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Technology of adhesive bonding belongs to prospective bonding methods. The limit of adhesive bonds 
is cyclic loading which usually significantly decreases the service life of adhesive bonds and causes de-
formation of adhesive and cohesive bonds inside of adhesives.  The article deals with the research of 
adhesive bonds exposed to cyclic loading. The aim of research was establishing an influence of the filler 
based on meshed coffee beans waste added into two-component epoxy matrix for bonding. The differen-
ces of mechanical properties of adhesive bonds with filler based on meshed coffee beans waste were 
evaluated at static and cyclic loading with 1000 cycles at first interval loading between 5 to 30% and se-
cond interval 5% to 70% of the static shear tensile strength. 
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 Introduction 

A relevant method of bonding various materials is 
the adhesive bonding technology [1,2]. This technol-
ogy came through a dynamical development until the 
Second World War. The trend of recent years is crea-
tion of hybrid adhesive layers [3,4] i.e. the layer is mod-
ified by adding biologic or synthetic fabric and parti-
cles into adhesives as fillers. The fillers are added into 
adhesive for long time, but they were mainly synthetic 
fillers based on e.g. ballotine, aluminium particles etc. 
[5-7]. It is necessary to eliminate fillers which decrease 
the strength of adhesives.  

Another recent trend in the adhesive bonding tech-
nology is bonding of metallic and composite materials 
[8]. 

An important limit of the adhesive bonding tech-
nology is a cycling loading of bonds which causes ir-
reversible damage of adhesive and cohesive connec-
tions in adhesive bonds [9-12]. This negative condi-
tion caused by cyclic loading arises even at low loading 
values [9-13]. Messler [14] described in his research 
that the negative effect of cyclic fatigue can be mini-
mized by adding appropriate filler. The static mechan-
ical properties of epoxy adhesives and adhesive bonds 
are well written in literature [15], but the properties of 
adhesives exposed to cyclic (quasi-static) loading are 
not entirely described. 

A relevant influence at the quasi-static loading are 

bonding material properties [8,16]. The higher stiff-
ness of bonding material leads to higher value of the 
shear strength of adhesive bonds [8]. 

Raykhere et al. [17] state result of their experiments 
that the quasi-static tests are not dependent on com-
bination of bonding materials. 

The fillers for composite materials are used in a 
synthetic and natural form. Especially natural based 
fillers are important. They have good mechanical 
properties, come from renewable sources, are non-
toxic and have low cost [18,19]. Fillers come often 
from secondary waste products. The traditional bio-
logic filler are mainly fibre reinforcements – sisal, co-
conuts, flax, jute, cotton etc. [20-26]. Less tradition 
materials are coffee bean powder. Suaduang et al. and 
Muniappan et al. dealt with utilization of spent coffee 
as filler into composite materials [18,19]. Muniappan 
et al. state that a powder from coffee bean is one of 
the most common natural substances of filler. Mu-
niappan et al. dealt with spent coffee from hotels and 
state that it is observed that with increase in mass frac-
tion of coffee bean powder in the epoxy matrix, frac-
ture toughness gets increased along with increase in 
ultimate load and ultimate stress up to 25% [19]. 

Coffee is a global foodstuff determined for drink 
production [27,28]. A waste is produced during pro-
cessing of coffee beans, i.e. unused waste beans which 
are a source of lignocellulosic material rich in bioactive 
compounds [27]. The current trend is a regeneration 
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of biomass from coffee [27]. It is especially important 
to focus on value-added applications [27]. It is the 
composite materials based on biological reinforce-
ment [9]. 

The research aim was to find out an influence of 
filler based on meshed waste coffee beans added into 
two-epoxy matrix for adhesive bonding. Changes in 
mechanical properties were evaluated for adhesive 
bonds with filler based on meshed waste coffee beans 
at the static and cyclic loading. 

 Material and methods 

Hybrid adhesive bonds with the composite adhe-
sive layer based on powder filler from waste coffee 
beans were subject of the research. Adhesive bonds 
were exposed to a cyclic loading and the service-life 

was evaluated after 1000 cycles at various stress de-
grees. Firstly, mechanical properties were determined 
at the static test according to standard CSN EN 1465, 
i.e. the tensile shear strength and elongation at break. 

The cyclic loading, resp. cyclic material fatigue is 
the most destructive form of mechanical stress, where 
even low force causes delamination of an adhesive and 
influences mechanical properties and service-life of 
adhesive bonds [9,12,29,30]. Utilization of micro-par-
ticle fillers in composite materials is not such effective, 
as utilization of various fibre types [31-34]. Effective 
utilization of micro-particle fillers is in field of poly-
mer adhesive bonds, where it can replace classic adhe-
sives [9,30]. A filler added into adhesive creates hybrid 
composite layer, which commonly increases mechani-
cal properties and service-life of adhesive bond at cy-
clic loading [9].  

 

Fig. 1 Waste unroasted coffee beans (left) and powder filler from crushed waste unroasted coffee beans (right) 

 

Fig. 2 SEM images of powder filler from crushed waste unroasted coffee beans: A: overall image with shape and size of filler 
(MAG 500 x), B: detail of filler surface (MAG 4.0 kx), C: detail of filler surface (MAG 4.0 kx) 
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Waste unroasted coffee beans was the filler for pol-
ymeric composite. The coffee beans filler was dried 
out in laboratory chamber at temperature 105 ± 5 °C 
for 24 hours. The coffee beans filler was crushed to 
individual fraction on oscillating mill Retsch MM400. 
The waste unroasted beans are evident on Fig. 1 
(right), which was used as material for filler production 
(Fig. 1 – left). The particle size was measured by laser 
particle analyser Horiba LA-960VA. The powder filler 
from crushed waste coffee beans contained various 
fraction size particles not exceeding 100 μm. Particle 
analysis results were obvious that significant part 
60.3% of particles has size interval between 20 to 60 
μm. The filler under 20 μm was in part 12.3%.  

The waste coffee beans filler and cross-section of 
adhesive single lap bonds were evaluated on electron 
microscope MIRA 3 Tescan GMX SE. The measured 
samples were gold dusted in device Quorum Q150R 
ES. The powder filler based on waste unroasted coffee 
beans are evident on Fig. 2. 

Adhesive bonds were created by structural two-
component epoxy resin CHS Epoxy 324 with hard-
ener P11. The epoxy resin was used as the matrix and 
the powder coffee beans filler was added into. The 
composite material was mixed on device Phoenix In-
strument RSO40D. The ratios and designation of each 
composite adhesive are evident in Tab. 1.  

The adhesive bonds were created according to 
CSN EN 1465 (Fig. 3). The adhesive bonds hardened 
at laboratory temperature (22 ± 2 °C) for 48 hours at 
loading 750 g. 

The adherend was structural carbon steel S235J0 
with size 100x25x1.5 mm according to standard CSN 
EN 1465 [35]. The adherend surface was mechanically 
treated in blasting chamber by abrasive Garnet MESH 
80 and chemically cleaned by acetone. The roughness 
of the adherend surface was measured (Ra 1.62 ± 0.15 
µm, Rz 9.21 ± 0.46 µm) with profile-meter Mitutovo 
Surftest 301. Construction of adhesive bond is evident 
on Fig. 3, i.e. bonded steel material (adherend) and ad-
hesive layer. Adhesive bond is according to standard 
CSN EN 1465. The research evaluated adhesive 
bonds, which are characterized in Tab. 1. 

 
Fig. 3 Adhesive bond according to CSN EN 1465 [35] 

with notification of adhesive layer, overlap length and direction 
of loading force during testing on universal testing machine 

[30] 

Tab. 1 Variants of tested adhesive bonds 
Designation Characteristics

ABCF0 Adhesive bond without coffee filler 

ABCF2 
Adhesive bond with coffee filler 

(mass ratio 10:2) 

ABCF3 
Adhesive bond with coffee filler 

(mass ratio 10:3) 

 
The mechanical properties at static and cyclic test 

were established on universal testing machine LAB-
Test 5.50 ST with sensor AST KAF 50 kN. The testing 
was at laboratory temperature and loading speed 0.6 
mm.min-1. The loading speed was the same for static 
and cyclic test. Results of static test were used as the 
reference value for determination of loading interval 
for cyclic testing. The cyclic testing was performed to 
1000 cycles at the first loading interval 5 to 30% of 
static shear tensile strength, i.e. from 165 to 989 N. 
The second loading interval was 5 to 70% of static 
shear tensile strength, i.e. from 165 to 2307 N. After 
reaching 1000 cycles, testing continued until destruc-
tion of the adhesive bonds. If the adhesive bond did 
not resist 1000 cycles, the number of cycles that the 
adhesive bonds resisted was recorded. The inertia be-
tween each cycle was 0.5 s on lower loading value, i.e. 
165 N. 

Measured values were statically tested according to 
ANOVA F-test on significant level 0.05. Statically 
nonsignificant difference of tested set of values is at p 
> 0.05 and statistically significant difference of tested 
set of values is at p < 0.05, i.e. variants of experiments.  

 Results 

 

Fig. 4 Static test of single lap adhesive bond – Shear tensile 
strength 

The results of adhesive bonds evaluation at the 
static test according to CSN EN 1465 are evident from 
Fig. 4 (Shear tensile strength) and Fig. 5 (Elongation 
at break). Fig. 4 presents average shear tensile strength 
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9.33 ± 0.94 MPa of the adhesive bond ABCF0 at the 
static tensile test. A slight increase of shear tensile 
strength (9.62 ± 1.41 MPa) appeared at the adhesive 
bonds ABCF2. Higher concentration of the filler 
caused a decrease of shear tensile strength on 7.80 ± 
0.58 MPa at adhesive bonds ABCF3. In terms of sta-
tistical testing, this is a significant difference of shear 
tensile strength between tested variants of experi-
ments, i.e. ABCF0, ABCF2 and ABCF3 (p = 0.0299). 

Fig. 5 presents the results of elongation at break. 
Elongation at break at adhesive bonds ABCF0 was 
2.68 ± 0.70 % and at ABCF2 2.68 ± 0.67 %. Elonga-
tion at break of adhesive ABCF3 rapidly decreased on 
1.93 ± 0.24 % with the increasing filler concentration. 
In terms of statistical testing, this is a nonsignificant 
difference of elongation at break between tested vari-
ants of experiment, i.e. ABCF0, ABCF2 and ABCF3 
(p = 0.0908). The statistical testing of measured values 
did not prove difference between each variants of ex-
periment on significant level 0.05. 

The cross-section of adhesive bond is evident on 
Fig. 6 A, where the hybrid layer of adhesive bond is 

noticeable. The detailed view (Fig. 6 B, C) presents in-
teraction between hybrid layer and bonded material 
and secondly between the filler and matrix. The adhe-
sive bonds characterized good wettability of the 
bonded material, adhesive and filler. A porosity of the 
filler is evident on Fig. 6 B and C. 

 

Fig. 5 Static test of single lap adhesive bond – Elongation at 
break 

 

Fig. 6 SEM images of adhesive bond ABCF3 cross-section: A: overall view on cross-section of adhesive bond (MAG 200x), B: 
detailed view on interaction of adhesive bond and hybrid adhesive layer (MAG 500 x), C: detailed view on interaction of adhesive 

bonds and hybrid adhesive layer (MAG 900 x) 
 
Results of the quasi-static test after 1000 cycles are 

evident on Tab. 2, where low deformation is noticea-
ble at cyclic loading between 5–30% (165–989N) in 
the adhesive layer, i.e. the adhesive layer did not 
change during the loading. A significant change was at 
adhesive bond ABCF02. The relative deformation 
changed between first and last cycle at cyclic loading 
in interval 1–5%. 

A different situation occurred during cyclic loading 
between 5–70% (165 – 2307 N), where the defor-
mation in the adhesive layer between first and last cy-
cle was.  

The adhesive layer showed viscoelastic behaviour, 
i.e. creep. The relative deformation changed between 
first and last cycle in interval 12–15%.  

Gyu-Hyeong Lim et al. [15] reported importance 
of viscous effects at adhesive bonds. The principle is 
described as follows: Once released of the load and 
left to shrink, the adhesive does not contract immedi-
ately but over a period of time. Achieved by plastic 
deformation and viscosity, the temporal residual strain 
in the unloaded specimen facilitates the subsequent 
deformation of the adhesive material in the next cycle 
[15]. 

The quasi-static test showed increase of the adhe-
sive bond strength up to 12% with flexible adhesive 
against a tough adhesive [15,36]. Research reported 
that first deformation occurred in adhesive [9,15]. This 
deformation inside of adhesive and on interface of ad-
hesive bond is presented on Fig. 7. Increasing strength 
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of adhesive bond can be caused by elastic behaviour 
of adhesive layer [9,15,30,37]. 

Tab. 2 presents a difference in number of adhesive 
bonds which resisted all 1000 cycles. Adhesive bonds 
ABCF3 did not resist the cycles of quasi-static test in 
interval 165 to 2307 N. Tab. 3 shows that the strength 
of adhesive bonds ABCF0 was 7.75 ± 0.58 MPa at the 
quasi-static test in interval 5–30%. The filler of pow-
der from waste coffee beans did not influence posi-
tively on the strength and number of finished cycles. 

Only two adhesive bonds ABCF2 resisted the quasi-
static test in interval 5–70%. 

Results of the quasi-static test reported that cyclic 
loading of adhesive bond with higher value of loading 
force 2307 N (static tensile test 3296 ± 343 N) led to 
premature failure of adhesive bond. Same results were 
achieved in other researches even at lower number of 
cycles [9,13,30].

Tab. 2 Results of quasi-static test of adhesive bonds 

Adhe-

sive 

bond 

Quasi-static 

test 

Number of fi-

nished cycles 

Relative de-

formation af-

ter 1st cycle 

(%) 

Relative defor-

mation after last 

cycle (%) 

Elongation at 

break after 1000 

cycles (%) 

Shear tensile 

strength after 

1000 cycles 

(MPa) / Num-

ber of finished 

tests (max. 6) 

ABCF0 
5–30%  

165–989 N 

1000 ± 0 0.14 ± 0.06 0.15 ± 0.06 1.78 ± 0.29 7.75 ± 0.58 / 6 

ABCF2 192.2 ± 362.9 0.25 ± 0.03 0.30 ± 0.06 1.1 ± 0.00 5.70 ± 0.00 / 1 

ABCF3 925.0 ± 167.7 0.32 ± 0.05 0.34 ± 0.03 2.00 ± 0.53 8.05 ± 2.33 / 5 

ABCF0 
5–70% 

165–2307 N 

266.3 ± 169.4 0.35 ± 0.07 0.50 ± 0.09 --------------- --------------- / 0 

ABCF2 484.2 ± 423.2 0.42 ± 0.06 0.54 ± 0.10 2.19 ± 0.45 8.34 ± 1.05 / 2 

ABCF3 0.0 ± 0.0 0.00 ± 0.00 0.00 ± 0.00 -------------- --------------- / 0 

 
The cross-section of adhesive bonds exposed to 

cyclic loading in 5–70% (165–2307 N) is evident on 
Fig. 7 A and B. A delamination between bonded ma-
terial and adhesive layer is evident on Fig. 7 A and B. 

This delamination causes premature failure of adhe-
sive bond and decreases service-life of adhesive bond. 
Delamination of the filler and bonded material is evi-
dent on Fig. 7 C. 

 

Fig. 7 SEM images of adhesive bond ABCF3 cross-section after quasi-static tests: A: detailed view on interface of adhesive and 
bonded material (MAG 3.50 kx), B: detailed view on interface of adhesive and bonded material (MAG 10.00 kx), C: delamina-

tion of bonded material and adhesive (MAG 6.50 kx) 

 
The adhesive bonds ABCF0 have an adhesive type 

of a fracture surface. Added filler caused change of the 
fracture type to an adhesively cohesive type (ABCF2 

and ABCF3). The adhesively cohesive fracture type on 
Fig. 7 shows good interaction between the filler of 
powder waste coffee beans and the adhesive. 
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Fig. 8 SEM images of adhesive bond ABCF3 fracture surface: A: static test ABCF2 (MAG 2.00 kx), B: cyclic loading in in-

terval 5–30%, 165–989 N (MAG 2.00 kx), C: cyclic loading in interval 5–70%, 165–2307 N (MAG 1.10 kx) 
 
Graphic examples of cyclic loading process of ad-

hesive bond are evident on Fig. 9 and 10 (left). These 
adhesive bonds were exposed to cyclic loading 5–30% 
(165–989 N) of static shear tensile strength. Fig. 9 
(left) presents cyclic loading of adhesive bond without 
filler which resisted 1000 cycles. Fig. 9 (right) presents 
cyclic loading of adhesive bond with filler which re-

sisted 1000 cycles. Fig. 9 shows continuous of adhe-
sive bond loading after 1000 cycles until to complete 
destruction. The cyclic loading curve of adhesive bond 
with filler is shown on Fig. 10 (left) which did not re-
sist 1000 cycles, i.e. the adhesive bond was destructed. 
The viscoelasticity behaviour of adhesive bonds is not 
noticeable from the curves. 

 
Fig. 9 Cyclic loading with 1000 cycles in interval 5–30%, 165–989 N of adhesive bond ABCF0 (left) and adhesive bond 

ABCF2 (right) 

 
Fig. 10 Cyclic loading of adhesive bond ABCF2 with 76 cycle in interval 5–30%, 165–989N (left) and adhesive bond ABDF0 

with 256 cycles in interval 5–70%, 165–2307N (right) 
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Examples of curves showing cyclic loading of ad-
hesive bonds in interval 5–70% (165–2307 N) of static 
shear tensile strength are evident on Fig. 10 to 11. The 
viscoelasticity behaviour is noticeable from the curves, 
i.e. between first and last cycle. The set of 1000 cycles 
was not reached at adhesive bonds presented on Fig. 

10 (right) and 11, i.e. premature failure of adhesive 
bonds occurred. Fig. 11 (left) presents cyclic loading 
of adhesive bond with the filler which resisted 1000 
cycles and then loading until destruction of adhesive 
bond. 

 

Fig. 11 Cyclic loading of adhesive bond ABCF2 in interval 5-70%, 165–2307 N with 1000 cycles (left) and with 264 cycles 
(right)

 Conclusions 

The paper deals with research of adhesive bonds 
with the hybrid adhesive layer from epoxy matrix re-
inforced by coffee bean powder, which were exposed 
to static and cyclic loading with 1000 cycles in interval 
from 5 to 30% and at second series from 5 to 70% of 
static shear tensile strength. The following conclu-
sions can be determined from the results of the exper-
iments: 

· The static tests of adhesive bonds ABCF2, 

there was a slight increase of shear tensile 

strength up to 3% and elongation at break did 

not increase. Adhesive bonds ABCF3 with 

higher filler concentration of coffee bean 

powder, there was a decrease up to 16% of 

the shear tensile strength and up to 28% of 

elongation at break. 

· SEM analysis proved good interaction of 

bonded material and adhesive layer. The hy-

brid adhesive layer had good wettability be-

tween the filler from coffee bean powder and 

epoxy resin. 

· A significant deformation did not occur be-

tween first and last cycle during cyclic loading 

in 5–30% (165–989 N) of static shear tensile 

strength in the adhesive layer. On the other 

side, there was significant deformation of the 

adhesive layer during cyclic loading in 5–70% 

(165–2307 N) of static shear tensile strength, 

i.e. viscoelasticity behaviour (up to 15%) of 

the adhesive bond. SEM analysis results 

proved that cracks occurred during cyclic 

loading inside of adhesive layer and on inter-

face bonded material/adhesive. The added 

filler did not positively influence the number 

of finished cycles and strength. 

· It is obvious from the results of quasi-static 

test that repeated cyclic loading of the adhe-

sive bond at higher value of loading force 

leads to premature failure of the adhesive 

bond. 
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