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Fracture surfaces of the SLJs (a-unreinforced, b-reinforced by Al2O3, c-reinforced by TiO2, d- reinforced by SiO2)     

 
 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Experimental determination of the static and fatigue strength of the adhesive joints 
bonded by epoxy adhesive including different particles 

 
İsmail Saraça, Hamit Adin a,* Şemsettin Temizb 

aDepartment of Mechanical Engineering, Batman University, Batman, 72060, Turkey 
bDepartment of Mechanical Engineering, Inonu University, Malatya, 44120, Turkey 
 
 
ABSTRACT:   
Because of their many advantages, adhesively bonded joints are intensively used in many engineering 
fields. So, the mechanical research of the adhesively bonded joints is very important to use these 
joints safely. There are many studies performed by researchers to investigate the mechanical 
properties of the adhesive joints. There has been a considerable interest in nanoparticles added to 
structural adhesives recently because nanoparticles improve the mechanical properties of adhesives 
and joints. In this paper, different nanoparticles reinforced by epoxy adhesive, and neat adhesive were 
used to produce single lap joints.  The static and fatigue strengths of single lap joints incorporating 
nanoparticles were compared to those without nanoparticles. Experiments were performed at 20 mm 
overlap length. DP460 epoxy was used as the adhesive material, and nano-Al2O3, nano-TiO2 and 
nano-SiO2 were used as the nanoparticles; and AISI 304 stainless steel plates were used as the 
adherents. The results of the experimental research revealed that average failure load increased 
significantly in nanoparticle-reinforced adhesive joints. The highest average failure load was obtained 
with 4wt% nano-Al2O3 in epoxy adhesive. Fatigue tests were performed at 10 Hz frequency, and 0.1 
loading ratio (R). When the fatigue test results were examined, it was observed that the addition of the 
nano-Al2O3 and nano-SiO2 to the adhesive increased fatigue strength of the adhesive joints, on the 
other hand, the addition of the nano-TiO2 to the adhesive reduced fatigue strength of the adhesive 
joints.  
 
Key words: A. Adhesion B. Single lap joints C. Particle-reinforcement D. Strength E. Fatigue  
 
 

1. Introduction  
 

It is a rare occurrence that structures and modern engineering components are subjected to 
static loading only. The vast majority of parts in structures are subjected to regular or irregular cyclic 
loads. For this reason, design analysts focus on the failures that develop due to cyclic loads in 
materials. In structural components exposed to cyclic loads, regular/irregular repetitive stresses occur 
based on loading type, and these stresses usually cause the component to fail due to fatigue [1]. 

With the development of adhesive technology after the Second World War, the use of 
adhesively bonded joints has increased significantly. For this reason, fatigue of adhesive joints has 
emerged as an important research field. Especially, after the 1970s, the increase in use of adhesive 
joints in the aerospace industry has increased the importance of fatigue analyzes further. 

It is known that the fatigue event develops due to a number of defects and discontinuities in 
materials and causes damage in materials. Thus, there is always a possibility of bonding of adhesive 
joints at the bonding area, or in the adhesive layer. These defects, which are not visible, cause fatigue 
damage when subjected to cyclic loading with time. Therefore, in addition to determining the 
mechanical properties of adhesive joints under static loads, it is also vital to determine their fatigue 
behavior under cyclic loads. Mechanical parts are usually exposed to dynamic and cyclic loads. Such 
parts subjected to cyclic loads may experience fatigue failure in time under stress values below their 
static strength. So, it is important to determine the fatigue strength of the adhesive joints in all its 
aspects. 

While investigating the static and fatigue strengths of adhesive joints, studies  on the overlap 
length, adherent thickness, adhesive thickness, geometry of joint, loading forms (constant amplitude, 
variable amplitude), loading rate (R), frequency, surface operations, temperature and environmental 
conditions such as humidity, composite patch, hybrid joint, etc. were carried out on the subject[2-7]. 
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Recently, there have been some studies as noted below in the literature concerning the effect of 
various nanoparticles, particularly those incorporated in epoxy adhesives, on the mechanical 
properties of the adhesive joints [8-11]. When these studies are examined; it can be seen that 
nanoparticles have an important effect on the mechanical properties of the adhesive joints. As seen in 
these studies, nanoparticles improve the properties of the adhesive, despite the use of small amount in 
the adhesives. Nanoparticles; while contributing positively to thermal, electrical and thermos-
mechanical properties of adhesives, nanoparticles also increase the durability of adhesives against 
environmental factors, and equip them with high water absorber properties, and improve their aging 
properties at the same time. 
           Meguid et al. [12] investigated the effect of nanoparticles added in the epoxy adhesive on the 
static strength of the adhesive joints. In the study, carbon fiber and epoxy resin laminate substrate and 
6061-T6 aluminum substrate were used as adherents; and Dexter Hysol EA 9330 epoxy was used as 
the adhesive; and carbon nanotube (CNT), aluminum nano-powder (ANP) were used as the 
nanoparticles.  The results showed that varying the weight percentage of the nanoparticles into the 
epoxy adhesive considerably influences the debonding and shear characteristics of the interface. The 
results also showed that increasing the amount of the nanoparticles beyond a certain weight fraction of 
the adhesive decreases the interface strength.  
           Zhai et al. [13] studied the influence of different nanoparticles and surface roughness on the 
adhesion between epoxy adhesive and substrate. In the study, steel sheets were used to be the 
adherent, epoxy adhesive of Pattex® Kraft-Mix adhesive (Henkel Adhesives Ltd.), a two-component 
system was used as the adhesive; and nano-Al2O3, nano-CaCO3 and nano-SiO2 were used as the 
nanoparticles. The results of pull-off adhesion tests showed that nano-Al2O3 of the three kinds of 
nanoparticles had the most influence on adhesion strength. As the results showed that modified by 2% 
nano-Al2O3, the adhesion strength of epoxy adhesive on the surface abraded with 150# was visibly 
improved by about 5 times. 
           In a study performed by Srivastava [14], carbon/carbon–silicon carbide (C/C–SiC) composite 
was produced. Multiwall carbon nanotubes (MWCNTs) filled and unfilled epoxy resin were used for 
bonding of composite substrates. The test results indicated that 3% MWCNT filled epoxy resin 
bonded C/C–C/C and C/C–SiC–C/C–SiC substrates had a higher adhesive joint strength than those 
bonded with epoxy resin alone.  
           In a study conducted by Mactabi et al. [15], aluminum single lap joints were produced, using 
carbon nanotube reinforced epoxy adhesive, and the electrical resistance case of the joints was 
monitored during fatigue loading. The conductive network was obtained by carbon nanotube 
reinforcement inside the adhesive. This study indicated an in situ monitoring technique which is 
promising in evaluating the integrity and predicting the residual life of adhesively bonded single lap 
joints subjected to fatigue loading. 
           In a study done by Kang et al. [16], the static and dynamic strengths of adhesive joints 
reinforced by carbon nanotubes were compared to those of adhesive joints without carbon nanotubes. 
Composite aluminum single-lap joints were produced, and their strengths were examined. The test 
results showed that fatigue strength of the adhesive joints reinforced by carbon nanotubes increased, 
in contrast to this, the static strength of the adhesive joints reinforced by carbon nanotubes decreased.  
            In a study performed by Khashaba et al. [17], scarf adhesive joints (SAJs) with 50 and 100 scarf 
angles were manufactured. Carbon fiber composite adherents and epoxy adhesive reinforced by nano-
SiC and nano-Al2O3 were used to manufacture SAJs. The test results showed that the ultimate tensile 
strengths of 50 and 100 SAJs were respectively improved by 41.2% and 8.4% for SiC/E-SAJs and 
22.5% and 26.5% for Al 2O3-SAJ compared to neat epoxy-SAJs. 

           In a study conducted by Akpınar [18], the mechanical properties of single lap joints reinforced 
by nano-Al2O3 and nano-TiO2 nanoparticles were investigated. When the results obtained from the 
experiments were examined; it was seen that the tensile failure load increased with the use of 
nanoparticle-added adhesives. Furthermore, when the force-displacement curves of the joints were 
examined, it was determined that the displacement capacities of the adhesive joints reinforced by 
nanoparticles also increased. 
           In a study done by Khashaba et al. [19], the fatigue performance of scarf adhesive joints (SAJs) 
reinforced by multi-walled carbon nanotubes (MWCNTs), nano-SiC and nano-Al2O3 was 
investigated. The scarf adhesive joints (SAJs) were subjected to uniaxial static tensile and constant 
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amplitude fatigue loading. Results from fatigue tests showed that the fatigue lives of the modified 
SAJs with MWCNTs and SiC increased, while the fatigue lives of the modified Al2O3 decreased.  
           In the study performed by Akpınar et al. [20], nanoparticles were added to the adhesive to 
increase the damage load of the adhesive joints and tensile and bending moment damage loads of 
these joints were experimentally investigated. The test results indicated that the addition of 
nanoparticles to the adhesive increased the tensile and four-point bending damage load of joint. 
           In the study performed by Razavi et al. [21], the average shear strength and elongation at 
failure of adhesively bonded single lap joints obtained using nanoparticle reinforced adhesive were 
studied. Different mixtures of two nanoparticles i.e. silica nanoparticles and multi walled carbon 
nanotubes were added to the adhesive. The experimental results demonstrated that adding the mixed 
nanoparticles had a significant effect on the mechanical behavior of single lap joints. 

The aim of this work is to improve the mechanical properties of adhesive joints by adding 
nanoparticles to the adhesive. In this study, nano-Al 2O3, nano-TiO2 and nano-SiO2 powders were 
added to the epoxy adhesive to produce nanoparticle reinforced adhesive joints, and unreinforced 
adhesive joints were produced to compare static and fatigue strengths of the single lap joints 
experimentally.  
 
 
2. Experimental work 
 
2.1. Materials 
 In the experimental work, AISI 304 stainless steel sheet with a thickness of 2 mm was used as 
an adherent material. For bonding, a two part DP460 epoxy adhesive produced by 3M Company (St. 
Paul, MN, USA), was used as adhesive. For the nanoparticles in the adhesive, Al2O3, TiO2 and SiO2 
nanoparticles (Nanografi, Ankara, Turkey) having an average size of 15-20 nm were used. 
Mechanical properties for the adhesive and adherent used in the experimental study are given in Table 
1 and Table 2. The material properties of the nanoparticles are presented in Table 3. 
 
Table 1 Material properties of the adhesive [22].  
 
Table 2 Material properties of the adherend [23]. 
 
Table 3 Properties of the nanoparticles [24]. 
 
            
           DP460 Epoxy adhesive have different curing conditions. Curing condition used in this study, 
and mixing ratio of the DP460 Epoxy adhesive is given Table 4. 
 
Table 4 Curing condition and mixing ratio of the DP460 [25]. 
 
2.2. Manufacturing of the single lap joints (SLJs) 
 
2.2.1. Providing surface preparation of the adherent 
           AISI 304 stainless steel sheets with a thickness of 2 mm were cut by laser cutting method to 
produce single lap test specimens of 120 x 25 mm (Fig. 1). Surface preparation is essential for 
adhesively bonded joints to demonstrate high performance. The bonding surfaces were abraded with 
P80 grade emery paper to remove contaminants and to roughen. Then, these eroded surfaces were 
washed with powder detergent under tap water. After washing, bonding surfaces were cleaned by 
means of acetone, following this, bonding surfaces were flushed by tap water. Bonding surface 
conditioning procedures were finished by drying the adherents by means of heated air. 

 
Fig. 1. Single lap joint geometry 
 
2.2.2. Preparation of adhesive materials 
           In this study, the method used by Zhai et al. [13] was preferred to add nanoparticles into the 
adhesive because similar nanoparticles were used by Zhai et al. [13]; and stated this method’s 
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reliability and convenience. In this method, nanoparticles were directly added in epoxy adhesive and 
mechanically mixed with a spatula around 5 min. In Fig. 2, adhesive and nanoparticle weighing 
procedure previous to mixing was demonstrated. To make comparison, neat adhesive was also 
prepared. 

Fig. 2. The determination of adhesive and nanoparticle weight  
 

2.2.3. Mounting of the single lap joints 

           To manufacture tensile and fatigue test specimens of SLJs according to joint types, 
nanoparticle-reinforced or neat adhesives were applied on the bonding area as seen in Fig. 3 and the 
specimens were placed into the mold illustrated in Fig 4. The mold’s schematic diagram was also 
illustrated in Fig. 5. Three specimens were manufactured in the mold at a time. 

 

Fig. 3. The application of adhesive to adherents 

Fig. 4. The mold used in the preparation of the SLJs samples 

Fig. 5. Molding in the production of samples 
 

Following this, in order to obtain a constant adhesive layer and to ensure that the adhesive is 
fully spread over the surfaces, pressure was applied on the bonding area by weights shown in Fig. 6.  
Pressure performed during bonding process increases the surface wetting ability of the adhesive and 
affects the adhesive thickness. The adhesive thickness recommended in the literature is 0.05-0.2 mm 
[26]. In the experiments made with various adhesives in the literature, the curing pressure was taken 
around 1 - 0.05 MPa [26]. In this study, curing pressure of 0.4 MPa was applied to the bonding area 
by means of weights placed on the bonding area. Since the pressure applied through the weight to the 
bonding area is constant in all samples, the bond line thickness is also constantly measured in all 
samples. As a result of the measurement of the adhesive thickness, the bonding line thickness of 0.4 
MPa was calculated as 0.1 - 0.15 mm as a result of the curing pressure. In order to measure the 
adhesive layer thickness, the thicknesses of the parts to be bonded were measured separately using 
digital calipers before bonding. After the bonding process, the thickness of the bonding area was 
measured and the adhesive thickness was calculated by subtracting the thickness of the pieces to be 
adhered. This thickness is between the recommended values for the adhesive joints. The weights 
placed on the adhesive joints were taken away after 24 hours and the samples were removed from the 
mold as shown in Fig. 7. The specimens were allowed to cure completely for 7 days at room 
temperature and they were ready for experiments.  
 
Fig. 6. Applying weight to samples 
 
Fig. 7. The samples removed from the mold subsequent to curing process  
 
 
2.3. Mechanical testing of SLJs 
          A series of mechanical test were carried out to determine the effects of Al2O3, TiO2 and SiO2 
nanoparticles added in the adhesive on the tensile and fatigue properties of SLJs. The boundary 
conditions of the SLJs are shown in Fig. 8. 
 
Fig. 8. The boundary conditions of the SLJs 
 
 
2.3.1. Tensile tests of the SLJs 
           The tensile tests were performed with a Shimadzu AG-I 250 kN testing machine (Kyoto, 
Japan) (Fig.9) at ambient laboratory environment, under 1 mm/min crosshead speed. The sample 
types used in the tensile tests were shown in Table 5. Ten joint types were used to carry out the 
experiments. In order to increase the reliability of the test results, three samples were produced for 
each joint type, in total, 30 samples (10 joint type x 3: 30). The SLJs were carefully observed during 
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tests and the maximum failure loads and ultimate tensile strains of SLJs were recorded. After the tests, 
the failure surfaces of samples were examined. 
 
Fig. 9. Shimadzu AG-I (250 kN) tensile test device 
 
Table 5 Joint and particle types for fatigue tests 
 
2.3.2. Fatigue test of the SLJs 
           The experiments were performed with a 100 kN computer controlled Shimadzu EHF-EV 
(Kyoto, Japan) universal fatigue device (Fig. 10) at ambient laboratory environment. All the fatigue 
tests were carried out under sinusoidal waveforms, constant load amplitude, frequency of 10 Hz, and 
stress ratio of 0.1. These test procedures are recommended by ASTM D3166 and used by some 
investigators [15,27]. To form the S-N curve, each type of the SAJs was tested at four different stress 
levels based on the average static strength.  Fatigue run-out was determined as 107 cycles. The sample 
types used in the fatigue experiments were shown in Table 6. Four joint types were used to carry out 
the experiments. The weight percentages of nanoparticles were used in this study selected according 
to the tensile test results, and performed in this study. In Table 7, the weight percentages used this 
study related to the maximum failure loads were shown. Therefore, at least five samples were tested 
for each stress level. 20 samples (4 stress levels x 5 experiment) were produced for each joint type, in 
total, 80 samples (4 joint type x 20: 80). The SLJs were carefully observed during fatigue tests and the 
number of cycles to failure of SLJs was recorded. After the tests, the failure surfaces of samples were 
examined. 
 
 
  Fig. 10. 100 kN computer controlled Shimadzu EHF-EV universal fatigue device 
 
 Table 6 Joint types for fatigue tests 
 Table 7  The maximum failure loads and the weight percentages of the nanoparticles 
 
3. Results and discussion  
 
3.1. Tensile test results of the SLJs 
           The experimental study was performed to investigate the effect of the nanoparticles added in 
the epoxy adhesive with different weight percentages (2%, 4%, 6%), on the mechanical properties 
involving the average failure loads and elongation at failure.  
           Fig. 11 illustrated the failure loads of the SLJs as a function of different weight percentages of 
nano-Al2O3, nano-TiO2 and nano-SiO2 in the adhesive. All the failure loads of reinforced joints were 
higher than unreinforced joints which were 5.28 kN, except the joints reinforced by 2% SiO2. When 
the content was 4 wt% for Al2O3, the failure load was the highest, 10.42 kN, the failure load increased 
97% compared to unreinforced joints. When the content was 4 wt% for TiO2, the failure load was the 
highest, 9.87 kN, the failure load increased 86% compared to unreinforced joints. When the content 
was 6 wt% for SiO2, the failure load was the highest, 10.09 kN, the failure load increased 91% 
compared to unreinforced joints.            
            
Fig. 11. Average failure loads of the SLJs reinforced by nano-Al2O3, nano-TiO2 and nano-SiO2 
 

Fig. 12 illustrated the load-displacement curves of the SLJs. When load-displacement curves 
were investigated, it was seen that nanoparticle reinforcement to the epoxy adhesive increased the 
displacement capacity of the SLJs. The displacement capacity of all the reinforced joints increased 
significantly compared to unreinforced joints. All the maximum failure loads of the joints were 
conformed to maximum displacement capacities of the joints. It can be said that nanoparticles added 
in the adhesive increases damage-damping capabilities and the displacement capacity of the joints and 
consequently the failure loads of the joints increase. 
 
Fig. 12. Load-displacement curves of the joints 
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3.2. Visual examination of failed joints 
           The fracture surfaces of the failed adhesive joints are shown in Fig. 13. As it is seen in Fig. 
13a, the failure of the unreinforced SLJs is interfacial. However, as shown in Fig. 13b-d, the failure 
mode of SLJs reinforced by nano-Al2O3, nano-TiO and nano-SiO2 are a combination of cohesive and 
adhesive failures.  
           The active adhesive forces between the adherent and adhesive material and cohesive forces in 
the adhesive determine the strength of the joints. When the interfacial forces of interaction were 
exceeded due to the applied forces, an interfacial crack occurred and the adhesive–steel connection 
failed. Therefore, for unmodified joint system, failure was at the interfaces because these forces were 
weaker than the cohesive forces and did not stand the applied forces. However, for nano-modified 
joint system, the addition of nanoparticle may reinforce the interfacial forces in some way [28]. It can 
be said that epoxy adhesive has a strong interaction with steel substrate due to nanoparticles (Al2O3, 
TiO2, SiO2) used in this study. 
           Simple visual examination demonstrated differences in the fracture surfaces of nanoparticle 
reinforced joints and unreinforced joints. Namely, the single lap joints produced by nanoparticle 
reinforcement have bigger failure load than unreinforced joints, a larger bending moment is applied 
on the joint at  higher failure load, and cracks improve from both ends of the overlap, producing 
symmetrical halves of the failed joints (as it is seen in Fig. 13 b,d). The mentioned bending moment 
above is based from the eccentricity of the single lap joints. The eccentricity of the joint introduces 
bending. Because of the bending, the peel stresses of the near ends of the joint can be large, causing 
joint failure.  

 
Fig. 13. Fracture surfaces of the SLJs (a-unreinforced, b-reinforced by Al2O3, c-reinforced by TiO2, d- 

reinforced by SiO2)     
 
3.3. Fatigue test results of the SLJs 
           In Fig. 14, the S-N curves of the SLJs are shown. As shown in Fig. 13, the endurance limit of 
adhesive joints increased with reinforcement nano-Al2O3 and nano-SiO2, by contrast, with the 
endurance limit of adhesive joints decreased with reinforcement nano-TiO2 as compared with 
unreinforced joints. 
           When Fig.14 was examined, the endurance limit of adhesive joints unreinforced was measured 
2.37 kN, the endurance limit of adhesive joints reinforced by nano-Al2O3 was measured 2.90 kN, the 
endurance limit of adhesive joints reinforced by nano-TiO2 was measured 1.85 kN, the endurance 
limit of adhesive joints reinforced by nano-SiO2 was measured 2.64 kN.  According to these results, 
nano-Al2O3 and nano-SiO2 reinforcement increased the endurance limit of the joints by 22.3% and 
11.3%, respectively. In contrary, nano-TiO2 reinforcement decreased the endurance limit of the joints 
by 22%. 
 
Fig. 14. S-N curves of the SLJs (a-reinforced by Al2O3/unreinforced, b-reinforced by TiO2/unreinforced, c-   
reinforced by SiO2/unreinforced) 
 

In the experimental study performed by Kang et al. [16], so as to investigate why the fatigue 
strength of the adhesive joints with the carbon nanotubes increased, crack initiation and propagation 
of the adhesive joints were measured. Fig. 14 shows the crack length variation of adhesive joints with 
and without 2 wt% carbon nanotubes. As shown in Fig. 15, cracking of the adhesive joint without 
carbon nanotubes initiated at 1377 cycles and the fatigue fracture occurred simultaneously without 
any crack propagation time. However, the crack of the adhesive joint with carbon nanotubes initiated 
at 18,596 cycles and the fatigue fracture occurred at 26,297 cycles. From the test results of Fig. 15, it 
can be concluded that the fatigue life of the adhesive joint with carbon nanotubes is longer than that of 
the adhesive joint without carbon nanotubes because not only crack initiation but also crack 
propagation time are large when the carbon nanotubes are included in the adhesive layer. Similarly, in 
this study, the improving fatigue strength of the SLJs reinforced by nano-Al2O3 and SiO2 can be 
related to this statement. 

Fig. 15. Crack length variation of the adhesive joint [16]. 
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3.4. Visual examination of failed joints 
           Fractured surfaces images were taken after fatigue tests of SLJs to investigate the fracture 
modes. Fig.  16-19 illustrate the fractured surfaces of the SLJs after fatigue tests. Simple visual 
examination demonstrated differences in the fracture surfaces of single lap joints tested at high and 
low maximum fatigue loads. It can be seen that at lower maximum loads, the area of interfacial failure 
increased. In contrast with this, it can be seen that at higher maximum loads, the area of cohesive 
failure increased generally.  
 
Fig.16. Fractured surfaces of the SLJs produced with neat adhesive 
             (a-Pmax: 3,69 kN, b-Pmax: 3,17 kN, c-Pmax: 2,64 kN) 
 
Fig.17. Fractured surfaces of the SLJs reinforced by nano-Al2O3 
             (a-Pmax: 4,22 kN, b-Pmax: 3,69 kN, c-Pmax: 3,17 kN) 
 
In a study performed by Khoramishad et al. [29], this is possibly due to the fact that as the damage 
evolution is slower in the low load case,  there is a longer time for localized damage to take place 
during the longer cyclic life.  
 
Fig.18. Fractured surfaces of the SLJs reinforced by nano-TiO2 
             (a-Pmax: 3,17 kN, b-Pmax: 2,64 kN, c-Pmax: 2,13 kN) 
 
Fig.19. Fractured surfaces of the SLJs reinforced by nano-SiO2 
             (a-Pmax: 3,17 kN, b-Pmax: 2,90 kN, c-Pmax: 2,67 kN) 
 
4. Conclusions and suggestions 
 
           The experimental study was performed to investigate the effect of the nanoparticles added in 
the epoxy adhesive on the mechanical properties involving the average failure load and fatigue 
strength in single lap-joint geometry. 

The results obtained were as follows: 
• All the failure loads of nanoparticle reinforced joints were higher than unreinforced joints 

which was 5.28 kN, except the joints reinforced by 2% SiO2.  
• When the content was 4 wt% for Al2O3, the highest failure load was obtained to be 10.42 kN, 

the failure load increased 97% compared to unreinforced joints. When the content was 4 wt% 
for TiO2, the highest failure load was obtained to be 9.87 kN, the failure load increased 86% 
compared to unreinforced joints. When the content was 6 wt% for SiO2, the highest failure 
load was obtained to be 10.09 kN, the failure load increased 91% compared to unreinforced 
joints.  

• When load-displacement curves were investigated, it was seen that nanoparticle reinforcement 
to the epoxy adhesive increased the displacement capacity of the SLJs. The displacement 
capacity of all reinforced joints increased significantly compared to unreinforced joints.  

• The failure mode of the unreinforced SLJs was obtained to be interfacial; the failure mode of 
SLJs reinforced by nano- Al2O3, nano-TiO and nano-SiO2 was obtained to be a combination 
of cohesive and adhesive failures.          

• After fatigue tests, it was seen that the endurance limit of adhesive joints increased with 
reinforcement nano-Al2O3 and nano-SiO2, by contrast with this, the endurance limit of 
adhesive joints decreased with reinforcement nano-TiO2 as compared with unreinforced 
joints.  

• Nano-Al2O3 and nano-SiO2 reinforcement increased the endurance limit of the joints 22.3% 
and 11.3%, respectively. In contrast with, nano-TiO2 reinforcement decreased the endurance 
limit of the joints 22%. 

• After fatigue tests, when failure surfaces were examined, the failure mode of unreinforced 
joints and nano-Al2O3 reinforced joints were obtained to be interfacial at the lower maximum 
loads, however, at bigger maximum loads, it can be seen that the failure was mixed type 
(interfacial and cohesive).  
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• After fatigue tests, the failure mode of nano-TiO2 and SiO2 reinforced joints was generally 
obtained to be interfacial both the lower maximum loads and bigger maximum loads.  
           

Since the fatigue tests took a long time, the mixing ratios of the nanoparticles added into the 
adhesive were fixed. These values were taken as the ratios of the highest damage loads obtained in the 
tensile tests and compared with the neat adhesive samples. In subsequent studies it will be useful to 
experiment with varying nanoparticle mixture ratios. 
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Figure Captions 

Fig. 1. Single lap joint geometry 
 
Fig. 2. The determination of adhesive and nanoparticle weight  
 
Fig. 3. The application of adhesive to adherents  
 
Fig. 4. The mold used in the preparation of the SLJs samples 
 
Fig. 5. Molding in the production of samples 
 
Fig. 6. Applying weight to samples 
 
Fig. 7. The samples removed from the mold subsequent to curing process 
 
Fig. 8. The boundary conditions the SLJs 
 
Fig. 9. Shimadzu AG-I (250 kN) tensile test device 
 
Fig. 10. 100 kN computer controlled Shimadzu EHF-EV universal fatigue device 
 
Fig. 11. Average failure loads of the SLJs reinforced by nano-Al2O3, nano-TiO2 and nano-SiO2 
 
Fig. 12. Load-displacement curves of the joints 
 
Fig. 13. Fracture surfaces of the SLJs (a-unreinforced, b-reinforced by Al2O3, c-reinforced by TiO2, d- 

reinforced by SiO2)     
 
Fig. 14. S-N curves of the SLJs (a-reinforced by Al2O3/unreinforced, b-reinforced by TiO2/unreinforced, c-

reinforced by SiO2/unreinforced) 
 
Fig. 15. Crack length variation of the adhesive joint [6]. 
 
Fig.16. Fractured surfaces of the SLJs produced with neat adhesive 
             (a-Pmax: 3,69 kN, b-Pmax: 3,17 kN, c-Pmax: 2,64 kN) 
Fig.17. Fractured surfaces of the SLJs reinforced by nano-Al2O3 
             (a-Pmax: 4,22 kN, b-Pmax: 3,69 kN, c-Pmax: 3,17 kN) 
 
Fig.18. Fractured surfaces of the SLJs reinforced by nano-TiO2 
             (a-Pmax: 3,17 kN, b-Pmax: 2,64 kN, c-Pmax: 2,13 kN) 
 
Fig.19. Fractured surfaces of the SLJs reinforced by nano-SiO2 
             (a-Pmax: 3,17 kN, b-Pmax: 2,90 kN, c-Pmax: 2,67 kN) 
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Fig.8. 
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Fig. 15.  
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Table captions 

Table 1 Material properties of the adhesive [22].  
Table 2 Material properties of the adherend [23]. 
Table 3 Properties of the nanoparticles [24]. 
Table 4 Curing condition and mixing ratio of the DP460 [25]. 
Table 5 Joint and particle types for fatigue tests  
Table 6 Joint types for fatigue tests 
Table 7 The maximum failure loads and the weight percentages of the nanoparticles 
 
 
 
                                       Table 1 Material properties of the adhesive [22].  

σt (MPa) 38.4 ± 1.1 
E (MPa) 1984 ± 43 
ʋ 0,37 
εt (%) 4.7 

                                            σt: Ultimate tensile strength; E: Young’s modulus; ʋ: Poisson’s ratio; 
                                            εt: Ultimate tensile strain   
 
                                            Table 2 Material properties of the adherend [23]. 

σt (MPa) 515-720 
σ (MPa) 210 
E (GPa) 190 
ʋ 0.29 
εt (%) ≥50 

                                             σt: Ultimate tensile strength; σ: Yield strength (MPa); E: Young’s  
                                             modulus; ʋ: Poisson’s ratio; εt: Ultimate tensile strain   
 
                           Table 3 Properties of the nanoparticles [24]. 

 Al 2O3 TiO2 SiO2 
Average particle size 
(nm) 

20 10-25 
15-20 

Specific surface area 
(m2/g) 

140 60 
150-550 

Density(kg/m3) 3900 4100 2200 
Purity (%) 99 99 99,5 

            
 
                   Table 4 Curing condition and mixing ratio of the DP460 [25]. 

 
Mixing ratio (Epoxy: 

A/Hardener:B) 
Curing 

temperature/time 

3MTM DP 460 A:B = 2:1 23 0C/24 hour 

 
 

Table 5 Joint and particle types for fatigue tests 

Joint type 
Nanoparticle  

type 

The weight ratio of the 
nanoparticle in the 

adhesive (%) 
NA Neat adhesive - 
Al-2 Al 2O3 % 2 
Al-4 Al 2O3 % 4 
Al-6 Al 2O3 % 6 
Ti-2 TiO2 % 2 
Ti-4 TiO2 % 4 
Ti-6 TiO2 % 6 
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Si-2 SiO2 % 2 
Si-4 SiO2 % 4 
Si-6 SiO2 % 6 

                                                 NA: Neat adhesive; Al: Al2O3; Ti: TiO2; Si: SiO2 
 

Table 6 Joint types for fatigue tests 

Joint type 
Nanoparticle  

type 

The weight ratio of 
the nanoparticle in 
the adhesive (%) 

NA Neat adhesive - 
Al-4 Al 2O3 % 4 
Ti-4 TiO2 % 4 
Si-6 SiO2 % 6 

                          NA: Neat adhesive; Al: Al2O3; Ti: TiO2; Si: SiO 
                                     

Table 7 The maximum failure loads and the weight percentages of the nanoparticles 

Joint type 
Max. failure load 

(F, kN) 

The weight ratio of the 
nanoparticle in the adhesive 

(%) 
Al-4 10.42 % 4 
Ti-4 9.87 % 4 
Si-6 10.09 % 6 

                                        Al: Al2O3; Ti: TiO2; Si: SiO2 
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HIGHLIGHTS 
 
 
 
Behavior of nano-particle used in the adhesive joints was analyzed as experimental.  

 

The effects of nano-particles were investigated in the single lap joints on the static and fatigue 

strength.  

 

Three type nano-particles are used to mix with adhesive.   

 

The highest average failure load was obtained with 4wt% nano-Al2O3 in epoxy adhesive. 

 

It was observed that the addition of the nano-Al2O3 and nano-SiO2 to the adhesive increased 

fatigue strength of the adhesive joints. 


