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INFLUENCE OF THE TYPE OF ADHESIVE ON THE PROPERTIES OF
THE GFRP COMPOSITE ADHESIVE JOINT, DETERMINED ON THE
BASIS OF THE STATIC T-PEEL TEST

ABSTRACT

The article presents the results of experimental studies determining the influence of the type of adhesive on the
static strength properties of the Glass Fiber Reinforced Polymer (GFRP) composite joint determined on the basis
of the T-peel test. As part of the static tests on peeling joints, a comparison of peak load and stiffness for
individual joints was made. The fracture surfaces were also analyzed, showing various failure mechanisms. It
was shown that the variant of joints made with the Enguard BP72A polyester adhesive was characterized by the
highest strength properties with a mean peak load of 836.73 N.
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INTRODUCTION

Composite structures based on fiber reinforced polymers (FRP) are more and more
widely used in the construction of structures in aviation, automotive, shipbuilding, as well as,
among others, in wind energy [1, 2]. Composite materials are also very often used to repair
existing structures [3, 4]. GFRP composites are widely used in architectural applications,
among others roofing and partition walls are made of them [5,6]. This is due to the very
attractive properties of this type of composites, and above all, it is about high specific
strength. Therefore, composites are often used in the construction of structures which require
low weight while maintaining high strength [7].

The considered composites are composed of two main components, namely the plastic
matrix and the reinforcement fibers that carry the load [8-10].

The principle of operation of FRP composites is based on the transfer of loads by various
types of fibers. The matrix serves only as a binder for the fibers and direct protection against
external factors. The fibers used for their production can be continuous (continuous or
monofilament) or discontinuous (staple fibers, whiskers). Numerous products made of single
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fibers can also be used as reinforcement: rovings, mats, fabrics, pre-impregnates, shaped
elements [11,12].

Currently, a significant limitation in the use of GFRP composites in mass industry is the
technology that requires a lot of work, which makes the production costs relatively high.
Another problem is the disposal of used composite products based on irreversibly hardened
epoxy or polyester resins [1]. However, despite certain limitations, composites are
consistently increasingly used in responsible, high-strength and lightweight structures. With
the development of the use of polymer-fiber composites, design solutions, including
combinations of such materials, develop. Generally, in thin-walled composite structures
similar technologies are used as in this type of structures made of metals, i.e. riveting and
adhesive bonding are used, while composites with a thermoplastic matrix are resistively
welded [13]. Regarding the riveting technology, which works well in metal structures, it is
less effective for composites, because by making rivet holes, the continuity of the fibers is
broken, which reduces the load capacity of the structure. The riveted holes make the structure
highly susceptible to the initiation of fatigue processes, and finally, metal rivets lead to an
increase in the structure mass [14,15]. Resistance welding cannot be used for joining
composites with a matrix of epoxy or polyester resins. Adhesive joints seem to be a favorable
form of joining elements of composite structures. These types of joints do not introduce holes,
stress concentrators, ensure uniform distribution of stresses, and due to the thin layer of
adhesive, in practice they do not increase the weight of the structure. Ensuring a high-quality
adhesive bond requires proper preparation of the surfaces of the joined materials. The authors
of the works [16,17] have carried out a series of studies on the influence of the surface
properties of polymer-fiber composites on the effectiveness of adhesive bonds. The strength
of the structure in which there are adhesive joints is extremely influenced by the configuration
of these joints. Research on the influence of various configurations of adhesive bonding
composite structures was studied by Adams et al. [18] and Godzimirski et al. [19]. For FRP
composite joints, ASTM D5573 [20] distinguishes seven common failure cases. They are:
adhesive failure, cohesive failure, thin-layer cohesive failure, fiber-tear failure, light-fiber-tear
failure, stock-break failure, or mixed failure. The mechanism of failure of the adhesive joint is
influenced by a number of factors, ranging from the quality of the composite, the adhesive
used, the joining technology, surface preparation, etc. The authors of [21-28] raised the issue
of the influence of various factors, incl. edge chamfering, influence of various environmental
conditions, surface contamination, surface treatment with plasma on the way of joint failure.
Due to the multitude of factors influencing the failure mode of composite joints, it is difficult
to predict the form of failure. The authors of the works [29-33] made attempts to predict the
manner of failure of the adhesive joints of GFRP composites.

This paper describes experimental studies in which the influence of various adhesives on
the failure mechanism and the strength of the joints of GFRP composites in the static peel test
was determined. Floating roller peel tests described in the ASTM D3167 standard [34] are
commonly used to test the strength of adhesive joints under peel conditions in relation to FRP
composites. Riul et al. [35] described the experimental tests carried out with this method,
which were aimed at determining the strength of the joints of composites produced with
various methods. An equally common method of testing the peel strength of adhesive joints is
the T-peel test. It is characterized by the fact that it does not require the use of additional
devices, and the preparation of samples is not complicated, hence it is a simple method, and
therefore often used [36,37].

This method was adopted in the paper as an effective way to determine the properties of
GFRP composites joints.
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MATERIALS AND METHODS

This paper deals with the issue of determining the parameters of adhesive for the wing
parts made of GFRP composites of the aircraft produced by the manufacturer of light-sport
aircraft (LSA), the Ekolot company (Krosno, Poland).

The research was carried out for the joints of GFRP composites with a matrix of vinyl
ester resin. For the preparation of the composites, four layers of Interglas 92125 glass fabric
were used, a double 2/2 weave with a grammage of 280 g/m?, additionally, a delaminating
fabric was used for the first surface. The arrangement of the fibers was +/- 45°. The matrix of
the laminating composite was vinyl ester resin, however, the detailed composition of the resin
IS a trade secret of the manufacturer.

Lamination was carried out in a mold giving an angle shape approximately 180 mm wide
(Fig. 1a).

In the hardening process, the vacuum pressure method was used, after hardening, a
composite 1.4 mm thick was obtained. After curing under vacuum conditions for 24 hours and
after seasoning for 10 days, the composite was glued with four variants of adhesives:

Variant Adhesive_1: Enguard BP72A bonding paste polyester adhesive.

Variant V2: Enguard BPO6AW bonding paste polyester adhesive.

Variant V3: vinyl ester resin, the same composition as used for lamination.

Variant V4: adhesive prepared on the basis of vinyl ester resin, with proportions identical to
the use used for lamination, and filled with CAB-O-SIL TS-720 (synthetic amorphous silica)
powder to obtain a uniform adhesive.

After curing, the joint was cut open with a band saw for samples having a width of 30
mm, thereby obtaining T-peel test samples having the shape and dimensions shown in Figure
1b.

Peel load

Adherend (GFRP)

Adhesive

180 ‘

' ' Peel load

Fig. 1. Geometry of T-peel test specimen: (a) before cutting into individual specimens;
(b) specimen dimensions (dimensions in mm)

T-peel tests were conducted according to the recommendations of the ASTM D 1876
standard [36]. The tests of the static peel strength were carried out on the Zwick/Roell Z100
testing machine, the test rate was 100 mm/min. The static strength tests were carried out at
room temperature. Five repetitions were carried out for each of the considered variants.
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The morphologies of the fracture surfaces of the adherends were examined using an
scanning electron microscope (SEM) Phenom ProX (Nanoscience Instruments, Phoenix, AZ,
USA).

RESULTS

Figure 2 shows a graph containing representative static peel test curves for the considered
joint variants. On the basis of the peel curves, it can be concluded that in practically every
variant of the joint, the peak load value is significantly higher than the basic, average value of
the peel force. This is due to, inter alia, the fact that the samples did not remove the flash in
the front part of the joint, which significantly strengthens them.

When analyzing the peel curves for the T-peel test, differences in the stiffness of
individual joints can be observed. To visualize the onset of the peel curves, Figure 3 shows
the same curves but within a narrowed displacement range, i.e. 0-2.5 mm. On this basis, it can
be observed that the joint made with Adhesive_2 is characterized by the lowest stiffness
among the considered adhesives. The other joint variants have comparable stiffness.

Another conclusion from the peel curve analysis is that each of the adhesive fillers used,
i.e. in the case of Enguard BPO6AW it was a light mineral filler (variant Adhesive_2), while
in the case of vinyl ester resin, synthetic amorphous silica (variant Adhesive_4), lead to
reduce the strength of the joint, as demonstrated here on the basis of relatively low peak load
values.
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Fig. 2. Typical force-displacement curves of T-peel test for adhesives studied
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Fig. 3. Initial fragment of T-peel test curves showing differences in stiffness of individual adhesives
in the initial phase of peel

Moving on to the statistical analysis of the obtained results, the Figure 4 shows a bar
chart which summarizes the average peak load values for individual variants with the standard
deviation value marked. It has been shown that the variant of joints made with Adhesive 1 is
characterized by the highest repeatability of the obtained results. With an average peak load
value of 836.73 N, the standard deviation was 18.06 N. The Adhesive 3 variant is also
satisfactory, with an average peak load value of 651.29 N with a standard deviation of 25.64
N. Definitely the lowest repeatability of the peel strength was demonstrated for the joint made
of vinyl ester resin filled with silica (variant Adhesive_4). In this case, the average peak load
value was 409.72 N and the standard deviation was 72.23 N. The effect of such a low
repeatability for joints in the Adhesive 4 variant may be uneven distribution of the filler in
the resin structure.
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Fig. 4. Average values of peak load for adhesives studied
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Fig. 5. View of the typical fracture surfaces of adhesive joints for variants: (a) Adhesive_1; (b) Adhesive_2;
(c) Adhesive_3; (d) Adhesive_4
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By analyzing the surface of failure of joints on a macroscopic scale, it is possible to
indicate the mode of failure typical for given variants of joints. Figure 5 shows the views of
the fracture surfaces of the joint of both adherends and the enlarged view of the front part of
the joint. In the case of joints made with both Enguard adhesives (variants Adhesive 1 and
Adhesive_2), a typical cohesive failure was demonstrated (Figs. 5a, b). Which in the case of
adhesive joints is the desired mode of failure. For the variant where the joint was made with
the unmodified resin used for lamination (variant Adhesive_3), light-fiber-tear failure was
achieved by detaching the matrix from the surface of the fibers (Fig. 5d). Thus, there is a
strong bond between the previously hardened matrix resin and the resin used as a adhesive
with identical properties.. This joint was so strong that the adhesive between the laminate
matrix and fibers obtained in the technological lamination process was damaged. In the case
of a resin-based adhesive that was filled (Adhesive_4 variant), adhesive failure was obtained
on the majority of the joint surface, while a small area of light-fiber-tear failure was shown in
the front part of the joint (Fig. 5c).

Joint failure surfaces were also observed on a microscopic scale. For this purpose, SEM
microscopy was used to make fractographs. On the basis of the fracture surface view in the
case of samples joined with Adhesive 1, it was observed that despite the dominant cohesive
failure (Fig. 6a), small areas of adhesive failure can be seen on the failure surface, as shown in
Figure 6b. The composite surface is visible here from the adhesive was separated. This type
of failure of the adhesive joints of CFRP (Carbon Fiber Reinforced Polymer) composites was
also demonstrated by the authors of the work [33].

10 pm

Fig. 6. SEM images of selected areas of fracture surfaces of for the specimen joined with Adhesive_1:
(a) cohesive failure; (b) adhesive failure

Moving on to the SEM fractography analysis for joints produced with the use of the
Adhesive_2 variant, the fully cohesive nature of joint failure was confirmed. On the both
surfaces of adherends the characteristic filler was observed (Figs. 7a, b). The visible filler is
hollow mineral objects aimed at reducing the mass of adhesive structures. It can be observed
that the filler has a high adhesion to the adhesive. As can be seen in the fractography, the filler
particles have different sizes and when the joint failures, they also crack. Since the failure of
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the adhesive structure also occurs through cracking of the filler particles, and its particles are
hollow, it can be concluded that to some extent the filler leads to a decrease in the adhesive
strength, which was confirmed by the results of static strength tests. These types of fillers
with particle sizes in the order of 10 m usually have a negative effect on the strength of the
joints [38-39], but are nevertheless used due to other desirable properties, such as reduction of
joint mass, electrical and thermal conductivity of the joint, etc.

Fig. 7. SEM fractographs for the Adhesive_2 variant showing cohesive failure with visible particles of adhesive
filler at different magnification (a) 690x and (b) 2550x

The adhesive with mineral filler used in the work is usually used where a thick layer of
the joint is required or as a putty to fill in unevenness, therefore it is important that its mass is
as low as possible. Hollow, thin-walled spherical structures cracking during the failure of the
joint, cause the cohesive character of cracking in the adhesive joint. It is also caused by the
fact that in the joint plane due to the hollow thin-walled filler particles, there is less active
adhesive surface. A similar nature of the failure of adhesive joints with fillers was
demonstrated by the authors of [39], who investigated the effect of the filler content on the
strength of joints of aluminium alloy sheets.

In the case of joints made with non-filled vinyl ester resin, identical to the one used in the
lamination process, which is the matrix of the composite, SEM micrograph analysis showed
light-fiber-tear failure, which confirms the conclusions obtained on the basis of the
macroscopic analysis. The surface fractography for the Adhesive 3 variant showed
completely exposed fibers on the entire surface of one of the adherends. Figs. 8a, b show the
fracture surfaces of the beginning and end portions of the joint, respectively. The visible,
exposed fibers prove that the failure took place here by breaking the adhesive connection
between the fibers and the matrix. The resin used to bond the previously laminated
composites was thus characterized by high adhesion, creating a structurally uniform mass
with the matrix.

A similar nature of failure was demonstrated for the adhesive in the form of filled vinyl
ester resin (Adhesive_4), but only in the frontal part of the joint (Fig. 8c). Further from the
face of the joint, the cohesive nature of the failure was demonstrated (Fig. 8d), which proves
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that the powder used to thicken the resin weakens the hardened structure. This is confirmed
by the results of static strength tests, which showed that the joints produced with the
considered adhesive, are characterized by the lowest strength among the considered variants.
The front of joint was defined as a distance of up to 10 mm from the leading edge of the joint,
and the end of joint was defined as the area approximately 90 mm from the face of the joint.

o | D g 5 e n— & 14 e
80 pm 1 295 pm 3 (GB) # 30 pm (] m mm_1Pa

Fig. 8. SEM images of fracture surfaces of adherends for: (a) front part of joint — variant Adhesive_3; (b) end part
of joint — wariant Adhesive_3; (c) front part of joint — variant Adhesive_4; (d) end part of joint — variant Adhesive_4



72

ADVANCES IN MATERIALS SCIENCE, Vol. 21, No. 3 (69), September 2021

CONCLUSIONS

The paper presents the results of tests of the peel strength of adhesive joints of GFRP

composites depending on the adhesive used. This is an important issue because composites of
this type are more and more widely used in light, durable structures, and therefore there is a
need to joining them. Adhesive bonding is a common method of joining composite structures.
The conclusions from the conducted research can be summarized as follows:

1.

It was shown that the variant of joints made with the Enguard BP72A bonding paste
polyester adhesive was characterized by the highest repeatability of the obtained results.
With a mean peak load of 836.73 N, the standard deviation was 18.06 N.

The largest dispersion of the peel strength results was demonstrated for the combination
made of vinyl ester resin filled with synthetic amorphous silica. In this case, the mean
peak load value was 409.72 N and the standard deviation was 72.23 N. The effect of such
low repeatability for joints in the Adhesive 4 variant may be uneven distribution of the
filler in the resin structure.

Each of the joints made with filler-containing adhesives, i.e. Enguard BPO6AW polyester
bonding paste and silica-thickened vinyl ester resin, exhibited relatively low strength
compared to similar unfilled adhesives. Thus, the fillers reduce the strength properties of
the joints.

The dominant mode of failure of joints made with the use of Enguard BP72A bonding
paste and Enguard BPO6AW bonding paste polyester adhesives was cohesive failure.
This proves the good adhesion of these adhesives to the surfaces of the tested GFRP
composites.

In the case of joints made with non-filled vinyl ester resin, identical to that used in the
lamination process, which is the matrix of the composite, SEM micrograph analysis
showed light-fiber-tear failure.

The adhesive joints made with the use of compacted vinyl ester resin were largely
damaged by cohesive failure, which was confirmed by the weakening of the hardened
resin by the synthetic amorphous silica filler used.
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