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INTRODUCTION

In recent years, structural adhesive joints have 
become more and more widely used to produce 
lightweight and high-strength structures. Adhe-
sive joints are widely used in the construction 

of means of transportation, especially in the au-
tomotive, aviation and railway industry, because 
they enable joining materials with different prop-
erties, which is an extremely important feature 
of modern designs [1]. Adhesive joints are used 
not only in the construction of new structures, but 
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ABSTRACT
This paper presents the experimental results of a study investigating the effect of holes and notches made on 
the overlap ends on the strength of adhesive joints. Single-lap joints made of S235JR steel sheets bonded with 
Araldite 2024-2 epoxy adhesive were tested. For comparative reasons, static shear strength tests and high-cycle 
fatigue strength tests were performed. Adhesive-filled joints having three holes, each with a diameter of 3 mm, and 
notches, each 3 mm wide and 4 mm long, were tested and compared with reference joints, i.e. without modifica-
tion. The assumption was to determine whether the structural modifications  would reduce the peak peel and shear 
stresses that are typical of this type of joints. Results of the static strength tests showed no significant effect of the 
applied modifications on the strength of the joints. However, in terms of fatigue strength, the results demonstrated 
a significant improvement in fatigue life, the value of which increased in the low-cycle fatigue region by 328.6% 
for the joint with notches and by 640.8% for the joint with holes. A smaller yet still positive effect of the applied 
modifications was shown for high-cycle fatigue. For a variable load with the maximum value of 9 MPa, the fatigue 
life increased by 215.9% for the variant with notches and by 183.3% for the variant with holes. Surface topography 
of fatigue fractures was examined by determining roughness parameters on the overlap ends in the samples. Sig-
nificant differences were shown, with the selected roughness parameters being significantly lower for the reference 
variant than for the variants with notches and holes. It was shown that the applied structural modifications led to 
increasing the fatigue strength to 8.5 MPa for the limit number of cycles equal to 2·106, when compared to the 
reference variant for which the fatigue strength was 8 MPa.
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they are also used to repair e.g. aviation structures 
[1]. The strength of adhesive joints depends on 
many factors, such as adherend surface prepara-
tion method, bonding process conditions and ad-
herend geometry [2–6].

A general recommendation regarding the de-
sign of adhesive joints and their shape is to make 
shear stresses dominate. In reality, however, pure 
shear hardly ever occurs in lap joints. Instead, 
there occurs a complex state of stress, one in 
which normal stresses causing undesirable peel-
ing also play an important role [7]. On the overlap 
end of the loaded joint, there occurs a stress con-
centration [7] that usually initiates joint failure. 

Due to the increasing use of adhesive joints 
in structures, there is a need for research aimed 
at providing high-strength reliable joints. In the 
literature of the subject one can find many solu-
tions for strengthening adhesive joints. Gener-
ally, these techniques can be divided into two 
main groups. The first group includes methods 
for increasing adhesive joint strength by modify-
ing adhesives in order to improve their mechani-
cal properties and adhesion. Wernik et. al. [8, 9] 
investigated the problem of modifying structural 
epoxy adhesives through the use of nanofillers in 
the form of carbon nanotubes. Gkikas et. al. [10] 
studied the possibility of improving the param-
eters of adhesive joints via the use of nanofillers, 
e.g. ceramic materials. 

The other group comprises techniques relat-
ing to adherend geometry modification aimed at 
reducing peel and shear stress peaks which usu-
ally occur on the overlap end of the joint [11, 12]. 
A frequently used way of reducing stress in joints 
is adherend bevelling [13–15]. Both internal ta-
pers in adherends are used, which leads to a local 
increase in the adhesive layer thickness [16]. An-
other method for achieving uniform stress distri-
bution is the use of external tapers that do not af-
fect the thickness of the adhesive layer, but cause 
a local reduction in the stiffness on the overlap 
end [17]. In addition to tapering, fillets on over-
lap ends are also successfully used [18, 19]. The 
effectiveness of these simple modifications was 
proved not only by numerous experimental stud-
ies [16, 20, 21], but also by The Finite Element 
Method (FEM) numerical analyses [22–25]. This 
problem has been focused on in numerous studies 
investigating the effect of various taper sizes on 
stress reduction, e.g. in a study by Belingardi et 
al [24]. Fessel et al. [26] proposed another meth-
od of peak stress reduction in joints by changing 

joint geometry. Joints with wavy geometry were 
tested, and the results showed a significant in-
crease in their strength. At the same time, it was 
showed that such modifications of joint geometry 
made it possible to reduce the peak peel and shear 
stresses in the range of 8 to 40% compared to the 
flat geometry adherends. Campilho et al. [27] in-
vestigated the possibility of stress reduction in the 
joint by using deflected adherends in the lap joint. 
It was found that the proposed solution made it 
possible to reduce peel stresses in the joint.

Sancaktar and Simmons [28] studied the ef-
fect of notches made in adherends on the proper-
ties of aluminium alloy adhesive lap joints. Using 
FEM, they showed that it was possible to reduce 
the normal stress peak on the overlap end by 60%. 
However, the experimental results showed an 
8% increase in the static shear strength. Similar 
analyses using FEM were conducted by Yan et. 
al. [29]. They considered in detail different sizes 
of notches made on the overlap ends, showing 
the possibility of significant reduction in the peak 
peel and shear stresses.

This paper presents the experimental results of 
a study investigating the influence of notches and 
holes made on the overlap ends on the strength 
properties of single-lap adhesive joints. Static 
shear strength tests as well as fatigue strength 
tests were carried out. For fatigue fractures, a sur-
face topography analysis was performed, show-
ing differences in fatigue cracking mechanisms. 
The development of surface metrology opens up 
new possibilities for investigating surface fea-
tures in many engineering areas and evaluating 
surface characteristics. Experimental character-
ization of surface textures produced as a result of 
quasi-static and cyclic loading is fundamental to 
determine their suitability for different applica-
tions as well as to investigate load histories and 
adhesive joint effects.

The issue discussed in the work is important 
because a significant impact on improving the 
fatigue lifetime of joints has been demonstrated 
through the use of modifications that are relatively 
simple from a technological and economic point of 
view. Nowadays, striving to minimize the weight 
of the construction of means of transport, every 
issue that allows to improve the strength proper-
ties without increasing the weight is important. In 
the literature there are many research results de-
termining the effect of beveling and rounding the 
edges of adherends on the strength of adhesive 
joints. These are the results of both experimental 
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research and FEM analysis. However, there are 
no studies in the literature considering the effect 
of notches and holes on the fatigue properties of 
joints. Therefore, the issue presented in the work 
should be considered as new and original. In ad-
dition, the method of analyzing fatigue fractures 
based on a comparative analysis of the fracture 
surface topography should also be considered as 
an original approach.

MATERIALS AND METHODS

Static and fatigue shear tests of adhesive joints 
were carried out on samples the dimensions of 
which are shown in Figure 1. Both adherends were 
made of S235JR steel. Surface preparation before 
adhesive joining involved sandblasting with alu-
mina corundum F40. The sandblasting process 
was conducted with the following parameters: air 
pressure 0.8 MPa, nozzle-to-sample distance 150 
mm, blasting time 60 s. Prior to bonding, the sur-
faces of the samples were cleaned with acetone. 
The samples were bonded with the Araldite 2024-
2 epoxy adhesive (supplied by Huntsman Corpo-
ration, Texas, USA). The adhesive-bonded sam-
ples were then cured under a constant pressure of 
0.1 MPa at room temperature for 24 hours.

Three different variants of samples were 
prepared and then tested. The tests were aimed 
at determining the impact of simple structural 
changes on the static and fatigue properties of the 
joints. Figure 2 shows the tested variants of joints. 
The base variant had no modifications and was 

considered as the reference (Fig. 2a), the variant 
with holes had three holes, each with a diameter 
of 3 mm and a spacing of 6.5 mm, which were 
made on the overlap end, while the variant with 
notches had three notches made on the overlap 
end, each notch being 3 mm wide and 4 mm long 
(Fig. 2c). In the variants with modifications, both 
holes and notches were filled with the adhesive.

Static strength tests were carried out using 
the Zwick/Roell Z-100 universal testing machine. 
The test speed was 5 mm/min, five repetitions 
were performed for each variant.

Fatigue tests were performed using the HT-
9711 Dynamic Testing Machine (Hung Ta Instru-
ment Co., Taichung City, Taiwan). As part of the 
fatigue tests, a sinusoidal waveform of the load 
with a frequency of 30 Hz was used, and the fa-
tigue stress ratio was equal to R = 0.1. To deter-
mine fatigue curves for each variant, five load 
levels were used, each of which was repeated 
four times. When the number of cycles for a given 
sample significantly differed from the results for 
the other samples, such case was rejected and the 
measurement was repeated. The limit number of 
cycles was set to 2·106 in the study.

The surfaces of selected fatigue fractures 
were subjected to topography analysis in order 
to determine differences in fatigue mechanisms 
for the considered variants. Surface examination 
was made in the ROI using volume parameters Vx 
and height parameters Sx, as specified in the ISO 
25178-2 standard [30]. As part of the analysis, 
two parameters were used: an arithmetic mean 
height Sa and a void volume Vv.

Figure 1. Geometry and dimensions of a lap-joint specimen for static and fatigue tensile/shear tests (units: mm)
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The examined surfaces were also analysed by 
calculating a fractal dimension Df  [31]. With the 
fractal dimension Df, as the surface is split, the al-
gorithms have to process the number of iterations 
that occur. The resolution scale defines the number 
of repetitions. In this study, 96 points were used 
for extra-fine resolution. The morphological enve-
lope method (MEM) captures the upper and lower 
envelopes which are then considered by morpho-
logical opening and closing, defining a composi-
tion component which assumes the form of a hori-
zontal line segment with a length δ. The calculated 
surface volume (Vδ) is displayed through a rela-
tionship of ln(Vδ)/ln(δ). To estimate the value of 
Df, a line is fitted using the least squares method 
(LSM). The slope of the fitted line calculated as an 
absolute value corresponds to Df.

Another surface topography parameter con-
sidered in this study for fatigue fractures was tex-
ture isotropy [32]. The direction of the geometric 
structure of a given surface depends on the cause 
of fracture and results from the kinematics of the 
fracture process. The isotropy of a medium is gen-
erally based on the fact that it exhibits the same 
physical or geometric properties in all directions. 
The isotropy of a surface, therefore, means that 
the surface has the same structure in all direc-
tions. It is also a perfectly symmetrical structure 
with respect to all possible axes of symmetry. As 
part of these analyses, two parameters were used: 
arithmetic mean height, Sa and void volume, Vv. 

The examined surfaces were also analyzed by 
calculating the fractal dimension Df [33, 34].

RESULTS AND DISCUSSION

Table 1 lists the average values of static shear 
strength of the joints for individual variants, as 
well as their standard deviations. For each vari-
ant, a cohesive failure was obtained, which proves 
that the surface preparation and the bonding pro-
cess were correct. The results of the static strength 
tests indicate that the applied structural modifica-
tion by making holes and notches on the overlap 
ends of the joined sheets do not have a significant 
impact on the properties of the joint. Still, there 
is a slight increase in the average strength of the 
joint for the variant with notches, its value being 
24.38 MPa, when compared to the reference vari-
ant for which the average strength is 23.83 MPa. 
However, it should be noted that the variants with 
the structural modifications are characterized by 
significant differences of the results compared 
to the reference variant. On the overlap ends of 
the joined sheets, the standard deviation is equal 
to 3.145 MPa for the variant with holes and to 
0.645 MPa for the reference variant. The greater 
difference in the strength results may be due to 
the fact that the notches and holes were not filled 
with the adhesive in a uniform manner for tech-
nological reasons. In addition, the adhesive filling 

Figure 2. Geometry of tested adherends: reference variant (a), variant 
with holes (b) and variant with notches (c) (units: mm)

Table 1. Static strength test results of adhesive joints
Variant v_Ref v_H v_N

Shear strength (MPa) 23.83 22.05 24.38

Standard deviation (MPa) 0.645 3.145 1.027

a) b) c)
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the notches and holes might have contained ran-
dom defects such as air bubbles, which could also 
contribute to the differences in the results. The 
above-mentioned phenomena may be the cause 
of locally different mechanical properties of the 
joint, which translates into significant differences 
in the results obtained for individual samples.

As far fatigue strength test results are con-
cerned, significant differences have been ob-
served for the variants with the modifications. 
Fig. 3 shows the fatigue curves for the considered 
variants of joints. Fig. 3a shows the comparison 
of S-N curves for the reference variant and the 
variant with notches, while Fig. 3b shows the S-N 
curves obtained for the variant with holes and 
the reference variant. It can be observed that the 
applied structural modifications have a signifi-
cant impact on the fatigue life of the samples. A 
particularly significant effect is shown for low-
cycle fatigue. For a variable load of 11.5 MPa, 
the fatigue life of the reference variant is 13,168 
cycles on average. For the same level of variable 
load, the fatigue life of the variant with notches is 
56,437 cycles, which amounts to a significant in-
crease of 328.6%. An even more favourable effect 
is observed for the variant with holes, for which 
the average fatigue life under a load of 11.5 MPa 
is 97,548 cycles, which amounts to a 640.8% in-
crease compared to the reference variant.

With decreasing the load, the differences in 
fatigue life become smaller. By analysing the dif-
ferences in this parameter for the high-cycle fa-
tigue region, the average fatigue life is determined 
for a cyclic stress of 9 MPa. The reference vari-
ant has an average fatigue life of 410,516 cycles, 
while for the variant with notches the average 

fatigue life is 1,297,010 cycles, which amounts 
to a 215.9% increase. On the other hand, for the 
variant with holes, the fatigue life is 1,162,916 
cycles, which is a 183.3% increase in relation to 
the reference variant. 

For the assumed limit number of cycles equal to 
2·106, the fatigue strength of the reference variant is 
8 MPa, while for both variants with structural mod-
ifications its value is 8.5 MPa. This confirms that 
simple structural modifications can significantly 
contribute to the improvement of fatigue properties 
of structural adhesive joints. The positive impact of 
the applied structural modifications is proved by the 
local flexibility of the joint on the overlap end, i.e. 
in the area of high stress concentration.

Figures 4a-c show the macroscopic views 
of fragments of the fatigue fracture surfaces in 
selected samples of all considered variants. Re-
garding the reference variant, the sample select-
ed for fractography analysis failed after 19,832 
cycles and a load of 11.5 MPa. For the variant 
with holes, the fracture surface was taken from a 
sample which was loaded with the same level of 
cyclic stress and failed after 73,808 cycles. For 
the variant with notches, a sample that failed af-
ter 76,012 cycles under a maximum fatigue load 
value of 11.5 MPa was selected for fractographic 
analysis. As for the reference joint, the cracking 
is uniform in the examined area on a macroscopic 
scale. However, for the joints with notches and 
holes, the cracking mechanism is completely dif-
ferent. The adhesive-filled notches and holes are 
a region of greater elasticity because with each 
fatigue cycle, the entire volume of the adhesive is 
deformed in the hole/notch region, which means 
that the adhesive layer thickness is comparable to 

Figure 3. Comparison of S-N curves for the reference joint and joints with holes (a) and notches (b)

a) b)
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the thickness of the joined sheets, i.e. 2 mm. On 
the other hand, in the reference joint, the thickness 
of the adhesive layer is only about 0.1 mm. The 
differences in the cracking mechanism indicate 
that the cyclic deformation of the adhesive filling 
the notches and holes absorbs a certain amount 
of energy and that this phenomenon prevents the 
propagation of fatigue cracks in the proper adhe-
sive layer between the sheets.

To gain more insight into the differences be-
tween fatigue mechanisms of the considered joint 
variants, the surface topography of fatigue frac-
tures was examined. Measurements of roughness 
parameters were made on the fragments of fatigue 
fracture surfaces marked in Figures 4a-c. Regard-
ing the reference variant, the overlap end and 
adjacent regions spaced by 2 mm were analysed 
(Fig. 4a). For the variant with holes and notches, 
the regions near the central hole and notch and 

those spaced by 2 mm were selected for analysis, 
as marked in Figures 4b and 4c. Tables 2-4 list 
the roughness results for individual fragments of 
fatigue fractures. The greatest differences in the 
values of roughness parameters can be observed 
for the fracture area closest to the overlap end of 
the adhesive joint. As for the reference (Table 
2), the roughness values are significantly lower 
than those obtained for the variants with modi-
fications. The arithmetic mean height Sa of the 
reference variant is 4.44 µm, while for the variant 
with holes it is 56.35 µm in a similarly located 
fatigue fracture and 35.16 µm for the variant with 
notches. In the regions located further from the 
overlap end, no such great difference can be ob-
served. However, the  overlap end is the region 
where the most significant fatigue phenomena 
occur. Due to the characteristic stress concen-
tration on the overlap ends, this is where fatigue 

Figure 4. Macroscopic views of selected fatigue fractures with marking of roughness measurement 
areas for the following variants of samples: reference (a), with holes (b) and with notches (c)

a) b) c)
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Table 4. 3D surface topography in selected areas of fatigue fracture for the variant with notches
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cracking is initiated and propagates into the joint 
centre. Thus, the hypothesis is confirmed that the 
notches and holes filled with adhesive cause the 
accumulation of some energy associated with the 
deformation of the joint in each cycle. The more 
severe fatigue cracks on the fracture surface at the 
notches and at the openings prove that the prop-
agation of fatigue cracks was inhibited in these 
regions, because the propagation process evi-
dently absorbed more energy. Surface topogra-
phy parameters were measured on the fragments 
of fatigue fractures marked in Figures 4a-c. Re-
garding the reference variant, the overlap end and 

adjacent regions spaced by 2 mm were analysed 
(Fig. 4a). For the variant with holes and notches, 
the regions near the central hole and notch and 
those spaced by 2 mm were selected for analysis, 
as marked in Figures 4b, c.

The local increase in elastic deformability in 
the region of notches and holes filled with the ad-
hesive, which contributed to energy absorption, 
significantly affected the joint area between the 
notches and holes. As previously observed, this 
desired phenomenon was particularly noticeable 
in the region of low-cycle fatigue, which proves 
that the most significant fatigue phenomena occur 
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on the overlap ends in the joints. For lower val-
ues of alternating load responsible for high-cycle 
fatigue, the entire surface of the joint was more 
uniformly loaded, hence the lower impact of lo-
cal flexing of the joint on the overlap ends. The 
significance of the phenomena occurring on the 
overlap ends is illustrated via selected roughness 
parameters. The significance of the phenomena 
occurring on the overlap ends is illustrated via se-
lected roughness parameters plotted in Fig. 5. The 
figure also shows the values of the fractal dimen-
sion (Df) to show, in contrast, that this surface pa-
rameter does not change significantly in the case 
of individual variants.

The most significant differences in the val-
ues of roughness parameters were shown for 
the first measurement area, i.e. the closest to the 
front edge of the joint. Therefore, for this area, 
a comparison of selected parameters for fatigue 
fractures of individual variants was made. The 
root-mean-square height of selected area (Sq) pa-
rameter for the variant with holes of 67.73 µm 
is almost 12 times greater than the correspond-
ing parameter at the fatigue fracture surface of the 
reference joint (Sq = 5.67 µm). In the case of a 
joint with notches, this value is 7 times greater. 
Moving on to the maximum height of selected 
area (Sz), on the surface of the fatigue fracture 
of the joint with the holes, the value of this pa-
rameter increased by more than 5 times compared 
to the reference variant (Sz = 49.12 µm). Moving 
on to the variant with notches, a 3.5-fold increase 
in the Sz value was observed. The last of the pa-
rameters selected here showing significant vari-
ability in the comparative analysis is the average 
height of the selected area (Sa). For the variant 

with holes, the value of this parameter was Sa = 
56.35 µm, which is almost 13 times higher than 
the reference joint (Sa = 4.44 µm). In turn, for the 
variant with notches, the considered parameter is 
almost 8 times higher than the reference case, as 
it is Sa = 35.16 µm.

It should be noted that the comparison was 
made for fatigue fractures, for which the average 
fatigue lifetime was 640.8% and 328.6% higher, 
respectively, for the variants with holes and notch-
es than the fatigue lifetime of the reference joint. 
All variants were loaded with the same level of 
variable load (11.5 MPa), but the reference joint 
was failured in the low-cycle fatigue area. On the 
other hand, variants with modifications exceeded 
the low-cycle fatigue limit, hence it can be con-
sidered that they were subjected to mechanisms 
typical of high-cycle fatigue.

Comparative analysis of the fracture surfaces 
showed significant differences for individual joint 
variants, which proves that the adopted direction 
of research is correct. It was shown that the mech-
anism of fatigue cracking for the variants with 
the tested structural changes is different from the 
reference variant. As it has been shown by the 
measurements of fracture roughness parameters, 
in the areas adjacent to notches and holes, crack-
ing has a different character than for the uniform 
surface of the reference joint. Notches and holes 
absorb a certain amount of energy with each al-
ternating load cycle, which is confirmed by the 
demonstrated significant increase in fatigue life-
time. However, these are only preliminary studies 
aimed at determining the validity of the adopted 
methodology, they lack quantitative analysis, 
which outlines further research directions. As 
part of future work, a more detailed analysis is 
planned to determine more detailed relationships 
between individual roughness parameters and fa-
tigue cracking mechanisms.

CONCLUSIONS

Based on the results of the study aimed at de-
termining the effect of notches and holes made 
on the overlap ends to reduce the peak peel and 
shear stresses, the following conclusions have 
been drawn. The use of notches and holes filled 
with the adhesive does not significantly affect the 
static shear strength of adhesive joints. Joints with 
such structural modifications are characterized by 
a greater scatter of strength results, which may be 

Figure 5. Comparison of selected roughness 
parameters of fatigue fractures of joints of all 

considered variants for the first measurement area
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due to uneven filling of notches and holes with 
the adhesive. In the low-cycle fatigue region, the 
tested modifications have a very significant im-
pact on increasing the fatigue life of the samples. 
For a variable load of 11.5 MPa, the fatigue life 
increase amounted to 328.6% for the variant with 
notches and to 640.8% for the variant with holes 
in relation to the reference variant.

A smaller yet still positive effect of the applied 
modifications was shown for high-cycle fatigue. 
For a variable load with the maximum value of 9 
MPa, the fatigue life increased by 215.9% for the 
variant with notches and by 183.3% for the variant 
with holes. Regarding low-cycle fatigue, it was 
observed that with each fatigue cycle, the stress 
peak on the overlap ends was reduced by the ad-
hesive volume in notches and holes having lower 
stiffness than steel. For a lower live load value, 
this effect was smaller because the stresses in the 
joint were more uniform. It was shown that the ap-
plied structural modifications led to increasing the 
fatigue strength to 8.5 MPa for the limit number of 
cycles equal to 2·106, when compared to the refer-
ence variant for which the fatigue strength was 8 
MPa. The analysis of the fatigue fracture surface 
demonstrated that on the overlap ends where fa-
tigue cracking would initiate, the selected rough-
ness parameters were much lower for the reference 
variant than those of the variants with notches and 
holes. This may indicate a higher cracking energy 
in the variants with modifications. Some part of 
the energy was dissipated by the adhesive volume 
in the notches and holes.

In further studies, the proposed methodol-
ogy should be extended to investigate the entire 
fracture surface in elements with joints of differ-
ent shapes, sizes and materials, as well as having 
different load histories in order to find a general 
formula for estimating the number of cycles to 
failure Nf or the cause of damage.
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