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Abstract 

Given the need to create a sustainable future with limited resources and growing environmental 
concerns, high-strength adhesives offer an alternative and potentially more efficient load-bearing 
connection to conventional bolted connections in glass structures. However, there is a lack of 
knowledge on the elevated-temperature effects on the mechanical strength of these connections. 
Therefore, in this paper, an experimental program was conducted to evaluate and compare the 
performance of transparent bonded glass joints. A transparent epoxy adhesive Loctite EA 9455 and 
two glass types (float and low-iron glass) were chosen to conduct experiments. The differences in 
surface wettability, between air and tin-sides were examined for both glass types. Results showed that 
water contact angle measurements on float glass sides were 39.25 % and 3.98 % higher than 
measurements for low-iron glass on air- and tin-sides respectively. Furthermore, tensile and shear 
tests were performed on bulk-cured adhesive samples and bonded glass-to-glass block shear 
specimens respectively, at room temperature (RT), 40 °C, and 80 °C. The results showed that tensile 
and shear strengths decreased with increasing temperatures. Furthermore, the shear strength was 
influenced by the surface properties of the glass sides. Indeed, results on air-side likewise tin-side of 
low-iron glass demonstrated higher resistance for all tested temperatures in comparison with the float 
glass. 
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1. Introduction 

Connecting the outdoor environment with the indoor living environment is one of the most important 
advantages of modern construction. It is well known that natural light has a positive impact on health 
and quality of life. The need for greater transparency, proper orientation of buildings, and the 
reduction of energy losses of the whole building play an important role in the design of buildings. 
Today’s architecture places higher demand than ever on the materials and components used. 
Transparent building elements pose great challenges to architects and especially to engineers. In the 
21st century, glass is no longer considered just a material for producing household goods but is 
becoming a material widely utilized in load-bearing structures. Despite its positive properties, such as 
transparency, strength, and durability, its fragility must be highlighted and considered. Furthermore, 
an important issue to consider when designing glass structures is the minimizing of stress 
concentration in the glass achieved by utilizing low-stiffness elastic materials, especially at the joints 
between glass and traditional steel fasteners (Dix et al., 2021; Serafinavičius & Kvedaras, 2010). 
Meanwhile, the most common kind of glass joints, are bolted glass connections (Lavko & Kvočák, 
2020). However, modern architecture focuses on enhancing the visual impact of connections. Thus, 
research is being performed on the creation of bonded joints that prevent stress intensification (da 
Silva, 2017) and create the illusion of continuous construction. Even though adhesive bonding has been 
used in various applications in structural glass construction for many years, only silicones are used for 
load-bearing bonding, which is governed by ETAG 002 (ETAG002, 2001). Conversely, though, 
alternative adhesives provide numerous benefits. In addition to high strength, thinner bonded joints 
with entirely transparent or coloured connections are also achievable (Katsivalis, 2019). Nonetheless, 
careful consideration must be given to the surface characteristics of the materials, which might 
influence the interfacial properties of the adhesive joints (Lee, 1991). Commercial float and low-iron 
glass, the focus of this investigation, are manufactured by the float process, where a ribbon of glass is 
formed by floating the molten glass from the furnace on a bath of molten tin in a reducing atmosphere 
(Kumar & Buckett, 2017). Therefore, the two surfaces of the float glass pane (the air- and tin-sides) 
have dissimilar surface chemistry (Grujicic et al., 2012). 

Furthermore, when designing a structural bonded junction, the changing of the adhesives' mechanical 
properties due to environmental exposure must be considered. In this regard, the influence of high 
and low temperatures and humidity on the interfaces of glass adhesive joints is a high research priority 
that has been pursued by various research groups. Weller et al. (Weller et al., 2006, 2012; Weller & 
Nicklisch, 2010; Weller & Tasche, 2008) focused on the ageing resistance of several UV- and light-curing 
acrylates, which were used for glass–metal bonds. Meanwhile, research on adhesive joints between 
glass-to-glass with transparent epoxy adhesives is still scarce, especially regarding their mechanical 
behavior at different temperatures. 

Therefore, to characterize the mechanical behavior of a transparent junction (glass-transparent epoxy-
glass) over a large temperature range (RT, 40 °C, and 80 °C), an experimental program was used in the 
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present paper. To accomplish this objective, the effect of the choice of the side from float or low-iron 
glass (air or tin) for bonding on the strength of the bonded joints was highlighted by correlating the 
results of glass surface wettability made by contact angle measurements with the output of block shear 
strength experiments at RT and elevated temperatures. 

2. Experimental study  

 Materials 

Materials evaluated in this study were float and low iron glass (AGC Flat Glass Czech a.s.) and LOCTITE® 
EA 9455, a two-component transparent epoxy. The low-iron (Planibel Clear Vision® with a content of 
Fe2O3 less than 200 ppm) is characterized by remarkable clarity and neutral aesthetics as can be seen 
in Fig.1. Both glass types met (EN 572-1:2012+A1:2016, 2016) and (EN 572-2:2012, 2012). Table 1 
shows the physical and mechanical characteristics of the used glasses. Moreover, the technical and 
mechanical characteristics provided in the adhesive manufacturer's datasheet are listed in Table 2. 

 

Fig. 1: Float and low-iron glass types used in this study. 
 

Table 1: Physical and mechanical characteristics values of glass (EN 572-1:2012+A1:2016, 2016; EN 572-2:2012, 2012). 

Characteristic Symbol Value and unit 

Density (at 18°C) ρ 2500 kg/m3 

Hardness (Knoop) HK0,1/20 6 GPa a 

Young's modulus (modulus of elasticity) E 7 x 1010 Pa 

Poisson's ratio μ 0.2 

Specific heat capacity Cp 0.72 x 103 J/(kg.k) 

Nominal value of average coefficient of linear expansion between 20°C and 300°C α 9 x 10-6/K 

Resistance against temperature differential and sudden temperature change  40 Kb 

Thermal conductivity λ 1 W/ (m.K) 

Mean refractive index to visible radiation (at 589.3 nm) n 1.5 

Emissivity (corrected) ɛ 0.837 

a Knoop Hardness by ISO 9385. 

b Generally accepted value that is influenced by edge quality and glass type. 
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Table 2: Adhesive characteristics (from manufacturer datasheet) (Henkel, 2014) 

 Uniaxial tensile tests on bulk specimens 

Tests to determine the stress-strain properties of epoxy adhesive under tensile loading were carried 
out according to the international standards ISO 527–1:2012 (E) and ISO 527–2:2012 (E)(ISO 527-
1:2012(E), 2012; ISO 527-2:2012(E), 2012). According to these standards, bulk specimens of type 1B 
with the shape and dimensions illustrated in Fig. 2 were used. Tensile tests were conducted at RT, 40 °C, 
and 80 °C using the Shimadzu AGS-X plus 300 kN material testing machine (Shimadzu Co., Ltd., Kyoto, 
Japan) equipped with a TCE-N300 heat chamber. A load cell of 1kN was used to perform the 
experiments. The tensile properties of LOCTITE® EA 9455 adhesive at different temperatures were 
determined in a previous study (Boutar et al., 2023). 

 

Fig. 2: Bulk EA 9455 adhesive tensile testing geometry (dimensions in mm). 

 Glass surface characterization 

A UV lamp can identify the tin-side of the float glass pane, as described by ASTM D3891 − 08 (ASTM 
D3891 − 08 (Reapproved 2019), 2019). Consequently, a tin-side detector Apotek TS580 (Beijing Apotek 
Scientific Co., Ltd., China) was employed to differentiate between surfaces for float and low-iron 
glasses. Additionally, to assess the tin- and air-side of both glass types of surfaces, the specimens' 
wetting characteristics were identified according to ASTM D 7334–08 (ASTM D 7334-08, 2008) by 
sessile drop methods using the Theta Lite Optical Tensiometer (Biolin Scientific, Finland), capturing the 
silhouette of a droplet outline (Boutar et al., 2023). Attension software employing the Young-Laplace-
fit method (Liu & Cao, 2016) was used for the evaluation of the water contact angle (WCA) from the 
images. On each side of three glass samples (50 x 50 × 19 mm3) for each glass type, automatically 10 
sessile drops of deionised water were evaluated after a deep cleaning using isopropyl alcohol. The 
standard deviations of these measurements were less than 2°. Drop vibrations were prevented, drop 
volume had to remain stable (3 μl), and fast measurement (10 s) minimized liquid evaporation. 

  

Components 
Appearance 

(Mixture) 
Viscosity 

[Pa. s] 
Tensile Strength [MPa] 

at 22°C 
Elongation at break [%] 

at 22°C 
Temperature 

resistance 

Two parts - Resin & 
Hardener 

Ultra clear liquid 3.2 1.3 (ISO 527-3) 80 (ISO 527-3) -55°C to 80°C 
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 Manufacturing and testing process for block shear specimens 

Standard shear block bonded glass-to-glass specimens were manufactured to conform to ASTM D 
4051–01 (ASTM D 4501 – 01, 2001) with bonded dimensions of 50 mm × 12 mm. The specimen’s layout 
is given in Fig. 3. The shear strength of bonded glass-to-glass specimens was investigated on both glass 
sides (air and tin) at RT, 40 °C, and 80 °C. For each glass type, six-block shear specimens were tested 
for each scenario. Before bonding, the air-and tin-sides of all samples were identified. Afterward, the 
surfaces to be bonded were cleaned with a lint-free cloth and isopropyl alcohol. A specific mould was 
designed and fabricated (Boutar et al., 2023) to maintain the alignment of substrates during the curing 
process and guarantee the desired overlap dimensions and an adhesive thickness of 1 mm. The bonded 
specimens were cured under standard laboratory conditions (approx. 23 °C and 50% rh) for one week 
before testing. The same tensile testing machine (Fig. 4, right) was used. Fig. 4 (left) shows the test 
configuration. The same experiment procedure detailed and described previously (Boutar et al., 2023) 
was retained for carrying out this experiment's investigation. 

 

 

Fig. 3: Shape for bonded glass-to-glass test samples (not to scale, dimension in mm). 

 

 

Fig. 4: Configuration for assessing glass-to-glass bonded specimen shear strength. 
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3. Experimental Results and Discussion  

 Temperature effect on bulk EA 9455 (tensile test results) 

The adhesive's glass transition temperature Tg is an important factor to consider when testing adhesive 
junctions. Below this temperature, adhesively bonded joints exhibit a low-strain stiff material; above 
this temperature, the adhesive exhibits more rubber-like behavior. The Tg of EA 9455 adhesive is 
approximately 36°C, obtained by a dynamical mechanical thermal analysis (DMTA) method (Boutar et 
al., 2023). Fig.5 shows representative adhesive tensile stress-strain curves as a function of temperature 
uniaxial tensile tests on bulk specimens. The elastic modulus, ultimate tensile strength, and maximum 
tensile strain were determined by analysing the stress-strain curve. At RT, the results were consistent 
with the manufacturer's data sheet information. However, as Table 3 made clear, the data acquired 
indicated that the EA 9455 adhesive's tensile strength and Young's modulus decreased with rising 
temperature, along with the adhesive's elongation. Indeed, at 40 °C, the tensile strength decrease was 
evident as the temperature was very close to the Tg and the epoxy adhesive was in the transition from 
the glassy state to the rubbery state. On the other hand, tensile strength and strain, as expected drop 
as the test temperature rises above the Tg at 80°C. 

 

Fig. 5: Representative EA 9455 adhesive tensile stress-strain curves as a function of temperature. 

 

Table 3: The EA 9455 adhesive's mechanical properties. 

 Young’s modulus, E [MPa] Tensile strength [MPa] Tensile failure strain [%] 

RT 6.63±0.88 1.21±0.14 85±0.08 

40°C 5.56±0.23 0.68±0.10 55±0.09 

80°C 4.17±0.80 0.23±0.06 12±0.04 
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 Air- and tin-side shear strength glass bonded joints: Correlation wettability and 
temperatures effect. 

In the context of material bonding, wettability plays a crucial role. It allows an understanding of the 
mechanisms of interaction between the liquid adhesive and the solid substrate. The analysis of the 
wetting behavior based on the different glass sides for each glass type was performed. Fig.6 shows the 
WCA measurements for the air- and tin-side for both float and low-iron glass. Results reveal that WCA 
measurements on float glass sides were 39.25 % and 3.98 % higher than measurements for low-iron 
glass on air- and tin-sides respectively. It is worth mentioning that the surfaces of both glass types were 
hydrophilic (WCA <90⁰), which would enable an accurate structural bonding. Nevertheless, the change 
in wetting behavior between float and low-iron glass was affecting the shear strength results. The 
variation in surface OH group density between the two glass surfaces for each glass type could account 
for these outcomes. OH, groups are thought to significantly influence glass surface properties by 
serving as effective adsorptive or reactive sites (Suzuki et al., 2017), ultimately enhancing wettability 
and, consequently, joint strength. As can be seen from Fig.7 an inversely proportional trend is depicted 
on both sides for the studied materials. The smallest WCA on each side tested allowed the highest 
shear strength. Therefore, 12.6 MPa average shear strength was obtained for the air-sides of low-iron 
glass corresponding to 19.22° WCA measurements. These results admitted a 39.68% higher resistance 
of bonded glass to glass joints than that for bonded float glass. Furthermore, the average shear 
strength of 12.66 MPa was attained for the tin-side analysis of low-iron glass, which had a minimum 
WCA of 49.68°. This allowed a 50% greater joint resistance than that of float glass. 

Moreover, while the shear strength for float and low iron glass shows a marked contrast, the wetting 
angles exhibit no statistically significant difference (Fig. 7b.). This contradiction suggests that specific 
interactions, such as hydrogen bonding (Jiang et al., 2021), may play a crucial role in forming stronger 
chemical bonds between the adhesive and tin-side glass. However, a comprehensive understanding 
requires considering multiple factors: surface chemistry, bonding mechanisms, surface roughness, and 
overall adhesive behavior. Further research and detailed analysis are essential to unravel this intriguing 
phenomenon. 

 

Fig. 6: Water contact angles for both glass types as a function of air- and tin-side glass surfaces  
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Fig. 7: Variation of average shear strength and wettability on a) air- and b) tin-sides of float and low-iron glasses 

Temperature is one of the main factors affecting the performance of the adhesive, and the mechanical 
properties of the bonded joint will change in different temperature ranges. The effect of temperature 
on the properties of the bonding structure is obvious, especially when the temperature is close to the 
glass transition temperature (Tg) of the material. As shown in Fig. 8, the adhesive strength of glass-
bonded block shear specimens gradually dropped as the temperature increased: the higher the 
temperature, the lower the adhesive strength. For both glass types, the highest adhesive strength 
appeared at RT, and the lowest adhesive strength appeared at the high temperature of 80 °C. 
Moreover, in line with the wettability results, at different evaluated temperatures the shear strength 
of low-iron glass of bonded air- and tin-side specimens was higher than that for bonded float glass 
samples. Indeed, the adhesive strengths for air-side low-iron bonded joints at RT, 40°C, and 80°C were 
39.68%, 57.47%, and 0.7% higher than that for float glass. Likewise, the adhesive strengths for tin-side 
low-iron bonded joints at RT, 40°C, and 80°C were 50.8%, 78.95%, and 4.36% higher than that for float 
glass. 
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Fig. 8: Average shear strength as a function of temperature on a) air- and b) tin-sides of float and low-iron bonded glasses. 
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4. Conclusions 

In this paper, the influence of bonding air- and tin-side on the joint strength of the adhesive bonded 
joints of two glass types namely float and low-iron were studied, and the failure resistance under RT, 
40 °C and 80 °C was also established. Tensile bulk specimens were used to measure the epoxy adhesive 
bulk properties, while bonded block shear specimens were used to evaluate the properties of the glass 
interfaces. The specific research content is summarized as follows: 

• The tensile test findings showed that the ultimate tensile stress declined as the temperature 
increased. At 80°C, when the temperature exceeded the adhesive's Tg value, the adhesive's tensile 
strength and elongation dropped significantly. 

• Following assessing the wettability of the float and low-iron glass's air- and tin-sides, we can 
conclude that differentiating the two sides is a necessary step before bonding glass. Indeed, results 
showed that WCA measurements on float glass sides were 39.25 % and 3.98 % higher than 
measurements for low-iron glass on air- and tin-sides respectively. 

• Even though the shear strength of all bonded specimens has fallen with increasing temperature, low-
iron air- and tin-side bonded samples had the highest shear strengths in comparison to float glass 
samples. The changes in the physical and chemical properties of the surface resulting from the 
differences in surface morphology contribute significantly to the behavior of the bond. 
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