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ABSTRACT 

The article is focused on experimental analyses of structural adhesive joints intended for 
façade applications (e.g. bonding of façade cladding elements to the supporting substructure). 
The experimental study contains a comparison of the structural behavior of two different 
adhesives in joints with aluminum or galvanized steel substrates with various surface pre-
treatments. It also compares the mechanical properties of joints exposed and unexposed to 
laboratory ageing conditions according to ETAG 002 (Guideline for European Technical 
Approval for Structural Sealant Glazing Kits). 

 Keywords: double lap shear, adhesive, metal substrates, ageing, ETAG 002. 

 

INTRODUCTION 

Adhesive bonding is currently a generally established method in automotive and aerospace 
industry assemblies, but in civil engineering it is still rarely used. However, in contemporary 
architecture, glued connections are required, e.g. in façade applications, due to the visually 
smooth surface without interruptions by bolts. Façades have to fulfill not only architectural 
requirements, but there are also construction and material technology requirements, as well as 
functionality. Façade cladding connections with other façade parts can be advantageously 
designed as glued joints. In dependence on the particular application, adhesive bonding 
provides higher efficiency of workmanship in comparison with bolted connections, as well as 
esthetic qualities. An important benefit of glued connections in façades is the elimination of 
local thermal bridges in comparison with bolted connections and the possibility of stress peak 
reduction in dependence on the adhesive and substrate stiffness and the geometrical 
arrangement of the joint. The currently required slender metal frame and, thus, thinner joints 
and larger façade panels lead to the necessity of using adhesives with higher strength and a 
reasonable elongation at break. Despite the wide, long-term usage of low strength, elastic and 
durable silicone sealants in façades, there is a lack of information about semi-flexible and 
semi-rigid adhesives. At the same time, building a façade is a very specific type of usage for 
glued connections due to the requirements for durability, strict geometrical imperfections and 
joining of unconventional materials often used in the façade design. 

This paper reports on an experimental analysis focused on determining the mechanical 
characteristics of two types of adhesive applied in double lap shear connections. The study 
contains joints made of two different substrate materials - aluminum and galvanized steel. 
Galvanized steel was used with a clean, degreased surface and a roughened surface; blank 
aluminum substrates with a clean smooth surface, a roughened surface and with an anodized 
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covering to find out the effect of aluminum roughening and anodization on adhesion. The 
analysis is aimed at the comparison of mechanical characteristics and failure modes of a 
reference series of joints without exposure to laboratory ageing with joints exposed to ageing 
in accordance with ETAG 002 (EOTA, 2012). 

 

TEST METHOD AND SPECIMENS 

The adhesives for the research were selected on the basis of their application in planar 
connections in façades. The glue in the connection provides sufficient strength and stiffness to 
ensure the transmission of load from façade panels to the supporting structure, but the 
adhesive layer should also be flexible enough to accommodate the stresses originating from 
different thermal expansions of the joining materials. In order to meet these requirements, two 
different adhesives were chosen for the study. 

Silane Terminated Polymer (STP) combines the properties of polyurethanes and silicones and 
provides an elastic, gap-filling hybrid adhesive with higher strength in comparison with 
silicones. It cures on exposure to atmospheric humidity to create an ageing and weather 
resistant elastomer. 

Two-part acrylate adhesive is a structural adhesive with a higher flexibility that cures by chain 
polymerization when both components are mixed. In contrary to the STP adhesive, the 
acrylate adhesive is optimally applied in bond line thicknesses from 0.5 to max. 3 mm. An 
exothermic reaction during the curing process can affect the polymer properties or the 
substrate when an excessive volume of adhesive needs to be cured.  

A substrate material and its preliminary surface treatment have a great influence not only on 
adhesion and, thus, the strength of the joint, but also on the failure mode, behavior, safety and 
ageing resistance of a particular joint. For this reason, two basic substrate materials, which are 
often used in the façade industry, aluminum (blank and anodized) and galvanized steel, were 
chosen for the study. Sulphuric acid anodizing was chosen due to its wide usage as corrosion 
protection of aluminum parts in façades. All contact surfaces of the specimens were cleaned, 
degreased and activated. Some series of the specimens were also mechanically pretreated by 
roughening (by Scotch Brite) to analyze the influence of roughening on the mechanical 
properties of the joint and its failure mode. The same series of specimens were prepared for a 
reference set of specimens and a set for laboratory ageing, see Table 1. 

Table 1 - Material and surface treatment of specimens for one type of adhesive 

substrate surface treatment 
reference set 

number of specimens 

ETAG 002 

number of specimens 

blank aluminum Smooth 5 5 

 Roughened 5 5 

anodized aluminum Smooth 5 5 

galvanized steel Smooth 5 5 

 Roughened 5 5 

 

The specimens were produced as double lap shear joints to eliminate peel stresses at the edge 
of the bond layer caused by the eccentricity in the joint. A shear double lap joint is probably 
the most suitable type of the geometrical set-up for glued connections. It provides good 
feasibility and sufficiently large bonded surfaces. The adhesive was applied in a bonded area 
of 2 x 12 x 50 mm, where the overlap length is 12 mm. The bond line thickness was 0.8 mm 
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for the two-part acrylate (average value for a reference set of  specimens) and 4.99 mm 
(average value for a reference set of specimens for the STP adhesive). Both thicknesses were 
designed in accordance with the optimal thickness for particular adhesives given by the 
manufacturer.  

Shear loading of the bonded area arose from the tensile loading of the whole specimen, see 
Fig 1. The specimens were loaded at a crosshead speed of 5 mm/min for the STP adhesive 
and 1 mm/min for the two-part acrylate glue, continuously until the total destruction of the 
joint. Deformation was measured by two linear potentiometric transducers at both ends of one 
overlap joint, therefore, four transducers per one specimen were used. The average value of 
deformation was calculated for the evaluation of results. 

  
Fig. 1 - Test set-up                               Fig. 2 -Specimens in demineralized water 

  

LABORATORY AGEING CONDITIONS 

The adhesive connection has to withstand not only mechanical forces that are acting on it, but 
the transfer of load must operate in a service environment. Mechanical properties can be 
highly influenced by environmental conditions. The prediction of mechanical properties of a 
joint under exposure to a certain environment is a complicated task due to the mutual 
interaction of various degrading effects. The interaction of temperature and moisture can 
cause a more serious degradation of an adhesive joint than either individual environmental 
effect by itself. Water and humidity could be probably considered the most critical degrading 
factors because water is very polar and permeates most polymers. Higher temperatures 
accelerate the diffusion process into the adhesive layer, resulting in an increased degradation 
at a shorter time (Heshmati et al., 2015).  Moisture can change bulk material properties, the 
polymer becomes softer because the glass transition temperature is decreased due to reducing 
the attractive forces between the molecules of the polymer. Swelling and deformation due to 
water content were also observed in flexible polymers, which are more prone to higher 
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permeation of moisture than rigid adhesives. Both of these effects are reversible when the 
polymer is dried. Polymeric adhesives can also chemically change due to hydrolysis under the 
long-term action of moisture and higher temperatures. This change causes a permanent 
reduction in mechanical properties and a resulting cohesive failure. Moisture has a serious 
effect on the interfacial region. Water molecules that permeate the polymer have a tendency to 
preferentially migrate to the interface displacing the adhesive at the interface. Therefore, the 
adhesive failure is typical after several days in a humid environment. Resistance to moisture 
can be improved by reaching better durability of the interface itself (e.g. by coating, using 
primers or chemical treatment of the substrate surface to increase adhesion) (Petrie, 2011). 

The ageing procedure according to ETAG 002 was adopted in our research to study the effect 
of water immersion on the adhesive connection under elevated temperatures. Laboratory 
ageing was applied on all types of specimens with different substrates and different surface 
treatment to evaluate the influence on not only the bulk adhesive in the connection, but also 
the adhesive-metal interface and the mode of failure. The specimens were immersed in 
demineralized water at a temperature of 45 °C for 21 days, see Fig. 2. After immersion, the 
specimens were conditioned at 23 °C and 50% relative humidity for 24 ± 4 hours and they 
were subsequently subjected to shear loading.  

 

EXPERIMENTAL RESULTS  

Silane Terminated Polymer 

The measured load-displacement curves were converted into engineering stress - engineering 
strain relationships, in order to compare the behavior of different joints. Summarized results 
of the shear tests are presented in the graph in Fig. 3, where representative curves of the shear 
stress-strain diagrams of the joints are drawn for each of the adhesives, their tested substrate 
material, and their surface treatment. The diagram in Fig. 3 and Table 2 also provides a 
comparison of the results for a reference set of specimens and the specimens exposed to 
laboratory ageing conditions.  

The reference set of specimens with the STP adhesive reached average shear strength values 
between 1.7 and 1.9 MPa with an average shear strain at break of 1.8. Similar strength values 
were observed for all tested substrates without any difference in the roughening of the 
surface. The adhesive proved very good adhesion to all tested substrates, all tested specimens 
were broken by a full cohesive failure mode, see Fig. 4a. 

Table 2 -Average shear strength for Silane Terminated Polymer - reference set of specimens and 
specimens exposed to ageing according to ETAG 002 

Type of specimen 

(substrate/treatment) 

 Average shear strength [MPa] 

reference set of specimens 

Average shear strength [MPa] 

ETAG 002 

Aluminum / roughened surface  1.87 1.25 

Aluminum / smooth surface  1.89 1.38 

Anodized aluminum  1.87 1.65 

Galvanized steel / roughened surface  1.69 1.16 

Galvanized steel / smooth surface  1.72 1.07 
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Fig. 3 - Stress-strain diagram for Silane Terminated Polymer - comparison of a reference set of specimens and 

specimens exposed to Etag 002 ageing conditions 

  
Fig. 4 - Failure mode of STP adhesive at a roughened galvanized steel substrate; a) specimen from a reference 

set, b) specimen after laboratory ageing  

The specimens exposed to immersion in demineralized water showed significant softening of 
the polymer, lower average values of shear strength, which were measured between 1.07 and 
1.65 MPa, and higher shear strain at break, which was measured higher than 3. Almost all 
specimens were broken by a combined adhesive-cohesive mode of failure; a typical example 
is depicted in Fig. 4b. All substrates except anodized aluminum showed a similar behavior, no 
difference in the roughening effect on adhesion was observed. The lowest degradation effect 
of immersion in water was observed in the specimens with the anodized aluminum substrate, 
where two specimens were broken by cohesive failure and another two specimens showed a 
combined mode of failure with a prevailing cohesive manner. Anodizing creates a surface 
structure suitable for adhesion due to many pores in which the adhesive is able to penetrate 
before complete curing and it leads to better adhesion due to the interlocking effect and 
increased bonding area by the porous structure (Kwakernaak et al., 2010), (Davis, 2011). 

a) b) 
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Moreover, anodizing protects the substrate against corrosion. Corrosion can worsen the bond 
properties due to a weak boundary layer even after the joint is made and, therefore, it has a 
positive influence on the durability of the bond. 

Two-part acrylate adhesive 

The reference set of specimens glued by the acrylate adhesive reached an average shear 
strength of 9.2 MPa for the aluminum substrate with a roughened surface, and they showed 
lowered strength for other substrates, see Fig. 5 and Table 3. Experimental results showed a 
significant influence of the substrate material and the roughening, which had a positive effect 
on the shear strength of both aluminum and galvanized steel. Aluminum specimens were 
mostly broken by a pure cohesive failure, especially the specimens with a roughened surface. 
Lower strength values of galvanized steel specimens were observed, together with a pure 
adhesive or combined adhesive-cohesive mode of failure; a typical example of a combined 
adhesive-cohesive mode of failure is depicted in Fig. 6a. 

Table 3 - Average shear strength for two-part acrylate adhesive - reference set of specimens and 
specimens exposed to ageing according to ETAG 002 

Type of specimen 

(substrate/treatment) 

 Average shear strength [MPa] 

reference set of specimens 

Average shear strength [MPa] 

ETAG 002 

Aluminum / roughened surface  9.30 7.44 

Aluminum / smooth surface  8.43 5.78 

Anodized aluminum  8.47 2.28 

Galvanized steel / roughened surface  6.24 2.40 

Galvanized steel / smooth surface  4.68 1.39 

 

 
Fig. 5 - Stress-strain diagram for two-part acrylate adhesive - comparison of a reference set of specimens and 

specimens exposed to Etag 002 ageing conditions 

The specimens exposed to immersion in water also showed significant softening, especially in 
the initial shear modulus, see the graph in Fig. 5. The specimens exposed to laboratory ageing 
reached lower average values of shear strength, e.g. the average shear strength for the 
aluminum substrate with a roughened surface was reduced to 7.44 MPa with similar shear 
strain values as the specimens that were not exposed to laboratory ageing. The most 
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significant deterioration of mechanical properties was observed in the specimens with 
anodized aluminum. The average shear strength measured was only 2.28 MPa with an 
average shear strain at break of 1.7, see Fig. 5. The cohesive mode of failure was dominant 
for the roughened aluminum substrate only. In the rest of the specimens, a combined 
adhesive-cohesive mode of failure was mostly observed with a prevailing adhesive manner, 
see Fig. 6b. The exception was anodized aluminum, where the specimens were broken in an 
adhesive manner only. According to (Kwakernaak et al., 2011), sulphuric acid anodizing is 
less suitable for structural adhesive bonding with rigid adhesives because the pores are 
narrower than in the case of other anodizing processes and the adhesive cannot fully penetrate 
resulting in a relatively low strength interface.  

  
Fig. 6 - Failure mode of two part acrylate adhesive on a roughened galvanized steel substrate; a) specimen 

from a reference set, b) specimen after laboratory ageing  

 

CONCLUSION 

The main objective of this investigation was to evaluate the laboratory ageing effect by 
immersion into warm demineralized water according to ETAG 002 for structural adhesive 
joints. The study also assesses the influence of substrate materials and surface treatment on 
the mechanical properties of selected adhesives. The following conclusions have been drawn 
from the findings of the tests: 

- Silane Terminated Polymer (STP) showed higher shear strength values for aluminum 
substrates than for galvanized steel by max. 15%. A pure cohesive mode of failure was 
observed. 

- Laboratory ageing of STP adhesive caused an average reduction in shear strength 
between 40% (galvanized steel substrate) and 12% (anodized aluminum). 

- Significant softening of both adhesives was observed due to water penetrating into the 
structure of the polymer. 

- A roughened surface had a significant influence on the shear strength values of two-part 
acrylate adhesive specimens. A smooth surface proved lower shear strength by 10% for 
blank aluminum substrates and by 30% for galvanized steel than a roughened surface. 

a) b) 
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- Laboratory ageing of the acrylate adhesive caused an average reduction in shear 
strength by max. 30% for blank aluminum substrates and app. by 60-70% for 
galvanized steel. The specimens with anodized aluminum substrates showed a decrease 
in shear strength by up to 75%. 

- While a prevailing cohesive mode of failure was observed in the specimen that was not 
exposed to laboratory ageing, a mostly combined mode with a prevailing adhesive 
manner or a pure adhesive failure was observed in the specimens immersed in water. 
The negative influence of water on the interface was proved. 

It is important to keep in mind the influence of the surrounding environment, ageing, fatigue 
or long-term loading effects on the adhesive connection. The main objective of this 
investigation was to evaluate the effect of substrate materials and surface treatment on the 
mechanical properties of selected adhesives, together with the laboratory ageing effect on the 
joints. Mechanical properties deteriorate at different rates for a particular adhesive according 
to its chemical composition and the cross-linking rate. The material of the substrate influences 
the adhesion of glue to the substrate and after exposure to ageing (especially exposure to 
moisture and water immersion), interfacial adhesion forces can be reduced. The most critical 
environmental factors for adhesives are heat and humidity in non-coast locations and salt 
water/spray in locations close to the sea. For this reason, artificial ageing of this study is 
focused on immersion in warm water. The effect of other methods of artificial ageing (e.g. 
salt spray test) on adhesive joints is a topic for a further stage of research. 
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