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1. Introduction

Sealants are filled elastomers and are an essential component of modern construction, particularly for
high-rise structures having curtainwalls. They provide weatherproofing for structures by preventing
unwanted water intrusion in the joints between similar and different materials. Sealants are exposed to
various aging factors, including temperature, humidity, ultraviolet (UV) radiation, cyclic fatigue
deformation, airborne chemicals, and abrasion, all of which inevitably affect the long-term durability of
sealants [1-4]. Over the past two decades, rapid technological advances and tremendous market growth
in the sealant industry have given rise to a multitude of novel sealant products. Unlike sealants that have
been in use for many years and have a proven track record based on outdoor weathering as a standard
for performance, these novel products suffer from the lack of effective long-term performance data.
Hence, to decrease the risk of introducing poorly-performing sealants into the marketplace, anticipated

service lifetimes need to be determined from reliable accelerated laboratory tests.

Various quantification tests have been used to predict long-term performance of sealants more quickly
than outdoor field exposures [2, 4]. However, sealants have been reported to fail prematurely in the field
even though they have performed satisfactorily in accelerated laboratory tests. Studies by the
construction industry indeed have shown a 50 % failure rate within 10 years and a 95 % failure rate
within 20 years after installation [5-7]. What makes these failures particularly detrimental is that sealants
are often used in areas where moisture-induced degradation is difficult to monitor and expensive to
repair. Consequently, sealant failure is frequently detected only after considerable damage has occurred
to a structure. In residential housing, premature failure of sealants and subsequent damage by moisture
intrusion are a major contributor to the $65 to $80 billion spent annually on home repair [8]. The aim of
this research was to design laboratory equipment and instrumentation to accelerate degradation of
sealants and develop systematic methods for screening the relative importance of four different aging

factors that affect sealant degradation: temperature, relative humidity, UV radiation, and cyclic fatigue



deformation. The results from laboratory tests are correlated with outdoor field exposure because field

exposure is still a critical component for determining standards of performance.

2. Experimental

2.1 Materials and specimen preparation

Two commercial sealants provided by members of a National Institute Standards and
Technology/industry consortium were fabricated into sealant joints conforming to geometry in ASTM
C719 (Figure 1) [9]. The exact chemistry of these sealants was unknown so they will be simply denoted

as Sealants A and C.
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Figure 1. Schematic illustration of the test geometry used (not to scale).

2.2  Laboratory exposure conditions and characterization

Four custom-built sealant testing chambers employed in this study have the ability to independently
control temperature (+ 0.2 °C), relative humidity (RH) (= 0.5%), UV radiation, and deformation. Since
the deformation can be controlled, mechanical characterization tests can be performed without removing
the specimens from the chamber. A full description of the chamber design is documented elsewhere
[10]. Control of temperature was achieved via a precision temperature regulator; humidity control was
accomplished by proportional mixing of dry and saturated air; while a highly uniform flux of UV
radiation was attained by attaching the chambers to an integrating sphere-based radiation source
(Simulated Photodegradation via High Energy Radiant Exposure (SPHERE)) [11]. The SPHERE
produces a collimated highly-uniform UV flux of approximately 500 W/m? in the wavelength range
from 295 nm to 400 nm. The sealant specimen is attached between a fixed grip and a movable grip with
a computer-controlled stepper motor and transmission system providing precise movement control. Each
chamber has two motors with four specimen holders on each motor for a total of eight specimen holders.

Each specimen holder was attached to a hermetically sealed load cell with a capacity of + 113.4 kg. Two



linear variable differential transformers (LVVDT), one for each motor, with a deflection range of + 6.35
mm were used to measure sealant movement. Data from load cells and LVVDTs were fed directly to a
Keithley 2701 Ethernet-based data acquisition system. A custom-written LabVIEW program was used
to collect the voltage measurements from the Keithley system every 15 seconds, 24 hours a day. The
data was averaged once per minute and appended to a tab-delimited database on a remote server.

Specimens were either subjected to no mechanical deformation (denoted as ‘static’) or cyclic fatigue
deformation (denoted as ‘cyclic’). In cyclic fatigue tests, a total of 1460 cycles was imposed on each
specimen over the course of a month (38 min/cycle) using a triangle wave varying from 0 % to 25 %
strain. Prior to and after the exposure tests, the mechanical properties of the specimens were
characterized using a specific protocol. The sample was first subjected to two loading-unloading-
recovery cycles to a maximum strain of 26 %. The specimens were then subjected to a stress relaxation
measurement at a strain of 18 %. The strain history used is shown in Figure 2. The loading-unloading
tests utilized a cross-head speed of 2.64 mm/min so the total time under load was 150 s. To allow for
viscoelastic recovery, the sample was held at 0 % strain for 1,500 s before the next step. The motivation
for the two loading-unloading cycles was to quantify what is known as the Mullins effect and eliminate
its influence in the subsequent characterization test. The Mullins effect occurs in many polymers and is
characterized by a higher stress being produced at a given strain the first time the specimen is deformed
compared to that produced at the same strain in subsequent deformations. As long as the maximum
strain achieved during the first deformation is not exceeded, all subsequent loadings follow the same
loading curve so results are reproducible. In the stress relaxation test, the cross-head speed was 70
mm/min which meant the specimen reached the hold strain in just under 2 s. To allow for the non-
instantaneous loading, data point at less than 15 s were ignored. The load was then monitored for 2.5 h,
useful data were obtained between 15 s and 9,000 s. Following the stress relaxation test, a recovery
experiment was performed in which the sample strain was taken to 0 % and the stress was monitored for
2.5h,

From the stress relaxation data, an apparent modulus, E,, was calculated using a relationship based on

the statistical theory of rubber-like elasticity [12-14]:
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where W and B are the width and breath of the sealant (Figure 1), L is the load, t is the time and A is the

extension ratio, which is given by:
A=1+— (2

where A is the cross-head displacement and H is the undeformed height of the sealant. A fractional

change in apparent modulus, F, was used to characterize the effect of environment on E,:
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where E,,(t) and E,(t) are the apparent moduli before exposure and after exposures, respectively.

During cyclic fatigue or static tests, specimens were exposed to one of four environments involving
combinations of temperature and RH, i.e., (a) 30 °C and 0 % RH, (b) 30 °C and 75 % RH, (c) 50 °C and
0 % RH, and (d) 50 °C and 75 % RH. Henceforth, 50 °C will be denoted as ‘hot’, and 30 °C as ‘cold’;
75 % RH will be denoted at ‘wet’, and 0 % RH as ‘dry’. The effect of UV radiation on the durability of

sealant is currently being investigated, and will be published in the near future.
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Figure 2. Strain history used for Mullin cycles and stress relaxation tests.



2.3  Field exposure and characterization

Field exposure was performed in Gaithersburg, MD using custom-made thermally-driven outdoor
exposure engines, as shown in Figures 3 and 4. Each apparatus was composed of a fixed-support frame
and a moving frame. The fixed frame was made from wood and designed so that its length changed very
little with the temperature variations during the year. The moving frame consisted of two 101.6 mm
diameter polyvinyl chloride (PVC) pipes (Schedule 40) which have a significant thermal expansion
coefficient. The two frames are joined at one end and capped with custom stainless steel crosspieces at
the other ends. Six sealant specimens are attached between the crosspieces so the thermally driven
expansion and contraction of the PVC pipes produce strains in the specimens. The samples are held in
place by grips attached to the crosspieces with stainless steel rods. Each grip had a separate load cell to
monitor force while the displacement was measured with two LVDTSs attached between the crosspieces,
one attached at each end. The daily temperature variation produced a cyclic fatigue deformation in the
sealant specimens. A full description of the devices is to be found elsewhere [15]. Specimens were
placed into the device at a time when the temperature was approximately 13 °C (55 °F) so they were
under no load at that temperature. Two different types of engines were used: ‘summer/tension’ (Figure
3) and ‘summer/compression’ engines (Figure 4). For ‘summer/tension’ engines, PVC pipes expanded at
high temperatures and caused specimens to load in tension; conversely, specimens were loaded in
compression when pipes contracted at low temperatures, as shown schematically in Figures 3b and 3c.
With the ‘summer/compression’ design, the apparatus placed specimens in tension during the winter
(winter/tension) and in compression during the summer (‘summer/compression’) (Figures 4b and 4c).
Each apparatus was placed vertically facing south. For comparison, 2 specimens of each sealant were
placed nearby so they received the same exposure but with no applied strains. At approximately six-
month intervals, the specimens were removed from the exposure setting and characterized on the same
device used for the laboratory experiments. Before testing, external loads were applied to the specimens
to force them back to their original, unexposed dimensions. For the sealants studied here, experimental
evidence has shown that 10 days were sufficient to do this. The specimens were then characterized using
the same two loading-unloading-recovery cycles followed by a stress relaxation measurement. After
this, the specimens were returned to outdoor exposure in the same position as before. Consequently, the
specimens that were under tension in the summer were subjected to compression in the winter and vice

Versa.
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Figure 3. Schematic illustrations of (a) the thermally-driven ‘summer/tension’ PVC engines, and the

mechanism of the apparatus: (b) at a high temperature, the PVC pipe expands causing the specimen in

tension; and (c) at a low temperature, the pipe contracts causing the specimen in compression.
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Figure 4. Schematic illustration for the mechanism of the thermally driven ‘summer/compression’ PVC
engine (not to scale): (a) at a low temperature, the PVC pipe contracts causing the specimen in tension;

and (b) at a high temperature, the pipe expands causing the specimen in compression.



3. Results and Discussion

3.1 Exposure under Laboratory Conditions

Representative apparent moduli vs. relaxation time curves for specimens under ‘cyclic/cold/wet’
conditions prior to exposure and after completion of cyclic fatigue deformation in the NIST SPHERE
for one month are shown in Figure 5. There were up to four replicates in each test, and the vertical bars
indicate experimental uncertainty. The difference seen in Figure 5 between the two curves is significant.
Note that there is no change in the curve shape, implying that time dependence of the apparent modulus
is similar before and after exposures. However, the magnitude of apparent modulus decreased by a small
amount after exposure. Similar curves can be generated for all eight exposure conditions. To facilitate
comparison between different exposure conditions, stress relaxation data are presented as a fractional
change in apparent modulus (F), as a function of relaxation time (see Equation 3, Figure 6). In such a
graph, no change would be represented as a horizontal straight line at F=1. A horizontal line above or
below F=1 indicates that exposure caused a vertical shift in the stress relaxation curve but no change in
shape; i.e., the time dependence of the modulus did not change. Anything other than a horizontal straight
line indicates a change in the time dependence. The experimental uncertainty can be shown as a hashed
region on each side of F=1 so if the points for a given curve fall within this region, there is no change

outside the experimental uncertainty.

2e+6
2e+6 -
<
a
3
5 1e+6 7
©
s)
=
5e+5 1 | —e— Junes8
—&— June 30
100 10?1 102 108 104

Time (s)
Figure 5. Variation of apparent modulus as a function of relaxation time for Sealant C under

‘cyclic/cold/wet’ conditions before and after exposures.



1 Uneeftainty

e g gy L
0.6

0.4

Fractional Change in Modulus

10° 10t 102 103 10*
Time (s)

Figure 6. Variation of fractional change in modulus as a function of relaxation time for Sealant C under

‘cyclic/cold/wet’ conditions before and after exposures.

The variations of fractional change in relaxation modulus with time for different combinations of
temperature, mechanical movements and RH for Sealant A is shown in Figure 7 after one month in the
NIST SPHERE. It can be seen that the major effect of environmental exposure was a small increase in
the moduli (vertical shift up). For a few conditions, there was also a slight positive slope indicating that
the time dependence decreased slightly. This might suggest a small shift in the glass transition
temperature of the sealant, or the increase in modulus may simply reduce the effect of the falloff from
the glass to rubber transition. The effect of temperature on modulus was examined by comparing
‘static/cold/dry’ with ‘static/hot/dry’, or ‘static/cold/wet’ with ‘static/hot/wet’. These results revealed
that a higher temperature led to a larger increase in modulus; thus temperature effects may impact the
durability of this sealant. When the dry and wet tests results were compared, no consistent trend could
be identified; however, the results for cyclic fatigue (‘cyclic’ vs. ‘static’) clearly indicated that motion
had a significant effect. Figure 7 shows that exposure with cyclic fatigue deformation resulted in higher

fractional change in modulus than that for the corresponding ‘static’ conditions.

The fractional change in modulus as a function of relaxation time for Sealant C is shown in Figure 8.
Just as with Sealant A, the dominant change was a vertical shift. In this case the shift is down, and the
plots are near straight lines parallel to the abscissa. The largest effect was cyclic fatigue which produced
a significant drop in modulus in 3 of the 4 conditions. Temperature was also important and produced a

decrease in modulus for 2 of the 4 cases. In particular, the fractional change in modulus for



‘cyclic/hot/wet’ was 100 % greater than that of ‘cyclic/cold/wet’. In a relatively dry environment only
the tests with cyclic fatigue movement and high temperatures produced a significant change in modulus.
The moisture-assisted deterioration in modulus can be viewed by comparing ‘cyclic/hot/wet” with
‘cyclic/hot/dry’, ‘static/hot/wet’ with ‘static/hot/dry’, or ‘cyclic/cold/wet’ with ‘cyclic/cold/dry’. From
this comparison, the moisture effect on modulus decrease was clearly seen from all conditions involving
either a high temperature, cyclic fatigue deformation or the combination of both factors. The increase in
the latter environment was relatively significant. However, the role of moisture in the static performance
at a low temperature was comparatively trivial (c.f. ‘static/cold/dry’ and ‘static/cold/wet’). In a ‘cold’
and ‘dry’ environment, cyclic fatigue deformation had no apparent effect on the performance of sealant
specimens (c.f. ‘cyclic/cold/dry’ and ‘static/cold/dry’). When the cyclic fatigue movement was applied
with a high temperature, a pronounced decrease in fractional modulus was observed (c.f. ‘cyclic/hot/dry’

and ‘cyclic/hot/wet’ conditions).
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Figure 7. Stress relaxation curve for both static and cyclic fatigue tests of Sealant A.
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Figure 8. Stress relaxation curve for both static and cyclic fatigue tests of Sealant C.

3.2 Exposure under field conditions

Modulus curves such as those shown in Figure 5 were obtained for each sample before outdoor exposure
and at six-month intervals over the two and a half years of exposure. The tests were started in the
spring, so the first 6 months are designated ‘summer 1°. Much like the SPHERE data, the major impact
of environmental exposure was to shift the curves vertically with little change in shape. Consequently,
the analysis can be simplified by focusing on the vertical position of the curves. To characterize the
vertical position for each curve, it was decided to determine the value of apparent modulus at 100 s.
Figures 9 and 10 show the 100 s moduli values for specimens exposed outdoors with no imposed strain
(baseline), strain imposed by the summer tension apparatus, and strain imposed by the
‘summer/compression’ apparatus. In the outdoor testing, it is easy to examine the effect of cyclic
fatigue deformation by comparing the baseline data (exposure but no strain) with the cyclic data from
the ‘summer/tension’ and ‘summer/compression’ engines. For Sealant A, the baseline data showed a
significant increase in apparent modulus after the first summer of outdoor exposure. In subsequent
exposure, the apparent modulus for the baseline specimens remained constant or increased slightly over
the next two years. This suggests that the exposure, particularly the high temperatures during the first

summer, produced either chemical reactions that increased the effective cross-link density or a loss of



solvent which increased stiffness. After the first 6 months, these changes stopped or slowed
significantly. This result correlated well with the earlier observations seen for the laboratory accelerated
exposure. For those specimens that experienced cyclic strain, the apparent moduli were well below that
for the baseline samples with similar exposure. Thus, cyclic fatigue deformation decreased modulus
while exposure increased it. This would indicate that two different mechanisms were present at the same
time. The results in Figure 9 also indicate that tension had a larger effect than compression. In all but
one case, tension produced a larger change relative to the baseline than compression regardless of
temperature. Overall, however, the changes after 2.5 years of exposure were smaller than those observed
in the laboratory tests. Unlike the outdoor exposure, modulus changes were readily detectable after a
month of exposure under relatively more severe laboratory test conditions. Although the outdoor results
gathered thus far show only small changes, these preliminary results showed potential for establishing
correlations between the outdoor and indoor accelerated tests. The monitoring of modulus change in

outdoor specimens is continuing.
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Figure 9. Modulus change as a function of time for Sealant A exposed to outdoor weathering.

The apparent modulus changes as a function of exposure for Sealant C is shown in Figure 10. Unlike
Sealant A, the modulus of outdoor exposed Sealant C without any mechanical strain (baseline) did not

undergo any changes even after 2.5 years of exposure. Under temperature-driven cyclic fatigue loading,



a decrease in modulus was observed after the first summer for both ‘summer/tension’ and
‘summer/compression’ engines. A greater modulus decrease was seen for the ‘summer/tension’ engines.
The initial modulus decrease in Sealant C after the first summer was also seen for Sealant A (see Figure
9). In subsequent exposure with cyclic strain, there was some recovery of modulus, but the values were
always below those from the baseline tests. This observation agreed with that seen from the laboratory
accelerated exposures. Similar results have been reported in the literature. In the study of various latex
and solvent-borne acrylic sealant products, Karpati [16] also found that cyclic fatigue movement was the
major aging factor during outdoor exposure and that outdoor weathering alone had a negligible effect.
As with Sealant A, Figure 10 shows that tension had a larger effect than compression or temperature,
since the largest modulus decrease in each set of tests was in the specimens in tension. The laboratory
tests utilized only tension, so a comparison with compression results is not possible. Temperature,
however, seems to be more important in the laboratory tests than the outdoor results so far. There are
two reasons for this. First, the outdoor specimens saw both hot and cold temperatures during exposure,
and second, the temperature range studies in the laboratory extended to much higher values, which
would greatly accelerate any effects. More time is needed in the outdoor tests to establish and test a

correlation.
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Figure 10. Modulus change as a function of time for Sealant C exposed to outdoor weathering.



4. Conclusions

Test methods were developed to duplicate the failure modes that occur in sealants during environmental
exposure. The methods used a systematic approach to identify independent and synergistic effects of
various aging factors on the durability of sealants. Two different types of sealants were studied, which
were denoted as Sealants A and C. Sealants were evaluated for changes in modulus and stress relaxation.
Changes in modulus were monitored over time in accelerated laboratory exposure over one month
period while field exposure was evaluated every six months. Laboratory tests revealed that high
temperature and cyclic fatigue deformation had a significant effect in increasing the modulus of Sealant
A. For Sealant C, laboratory exposure showed that, in the absence of cyclic fatigue deformation, only
the combination of high temperature and humidity produced a significant decrease in modulus. With
cyclic fatigue deformation, only the specimens tested in cold, dry conditions failed to show a decrease in
modulus. The preliminary outdoor exposure results for Sealant A showed promising correlation in that a
modulus increase was observed for outdoor exposed specimens without any cyclic fatigue deformation
and for laboratory-accelerated specimens. In the case of Sealant C, sealants exposed to field conditions
exhibited little change without cyclic fatigue deformation, which agrees with the results from the
accelerated laboratory test. Consequently, although the results are still preliminary, the methodology
shows promise as a means to estimate service life of sealants in field conditions similar to those the
sealant may encounter under actual use conditions. The present study has clearly showed the importance
of designing experiments that enable the various aging factors to be systematically evaluated.
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