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IntroductIon

Epoxy resins are polymeric materials with macro-
molecular chains which contain more than one epoxy 
group, i.e. oxirane or ethylene oxide group. This group 
of structural adhesives is often used in agriculture – 
either as adhesives or composite systems (K e j v a l , 
M ü l l e r , 2013; M ü l l e r ,  H e r á k , 2013). Epoxy 
resins with a dispersed particulate filler are mostly 
cured by polyamines while forming three-dimensional 
networks (in most cases without the excess pressure). 
This curing process is carried under normal (labora-
tory) temperature (M l e z i v a , 1993; P e t r i e , 2006). 
Particles have multiple functions in reaction resins. 
Particles influence (in some cases optimize) mechani-
cal properties of resin and last but not least reduce 
costs. The resulting mechanical properties are given 
by a number of parameters, the most important being 
viscosity of resin, wetting of the filler with resin, 

nature of the linkages between resin and particles, 
etc. (M i l t o n , 2002; Va l á š e k ,  M ü l l e r , 2013a).

The described experiment is primarily devoted to the 
basic mechanical characteristics of epoxy resin filled 
with glass powder (GP), i.e. adhesion and cohesion. 
Adhesion is reflected on interfaces of both, the filler 
and resin, and the composite system and adherend to 
which the system is applied. Adhesion between the 
filler and the used resin is affected, among others, by 
morphology of particles and their size. Conclusions 
by C h e n g  et al. (2002) point to the fact that rough-
ness of particles ranks among the most important 
parameters affecting adhesion of particles to matrix. 
Experiments performed by Z h a i  et al. (2006) also 
show the influence of particles on the interface of 
the filled adherend and the system, where particles 
(particles of Al2O3, CaCO3, SiO2 were used in the 
experiment) can improve adhesiveness (adhesion) 
of epoxide to steel. From the viewpoint of cohesion 
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(cohesiveness of a filled system), N a k a m u r a  et al. 
(1992) described a crucial influence of particle size 
on strength and stated a decrease in tensile strength 
of polymers with increasing particle size (6–42 µm). 
H o j o  et al. (1974) formulated similar conclusions on 
the epoxy resin strength decrease with the increasing 
particle size by a mathematical relationship

      (1)

where: 
σk = composite breaking strength (MPa)
σm = matrix breaking strength (MPa)
kp (Vp) = constant as a function of the volume fraction 
of particles (-)
dp = average particle size (mm)

The aim of the experiment is to describe the adhe-
sion of epoxy filled with different GP particle sizes to 
steel adherend (this type of material is commonly used 
in agriculture) by means of shear strength. Cohesion 
is described by tensile strength. Minimization of the 
composite system price through the inclusion of a 
secondary raw material – glass powder – is also one 
of the important issues dealt with in the present con-
tribution. Effective handling of recyclable materials 
reduces the burden on the environment, costs, and 
saves primary raw materials.

materIal and methods

Matrix and filler

Filling reactive resins with a particulate filler is 
performed during the uncured state, depending on the 
required resulting properties. Preparation of filling 
mixtures is crucial with respect to the amount of pores 
contained in the material after curing. In experimental 
programs mixing with or without the use of vacuum 
can be applied. The resulting shape is then achieved, 
for example, by following casting into moulds with 
zero adhesion to moulded mixture or the system is ap-
plied directly to the adherend. After reaching the final 
shape the resin is cured according to the technological 
requirements. A two-component epoxy resin (Epoxy) 
Glue Epoxy Rapid F (DCH-Sincolor a.s., Karlovy 
Vary, Czech Republic) (density 1.00 g·cm–3) was 
used in the experiment. This epoxide exhibits high 
cure rate (9–10 min at 50 g of stiffed mixture, 23°C) 
and reduced sagging of the surfaces, glass transition 
temperature 59°C. 

The resin was filled with GP (density 2.50 g·cm–3) 
made from recycled glass shards (classified as waste 
20 01 02 – Glass according to the Waste catalogue 
of the Czech Republic), which are processed by the 
company AMT Příbram, s.r.o. Glass shards are pulver-
ized by a ball mill and this secondary raw material is 

then sieved by rotating sieve. The GP used (particles 
less than 90 µm in size) is traded on the Czech market 
by Refaglass, a.s. The purchased GP was dried in the 
drying room (humidity lower than 1%) and then sieved 
using hand sieves with mesh sizes of 50 and 30 µm  
(Fig. 1) to prepare different fractions of particle sizes. 
The different fractions were sizing 0–30 µm, 30–50 µm, 
and 50–90 µm.

The composite mixture which was cured according 
to the manufacturer’s requirement (at room tempera-
ture of 24 ± 2°C, humidity 40–50%) was prepared by 
mechanical mixing of GP and epoxy composite. The 
filler concentration was expressed by volume percent-
age and corresponded to 1, 2, 3, 4, 5, 10, and 20%. 
The test specimens for testing the tensile strength 
were cast in moulds made of two-component silicone 
rubber in accordance with the standard ČSN EN ISO 
3167 (Plastics – Multipurpose test specimens). Tensile 
strength values describing the cohesive strength of 
the cast specimens were measured in accordance with 
ČSN ISO 527-1 (Plastics – Determination of ten-
sile properties, Part 1: General principles) always on  
6 specimens appropriate to the standard. The test was 
carried out on a universal testing machine LabTest 
5.50ST (Labortech s.r.o., Opava, Czech Republic)  
(50 kN). Test speed (crosshead movement) corre-
sponded to 6 mm·min–1. Hardness of the specimens 
was evaluated using Shore D scale (ČSN EN ISO 868).

Shear strength (adhesion to steel adherend) was 
determined in accordance with the standard ČSN EN 
1465 (Adhesives – Determination of tensile shear 
strength of rigid adherends on overlapped specimens). 
Based on recommendations of T e n g  et al. (2011) that 
the most appropriate treatment of adherends before 
the application of epoxy resins includes blasting, 
the surface of the adherend was blasted with corun-
dum before applying the system (F80 at 90°C). After 
the blasting process, the surface of adherends was 
degreased and cleaned with perchlorethylen. The sur-
face treatment of materials has been stated as crucial 
in many applications (N o v á k , 2011; D ’ A m a t o 

Fig. 1. Sieves used for glass powder particles size sorting into indi-
vidual fractions
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et al., 2014; R u d a w s k a , 2014; A f f a t a t o  et al., 
2015). As important factors describing the surface 
integrity were selected roughness parameters, which 
were determined by the profile according to ČSN EN 
ISO 4287 using a profilometer Surfest 301 (Mitutoyo 
America Corporation, Aurora, USA). Wavelength (cut-
off) corresponded to 0.8 mm. During the cure process 
joints were loaded with 230 g·cm–2. Thickness of the 
resin layer (gap) between adherends was evaluated 
using a stereoscopic microscope (SZP 11-T Zoom, 
Arsenal s.r.o., Prague, Czech Republic) via embedded 
software (Quick Photo Industry). GP and test specimens 
for each experiment performed are shown in Fig. 2.

The obtained data sets were evaluated by statistical 
methods, which were intended to indicate statistically 
significant changes from the perspective of the meas-
ured mean values of these sets.

results

Values for theoretical density, one of the basic 
characteristics of GP/epoxy composites, are shown in 

Table 1. They are based on the theoretical densities of 
resin and GP – perfect wetting of the filler by epoxy 
is considered in the calculation.

GP was sieved on a production line in fractions with 
particle size below 90 µm. This particle size represented 
the highest level of assessed intervals. GP particles were 
classified according to their size and each interval of 
particle size distribution was subsequently subjected 
to optical analysis on a stereoscopic microscope. Then 
the average size of particles was determined for the 
individual intervals – see histograms in Fig. 3. For 
each interval, the mean particle size corresponded to 
18.7 ± 7.7, 38.7 ± 7.2, and 72.6 ± 16.6 µm.

The presence of GP in all cases increased hard-
ness (Fig. 4). Unfilled resins evinced Shore D hard-
ness of 89.45 ± 1.25. Hardness was the highest at 
20% GP concentrations. The highest mean value of 

Table 1. Theoretical density and porosity glass powder (GP)/epoxy

GP (vol.%) Theoretical density (g·cm–3)

1 1.01

2 1.03

3 1.05

4 1.06

5 1.08

10 1.15

20 1.30

Fig. 2. Glass powder/epoxy specimen for 
shear strength test (left), specimen for a 
tensile strength test (right)

 

Fig. 3. Dimensional analysis of glass 
powder particles sorted into individual 
fractions
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Shore D hardness was measured at 20% concentration  
(50–90 µm), i.e. 91.38 ± 01.03. Coefficient of varia-
tion of measurements ranged 1.2–2.0%.

The impact of different particle sizes on the adhe-
sive properties of the composite mixture was evalu-
ated on steel adherend through shear strength. Prior 
to the system application on a surface, the surface 
parameters should be assessed. From this viewpoint 
basic roughness parameters Ra and Rz are particularly 
relevant (Fig. 5).

Unfilled resin exhibited shear strength of 11.49 ± 
0.91 MPa  (coefficient of variation was 7.9%) (Fig. 6).

In all cases except for 0–30 µm/1% (an increase of 
0.5% to 11.54 MPa) a slight decrease in shear strength 
values occurred due to the inclusion of the filler. The 
lowest measured shear strength was 9.48 ± 0.59 MPa  
(50–90 µm/3%, a decrease of 17.5%, coefficient of 
variation 5.9%). As is visible from the statistical analy-
sis (Table 2), in the case of decreasing values of shear 
strength, this decrease can be discussed as statistically 

insignificant (due to the measured standard deviations), 
where the coefficient of variation of the measuring 
reached 15.8%. Only in the interval with particle size 
0–30 µm the filled resin systems comparing to the 
unfilled resin systems do not evince any statistically 
significant decrease (hypothesis H0) in shear strength 
(P > 0.05). In other cases, this statement is not fulfilled.

The analysis of failure type in the place of the 
joint was carried out by a stereoscopic microscope 
after testing according to ČSN ISO 10365 – Adhesives 
– Designation of main failure patterns. In all cases 
(concentration and particle size of GP) the failure was 
in the adhesive type (Fig. 7).

The dependence of cohesive characteristics on 
different particle sizes of GP was evaluated by tensile 
strength (Fig. 8). Unfilled resin reached tensile strength 
of 42.56 ± 2.64 MPa (coefficient of variation 6.2%).

In all cases the inclusion of GP particles resulted in 
a statistically significant decrease of tensile strength 
values of the systems. Higher concentrations of the 
filler led to a greater decrease of the value. The lowest 
value of –27.30 ± 2.86 MPa (coefficient of variation 
10.5%) was measured in the system 50–90 µm/20%.

dIscussIon

In terms of adhesion, we may partially agree with 
the conclusions of Z h a i  et al. (2006), who describe 
the positive effect of particles on the adhesion of epoxy 
resin to the steel adherend, the optimum concentra-
tion of Al2O3 particles (60–100 nm) indicated by the 
authors was 2 wt.% (increase in strength from 3.6 to 
7.8 MPa). The increase in adhesion was observed in 
only one case (0–30 µm/1%, an increase of 0.5%) 
and this increase was not statistically significant (see 
results of T-test). It should, however, be noted that this 
experiment describes the particle size in the order of 

 

Fig. 4. Hardness of glass powder/epoxy 
composites with different particles size

 

Fig. 5. Roughness parameters of steel adherends (S235J0) in the place 
of a joint
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tens of micrometres, comparing to results with particle 
size in nanometres. We may partially agree with the 
results of D e k k e r s ,  H e i k e n s  (1983), stating that 
the inclusion of glass spheres leads to good adhesion 
to the metal adherend – the authors describe a cohe-
sive kind of disruption on aluminium adherends. The 
adhesive failure dominated in the experiment carried 
out on steel adherend. This shows that the weak point 
on the interface is the interaction. For example, the 

optimum surface treatment of adherend could lead to 
an increase in strength at this interface.

In terms of tensile strength it is not possible to 
agree with the conclusions of K a h r a m a n a  et al. 
(2008), who describe an increase in aluminium par-
ticles strength in the order of tens of micrometres. 
The inclusion of GP has always caused a decrease in 
tensile strength irrespective of the used particles size.

The experiment also did not confirm the increase 
in tensile strength by the inclusion of GP at a low 
concentration of 5% described by K u  et al. (2010) 
and K u ,  W o n g  (2012). The decrease in tensile 
strength can be caused by high porosity of the mixture, 
which originated only by moulding without the use 
of vacuum. The preparation is inexpensive and is fre-
quently used in practice. This procedure can minimize 
the formation of air bubbles, which can then initiate 
the cracks formation. A decrease in tensile strength of 
thermoplastics due to the presence of glass sphere was 
described e.g. by N i c o l a i s ,  N i c o d e m o  (1974), 
the strength of the unfilled matrix was always higher 
than the strength of the filled matrix; this fact was 
attributed to imperfect adhesion between the phases.

When applying GP into reactive resins or to other ad-
hesives, their properties must be respected (Va l á š e k , 
M ü l l e r , 2013b). For example, some epoxy resins 
differ in molecular weight and viscosity, which affects 
the preparation mixture and subsequent interaction 
between the resin and the filler (particles).

Table 2. T-test: statistical comparison of shear strength (0 : 1, 2, 3, 4, 5, 10, 20%)

T-test H0: (P > 0.05) Glass powder (vol.%)

Particle size (µm) 1 2 3 4 5 10 20

50–90 0.06 0.01 0.00 0.18 0.06 0.30 0.19

30–50 0.41 0.03 0.29 0.08 0.01 0.15 0.02

0–30 0.93 0.84 0.53 0.84 0.40 0.20 0.06

Table 3. T-test: statistical comparison of tensile strength (0 : 1, 2, 3, 4, 5, 10, 20%)

T-test H0: (P > 0.05) Glass powder (vol.%)

Particle size (µm) 1 2 3 4 5 10 20

50–90 0.01 0.01 0.01 0.01 0.00 0.00 0.00

30–50 0.01 0.00 0.00 0.00 0.01 0.00 0.00

0–30 0.01 0.00 0.01 0.00 0.01 0.00 0.00

 

Fig. 6. Lap-shear tensile strength of glass powder/epoxy composites 
with different particles size

Fig. 7. Typical adhesive type of failure of test specimens (30-50 µm - left: 1%, 2%, 5%, 20%)
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conclusIon

Inclusion of GP into reactive resins and adhesives 
is a method of utilization of secondary raw materials, 
which is inexpensive and sensitive to the environment. 
From this perspective, such a use of secondary raw 
materials should be preferred. Noteworthy results 
obtained in the experiments can be summarized as 
follows:
• The presence of GP increased Shore D hardness by 
up to 2.15%.
• The influence of GP particles size on shear strength 
was proved: a smaller particles size of 0–30 µm did 
not lead to a statistically significant decrease in the 
values of tensile strength.
• The inclusion of GP led to a decrease in tensile 
strength by up to 35.9%. A clear influence of particle 
size on tensile strength was not proved in the moni-
tored intervals.
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