of exposure time (left graph) and temperature (right

graph). The lines are shown to guide the eye. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

FIGURE 13 Diffusion coefficient (left) and solubility (right) of samples degraded in the WOM as a function of exposure time. The

lines are shown to guide the eye.

FIGURE 14 Diffusion coefficient (right) and solubility (left) of samples degraded in the WOM as a function of temperature. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figures 13 and 14 depict the diffusion coefficient and solu-
bility data for samples degraded in the WOM as a function
of exposure time and temperature, respectively. As can be
seen, the diffusion coefficient remains constant up to 2000
hr of degradation but the solubility of oxygen shows a grad-
ual decrease as a function of exposure time. This decrease in
the solubility is expected due to the polar groups that form
in the coating as a result of degradation, leading to increased
interpolymer interactions and therefore decreased gas solu-
bility. In addition, the measured values for diffusion coeffi-
cient and solubility of the present materials are all in the
same order of magnitude as the values reported in the litera-
ture19 for similar systems, e.g., poly(ethylene terephthalate),
D5 3.6 3 1029 cm2/s and S5 6.9 3 1022 cm3 (STP)/
cm3�bar at 25 8C.

As shown in Figure 13, the diffusivity of oxygen considerably
changes with temperature. This emphasizes the effect of
temperature on degradation of the material. It is worth not-
ing that although our polyester-urethane coating is strongly
resistant against thermal degradation,17 elevated tempera-
ture can lead to a faster degradation process by increasing
the oxygen diffusivity that facilitates the oxidation reactions.

CONCLUSIONS

In this article, we studied the evolution of thermomechanical
properties of a polyester-urethane coating during degradation.
In parallel with FT-IR results as shown in a previous article,17

by means of DMA measurements we observed a decrease in
average cross-link density of polyester-urethane coatings as a
function of degradation time in aerobic conditions. The results
for degradation in the WOM and the Suntest air cell show a
similar trend. In contrast, the samples degraded in the Suntest
nitrogen cell show a constant cross-link density up to 4300 hr
and a slight increase for longer exposure time.

By measuring the width and the height of the tan d peak, we
found an increase in the heterogeneity in the network struc-
ture and a decrease in the flexibility of the polymer seg-
ments by degradation. The amount of heterogeneity in the
coating structure shows a gradual increase in the beginning
of the degradation process, mainly, due to the urethane bond
scission, followed by a large increase when the degradation
reactions accelerate as a result of formation of new chromo-
phores resulting in a higher optical absorptivity of the coat-
ing (second stage of the degradation17). This heterogeneity
was shown to be introduced to the network as a result of
bond scission, recombination reactions, and possibly local
phase separation of the degraded material. Note that the
broadening of the glass transition range that has been quan-
tified by the width of the tan d peak is also in agreement
with the increase in range of the glass transitions as meas-
ured by MDSC, see the Supporting Information, section 3.

The MDSC measurements show different trends for Tg of the
samples degraded under different conditions. For the Suntest
nitrogen cell samples, Tg remains constant up to 4300 hr
and shows a small increase at 6500 hr of degradation. This

is in line with the trend of the average cross-link density for
these series. A more-or-less constant Tg for the samples
degraded in the Suntest air cell shows that the decrease in
the average cross-link density is compensated with an
increase due to the formation of oxidized segments, which
increase the polarity and polymer-polymer interactions in
the network structure, and the formation of additional
hydrogen bonding that has been observed by FT-IR measure-
ments, see the Supporting Information, section 1. However,
since the chemistry of degradation in the WOM and Suntest
air cells follow a similar trend, as indicated in a previous
article,17 a gradual decrease in the Tg of samples degraded
in the WOM (as measured by MDSC) is explained by the
presence of bonded water molecules inside the samples.

By using image analysis techniques and relating curvature of
the coatings on steel strips to internal stress, the amount of
internal stress built up as a result of degradation was meas-
ured for different exposure times. The formation of oxidized
segments was shown to be the main reason for the increase
in the tensile stress exerted to the coating by the substrate
in the glassy state. However, in the rubbery state, the lower
cross-link density, which results in a higher thermal expan-
sion coefficient, leads to a larger volume (as compared with
the virgin material) and therefore the substrate exerts com-
pressive stresses to the coating.

Degradation in the WOM results in a drop of oxygen perme-
ability of the coating in the early stage of degradation. This
drop in permeability originates from a drop in solubility that
can be rationalized by the formation of the polar groups and
stronger polymer-polymer interactions as a result of oxida-
tion reactions. However, the change in the permeability is
not so large that it leads to a dramatic effect in the degrada-
tion process.
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