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ABSTRACT: Three cold-cured epoxy resins, specifically
designed as structural adhesives for rehabilitation or
renewal applications of civil infrastructures and cultural
heritage, were submitted to natural and artificial weather-
ing. We evaluated the variations in the thermal and me-
chanical properties and color changes after an artificial
treatment carried out at 70°C and 75% relative humidity
and after natural weathering, performed in two areas of
South Italy, both located adjacent to the Mediterranean

Sea. The variations in properties due to both natural expo-
sure and artificial weathering were qualitatively similar.
However, the selected artificial weathering procedure
appeared excessively severe compared to the weathering
that occurred after outdoor exposure. © 2010 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 119: 1635-1645, 2011

Key words: ageing; calorimetry; mechanical properties;
thermosets

INTRODUCTION

The use of epoxy resins in the restoration field is fre-
quently aimed at structural consolidation. Because
these resins exhibit high adhesion properties, they
are usually used for glue-detached parts and for the
readherence of large stone fragments to mass
stone.'? The addition of suitable fillers (e.g., pow-
dered stone) to the original formulation allows one
to obtain excellent products for both repairs and gap
fillings.>*

The epoxy resins used in civil engineering repair
operations and in cultural heritage restoration are
cold-cured resins; that is, they are based on bisphe-
nolic epoxies that, for practical and economical rea-
sons, are cured at ambient temperatures. Conse-
quently, long curing times (on the order of weeks)
are necessary to achieve sufficient mechanical prop-
erties, and a moderate glass-transition temperature
(T,), that is, never greater than 65-70°C, is attainable
by these systems.”

The crosslinking reactions taking place in epoxy
resins at ambient temperatures are often not com-
pleted because of kinetic restraints, even when long
curing times are used. As a result, the exposure to a
temperature slightly higher than ambient temperature
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causes an increase in T, and, in turn, the strengthen-
ing and stiffening of the system. On the other hand,
the absorption of external water, both in liquid or
vapor form, produces a decrease in the initial T, of
the resin, which affects the mechanical properties and
may enable the postcuring process that takes place at
lower environmental temperatures.

Epoxy resins exposed to sunlight can undergo oxi-
dative processes promoted by UV radiation that
yield chain scissions;’ this produces weight loss and
a reduction of the performance of the materials.

Physical aging can also take place in cold-cured
epoxy resins; this leads to a reduction in the poly-
mer’s free volume over time, that is, in a densifica-
tion, with a consequent modification of all of the me-
chanical, temperature-dependent properties. Physical
aging in the glassy state is very slow, whereas it pro-
ceeds rapidly at temperatures close to T,. This latter
is the case of cold-cured resins, in which T, can be
easily approached and even exceeded by the external
temperature. Physical aging is a thermoreversible
phenomenon, which can be erased when the polymer
is heated above its T,. When the service temperature
exceeds T, of aged adhesive resins, a rejuvenation of
the resin takes place, and the initial properties are
recovered. Cold-cured epoxy resins exposed to natu-
ral weather, therefore, are constantly subjected to
aging and rejuvenation processes that take place in
nonisothermal conditions, depending on the actual
meteorological weather.”

From the previously discussed considerations, it is
clear that there is a pressing need to find reasonable
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tools to ascertain the behavior of these systems
when they are exposed to environmental agents, that
is, to establish their durability. Existing data on the
durability performances of cold-cured epoxies in this
specific field are scarce, not well documented, and
often contradictory. On the other hand, the lack of
data on their long-term behavior, particularly in
aggressive environments, represents a major draw-
back to the wider use of such qualified materials.®

Field monitoring is recognized as the only effec-
tive method for assessing the long-term behavior of
materials. However, reliable studies of durability
require long periods of natural exposure, and where
lifetimes greater than many decades are expected, as
in the field of building materials, it is not possible to
plan real-time outdoor exposure to predict the dura-
bility of the materials.

In standardized procedures, proposed to achieve
accelerated weathering, one or more weatherlike
conditions are intensified to levels greater than those
occurring naturally. Some committees work to stand-
ardize the methods for accelerated and natural dura-
bility testing; as a result, many standard procedures
have been published in recent years, first by ASTM
and by ISO. None of these standards, however,
imposes rigid conditions, particularly on the dura-
tion of the tests, which is often left to the experience
of the researcher, supported by general guidelines
for the choice of the main test parameters that need
to be changed to suit any particular application. In
fact, the weathering conditions should be selected to
reproduce, as close as possible, the natural condi-
tions where the materials are intended to be used. A
rationale prediction through accelerated procedures
must include, for each material, a correlation
between the results obtained under natural and arti-
ficial weathering conditions.”"" This would require,
in turn, a huge number of carefully selected proce-
dures based on both natural and artificial exposures.

The studies reported in the literature dealing with
the effects of accelerated weathering on heat-cured
epoxy resins, which are used as adhesives and mat-
rices for composites, are fairly limited.'"> The main
problem remains to clearly explain how these aging
procedures can be correlated to the real times of the
natural exposure. Moreover, only a few studies have
been published dealing with the weathering of cold-
cured epoxy resins, as well.

In this article, the properties of cold-cured epoxy
resins subjected to either natural weathering or an
artificial weathering procedure, are illustrated. To
this aim, outdoor exposure and treatments consisting
of simultaneous exposure to a mild temperature and
a high relative humidity (RH) level, carried out in a
climatic chamber, were performed. The thermal and
mechanical properties and changes in the weight,
measured after either natural or artificial weathering,
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are discussed. Color variations were also evaluated
at different stages of the artificial weathering.

EXPERIMENTAL
Materials

Three commercial cold-cured epoxy resins—materi-
als widely used in the field of the rehabilitation and
restoration of buildings—were studied. All of the
systems consisted of bisphenolic resins hardened
with mixtures of amines, able to cure the epoxies at
ambient temperature. The details of composition and
other information for all of the systems analyzed are
described in the following paragraphs.

Al resin (Mapei S. p. A., Milan, Italy) was pro-
vided as two components: Part A was based on
diglycidyl ether of bisphenol A, and part B was a
mixture of polyethylenamine, xylenediamine, and
nonylphenol used as a curing agent. Samples of this
resin were prepared with the recommended ratio,
that is, resin-hardener = 4 : 1 by weight.

A2 resin (Sika Italia S. p. A., Peschiera Borromeo,
Milan, Italy) was a bisphenolic resin (part A) hard-
ened with 3-aminomethyl-3,5,5-trimethyl cycloesi-
lammine (part B). The recommended ratio of resin to
hardener (2 : 1 by weight) was used to prepare the
specimens.

A3 resin (Sika Italia S. p. A., Italy) was based on a
bisphenolic resin hardened with 3-aminomethyl-
3,5,5-trimethyl cycloesilammine (part B). Part A also
contained an inorganic filler (ca. 40 wt % of the total
weight of the cured mixture). The recommended ra-
tio of part A to part B (4 : 1 by weight) was used to
prepare the specimens.

For commercial reasons, additional details on the
chemical composition and structure of the systems
were not available.

Samples of each system were prepared and cured
at a temperature of 23 * 2°C and an RH of 50 *
5%. We stored the specimens, produced by pouring
the liquid mixture in standard molds (dimensions:
90 x 10 x 4 mm?), in a dark area.

Treatments

Before the exposure of the specimens to artificial
weathering, to prevent misinterpretation of the
results, we verified that the curing reactions were
slowed down, that is, the curing process was
stopped. T, was used to monitor the cure, and the
resins were judged cured when their T, leveled off.
This occurred after about 4.5 months of curing at
ambient temperature. However, this did not neces-
sarily mean that the curing reactions were com-
pleted because a small residual heat of reaction
(AH,) was still measured on most of the specimens
by calorimetric analysis.
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A standard artificial weathering test was, then,
carried out in a climatic chamber (Milan, Italy) (Per-
ani-Model UC 1000/20). The samples were left at 70
+ 2°C and 75 £ 5% RH for different time spans, up
to 34 days. The weathering conditions followed pro-
cedure C reported in the ASTM D 756-93 standard.”®
A high temperature and high moisture levels were
only taken into account. UV aging was overlooked
to simulate the environmental conditions of these
epoxy resins, which are mainly used in applications
where the UV exposure is negligible. A similar prac-
tice was reported as leading to thermohygrometric
conditions comparable and close to those obtained
after 2 years of natural weathering in the western
Mediterranean basin.'*

With regard to the natural weathering procedure,
the samples were exposed outdoors without any
protection to environmental agents. The Al system
was exposed after about 4.5 months of curing at am-
bient temperature, whereas the A2 and A3 speci-
mens were placed outdoors in a previous stage of
the research, after a 10-day cure at ambient tempera-
ture, according to the recommendations of the sup-
pliers.”® All of the specimens were exposed in
south Italy, the Al system in Lecce (latitude = 40°20/
N and longitude = 18°07" E) and the A2 and A3 sys-
tems in Fisciano (Salerno, latitude = 40°46’ N and
longitude = 14°47' E), both located adjacent to the
Mediterranean Sea. The specimens were placed hori-
zontally. The A2 and A3 specimens were subjected
to natural weathering for up to 36 months, as
reported in a previous article.” The Al system was
exposed in a subsequent stage of the research and
was subjected to natural weathering for up to 43
months. Table I reports the average values of the
temperature, humidity, rain, and UV light dose
measured during the exposure period of the Al sys-
tem by the Laboratory of Climatology at the Univer-
sity of Salento.

Some of the specimens were removed periodically
to perform the experimental tests, as described in
the next paragraph.

Analytical techniques

The thermal and mechanical properties of the epoxy
resins were determined through differential scan-
ning calorimetry (DSC) and flexural mechanical tests
in three-point bending mode, respectively. Weight
variations were also determined. The analyses were
carried out at the end of any artificial weathering
treatment and periodically repeated during natural
exposure. At the end of each artificial weathering
treatment, the color changes (AE’s) were evaluated.
In addition, the same investigations were performed
before the weathering procedures on untreated sam-
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TABLE I
Meteorological Data Relative to the Lecce Site Measured
During the Investigated Exposure Period for the
A1l System

Daily average (minimum
to maximum)

2005 2006
Temperature (°C) 17 (-1 to 37) 17 (=2 to 39)
RH (%) 71 (19 to 100) 72 (14 to 100)
Solar light dose (M]/m?) 15 (1 to 27) 11 (1 to 20)

Rain (mm/day) 1.2 (0.0 to 42.0) —

ples stored indoors and, hence, not subjected to any
weather factors.

DSC was performed with thermal dynamic scans
between 0 and 300°C at a heating rate of 10°C/min
under a nitrogen atmosphere. A DSC 822 Mettler
calorimeter (Mettler Toledo, Novate Milanese, Milan,
Italy) was used, and the thermal properties [T,
relaxation enthalpy (AH,.;), and residual crosslinking
enthalpy] were calculated as the average of at least
three measurements.

Flexural mechanical tests were carried out in
three-point bending with a Lloyd LR-MK4 dyna-
mometer, according to the standard listed in ref. 16.
The experiments were performed at room tempera-
ture with a support span of 60 mm and a crosshead
rate of 2 mm/min. The flexural mechanical proper-
ties (i.e., flexural modulus and maximum flexural
strength) were calculated as the average of five
measurements.

Weight measurements were registered with an an-
alytical balance (Sartorius, model BP 2215, Sartorius
Stedim Italy S.p.A., Bagno a Ripoli, Florence, Italy)
with an accuracy of £0.1 mg.

Color measurements were performed with a Min-
olta Chroma Meter CR300 colorimeter (Konica Min-
olta Sensing Inc., Osaka, Japan) with CIE standard il-
luminant C. Ten measurements were performed on
each sample, and the colorimeter was recalibrated to
a white calibration plate at the start of each meas-
uring session. AE’s were calculated through the
L*a*b* system,17 with the mean values determined
on five samples. The color measurements were car-
ried out on the artificially weathered samples and,
for Al system only, on the naturally exposed
specimens.

RESULTS AND DISCUSSION
Weight variations and thermal analysis

The variations of weight of the three systems stud-
ied after natural and artificial weathering were first
analyzed.

In Figure 1(a,b), the variations in weight of system
Al as function of the exposure time for natural and

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Weight variations measured for system Al as
function of the exposure time for (a) natural weathering
and (b) artificial aging.

artificial weathering, respectively, are reported. The
natural exposure yielded weight variations strictly
dependent on the weathering conditions: during wet
periods, greater amounts of water were absorbed,
and weight gain was observed; the following warm
and dry season enhanced the evaporation of water
(or solvents), and then, the weight decreased. In the
case of the artificial weathering treatment, on the
other hand, a desorption stage was never observed
because the specimens were constantly stored at a
fixed RH level. A continuous increase in weight, attrib-
uted to the absorption of water, was observed with ex-
posure time in the artificially weathered samples.

With regard to the A2 and A3 systems, Figure 2(a)
shows the percentage weight loss, normalized with
respect to the initial weight, of these systems during
the 36-month natural exposure. For specimens of
system A3, the weight calculated for the effective
resin content is reported; that is, the weight of the
filler, which did not absorb water, was neglected.
The environmental conditions occurring just before
the analysis of the samples affected the changes in
weight. For instance, the loss of weight correspond-
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ing to the summer periods (due to the evaporation
of water or solvents) was partially reduced in the
months following (due to the regain of water). The
overall decrease in weight was also attributed to the
degradation processes due to thermal or UV aging,
which led to the loss of dangling chains.'®?!

When the samples were subjected to the artificial
procedure, the same qualitative trend was observed
[Fig. 2(b)]; that is, the weight of both systems
decreased with the exposure time when the effects
of the specific weathering conditions mentioned,
that is, the fluctuations, were excluded. This result
let us suppose that during the natural weathering,
the variations in weight due to UV action was negli-
gible. In fact, a significant weight loss was also
measured in the samples subjected to the artificial
weathering and not exposed to UV radiation.

The different behavior observed for the A2 and
A3 systems exposed to artificial weathering with
respect to Al is discussed later in the text.

The analysis of the variations in T, of the Al, A2,
and A3 systems after natural and artificial weather-
ing demonstrated that the artificial aging procedure
that we used led to different effects with respect to
those found after natural weathering; these were, in
particular, more severe for the A2 and A3 systems

Natural weathering
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Q - -A3
s 2 ,
-§ & Summer .‘,- o\ e
g Summer ‘ u-u
£ . Summer
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Figure 2 Weight variations measured for systems A2 and
A3 as function of the exposure time for (a) natural weath-
ering and (b) artificial aging.
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TABLE II
Maximum Variations in T, (AT, max) After Natural and Artificial Weathering
Al A2 A3
Natural Artificial Natural Artificial Natural Artificial
AT, max (°C) —7to 14 5 -3to2 —11 —-9to4 -10

(Table II). For the latter, the maximum variations in
T, measured after prolonged external exposure
never reached the values measured on the samples
subjected to the artificial weathering.

As reported elsewhere,” the natural exposure pro-
duced in the A2 and A3 systems reductions in T,,
which were, to some extent, reversible. The
decreases in T, were attributed to the plasticization
effect of water absorbed during natural weathering.
Higher T, values were measured during the warm-
est season because the water absorbed partly evapo-
rated. It was possible that a postcure process took
place in addition, which concurred with the increase
in T,. The UV degradation could have contributed to
the decrease in T,.”**

In Figure 3, the variations in T, of the A2 system,
measured during artificial weathering and relative
to the initial value calculated for the unexposed
specimens, are reported. A T, of 46°C was measured
on specimens of the A2 system kept at ambient tem-
perature for 4.5 months, that is, before artificial
aging. Similarly, Figure 4 is relative to the A3 sys-
tem, whose initial Tg after a 4.5-month curing time
at ambient temperature was 50°C.

The artificial weathering procedure caused in both
cases much more severe reductions in T, than the
natural exposure, especially at higher exposure
times. These reductions could again be explained in
terms of a strong plasticization effect due to the ther-
mohygrometric treatment performed during the arti-
ficial weathering. We could not exclude, however,
other irreversible effects (e.g., hydrolysis or thermal

A2 resin - Artificial weathering
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Figure 3 Variations in T, (AT,) of system A2 relative to
the initial value calculated for unexposed specimens meas-
ured during artificial aging.

degradation) concurring in the reduction of the T, of
the systems subjected to this severe environment. In
particular, the decrease in T, could be related to
microstructural modifications, such as chain scission,
which reduced the effective crosslinking den-
sity.18’24’25 In addition, the loss of material, as deter-
mined by weight measurements for both the A2 and
A3 systems, particularly after artificial weathering,
supported the hypothesis of the loss of dangling
chains as a consequence of degradation.'®?

Figure 5 shows the variations in T, of the Al sys-
tem measured during natural weathering [Fig. 5(a)]
and artificial [Fig. 5(b)] weathering relative to the
initial value, that is, 53°C, calculated for unexposed
specimens kept in both cases for 4.5 months at ambi-
ent temperature. The T,’s found for this system after
the thermohygrometric treatment and at longer
times of natural weathering were generally higher
than those measured for the untreated samples.

With regard to the effects of natural weathering,
the initial decrease in T, found for the Al system
corresponded to a rainy spring; this suggested that
the plasticization effect took place as well as in the
A2 and A3 systems. In this period, AH, (2.2 =19 ]/
g), still measurable on the Al system before outdoor
exposure as a consequence of incomplete crosslink-
ing, was slightly reduced at about 1.4 = 0.7 J/g. On
the other hand, a sudden increase in T, was
recorded during the summer. Moreover, in this
warm season, no AH, was measured on the Al sam-
ples subjected to natural exposure. It is likely that
the temperatures recorded over the summer were

A3 resin - Artificial weathering
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o
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Figure 4 Variations in T, (AT,) of system A3 relative to

the initial value calculated for unexposed specimens meas-
ured during artificial aging.
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Figure 5 Variations in T, (AT,) of system Al relative to
the initial value calculated for unexposed specimens meas-
ured during (a) natural weathering and (b) artificial aging.

high enough to promote both postcuring and the
evaporation of the sorbed water; this led to a sub-
stantial increase in T,.

For the artificial aging, a variation in T, of about
+5°C was measured, regardless of the exposure
time.

The decreases in T, measured on all of the sam-
ples subjected to the art1f1c1al treatments, performed
in a dark atmosphere, were evidence that the most
significant effects on the thermal properties of these
epoxy resins were due to the simultaneous exposure
to high RH and mild temperature.

As previously stated, even though the Al system
was subjected to the thermohygrometric treatment
after 4.5 months of curing, it was not fully cross-
linked. An exothermic peak due to the residual reac-
tivity was, in fact, measured in the DSC thermo-
gram, as listed in Table III. For the Al system, AH,
became null just after the beginning of artificial
weathering (i.e., 7 days). We hypothesized that dur-
ing the thermohygrometric treatment, when the sam-
ples were kept at a temperature higher (i.e., 70°C)
than the (ambient) temperature of curing, a postcur-
ing process occurred: the crosslinking reactions
started anew and complete, with a consequent
increase in T, and a decrease in the exothermic peak
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related to the residual reactivity. This phenomenon
yielded higher T, values, which were able to counter-
act the decrease in T, due to the plasticization effect
of water, with a consequent certain increase in T.

On the other hand, AH, calculated for the A2 and
A3 systems and reported in Table III generally con-
stantly decreased with increasing weathering time.
An endothermic peak (centered at about 127°C) was
present in the DSC thermograms of the untreated
A3 samples. This peak partially overlapped the peak
of residual reactivity; therefore, for the A3 resin, it
was impossible to calculate the zero time value of
AH,. The disappearance of the endothermic peak in
the analysis of the same samples in the DSC cell in a
second scan and in the analyses performed after the
thermohygrometric treatments suggested that it was
probably related to the evaporation of solvents. To
assess any evaporation process, further investiga-
tions by means of thermogravimetric analysis are in
progress. The exothermic peaks found for both A2
and A3 and due to the residual reactivity were still
measurable, even after 34 days at 70°C and 75% RH.
In these cases, the effect due to the postcuring pro-
cess on T, was less marked, whereas the effects of
the plasticization and, mostly, of the degradation
prevailed. Therefore, for A2 and A3, the whole effect
of artificial weathering was a decrease in T,.

With regard to the physical aging, because the res-
ins were stored at a temperature lower than their T,
for a prolonged period (i.e., 23°C) before the artifi-
cial weathering, this phenomenon entirely took
place. An endothermic peak was, in fact, always
observed near the region of T,, and the related AH,
was measured for all of the untreated samples
(reported in Table III). Then, during the thermohy-
grometric treatment, physical aging was erased
because the systems were heated above their T,;
hence, AH, disappeared.

TABLE III
AH, and AH,.; Values of the Samples Subjected to
Artificial Weathering

Weathering
Resin time (days) AH, (J/g) AH,. (J/8)
Al 0 22+19 28 = 0.7
7 0.0 0.0
11 0.0 0.0
34 0.0 0.0
A2 0 6.1 £ 28 1.3 = 0.8
7 44 + 1.5 0.0
11 39+19 0.0
34 1.7 £ 0.6 0.0
A3 0 Not determined?® 1.7 £ 0.2
7 75+ 0.2 0.0
11 25 *+0.2 0.0
34 28 1.2 0.0

®AH, for the untreated A3 samples could not be

determined.
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Figure 6 Variations in the flexural modulus of elasticity
(AEfex) measured on system Al relative to the initial value
calculated for unexposed specimens measured during (a)
natural weathering and (b) artificial aging.

It is well known that the presence of water in ther-
mosets (plasticization) also erases physical aging
(material rejuvenation). During natural weathering,
the exposure of the systems whose T, was already
reduced by plasticization or degradation effects to
possibly high temperatures partially erased the
physical aging, and large decreases in AH,, were
measured at intermediate exposure stages on all of
the systems investigated. This phenomenon was able
to start again when T, increased, as shown by the new
increase in AH, measured at longer exposure times.

Mechanical properties

The artificial weathering procedure used also did
not give rise to the same effects as the natural
weathering procedure in terms of the mechanical
properties.

In Figure 6(a,b), variations in the flexural modulus
for system Al as function of the exposure time of
natural and artificial weathering, respectively, are
reported. The flexural modulus measured for this
system before any kind of exposure was 3.1 GPa.
The effect of natural weathering was manifested as a
gradual reduction in the flexural modulus up to
35%, which was obtained after a 43-month exposure.
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On the other hand, when the specimens were sub-
jected to the artificial weathering procedure, a reduc-
tion in the flexural modulus of about 31% was
always measured, regardless of the exposure time.

Analogously, in Figure 7(a,b), the variations in the
maximum flexural strength measured for the Al sys-
tem as function of the exposure time for natural and
artificial weathering, respectively, are reported. An
initial maximum strength of 111.8 MPa was meas-
ured for unaged samples of Al. The natural weath-
ering determined an average constant reduction in
the flexural strength of about 11% throughout the
1st year of exposure, whereas after a more pro-
longed exposure, the flexural strength decreased
severely (60%). The artificial weathering caused an
average reduction in the maximum flexural strength
of about 31%, which remained constant during the
treatment. In this case, the effects of artificial weath-
ering were more severe than those due to the early
stage of natural weathering, but artificial weathering
was not able to reproduce the effects of longer natu-
ral exposure times.

The marked decrease measured in the flexural
characteristics, stiffness, and strength, were explained

A1 resin - Natural weathering
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Figure 7 Variations in the maximum flexural strength
(AGyfex) measured on system Al relative to the initial
value calculated for unexposed specimens measured dur-
ing (a) natural weathering and (b) artificial aging.
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Figure 8 Variations in the flexural modulus of elasticity
(AEge) measured on system A2 relative to the initial value
calculated for unexposed specimens measured during (a)
natural weathering and (b) artificial aging.

in terms of a strong effect of the entering water, in ac-
cordance with the weight gain observed after both
the natural and artificial procedures. The fluctuations
in the mechanical properties observed during the nat-
ural exposure were in accordance with the fluctua-
tions in weight reported in Figure 1(a).

With regard to the effects of the thermohygrometric
treatments, the results indicate that the plasticization
process took place very fast because the variations
in the mechanical properties were already measured
on samples treated for 7 days. It was likely that the
high temperature of exposure increased the rate of
water absorption into the polymers, and therefore,
this could decrease the time necessary to reach the
saturation level. The permanence of specimens at a
constant level of humidity, moreover, led to steady
mechanical properties. We confirmed that these
properties were mainly influenced by plasticization
due to the absorption of water. Furthermore, the era-
sure of the physical aging, which took place because
the resin was aged at a temperature higher than its
T,, contributed to the variations in the mechanical
properties. The deaging process could have con-
curred to produce both the lowering of the flexural
modulus and the maximum strength. In fact, these
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effects were more evident in samples that were arti-
ficially weathered, where no AH,, was measured.

In Figure 8(a,b), the variations in the flexural mod-
ulus of the A2 system as function of the exposure
time for natural and artificial weathering, respec-
tively, are reported. The flexural modulus measured
on specimens cured for only 10 days, that is, before
natural weathering, was 0.8 GPa, and due to the
proceeding of curing, this property increased to 1.2
GPa after a curing time of 4.5 months, before the ar-
tificial aging. The stiffness of the specimens sub-
jected to natural exposure fluctuated around an av-
erage value slightly higher (ca. 7%) than the initial
one. This behavior was attributed to the meteorolog-
ical conditions occurring just before the analysis of
the samples, as already reported in a previous arti-
cle.'® At longer exposure times, a higher value for
the modulus was measured and was associated with
the postcure occurring at later times. Although this
result was in agreement with the disappearance of
the residual heat of crosslinking reactions, measured
by the thermal analysis, it was somehow in contrast
with the decrease in T, when it was attributed only
to plasticization effects. However, reductions in T,
have also been previously justified by chain scissions

A2 resin - Natural weathering

20
15
g t
54
= 4 9 I
£ sl I
o 57 ¢
<10
-15- T T T T T T T
0 6 12 18 24 30 36 42
a Exposure time (months)
A2 resin - Artificial weathering
20
15- 3
E 10-_
5
=
=0 !
o 91 T
< 0. %
-15- . . : : ,
0 7 14 21 28 35
b Exposure time (days)

Figure 9 Variations in the maximum flexural strength
(AGyfex) measured on system A2 relative to the initial
value calculated for unexposed specimens measured dur-
ing (a) natural weathering and (b) artificial aging.



WEATHERING AND COLD-CURED EPOXY RESINS

A3 resin - Natural weathering
1' i

OI—EEEI

-2

-3

0 6 12 18 24 30 36
a Exposure time (months)
A3 resin - Artificial weathering

1-

0 T |
g T
o
o1
42

-3

0 7 14 21 28 35
b Exposure time (days)

Figure 10 Variations in the flexural modulus of elasticity
(AEgex) measured on system A3 relative to the initial value
calculated for unexposed specimens measured during (a)
natural weathering and (b) artificial aging.

due to thermal or UV degradation; in this case, a
higher elastic modulus along with a decrease in T,
were expected.'®*%2°

The effects of artificial weathering were a sudden
decrease in the flexural modulus, probably due to
both the plasticization effect of the entered water
and the erasure of the physical aging, followed by a
new increase up to values much higher than the ini-
tial one (an increase of ~ 60%), in a manner that
was similar to what was observed at the end of nat-
ural weathering. The increase in maximum flexural
strenght (o) observed at later aging times confirmed
the occurrence of postcuring.

Figure 9 (ab) reports variations in the flexural
maximum strength of the A2 system as function of
the exposure time for natural and artificial weather-
ing, respectively. The flexural maximum strengths
found for specimens cured for 10 days and 4.5
months were 27.1 and 41.6 MPa, respectively. Natu-
ral weathering produced a small average increase in
the flexural strength of about 6%, with fluctuations
of the flexural resistance around this average value.
Artificial weathering produced an initial decrease in
the maximum strength (ca. 25%) followed by a sub-
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stantial increase at longer exposure times, up to
33%. The same explanation just proposed for the
flexural modulus behavior could be extended to the
flexural strength behavior.

In Figure 10(a,b), variations in the flexural modu-
lus measured for the A3 system as function of the
exposure time for natural and artificial weathering,
respectively, are reported. The flexural modulus val-
ues measured for specimens cured for 10 days and
4.5 months were 1.6 and 3.3 MPa, respectively. The
stiffness of this system was only marginally influ-
enced by the external exposure, with an average
increase of about 9%, and the fluctuating values
were due to the external meteorological conditions.
As already discussed for the A2 system, long expo-
sure times were able to yield high flexural modulus
values also for A3 (with an increase up to 52%). The
effect of artificial weathering on the flexural stiffness
was again similar to that observed for the A2 sys-
tem. An initial decrease in the flexural modulus was
due to both the plasticization effect of water and the
erasure of physical aging; these effects were counter-
acted by the postcure taking place at longer weather-
ing times, as the decreased AH, indicated.
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Figure 11 Variations in the maximum flexural strength
(Acyg,) measured on system A3 relative to the initial value
calculated for unexposed specimens measured during (a)
natural weathering and (b) artificial aging.
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TABLE IV
AE’s of the Three Cured Resins Subjected to the
Artificial Weathering

Weathering time (days) Al A2 A3
0 0.00 0.00 0.00

7 9.78 6.44 3.50

15 16.38 6.63 6.79

34 34.01 23.33 8.56

Figure 11(a,b) reports variations in the flexural
maximum strength of the A3 system as function of
the exposure time for natural and artificial weather-
ing, respectively. Initial maximum resistances of 27.5
and 50.6 MPa were measured for unaged samples
cured for 10 days and 4.5 months, respectively. Nat-
ural weathering produced a slight increase in the
flexural strength of about 7%, whereas artificial
weathering produced the already observed initial
strong decrease followed by a substantial increase at
longer exposure times. The same considerations dis-
cussed for the A2 system could be extended to the
A3 system.

From the analysis of the flexural mechanical
results, we concluded that natural weathering pro-
duced a general decrease in the mechanical proper-
ties of the three systems analyzed, with an average
reduction in the flexural modulus of about 25%.
More severe reductions were recorded for the maxi-
mum flexural strength at longer exposure times for
the A1 system. The results of the test performed af-
ter natural exposure, moreover, were likely to have
been strongly affected by the proceeding of curing
reactions in the case of the A2 and A3 systems
exposed when the curing process was still in pro-
gress and fluctuations in climatic conditions.

Color measurements

The AE values of the resins subjected to artificial
weathering are reported in Table IV.

The results show that the treatment performed led
to higher variations in Al with respect to the other
two systems. The lowest AE values were generally
calculated at any aging time for the A3 aged speci-
mens, probably because of the presence of fillers in
this system. Variation of color was not promoted by
UV aging because the treatment was performed with-

TABLE V
AE’s of the A1 Resin Exposed to Natural Weathering
Weathering time (days) Al
0 0.00
3 20.82
6 26.22
9 27.47
15 31.13
21 32.22
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out light sources. The obtained results could, there-
fore, be ascribed to processes that were not activated
by UV radiation, such as hydrolysis and/or ther-
mooxidation.'®*>*” The latter processes could have, in
turn, severely affected the thermal and mechanical
bulk properties of the systems, as already discussed.
In Table V, the AE values of the Al specimens
exposed to natural weathering are reported. Greater
variations in color were noticed in the first period of
exposure. At longer times, an almost constant AE
value was achieved. By comparing the AE values
measured for the two different exposure regimes
performed on the Al system, we confirmed that arti-
ficial weathering affected the properties of the cold-
cured resins more severely: in the latter case, AE
grew continuously and never reached a constant
value, at least within the investigated aging time.

CONCLUSIONS

The exposure to weathering of the cold-cured epoxy
resins under study produced a general decrease in
the properties of the systems. The changes in ther-
mal and mechanical properties of the examined
epoxy resins after natural weathering were, in part,
reversible, according to the cyclic climatic conditions.

More severe effects were produced by artificial
aging; these was attributed to the improved influence
of single agents: the higher amount of water absorbed,
which was able to produce the plasticization of the res-
ins; the high temperature of exposure, which caused a
more rapid postcure; thermooxidative processes; and
the erasure of physical aging in the resins. Moreover,
these levels remained constant during the artificial
weathering treatment and were, therefore, more harsh
and not even able to reproduce the fluctuations in
external agents, which caused, in turn, fluctuations in
the properties of the cured systems. However, varia-
tions in the properties due to natural exposure and ar-
tificial weathering were qualitatively similar.

Only limited effects were attributed to the UV
aging because the most severe variations in proper-
ties were measured on the artificially aged systems,
where no UV exposure was performed. On the other
hand, UV exposure hurts and affects mainly the sur-
face of a material, altering to a limited extent the
bulk properties of thick specimens.

The behavior of the resins during natural expo-
sure, finally, was also appreciably influenced by the
progress of curing reactions, which were not com-
pleted before the exposure. We suggest, therefore,
that any aging treatments should be performed on
systems that have reached steady values of proper-
ties at the curing temperature chosen.
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