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Experimental Analysis of Composite-to-geopolymer Bonded Structures Using Pull off Tests
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Composite materials are employed as an alternative of conventional materials due their attractive 
properties, such as, environmental resistance and high strength-to-weight ratio. However, a limitation 
to the application of the composites is the low resistance to high temperatures, due their polymeric 
matrix. Alternatively, geopolymers are inorganic polymers used mainly instead Ordinary Portland 
Cement (OPC) in civil engineering. They combine good mechanical properties, corrosion resistance 
and thermal stability, allowing the use as a thermal barrier. This work regards the combined application 
of composites and geopolymers through adhesive bonding. The main objective is to evaluate the 
effect of adhesive type and surface treatment on the adhesion between geopolymer and composite 
pultruded substrates. Pull off tests were carried out in composite-adhesive-geopolymer sandwich 
specimens. Different surface treatments were examined: unidirectional abrasion and bidirectional 
abrasion. Specimens were bonded either with an epoxy or a polyurethane adhesive. The influence of 
the geopolymer manufacturing process on the performance of the structure was also observed.

Keywords: Composite materials, geopolymer, epoxy adhesive, polyurethane adhesive, pull off 
tests, sandwich structures.

1. Introduction
Composite structures are usually manufactured by 

pultrusion process, which consists in pull continuous fibers 
in a resin through a mold up to the cure. Carbon, Basalt 
and glass fibers are applied as reinforcement according to 
parameters of mechanical properties, cost and availability1-3. 
The use of natural fibers has also been studied4. The composite 
materials present interesting properties that allow their use 
as an alternative to conventional materials, such as metals. 
The high strength, light weight, low thermal conductivity 
and superior environmental resistance5-8 allows the use of 
composites in structures subjected to aggressive environment 
with minimum maintenance. However, the polymeric matrix 
restricts the application of composite materials in sectors 
where heat resistance is required9.

Geopolymers have been applied as an alternative to 
the Ordinary Portland Cement (OPC) due the comparable 
performance and lower emission of carbon dioxide (CO2) 
compared with the OPC. More than 13 million tons of 
CO2 per year are resulted of the OPC manufacturing process, 
which corresponding of around 7% of the total emission in 
the world10-12. The geopolymer, also referred as inorganic 
polymer is resulted from a reaction of solid aluminosilicate 
and aqueous alkaline hydroxide or silicate solution. 
The geopolymer chemical and mechanical properties changes 
according with the composition, what gives flexibility to the 
production for specific apllications10. An important property 

of this material is the capacity of maintaining the mechanical 
properties under high temperatures13,14 and fire resistance15.

The use of geopolymer plates as a thermal barrier to 
composites structures requires a efficient union method, ensuring 
good adhesion and resistance to aggressive environments. 
Adhesive bonding is one of the most applied method to joint 
composite profiles due some important vantages such as, lower 
weight, corrosion resistance, uniform stress distribuition in 
the bonding area and design flexibility5,16-18.

Previously studies revealed better adhesion quality of 
epoxy and polyurethane adhesives in bonding composite 
profiles5. In the case of bonded pultruded composites, the 
influence of the adhesive type and surface treatment on the 
adhesion of bonded is shown to have a significant effect on 
the joint strength19. However, a proper surface treatment 
must be carefully evaluated in order to ensure high adhesion 
performance in bonded joints20-23. Moreover, delamination 
failure mode is usually observed in bonded structures 
with multilayered composite adherend24. Complex bonded 
assemblies, such as bi-material bonded joints, usually require 
profound experimental evaluation in order to optimize the 
design and ensuring the performance of these structures.

In this research, the adhesion of sandwich structures 
made of composite and geopolymer substrates is evaluated. 
Specimens are bonded either with an epoxy adhesive or a 
polyurethane adhesive. The surfaces treatment and roughness 
were evaluated for the improvement of the adhesion quality. 
Pull off tests were carried out to evaluate the influence of *e-mail: acvianapassos@gmail.com
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the surface treatment and adhesive type in the bonding 
performance of the sandwich structures.

2. Materials and Methods
The materials and manufacturing process of pull off 

sandwich specimens and single are described in this section.

2.1. Composite material
The composite material was manufactured by Pultrusão 

do Brasil using pultrusion process with an acrylic resin matrix 
and reinforced with unidirectional glass fibers. A surface veil 
and a superficial mat were applied for finishing. Composite 
plates with 3 mm thickness were produced. Finally, round 
plates of 20 mm diameter were cut in accordance with the 
dolly geometry, as shown in Figure 1.

2.2. Geopolymer
The geopolymer material applied is this study is a 

commercial geopolymer cement GP 109R1-M15 (Geo-Pol, 

Brazil), indicated for applications of moderate mechanical 
performance. The main components are SiO2, Al2O3, CaO, 
Na2O, K2O and the secondary ones: MgO, TiO2, Fe2O3 with 
the molar ratio of SiO2/Al2O3 equals 5.35 and the molar 
ratio of M2O/SiO2 equals 0.21. The thermal conductivity 
remains between 0.24 - 0.3 W/m.K25. Two geopolymer 
samples were prepared according with the manufacturer 
by using a proportion of 1:1 (in weight) of precursor and 
activator with between 5% and 10% weight of distilled 
water. A mixer was used to complete homogenization for 
5 minutes under 100 rpm. Agglomerates were not added 
to the material. The geopolymers samples were cured in 
a silicone mold of 200 x 10 mm for 30 days, as shown in 
Figure 2. The manufacturing operations were performed in 
the laboratory at room conditions.

2.3. Pull off sandwich specimens
A surface treatment was manually applied on the surfaces 

of the substrates using sandpaper (grit 80): unidirectional 
abrasion (UA) in parallel with the glass fibers, or bidirectional 

Figure 1. Composite samples for pull off tests.

Figure 2. Geopolymer samples for pull off tests.
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abrasion (BA) with an additional abrasion in the perpendicular 
direction. After the surface treatment and prior to bonding, 
the substrates were cleaned with acetone in order to remove 
any grease or release agent remained from the previous 
processes. Two different adhesives, provided by Masterpol, 
were tested for bonding the composite and geopolymer 
materials: an epoxy adhesive (P 110) or a polyurethane 
adhesive (E LTX). The bonding process of the composite 
on the geopolymer and the dolly on the composite were 
performed in sequence. Figure 3a shows a scheme of the 
pull off test specimen and Figure 3b shows an image of the 
real specimen before testing.

2.4. Mechanical tests
The performance of the sandwich structures was 

evaluated using pull off tests, according with the standard 
ASTM D 454126. An automatic adhesion tester (Positest 
AT-A, Brazil) was applied, and five samples were tested 
for each configuration, as shows in Table 1. The parameters 
of adhesive material and surface treatment were analyzed.

3. Results and Discussion
This section presents the adhesive properties of the 

adhesives, as well as the roughness resulted from the surface 
treatment of the sandwich specimens. Then, the influence 
of the different adhesives and surface treatments in the 
performance of the sandwich structure is evaluated using 
peel off tests.

3.1. Adhesive properties
Mechanical properties of the adhesives were evaluated 

using tensile tests in bulk specimens. Tests were performed 
in an Instron test machine model 5966 with a 10 kN load 
cell at a constant displacement of 1 mm/min, according 
to the standard ASTM D 63827. Table 2 shows the average 
properties obtained from five tests and representative 
load-extension curves are presented in Figure  4. Both 
materials presented high strength and the maximum 
stresses of 17.17 MPa and 11.73 MPa for the epoxy and 
polyurethane adhesives, respectively. However, the tested 
adhesives exhibited remarkably different mechanical 
behavior. The epoxy adhesive presented fragile behavior 
(Figure 4a) while the polyurethane adhesive a more ductile 
behavior (Figure 4b).

3.2. Surface roughness
In order to evaluate the effectiveness of the applied 

surface treatment, the surface roughness of the substrates 
was evaluated using a 3D rugosimeter (Talyscan 150, Taylor 
Hobson Precision). An area of 2 x 2 mm was analyzed with a 
spacing of 1 μm (x-axis) and 10 μm (y-axis). Three analyzes 
were performed for each of the three surface conditions: 
untreated, treated with unidirectional abrasion (UA) and 
treated with bidirectional abrasion (BA). The Table 3 shows 
the average surface roughness (Ra) of the substrates in the 
three different conditions. The parameter Ra describes the 
average roughness of the profile, it means, the average between 
peaks and valleys. Results show that the surface treatment 
produced a significant increase of the surface roughness in 

Figure 3. Pull off specimen (a) scheme and (b) real image.

Table 1. Test matrix.

Adhesive Surface treatment Number of tests
Epoxy Unidirectional abrasion (UA) 5

Bidirectional abrasion (BA) 5
Polyurethane Unidirectional abrasion (UA) 5

Bidirectional abrasion (BA) 5

Table 2. Adhesive properties.

Adhesive Maximum Force (N) Maximum Stress (MPa)
Epoxy 636.1 ± 95.62 17.17 ± 2.58

Polyurethane 434.5 ± 37.49 11.73 ± 1.01
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both geopolymer and composite samples. Higher roughness 
values were obtained from composite samples.

The 3D surface profiles of composite samples are presented 
in Figure 5. In Figure 5a, the untreated composite surface 
showed a more irregular aspect. A more regular surface profile 
is observed in composites treated with UA, in Figure 5b, and 
similarly in Figure 5c for the composites treated with BA. 
However, high peaks and valleys were present in all cases. 
The 3D surface profiles of geopolymer samples are shown in 

Figure 6. The untreated geopolymer surface presented more 
irregular profile, as shown in Figure 6a. The treatments of UA 
and BA (Figures 6b and 6c, respectively) resulted in a more 
homogeneous surface of the geopolymer. Overall, the mechanical 
surface treatments produced rougher and more homogeneous 
surfaces in both composite and geopolymer surfaces.

3.3. Pull off tests
Pull off tests were performed in composite-geopolymer 

sandwich specimens. The failure stresses and failure modes 
are shown in Table 4. The average failure stresses obtained 
from the experiments, according to the selected parameters of 
adhesive type and surface treatment, are shown in Figure 7. 
One result of each series was discarded due to damage 
in the specimen. For UA, the average failure stress was 
5.88±0.25 MPa while samples treated with BA presented an 
average pull off strength of 7.22±1.01 MPa. Regarding the 
specimens bonded with the polyurethane adhesive, the average 
strength obtained with UA and BA were 2.31±0.47 MPa 
and 3.02±0.32 MPa, respectively. Overall, samples bonded 
with the epoxy adhesive withstood higher loadings, which 
varied in according with the surface treatment. Specimens 
treated with BA presented higher strength than specimens 
treated with UA.

Table 3. Surface roughness of the substrates.

Substrate Surface Treatment Ra (µm)

Pultruded 
Composite

Untreated 0.961 ± 0.140
Unidirectional 
abrasion (UA) 1.433 ± 0.253

Bidirectional 
abrasion (BA) 4.005 ± 0.403

Geopolymer

Untreated 0.238 ± 0.004
Unidirectional 
abrasion (UA) 0.991 ± 0.461

Bidirectional 
abrasion (BA) 2.930 ± 0.606

Figure 4. Representative load-extension curves of the (a) epoxy and (b) polyurethane adhesive.

Figure 5. 3D surface profiles of composite samples: (a) untreated. (b) treated with UA and (c) treated with BA.

Figure 6. 3D surface profiles of geopolymer samples: (a) untreated. (b) treated with UA and (c) treated with BA.
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Representative Images of the fracture surfaces are shown 
in Figure 8. The predominant failure modes were either a 
combination of substrate and adhesive failure (Figure 8a) 
or pure substrate failure (Figure 8b). Samples bonded with 
the epoxy adhesive and treated with UA presented as the 
predominant failure mode a combination of substrate failure 
in the geopolymer and adhesive failure at interface 4 (see 
Figure 3a). The adhesive failure indicates poor adhesion 
between the epoxy adhesive and the geopolymer substrate. 
In the case of samples bonded with the epoxy adhesive and 
treated with BA, substrate failure in the geopolymer was 
predominant. The contribution of adhesive failure was less 
significant than in the specimens treated with UA, indicating 
that the higher roughness of the substrates improved the 

adhesion quality between the geopolymer and the epoxy 
adhesive.

Specimens bonded with the polyurethane adhesive 
presented substrate failure in the geopolymer as the dominant 
failure mode. However, the failure stresses were inferior to 
the results of the specimens bonded with epoxy adhesive. 
The difference in the failure stresses of the samples bonded 
with the epoxy adhesive and polyurethane adhesive indicates a 
lower strength of the geopolymer substrate used in specimens 
bonded with polyurethane adhesive. In this case, it was 
manufactured using more distilled water, or 10% in weight, 
during the mixture process. In comparison, the geopolymer 
used in the epoxy samples was manufactured using 5% 
weight of distilled water. Since the curing conditions were 

Table 4. Average strength of the pull off tests.

Test Adhesive Surface Treatment Failure Stress (MPa) Failure Mode
01 Epoxy Unidirectional abrasion (UA) 5.61 Substrate (geopolymer) + adhesive (interface 4)
02 5.73 Adhesive (interface 4)
03 discarded
04 6.07 Substrate (geopolymer)
05 6.11 Substrate (geopolymer) + adhesive (interface 4)
06 Bidirectional abrasion (BA) 6.55 Substrate (geopolymer)
07 8.42 Substrate (geopolymer)
08 discarded
09 7.69 Substrate (geopolymer)
10 6.23 Substrate (geopolymer)
11 Polyurethane Unidirectional abrasion (UA) 2.05 Substrate (geopolymer)
12 2.20 Substrate (geopolymer)
13 2.99 Substrate (geopolymer)
14 discarded
15 1.98 Substrate (geopolymer)
16 Bidirectional abrasion (BA) 2.96 Substrate (geopolymer)
17 3.38 Substrate (geopolymer)
18 3.14 Substrate (geopolymer)
19 2.61 Substrate (geopolymer)
20 discarded

Figure 7. Average failure stress according to the parameters of adhesive type and surface treatment.
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the same in all samples, it is concluded that the larger amount 
of water applied in the manufacturing process decreased the 
geopolymer strength. Figure 9 shows a comparison between 
the fracture surfaces with geopolymer failure in both cases. 
For a percentage of 5% weight of water (Figure 9a), the 
fracture surface presented a more compacted aspect, while 
samples with 10% weight of water (Figure 9b) seem to have 
a less compacted fracture surface. Moreover, the efficacy 
of the surface preparation method in the polyurethane 
samples could not be evaluated, since the failure occurred 
predominantly in the substrate.

4. Conclusions
The adhesion of composite-geopolymer specimens 

was evaluated using epoxy and polyurethane adhesives. 
The bonded surfaces of the composite and the geopolymer 
substrates were treated by manual abrasion using two different 
procedures: unidirectional abrasion (UA) or bidirectional 
abrasion (BA). The strength of the sandwich structures was 
accessed using pull off tests.

Specimens treated with UA and bonded with epoxy 
adhesives presented either a combination of adhesive and 
substrate failure or pure substrate failure. The adhesive 
failure occurred in the geopolymer-adhesive interface. 
In the case of specimens treated with BA, the geopolymer 
substrate failure was dominant. This means that the increase 
in roughness provided by the BA resulted in better adhesion 
quality. Consequently, the strength of epoxy BA specimens 
were the highest.

Geopolymer failure was the predominant failure mode 
in the tests with polyurethane adhesive. These specimens 
presented small failure strength compared to the epoxy 
sample. This occurred because the geopolymer from the 
polyurethane samples were manufactured using a lower 
amount of water, 5% in weight, while the geopolymer from 
the epoxy samples had 10% weight of water.
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