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A Test Method for Monitoring Modulus Changes during
Durability Tests on Building Joint Sealants

ABSTRACT: The durability of building joint sealants is generally assessed using a descriptive methodology
involving visual inspection of exposed specimens for defects. It is widely known that this methodology has
inherent limitations, including that the results are qualitative. A new test method is proposed that provides
more fundamental and quantitative information about changes occurring in a sealant during durability test-
ing. This test method utilizes a stress relaxation experiment to evaluate the non-linear viscoelastic behavior
of sealants. In particular, changes in the time dependence of the apparent modulus can be observed and
related to molecular changes in the sealant. Such changes often precede the formation of cracks and
the ultimate failure of the sealant. This paper compares results obtained from the new test method and the
currently used descriptive methodology.
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Introduction

Sealants are filled elastomers that are used commonly in structures in order to prevent moisture penetration
through gaps, joints, and other openings. These structures span a wide range of diverse applications,
including transportation vehicles and medical equipment. The greatest use of sealants, however, is in con-
struction. Studies in the construction industry have indicated a 50% failure rate in less than 10 years and a
95% failure rate within 20 years after installation [1-3]. 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. In the housing market, premature failure of sealants and subsequent moisture intrusion dam-
age significantly contribute to the $65 x 10° to $80 x 10° spent annually on home repair [4]. The environ-
mental durability, therefore, is the most demanding requirement of a sealant, as it is the property that
ultimately determines the long term service life.

Over the past few decades, extensive efforts have been devoted to investigating environmental effects
on the long term durability of sealants and to investigating degradation mechanisms [5—8]. However, the
accurate prediction of in-service performance in less time than required for field tests and tests on struc-
tures has remained an unsolved scientific issue. One of the main stumbling blocks to its solution is a lack
of reliable methods for accurately quantifying the environmental degradation factors in the laboratory and
field. Degradation measurements in the descriptive methodology usually involve visual evaluations of
physical performance, including crack and chip size, chalking behavior, and color change. Although such
a methodology can relate to a customer-perceived failure mode, it is qualitative and time consuming and
provides little insight into the mechanisms leading to these macroscopic changes. This makes it difficult to
develop models for accurately predicting sealant service life. An approach embedded in materials science
could provide theoretical insight into the degradation mechanisms, help develop predictive models, and
facilitate the establishment of a quantitative link between field and laboratory exposure results.
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The limitations of descriptive methodology have prompted the sealant community to seek improve-
ments in the testing of sealant materials. A recent paper [9] presented a new method that was developed in
cooperation with the sealant industry and which offers a solution to some of the issues inherent to the
current approach. In this new method, a stress relaxation measurement was employed that monitors tempo-
ral changes in stress for a sealant subjected to a fixed strain. From this information, an apparent modulus
versus time curve is generated. The magnitude and time dependence of this apparent modulus are related
to the molecular structure of the sealant. By monitoring how this modulus changes with exposure time in a
degradation experiment, one can estimate changes in the molecular structure of the sealant. Changes in the
modulus over time also provide crucial information about how a sealant responds to the stresses imposed
by the expansion and contraction of a structure over the diurnal cycle.

In a recent ASTM round robin for ASTM C1519-10, “Standard Test Method for Evaluating Durability
of Building Construction Sealants by Laboratory Accelerated Weathering Procedures,” four sealant sam-
ples were subjected to a series of laboratory accelerated weathering procedures and then evaluated using
the usual visual inspection methods. The purpose of this paper is to evaluate specimens from this round
robin using the new test method and to compare these results against results obtained from conventional
evaluations.

Experiment

Materials

The ASTM round robin utilized four sealants that are typical of commercial materials: a silicone, modified
polyester, an acrylic, and polyurethane. Specimens were provided to different laboratories. Each labora-
tory exposed the specimens according to the ASTM C1519-10 protocol and evaluated them after exposure
via visual inspection. The specimens were fabricated by curing the sealant between two metal beams in
the geometry shown in Fig. 1. This is similar to the geometry specified in ASTM C719 [10]. The speci-
mens were fabricated by one of the primary manufacturers of sealants and were arbitrarily identified by
the letters A through D. Specimens of each type of sealant were obtained from one of the participants in
the round robin. For each sealant, five replicate specimens were provided: two fresh specimens having no
exposure history, and three specimens after exposure according to the round robin protocol.

The specimen geometry used here is a widely accepted industry standard; however, unlike the simple
dog-bone geometry, the sealant is constrained where it is attached to the metal bars. Consequently, when
stretched, the center region of the sealant can contract laterally, but the sealant adjacent to the metal bars
cannot. This means that deformation is not uniform throughout the sample, and an apparent modulus
calculated from these tests, E,, will be different from that obtained in a simple tension test with a dog-
bone specimen, E. It is customary to treat this difference by defining a parameter, S, known as the shape
factor, where £, =S X E. As the goal for the test procedure developed in this work is for comparisons
using a single geometry, these results will be presented in terms of E,.

Characterization

Details of the new test method are described elsewhere [9]; briefly, it involves two steps: a preconditioning
step and the property measurement step. In the test, the two metal beams containing the sealant specimen are
pulled in tension in the direction perpendicular to the long axis of the specimen. The strain history is sche-
matically shown in Fig. 2. In the first step, the specimens were subjected to two loading-unloading-recovery
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FIG. 1—Schematic illustration of the test geometry used (left side is front view, right side is cross-
section).
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cycles. The motivation for this step is to quantify the Mullins effect and eliminate its influence in the subse-
quent characterization measurement. In order to do this, the maximum strain in the two cycles must be larger
than any strain seen in the specimen’s previous history, and the same maximum strain must be used when-
ever the procedure is conducted, so results can be compared. For the experiments here, a maximum tensile
strain of 26% was employed. This strain level was chosen because it exceeded the typical test movements of
*12.5% and £25% used in ASTM C719. In addition, 26% strain should not be large enough to introduce
any damage into the specimen. The loading-unloading tests utilized a crosshead speed of 2.64 mm/min so
that the total time under load (, in Fig. 2) was 150 s. In order to allow for viscoelastic recovery, the speci-
men was held at 0% strain for 1500 s (10z,) between cycles and before the next step. The test procedure
developed in Ref 9 assumes that there is complete or nearly complete recovery in the time period. The crite-
rion was that the compressive stress required in order to maintain zero strain at the end of recovery be less
than 1.5% of the maximum stress achieved during the tensile cycles. To evaluate the Mullins effect [9], the
loading curves on the two cycles were compared, and the magnitude of the effect was defined as the frac-
tional drop in stress between the first and second loading curves at a particular strain level 4,

(] ()bx) — 0'209()

Magnitude of Mullins =
g1 (/h)

(1

where ¢, and o, represent the stresses during the first and second loadings. At very low strains, the magni-
tude of the Mullins effect is difficult to determine because the experimental uncertainty is very high. In
this range, small differences in the position of zero strain generate large differences in the Mullins effect.
In contrast, as the strain approaches the maximum value achieved during the loading cycle, the Mullins
effect approaches zero. Between these extremes, however, there is a range of strains at which the magni-
tude of the Mullins effect remains relatively constant, changing by 10% or less. In the experiments here in
which the maximum strain in the loading curves is 26%, the magnitude of the Mullins effect was deter-
mined at strains of 10%, 15%, and 20%.

Once the Mullins effect was quantified and eliminated, the viscoelastic properties of the sealant were
measured in the second step of the procedure using a stress relaxation experiment (see Fig. 2). The speci-
mens were loaded rapidly (70 mm/min) in tension to a maximum tensile strain of 18%, which was chosen
arbitrarily between two limits, i.e., it must be significantly less than the strain level used in the Mullins
cycles while not being so low that accurate measurements of strain and load become difficult. Once this
strain level was attained, the specimen was held at that strain while the load was monitored as a function
of time. The specimen reached the hold strain in just under 1 s. Data points during the first 5 s after loading
commenced were ignored in order to eliminate confounding effects due to our inability to instantaneously
load a specimen to the predetermined strain.

From the stress relaxation data, E, was calculated using a relationship based on the statistical theory
of rubberlike elasticity [9,11-13]
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FIG. 2—Strain history used for Mullins cycles and stress relaxation tests.
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FIG. 3—Illustration of debonded sealant B.

where:
W and B = width and breadth of the sealant (Fig. 1),
L =1load,
t =time, and
A =extension ratio, which is given by

A=1+—= )

where:
A = crosshead displacement, and
H =undeformed height of the sealant.

Results and Discussion

The results from the visual observations made in the ASTM round robin after exposures are as follows:
Sealant B exhibited complete adhesive failure during the test, with separation primarily between the sealant
and the metal beam (Fig. 3). Moreover, these specimens’ dimensions exhibited permanent deformation as
seen in Fig. 3. Sealant A did not fail, but it also exhibited permanent deformation. In addition, Fig. 4 shows
that the metal beams were no longer parallel, suggesting that specimen loading might not have been sym-
metric. Other than the permanent deformation, however, sealant A showed no signs of cracking, debonding,
or color change. Sealants C and D displayed no visual changes over the stress relaxation period.

During the Mullins cycles, all four sealants met the criterion for complete or nearly complete recov-
ery. This was true despite the observation above that suggests sealants A and B might exhibit permanent
deformation if ¢, is sufficiently large. Figure 5 shows the average magnitude of the Mullins effect for two
samples of each sealant determined at a strain of 15%. Average values from tests on the exposed samples

FIG. 4—lllustration of distorted sealant A.
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FIG. 5—Average magnitude of the Mullins effect for the two samples of each sealant, determined at a
strain of 15%.

are shown as the cross-hatched area in each bar (no exposed data are available for sealant B specimens
because they failed during the exposure tests). Similar results were obtained at strains of 10% and 20%.
Note first that sealants A and D show a larger Mullins effect than sealants B and C. This indicates that the
network structures in A and D have more junction points that can be disrupted by strains of 26% than do
those in sealants B and C. Tests on specimens after exposure show a Mullins effect that is much less than
that observed for fresh specimens but well above zero. Two hypotheses could explain this observation,
either when considered on their own or in combination. First, if in the exposure tests the maximum strain
never reached 26%, some Mullins effect would be expected in the characterization experiments. Second, a
number of weeks passed between the exposure tests and the characterization experiments, and the speci-
mens were under no load during this period. It has been shown [9] that many sealants recover (at least par-
tially) some of the Magnitude of Mullins effect during such a period with no strain applied.

Figure 6 shows stress relaxation curves for all four fresh specimens. A wide variation in the stress
relaxation modulus curves for the four sealants is apparent. Sealants A and D are virtually indistinguish-
able over the range of times tested. Relative to the range of modulus seen in previous sealant testing [9],
sample B is near the soft end of the range, whereas sealant C is near the firm end. At very short times, seal-
ants A and D display an upturn toward a glassy modulus, suggesting that they might have higher glass
transition temperatures than sealants B and C. The curve for sealant C shows a slight downturn at long
times, suggesting that flow-like behavior or a secondary relaxation mechanism might occur in these speci-
mens over extended periods of time. Sealants A, C, and D show a clear rubbery plateau, whereas sealant B
exhibits a continuous decrease in modulus through the rubbery zone. This decrease, combined with the
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FIG. 6—Stress relaxation curves of fresh specimens of sealants A, B, C, and D.
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FIG. 7—Stress relaxation curves of fresh and degraded specimens of sealant D.

relatively low modulus in sealant B, suggests its network structure might have fewer junction points than
the networks in the other sealants.

All three sealant B specimens failed during the stress relaxation period, so it was not possible to char-
acterize the behavior of this sealant over the specified stress relaxation period. It is worth noting, however,
that the lack of a plateau in the curve shown in Fig. 7 for this sealant is consistent with the generation of a
permanent deformation in the specimen that is held under load for some time. It would be interesting to
perform diffusion studies to see whether the relatively low density of junction points in the network might
facilitate migration of environmental species, such as water, into the specimen, because this could weaken
the interface between the sealant and metal.

As noted above, the visual examination of the exposed C and D specimens revealed no visible changes
in the physical appearance of these sealants. The characterization curves, however, show that molecular
changes have occurred in these sealants. The stress relaxation behaviors after exposure are dramatically
different, as shown in Figs. 7 and 8. Also included in these plots are the data from the tests on fresh speci-
mens for comparison. The relaxation curves for sealant D shift down to approximately half of the values
of the unexposed counterparts, though the shape of the relaxation curve remains unchanged. This means
that the time-dependence of the apparent modulus is unaltered by exposure, at least in the range examined
here. Although the precise mechanism governing the decrease in apparent modulus remains ambiguous,
the results support a view that structural changes after exposure are brought about by a reduction in the
density of effective junction points in the network structure. Likewise, the magnitude of apparent modulus
for sealant C decreases after exposure by about 30%. Although the shapes of the curves are similar, there
is a less distinct downturn at long times than seen with the fresh sealants.

As stated above, exposure of sealant A produced no cracks, debonds, or color change, but some per-
manent deformation was present (Fig. 4). Two of the three exposed specimens were deformed to the point
that further exposure was not possible. Results of experiments on the third specimen are shown in Fig. 9.
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FIG. 8—Stress relaxation curves of fresh and degraded specimens of sealant C.
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FIG. 9—Stress relaxation curves of fresh and degraded specimens of sealant A.

As with sealants C and D, the relaxation behavior for this specimen shows a dramatic change after expo-
sure. Specifically, a noticeable increase in apparent modulus and substantial change in curve shape are
clearly evident. The plateau region at long times is completely absent. This change in the time dependence
of the apparent modulus indicates that drastic structural modification has occurred in the exposed speci-
mens. To ensure the reproducibility of this result, the characterization was performed for a second time,
and the relaxation curves for the two runs are virtually identical (Fig. 9).

In order to test this result, attempts were made to forcefully return the two highly deformed specimens
of sealant A to their original dimensions. Wedges and clamps were inserted in order to achieve the original
shape, and the specimens were held in this way for several weeks. After the wedges and clamps were
removed, the samples were allowed to set for several days. Some of the deformation returned, but not
enough to make the resumption of testing possible. Stress relaxation measurements were then performed
on the specimens, and the results are shown in Fig. 10. The new data show trends similar to what was
found with the initial exposed sample: the apparent moduli showed an increase, and the curve shape
changed significantly. Although the differences between the new curves and the curve for the first exposed
specimen could be the result of sample-to-sample variation, it is far more likely that the differences are
artifacts introduced by testing deformed specimens. Consequently, although tests on deformed specimens
might be useful for showing general trends, quantitative comparisons should be avoided.

The relaxation curves for fresh sealants A and D are identical (see Fig. 6). Moreover, neither shows
any cracking, debonding, or color change after exposure. The stress relaxation tests, however, show that
the effect of exposure on the two sealants is completely different. Whereas sealant D exhibits a decrease
in modulus with no change in curve shape, sealant A shows an increase in modulus and a dramatic change
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FIG. 10—Different stress relaxation curves obtained from forcing distorted degraded specimens of
sealant A to return to their original dimensions. The data for fresh specimens are also included for
comparison.
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in curve shape (see Figs. 7 and 9). This result clearly demonstrates the different viscoelastic response of
the sealants, which is not surprising given that their chemistries and formulations are different. This is
potentially important information that could not be obtained from conventional visual inspection.

Conclusions

A test method for assessing the durability of building joint sealants using a stress relaxation approach has
been examined. Specimens of four commercial sealant materials that underwent exposure conditions
according to ASTM C1519-10 as part of a round robin were obtained and utilized as model systems in
order to compare this new test method with the current, descriptive methodology involving visual inspec-
tion for defects. The results here show that the new test method not only allows meaningful quantitative
evaluation of sealant characteristics but also provides qualitative information about the molecular structure
of the sealants. It has been shown that important additional information that is not provided by visual
inspection can be obtained by using this test method. This is particularly evident in the results for sealants
C and D, for which visual inspection fails to reveal any changes after exposure even though significant
changes are detected by the stress relaxation measurements. Consequently, the results here indicate that
the viscoelastic characterization provides a robust methodology for quantitatively evaluating the durability
of building joint sealants.
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