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Abstract

Since the early 2000s, an increasing number of globally reported fires in tall buildings, which have
spread quickly, have been attributed to the facade. These dramatic events have raised concerns
regarding the fire risk posed by materials used in facades and inside the building. Improved
performance in both reaction to fire and fire resistance is a necessary requirement for construction
materials. Silicone is used in many locations of the facade and buildings, such as sealing of linear joints
or firestopping of penetrants in fire-rated walls and floors. Standardized testing enables the evaluation
of the fire resistance of such linear and penetration seals in terms of integrity (avoiding the passage of
hot smoke and flames) and insulation (limiting the rise of temperature on the non-exposed side).
Silicone can also be used to assemble glass-to-metal frames in bonding applications such as smoke
barriers. In these applications, retention of bonding and the mechanical properties of the silicone are
a cause for concern when exposed to smoke and high temperature. This paper reviews the high-
temperature behavior of a selected range of silicones used for sealing and bonding in construction.
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1. Background

Since the early 2000s, there has been a steady succession of incidents associated with the outbreak of
fire in high rise buildings, whereby the exterior walls have been identified as a specific concern for
spread of fire. Fire performance levels demanded by construction regulations (UAE 2018, UK 2019)
have been increased, placing specific requirements upon engineers and architects with regard to the
fire related performance of their structures. Specifically, minimizing the likelihood of a fire and
reducing damage and personal injury in an inevitable fire event must take utmost priority. Some of the
building regulations can only be met if new fire resisting materials and improved design concepts are
used. Sealants and adhesives are an essential element to fulfil both compliance with building code
requirements (e.g., thermal performance) and respect the architectural design intent. Thanks to their
unique chemical composition, silicones combine interesting mechanical properties and durability of
performance which makes them the material of choice for bonding assemblies (Wolf 2017) in facades
and buildings. Importantly, silicones also show promising behavior upon fire exposure.

The fire performance of sealants can be assessed through different testing standards. In the reaction
to fire tests, suitable materials do not propagate fire when they burn and do not continue burning for
any significant period following removal of the source of ignition. Important test methods are, for
example, the single burning item test (EC 2010) and the surface spread of flame of building materials
(EC 2002). Results of reaction to fire testing of silicones indicate that this material tends to burn locally,
without flame propagation laterally or vertically and without production of flaming droplets. In other
words, silicones do not contribute significantly to the development of fire in the early stages. Standards
such as EN1366 part 3 and part 4 (EC 2009, EC 2010) allow the evaluation of fire resistance of sealants
used as linear joints and penetration seals in fire-rated walls and floors. Results of fire resistance tests
show that fire-rated silicones maintain adhesion upon fire exposure and can reach more than 4 h
integrity (E) and insulation (1) resistance, making them an effective means to block passage of hot
smoke, gases and flames and prevent heat increase on the non-exposed side of a fire-rated
compartment (EOTA 2017).

Designers seeking to fulfil fire requirements and using silicone bonding need to know how strong the
silicone is, how long it will last and how the assembly will perform in a fire. In the event of a fire,
bonding sealants should therefore not only maintain adhesion like the weatherproofing sealants, but
also keep appropriate levels of residual strength. Figure 1 shows bonded glass units after exposure to
a real external fire.
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Fig. 1: Example of bonded glass units after exposure to a real external fire: the glass shards are still retained on the
aluminum frame (A) and the silicone shows a char on its surface (B). The char formation follows an oxidative process
resulting in silicate-like (SiO3) structures (C).
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During the fire, the heat was sufficient to distort metalwork. However, the silicone still showed some
level of adhesion, retaining the shards of the broken glass on the frame. Furthermore, a char can be
seen on the silicone surface, resulting from the oxidative degradation of silicone to silicate-like (SiO3)
structures (Tomer 2012, Camino 2002). Although considerable confidence in bonding silicones can be
drawn from this type of result, it is important to quantify fire resistance. Unlike weatherproofing
sealants, the standardization route to determine the fire resistance of bonding sealants is not well
defined. Typical testing standards available to assess the performance of a curtain wall, such as the
EN1364 series (EC 2014a, EC 2014b), do not allow an evaluation of the performance of bonded and
unitized facades as their scope is currently limited to mechanically fixed fagades. Efforts are in place to
revise these standards to include this type of fagade as well (Anderson 2021).

As well as resistance upon direct fire (flame) exposure, designers also seek answers regarding the
flammability of the bonding silicones when exposed to high temperatures. Silicone sealants that bond
to a fire-resistant surface, which shields the bonding sealant from the flames and oxygen, will not tend
to burn, but it is important to ensure that the heat conducted to the bonding sealant does not impair
its adhesion or mechanical performance. Bonding silicone sealants can also be used to fix protection
systems such as smoke curtains. In this type of application, the sealant will not see direct flames but
will be exposed to hot smoke. The smoke temperature depends on many factors, such as the heat
release rate of the fire, gas velocity, geometric constraints (e.g., longitudinal versus transversal gas
flow), and the distance from the smoke source (Li 2011, Shi 2014, Yi 2019). Experiments suggested that
smoke temperatures typically vary between temperatures around 400 °C when the exposure to smoke
is close to the origin of the fire and less than 100 °C at larger distances (Hu 2005, Shi 2014, Starr 2014,
Li 2017, Yao 2017, Yi 2019). Similarly, the European norm EN12101 (EC 2005) specifies a temperature
of 200 °C for the testing of material permeability to smoke.

Even though silicone sealants do not melt, softening and potential degradation can occur upon
exposure to high temperatures. Although the sealant might not show signs of visible deterioration
especially when not exposed directly to flames but only to heat, it is critical to maintain mechanical
integrity of the bonding seal upon high temperature exposure. For this purpose, it is key to determine
the maximum time-temperature exposure of the material that would lead to mandatory sealant
replacement. Very little is known about the loss of mechanical performance of silicone elastomers
exposed to high temperatures. The study in this article is presenting the mechanical performance of
state-of-the-art silicones used for bonding (structural glazing) and secondary sealing of insulating glass
units (IGU) after exposure to high temperatures. The conclusions can be used to infer the behavior of
these materials when exposed to smoke or reached by the bonded surface in the event of a fire,
without direct flame exposure.

2. Experimental

There is no standard procedure available for the classification of sealants according to their thermal
and mechanical stability. The data provided by manufacturers are based on various processes and
assessment criteria. The test methods can differ in terms of duration of heat ageing, while the
assessment can be based on different material characteristics, such as change in hardness, modulus,
elongation and tensile strength at break, or ability of an adhesive to retain its adhesion on a hot surface.
Depending on their use in the fagade, different properties should be maintained upon exposure to high
temperature. Bonding silicones used in fagade or insulating glass should not only retain adhesion to
the assembled substrates (e.g., glass and metal) but their ultimate tensile strength and modulus should
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not deteriorate significantly to maintain the bonding capacity. If movements of a particular scale are
to be absorbed, a certain minimum elongation at break must also be ensured.

In terms of temperature and duration of the exposure, the target was to prove that bonding sealants
maintain mechanical properties with minimum 75% of the original values after 2 hours at 180 °C. The
temperature of 180 °C is the limit above which spontaneous ignition of materials may occur even in
the absence of direct fire and flame exposure. It is one of the parameters defining insulation (l) criteria
(EC 2007). The duration of 2 hours was chosen as it corresponds with an often required fire resistance
performance level in the industry for insulation and integrity of linear joints. However, additional
temperatures were also evaluated to better understand material behavior. In the event of a real fire,
it is possible that sealants will be exposed to the combined effect of temperature (up to 180 °C) and
different mechanical loads, for instance the self-weight of glass or thermal movements. It is known
that combining loads can reinforce their individual effect, however, this imposes more complex testing
procedure and equipment. To compensate for single load testing, an additional safety procedure
consists in requiring a relatively high retention of the initial mechanical properties to compensate for
unforeseen effects. A threshold value of 75% of the initial properties after thermal ageing was chosen,
aligned with the ETAG002 (EOTA 2012) approach. This threshold approach has been successfully and
safely used for more than 20 years in silicone structural glazing to compensate for the use of single
load tests.

Heating was performed in a Carbolite CWF1100 oven (5 L chamber volume). After an equilibration time
of 15 min, the samples were introduced into the oven at the desired temperature. Oven temperature
and temperature uniformity were controlled with an IR camera (FLIR E6).

The sealants used in this study were representative commercially available materials as described in
Table 1. Bonding silicones used in fagade and insulating glass were evaluated, both mono-component
and two-component. As a comparison, a PU bonding sealant, used typically for bonding of windows in
railway and transportation, was evaluated in similar conditions. Relevant initial properties are provided
in Table 1.

Table 1: Mechanical properties of the materials tested in this study. a) Determined by dynamic mechanical analysis (DMA)
at a frequency at 10 Hz and 30 °C. b) ISO 8339 (ISO 2005). c) Technical datasheet

E' Tensile Strength Elongation at Break Stress at 12.5%
Material
(MPa)? (MPa) (%) (MPa)
DOWSIL™ 993 Structural Glazing Sealant 7 0.95¢ 130°¢ 0.45°
DOWSIL™ 895 Structural Glazing Sealant 3.5 1.06° 260°¢ 1.0°
DOWSIL™ 3363 Insulating Glass Sealant 11.9 1.5¢ 35b 0.75°
1-part polyurethane bonding sealant 5.6 6¢ 500¢ -

Different types of samples were prepared to allow quantitative assessment of the change in
mechanical performance with heat and duration of exposure. A first series consisted of small
aluminium cups filled flush with the surface and left to cure for at least 28 days at 23 °C and 50%
humidity in a controlled climate chamber. These cups were used to assess the behavior at different
temperatures and duration of exposure using a thermogravimetric analysis (TGA) and dynamic
mechanical analysis (DMA).
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TGA was conducted on a TGA/DSC 3+ (Mettler-Toledo) using an aluminium oxide pan (70 uL) under air
or nitrogen flow (50 mL/min) either in isothermal mode (200 °C, 3 h) or dynamic mode with a fixed
heating rate (10 °C/min) from 30 to 900 °C. The coupling of TGA to a differential scanning calorimetry
(DSC) sensor allowed concurrent recording of mass loss and heat flow during combustion. To compare
the mass loss after the 3 h isotherm between sealants containing different filler levels, equation 1 was
used to account for the undegradable filler, providing a mass loss only based on the polymer matrix.

polymer loss (Wt%) = (1 - %) x 100 (D

The filler content can be determined from dynamic TGA experiments under nitrogen using the residue
between 450 and 600 °C. Additionally, carbon black formation during TGA under nitrogen was
accounted for by a final heating ramp under air.

DMA (Figure 2) is a versatile technique that can rapidly assess the viscoelastic mechanical properties
of materials. For this report we focused on E’, representing the elastic properties of the material.
Conceptually, E’ is related to the Young modulus and is a measure for material stiffness. However, E’
is determined from an oscillating deformation, whereas the Young modulus in tensile testing is derived
from a continuous deformation, making a direct comparison difficult. In practice, E’ values are often
higher than the Young modulus (Narducci 2016, Gioia 2020), which was also observed in the present
studies. The absolute value of the modulus from DMA is dependent on instrumentation (Deng 2007)
and following the recommendation of ASTM D4065 (ASTM 2017), E’ was used to identify trends in
decreased mechanical performance and stiffness after heat treatment compared to the pristine
material before heat treatment. Ultimately, the observed trends of E’ will also apply to measurements
of the Young modulus in tensile testing.

DMA was performed on a Metravib 0.1dB Viscoanalyzer DMA50 in tensile mode with a fixed gap
between clamps of 6 mm. The samples were cut into rectangles of approximately 20 mm length, 17
mm width, and 2 mm thickness. Storage (E’) and loss (E”’) modulus of samples without heat treatment
and after heat treatment were determined in frequency sweep measurements from 0.1 to 100 Hz, at
30 °C and a fixed static force between 0.3 to 1 N, resulting in a strain of 0.5% (i.e., a deformation of 30

pum).

<+— transducer —
measures force
(stress)

«—— sample

<+— actuator —
applies deformation
(strain)

Fig. 2: Principle of a DMA setup in tensile mode
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Conventional tension-adhesion (TA) joints (12x12x50 mm?3), prepared according to 1ISO 8339 (ISO 2005)
both on glass and on aluminium substrates were used to evaluate quantitatively the mechanical
properties of the heated sealants. Samples were tested at 5 mm/min. Testing itself was performed at
RT. At least 3 TA joints were tested to failure after each temperature ageing. From the stress-strain
curve, the stress at 12.5%, the tensile strength and total elongation at maximum force were defined.

Indications of how the permanent load or creep resistance would behave after heat ageing was first
evaluated for DOWSIL™ 993 Structural Glazing Sealant with lap shear samples of dimension 20 mm by
25 mm. Heat aged samples (2 h at 180 °C) were exposed to permanent weights at room temperature
as well as in an oven at 60 °C, 85% RH, for 3months to accelerate the ageing condition. The weights
applied on the bonded surface results in a permanent loading of 7000 and 11000 Pa respectively. These
values were chosen as they are the permanent load resistance of a pristine DOWSIL™ 993 Structural
Glazing Sealant and of a pristine DOWSIL™ 895 Structural Glazing Sealant. Compared to 11000 Pa, the
value of 7000 Pa represents only 63% instead of the previously used threshold value of 75%. Similar to
the evaluation of the creep test defined in the guideline for silicone structural glazing ETAG002 (EOTA
2012), the movement during the loading and residual after unloading was monitored. In a second step,
an adapted double H-piece was built and loaded as sketched in Figure 3. Again, different weights
representing dead loads of 11000 Pa and 7000 Pa were hung from the central aluminum substrate to
induce the permanent shear deformation. Permanent shear loading along the longitudinal direction or
along the transverse direction were evaluated.

Fig. 3: Sketch of the double H piece, heat aged for2 ho at 180°C before being permanently loaded with various weights for 3
months in an oven at 60 °C and 85% RH
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3. Results

In a first step, cup samples were exposed for various times (30 to 180 min) to increasing temperatures
up to 300 °C to identify critical values for both parameters as a function of the sealant. After heat
exposure, cross sections of the cups were prepared and TGA and DMA performed at various locations
of the bulk and the surface (Figure 4).

200 °C, 120 min

Surface sample:
2 mm depth

no heat

Bulk sample:
4—7 mm depth

Fig. 4: Representative photograph of bonding silicone DOWSIL™ 993 Sealant before and after 120 min exposure at 200 °C.

The storage modulus E’ of the bonding and secondary sealing sealants decreases as temperature
increases above 150 °C. As an illustration, Figure 5 shows the decrease in E’ for 30 min exposure up to
300 °C for DOWSIL™ 993 Structural Glazing Sealant and DOWSIL™ 3363 Insulating Glass Sealant.
Although the surface and bulk have similar DMA moduli at RT, a slight difference occurs after heat
exposure, with the surface showing higher E’ values than the bulk. DMA measurements of dogbone
sheets with 2 mm thickness showed a decrease of E’ that matched the E’ decrease for the surface
samples, suggesting that such sheets do not capture bulk degradation. Therefore, being prepared out
of thin sheets, the resulting modulus of dogbones after heat treatment will be higher than for a TA
joint and less representative of real ageing conditions involving joints with a minimum sealant depth
of 6 mm. This difference motivated the choice in the remainder of this paper to use TA joints (ISO 2005)
to evaluate the materials’ performance rather than working with dogbones (1ISO 2019). At 300 °C a
significant softening of the material occurred which does not allow reliable measurement of the bulk
modulus. The loss of strength compared to the reference is larger than 25% at 250 °C and therefore
further evaluation will be focused on 180 °C, maximum 200 °C.

8 - 14 -
12 { ad
-
6 10 1 -
o ©
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g m Bulk = 61 m Bulk
W wo, |
2 .
2 4
0 A 0
no heat 200°C 250°C 300°C no heat 200 °C 250 °C 300 °C

Fig. 5: DOWSIL™ 993 Sealant (left) and DOWSIL™ 3363 Sealant (right) storage moduli at RT and after 30 min exposure at
various temperatures. Measurements were conducted on samples from the surface and the bulk.
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As the exposure time was increased at a fixed 200 °C heating temperature, the E’ (Figure 6) decreased
following a first-order rate law according to equations 2 and 3, with E’y as the initial modulus before
heat exposure, the rate constant k, and time t.

E'(t) = Eg ekt (2)
InE'(t) = InEy — kt 3)
349 o Surf Keur = 3.3£0.3 x103min"’ 3 . o Surf Ksut=3.920.4 %103 min-1
7251 © Buk kyy=58405x10°min"  §2.5 4.2 BUlk Kok =57 £0.3 10 min"
o o s &
S 2%:2.o.__ = 27 N s "
£15] SN .  E15 e
w1 il S w 1
105 e e 505 | T (SRR
0 T T T T T T T 1 0 T T T T T T T 1
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Exposure Time (min) Exposure Time (min)

Fig. 6: Evolution of the storage modulus E’ for DOWSIL™ 993 Sealant (left) and DOWSIL™ 3363 Sealant (right) with time at
200 °C.

Using equation 2, the 12.5% Modulus of the DOWSIL™ 993 Structural Glazing Sealant after 2 h at 200 °C
was calculated based on the average rate constant ((ksuri+kbuik)/2). The predicted value (0.26 MPa) and
measured value (0.26+0.02 MPa) were very close. The determined rate constant is an absolute
measure for heat stability of the evaluated material. It should be used with caution and not
extrapolated beyond the assessed exposure time range. Notably the first-order rate dependence also
applied for the modulus of the DOWSIL™ 3363 Insulating Glass Secondary Sealant. However, the mono-
component bonding sealant DOWSIL™ 895 Structural Glazing Sealant followed a second order decay
according to Equation 4. Based on chemical kinetics, second-order decay proceeds slower than first-
order decays and DOWSIL™ 895 Structural Glazing Sealant should show better property retention upon
high temperature exposure.

1 1
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Fig. 7: Evolution of the storage modulus E’ for DOWSIL™ 895 Sealant with time at 200 °C.
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Importantly, the non-silicone, polyurethane (PU)-based bonding sealant exposed to similar conditions
showed a quite different behavior. The material has a reference E’ modulus of 5.6 MPa (before heat

exposure). After 2 h exposure at 200 °C, the material has softened too much to allow measurement of
the modulus (Figure 8).

200 °C, 120 min 200°C, 120 min

1em

Polyurethane sealant - >
E' =5.6 MPa

>

Fig. 8: Polyurethane-based bonding sealant before and after heat ageing at 200 °C for 2 h. After heating, the sealant was
too soft for mechanical analysis and it was possible to push a flat spatula without much resistance into the sealant.

The mass loss according to isothermal TGA measurements at 200 °C for 3 h is considerable for the PU
(20% of the total polymer mass) and neglectable at less than 2% for all the evaluated silicone sealants
independent of their type (Figure 9A). The overlay of the mass loss curves for bonding and PU sealant
demonstrates the fast and continued degradation of the PU sealant at 200 °C (Figure 9B). This was
further verified by a temperature ramp from 30 to 900 °C, showing a steep weight loss starting at
200 °C for the PU sealant. The mass loss of the bonding silicone occurs later and at a lower slope (Figure

9C).

A Isotherm 200 °C, 3 h B C o0,

z 20 4

H 80 A

= 15 1 X 954 2
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- @ Isotherm 200 °C ‘D 40

I g 30 A ;

(7] —1

g 51 20

2 —3 -3

£ 0- 85 - - T T 0 T . - S
1 2 3 0 40 80 120 160 0 200 400 600 800

Time (min) Temperature (°C)

Fig. 9: Thermal analysis of bonding silicone DOWSIL™ 993 Sealant (1), secondary sealing DOWSIL™ 3363 Sealant (2) and PU
(3) sealants. Isothermal thermogravimetric analysis (TGA) at 200 °C under air for 3 h showed a much higher total polymer
mass loss for PU (3) than for the silicone bonding (1) and secondary sealing (2) sealants (A). The comparison of the mass
loss curves for bonding (1) and PU (3) sealant show the steep decrease of 3 (B). Dynamic TGA with a heating rate of
10 °C/min under air confirmed the faster mass loss of PU (3) compared to bonding silicone (1) (C).
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Furthermore, the PU releases about 480% more heat (7800 J/g) than a comparable silicone sealant
(1600 J/g; Figure 10) and will contribute more to the fire development.

15 1

10 A

Heat Flow (W/g)
w

0 200 400 600 800
Temperature (°C)

Fig. 10: The heat flow recorded during dynamic TGA showed the increased heat release of the PU sealant 3. The peak area
of the heat flow curves amount to 7800 and 1600 J/g for PU (3) and bonding silicone DOWSIL™ 993 Sealant (1), respectively.

In a second step, the change in mechanical properties was evaluated through TA joints testing. Figure
11 shows the tensile stress-strain behavior of the DOWSIL™ 993 Structural Glazing Sealant TA joints
after 120 min at different temperatures on glass and aluminium substrates. The tensile strength and
stiffness decrease, whilst the elongation capacity is retained. When heated for 2 h at 180 °C the
material retains adhesion and cohesive failure is observed. Some partial adhesive failure starts to occur
after 2 h at 200 °C on glass which is not observed on aluminium substrates until 250 °C. As the samples
undergo 2 h exposure at 250 °C, adhesive failure is observed on both glass and aluminium (Figure 12).
The better adhesion on aluminium substrates versus glass is well-known (Descamps 1994) as besides
covalent Si-O-Si bonds, a physical interlocking in the pores of the aluminium surface occurs. Despite
the observed adhesive failure, the values of tensile strength and elongation are still acceptable.

T 144 ) = 14l
= 12 o
g 1.0 | 2 o]
» 08 £ sl
o) o
£ 061 2 0.6-
g 0.4 no heat =
5 02! el qagmin & 200 °C, 120 min
T ’ 2 1/ 250 °C, 120 min
OO T T T T T T T |‘ T w 0.0-, T T T T T T T T
0.0 02 04 06 08 10 1.2 14 16 00 02 0406 08 10 1.2 1.4 186
Engineering Strain (-) Engineering Strain (-)

Fig. 11: Tensile stress-strain curve of bonding sealant DOWSIL™ 993 TA joints without heat exposure and after 2 h at
different temperatures (left: glass substrates, right: aluminum substrates).
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Fig. 12: DOWSIL™ 993 Sealant: adhesion mode as function of exposure conditions. Partial adhesive failure on glass after 2 h

at 200 °C (A) but cohesive failure on aluminium (B) after 2 h at 200 °C, partial adhesive failure on aluminium (C) after 2 h at

temperatures above 250 °C. Despite the change in failure mode, sufficient levels of mechanical performance are maintained
to ensure safe use (see text).

Interesting to note is that preliminary testing on a limited number of samples at significantly longer
exposure times (up to 6 h) at 200°C does not indicate much further degradation of the mechanical
properties of the DOWSIL™ 993 Structural Glazing Sealant (Figure 13). This observation correlates with
an exponential decay for the first few hours of exposure that slows down at a longer time scale. The
dominating degradation mechanism consequently changes as exposure times reach several days,
resulting in harder and brittle sealants with higher modulus, that the exponential decay law will no
longer predict. Further testing is ongoing to confirm these observations.

14] 993 — alu

1.2+

1.0
0.8
0.6

0.41 200 °C, 120 min
200 °C, 240 min

200 °C, 360 min

0.2+

Engineering Stress (MPa)

ool
00 02 04 06 08 1.0 1.2 14 16
Engineering Strain (-)

Fig. 13: Tensile stress-strain curve of bonding silicone DOWSIL™ 993 Sealant TA joints without heat exposure and after 2 h,
4 h and 6 h at 200 °C on aluminum substrates.

The secondary sealant DOWSIL™ 3363 Insulating Glass Sealant, behaves in a similar way, as illustrated
in Figure 14 (left). The partial adhesion loss on glass is only observed when temperatures exceed 200 °C,
which explains the better retention of properties. DOWSIL™ 895 Structural Glazing Sealant shows
(Figure 14 right) a more stable behavior with little degradation between 180 and 200 °C in TA joints,
which is similar to the previous DMA results.
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Fig. 14: Tensile stress-strain curve of TA joints of the secondary silicone DOWSIL™ 3363 Sealant (left) and bonding silicone
DOWSIL™ 895 Sealant (right) without heat exposure and after 2 h at 180 °C and 2 h at 200 °C (glass substrates).

As glass proved to be the worst case, this substrate was mainly used for further quantitative evaluation
of performance change for both the bonding and secondary sealing silicones. The loss in mechanical
properties at 180 °C and 2 h remains below or close to the chosen 25% performance criterium. At
200 °C, the loss in tensile strength and stiffness is just larger than 25%. However, they still provide
mechanical strength and did not disintegrate. Figure 15 summarizes the results obtained in tension.
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Fig. 15: Retention of tensile strength and 12.5% modulus for bonding and secondary sealants after 2 h at 180 °Cand 2 h at
200 °C (glass substrates).

Figure 16 compares the retention of DMA modulus and 12.5% moduli for the different types of silicone
sealant after 2 hours heat exposure at 200°C. These results confirm that the DMA modulus can indeed
be used as a quick alternative to TA joints analysis to study trends in property changes in the material.
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Fig. 16: : Retention of E’ and 12.5% modulus for bonding and secondary sealants after 2 h at 200 °C.
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Similarly, TA joints were tested in shear at various temperatures. Results are provided in Figure 17 and
Figure 18. Compared to the original shear at RT, the bonding and secondary sealants are able to retain
75% of the original value of tensile strength, stiffness and elongation after heat treatment. No
difference in tensile strength behavior is observed between the 180 °C and 200 °C exposure conditions.
The shear stiffness does not decrease as much as in tension. This better performance in shear could
be explained by the absence of high stress regions in the joint when loaded in shear, especially in the
area close to the plane of adhesion with the substrate. On the other hand, TA joints tested in tensile
have a heterogenous stress distribution with a high stress in the area close to the plane of adhesion.
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Fig. 17: Shear stress-strain curve of TA joints with bonding silicone DOWSIL™ 993 Sealant (left) and secondary silicone
DOWSIL™ 3363 Sealant (right) without heat exposure and after 2 h at 180 °C and 2 h at 200 °C (glass substrates).
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Fig. 18: Comparison of tensile strength and stiffness for the bonding silicone DOWSIL™ 993 Sealant and secondary silicone
DOWSIL™ 3363 Sealant before and after heat treatment (2 h at 180 °C and 2 h at 200 °C). Error margins and 75% retention
level (dotted lines) are indicated.

Finally, the evolution of the dead load resistance of the DOWSIL™ 993 Structural Glazing Sealant was
evaluated after heat ageing the samples for 2 hours at 180 °C. The lap shear samples — typically used
for this type of testing — did not show any loss in permanent load resistance, which is probably due
to the smaller surface exposed to oxygen which limited thermal degradation in the oven at 180 °C.
Therefore, we specifically designed double H-bar samples (Figure 3) to use TA joint dimensions during
the dead load experiments.

After heat aging at 180 °C for 2 h, the double H-bar samples do not show any deformation when loaded
at RT with 7000 or 11000 Pa dead load for 6 months. After 3 months in the oven at 60 °C and 85% RH,
fresh samples (not heat aged) in the longitudinal direction resist both loads. Heat aged samples (2hours
at 180°C) do show deformation at 11000Pa, whilst they are able to resist the lower permanent load of
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7000Pa without resulting deformation. Results in the transverse direction were not useful due to the
rotation of the samples which was not compensated for during the testing.

These preliminary tests seem to indicate that bonding silicones, exposed to a permanent load and high
temperature, may need a replacement in the longer term as the observed changes in properties is
larger than 25%. Further testing, including establishing a link between the new double H-bar test and
the creep test referenced in ETAG002, should be performed to complete the evaluation of the

permanent load resistance after heat exposure.

Fig. 19: Comparison of double H-pieces after heat ageing (2 h at 180 °C) followed by permanent load testing (3 months at
60 °C, 85% RH). Loading of 7000 Pa in longitudinal (A) and transverse direction (B), 11000 Pa in longitudinal (C) and
transverse direction (D)
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4. Conclusion

The ability of a bonding sealant to accommodate a useful dynamic load after heat exposure such as
smoke or conduction heat (2 h at 180 °C) remains important. Both the bonding and secondary sealants
retain 75% of their original mechanical properties (tensile strength, elongation, stiffness). A loss of 25%
versus the original mechanical properties observed for this heat exposure is likely acceptable according
to the state-of-the-art bonding guidelines. These results suggest that there is no need for direct
replacement of bonding sealants after this type of exposure, which could occur in rooms isolated from,
but adjacent to a fire. Further evaluation is needed to confirm the permanent load resistance of heat-
aged silicones and the need for replacement. As a good level of adhesion is kept until 200 °C, a heat
exposed bonding sealant can still provide a major barrier preventing the egress of hot gases.

The study described in this paper has focused on a worst-case scenario whereby small samples were
evaluated quickly and fully exposed to the full heat ageing. In building applications, joints exposed to
high temperatures of smoke or conduction heat may benefit from the scale effect of the larger
structure they belong to. Depending on the system, they may undergo slower heating and lower
effective maximum temperature, especially if sprinkler systems are active nearby or if materials in
contact act as heat sink, leading the heat away from the silicone bonds. Additionally, silicone-based
materials exhibit sluggish heat transfer. Fire modeling studies (Mazzucchelli 2020; Zhang 2021) of
curtain walls exposed to fire, smoke, and high temperature suggest that temperatures at different
locations of the curtain wall vary and may be substantially lower in some places, leading to a residual
mechanical strength of the sealant, which does not show failure in real fire conditions similar to real
fire observations reported in Figure 1. Thermal breaks can further contribute to joint strength
retention and control of temperature in the bondline area. Heat barriers created by insulating
materials or intumescent coatings can be introduced to minimize the temperature in at least some
parts of the bonded area.

In contrast to the promising behavior of silicone, the behavior pattern is quite different if sealants from
other chemistry types, e.g., polyurethanes, are considered. The PU sealant evaluated in this study
originates from the railway industry, where it is used for the bonding of windows. This material was
found to lose not only its mechanical performance but also completely disintegrated upon heat
exposure for 2 h at 200 °C. While using this type of chemistry for interior bonding applications without
UV exposure may be considered in the future, the presented results evidence the high sensitivity of
the PU material to temperature. This material’s sensitivity challenges the use of this type of chemistry
when any risk linked to high temperature exposure needs to be avoided and highlights the importance
of technology choice in fagade applications. Indeed, the long-term durability could be affected when
exposed to even moderate temperatures, such as 80 °C, which are commonly reached in non-glass
facades and thorough experimental evaluation is strongly recommended to validate the application.

Future work includes building a time-temperature plot at 75% tensile strength loss for the various
materials to allow easy selection of sealants for their high temperature resistance by the industry and
continuing the evaluation of the dead load resistance. Finally, additional research is needed to
understand the impact of test variability relative to a statistical relevance, which should include sample
replicates, evaluating lot-to-lot variation or influence of mixing ratio. It is important to note that the
provided results are only applicable to the evaluated sealants.
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