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1. INTRODUCTION 
 

Joining process needed for combining materials to construct 

the structures. Different joining techniques can be used 

depending on application area and material type. While 

joining with rivets or bolts is preferred for the creation of 

heavy structures [1], [2], also, welding or soldering can be 

used for suitable materials [3]. Adhesive joints are preferred 

especially for low-weight applications and flat surface needs 

[4]. Different geometric designs are applied to increase joint 

strength because adhesive materials are weak against peeling 

stress. [5]. Temiz investigated bending behavior of bi-

adhesively joined double strap joints [6]. Bahrami et al 

investigated the effect of notched adherends on the tensile 

strength of single lap adhesive joints [7]. Khaliki et al 

investigated the effect of joint geometry on the failure modes 

and behavior of sandwich T-joints [8]. Solmaz and Topkaya 

compared adhesively, pinned, and hybrid joints tensile 

strength [9]. 

Surface modifications can be applied to increase the bond 

strength. Adhered surface can be abraded with mechanical 

abraders [10] or laser etching technique can also be applied 

[11]. Cardoso et al. investigated the effect of surface pre-

treatment on the strength of CFRP T-joints [12]. With the 

developing nano material technology, adhesive joint strength 

can be improoved with nano particles [13]. Çetkin 

investigated tensile strength behavior of graphene nano 

particle (GNP) and nano fiber reinforced adhesive joints [14]. 

Gholami et al. investigated fracture behavior of multi wallet 

carbon nano tube (MWCNTs) and graphene oxide 

nanoplatelets (GONPs) reinforced adhesive joints [15]. 

T and L type connections are preferred in applications 

where non-parallel adherends are joined. T-type and L-type 

connections are prone to complex stresses due to their 

geometry. Supports can be embedded in the adherends to 

minimize stresses [16]. The stress concentrations can be 

prevented, and joint strength increased in T-type and L-type 

connections with smoother transitions [17]. However, 

attention should be paid to the effect of filling materials on 

sample weight [18]. Barzegar et al. investigated bending 

behavior of T-type joints. They reported that increasing the 

fiber content on the adherends increased strength of samples 

[19].  

In this study, tensile strength behavior of T-type joints 

investigated experimentally. For increasing the joint strength 

3D printed inserts used in delta regions. 4 different insert 

designs and 3 different overlap lengths were used to 

investigate the effect of insert geometry. Aluminum alloy 

(AL-5754) and 3M DP460 two-part epoxy adhesive was used 

as adherend and adhesive materials respectively. 
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In the present study, insert materials manufactured with a 3D printer were used to increase 
the strength of T-type adhesive joints, which have an important area of use in aviation and 
aerospace applications. Experiments were carried out for 3 different overlap lengths and 
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designs were used for each overlap length: solid-reinforced model, hollow reinforced model, 
vertically reinforced model, and horizontally reinforced model. PLA was used as insert 
material and AL 5754 and 3M DP460 as adherend and adhesive respectively. As a result of 
the experiments, it was determined that the use of reinforcement material increased the joint 
strength significantly. It has been determined that the maximum strength increase was 
observed on the horizontally reinforced insert used sample. 
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2. MATERIALS AND METHODS 
 

2.1. Materials and joint geometry 
AL-5754 aluminum alloy was used as adherend material, and 

a two-part epoxy adhesive (DP460 from 3M) was used in the 

experiments. Mechanical properties of adherend and adhesive 

are given in table 1.  

 
TABLE I 

MECHANICAL PROPERTIES OF MATERIALS [20], [21] 

Property AL-5754 
3M DP460 

Adhesive 

Young’s Modulus (GPa) 70300 2077.1 

Poisson’s Ratio 0.33 0.38 

Tensile Strength (MPa) 245 44.616 

 

 

 

Figure 2.  Delta regions and designed inserts a. solid reinforced model (SM) 

b. hollow reinforced model (HM) c. vertical reinforced model (VRM) d. 

horizontal reinforced model (HRM) 
Four types of T-type joint have been used during the 

experiments.  Dimensions of the T joints are given in Fig. 1 

The dimensions of the vertical and horizontal adherends are 

identified as length (l=250 mm), thickness (t=2 mm) and 

width (w=25 mm). Adhesive layer thickness (ta) was selected 

as 0.25 mm. The dimensions of the support materials are 

defined as overlap length (b= 10, 20 and 30 mm), the bend 

radius (R= 5 mm, 10 mm, and 15 mm). 

 

2.2. Joint preparation and Experiments 
Bonding surfaces were abraded with using 180 grid 

sandpapers.  Then, the adherends and the supports were 

cleaned of oil and dirt with acetone. After the acetone used has 

evaporated from the surface, the bonding process with 

adhesive is completed. In order to provide the sample 

dimensions, a mold produced with a 3D printer was used 

during bonding applications. The delta regions between the 

bending regions of the support materials and the horizontal 

and vertical adherends were filled with inserts produced with 

a 3D printer using PLA filament. 5 different connection 

models were produced: non-reinforced model (NM), solid-

reinforced model (SM), hollow reinforced model (HM), 

vertically reinforced model (VRM), horizontally reinforced 

model (HRM). 

For filling the delta regions four different inserts were 

designed and printed with Creality CR 10S Pro brand 3D 

printer. Printer settings were selected as 100 % for infill, 0.2 

mm as layer height, and 50 mm/s as printing speed. Delta 

regions of T joint and designed insert materials are given in 

Fig. 2. 

Samples were tested with Shimadzu universal testing 

equipment using 5 kN loadcell. The crosshead speed was 

selected as 1 mm/min. Test data was recorded at 10 Hz.  For 

fixing the samples a homemade fixture was manufactured. 

The distance between lower support screws was selected as 

125 mm.  Every test repeated three times and average values 

used. Experimental setup is given in Fig. 3. 

 

 
Figure 1.  Dimensions of the test samples 
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Figure 3.  Experimental setup and application of the force 
 

3. RESULTS AND DISCUSSION 
 

Displacement as a function of applied force for different 

reinforcement material geometries of the samples with 10 mm 

overlap length and bending diameter samples is given in Fig. 

4. Tensile failure load the of non-reinforced model (NM) was 

observed as 83.906 N. The failure load of the solid insert 

reinforced model (SM) is increased by 322% and it has 

278.906 N value. Hollow insert reinforced models (HM) 

failure load is increased 645% according to the NM model and 

542.031 N failure load is observed. The failure load of sample 

reinforced with vertically reinforced insert (VRM) is 588.594 

N and the failure load of sample reinforced with horizontally 

reinforced insert (HRM) is 646.938 N. The damage load of 

VRM and HRM samples increased by 702% and 771%, 

respectively, compared to the NM sample. According to Burns 

et al., cracking starts at low load levels due to stress 

concentration in traditional samples, while bio-inspired T-

joints have higher failure loads [22]. 

The applied force – displacement graph for different insert 

material geometries with a 20 mm overlap length and bending 

diameter is shown in Fig. 5. The NM has a tensile failure load 

of 77.031 N. Compared to the NM model, the failure load of 

the SM is increased by 440 %. HM, VRM, and HRM have 

tensile failure loads as 633.438 N, 772.66 N, and 858.906 N, 

respectively. Maximum failure load increase observed in 

HRM, the failure load increase is 1115% according to NM. 

 

 
Figure 4.  The effect of reinforcement material geometry on specimens’ 

strength for 10 mm overlap length and radius diameter 
 

 
Figure 5.  The effect of reinforcement material geometry on specimens’ 
strength for 20 mm overlap length and radius diameter 
 

Fig. 6 shows the applied force – displacement graph of 30 

mm overlap length and bending diameter samples for different 

reinforcement geometries. Failure load of NM is observed as 

63.125 N. failure loads for SM and HM are 498.438 N and 

712.969 N respectively. The failure load of VRM is 910.938 

N, and the failure load of HRM is 922.344 N. The damage 

load of VRM and HRM samples increased by 1443% and 

1461%, respectively, compared to the NM sample. 

Failure loads and sample weights are given in Fig. 7. 

Maximum sample weights are observed on SM while 

minimum sample weights are observed on non-reinforced 

samples. VRM and HRM models has same weights. Sample 

weights increased with increasing overlap length and bending 

diameter. 

 

 
Figure 6. The effect of reinforcement material geometry on specimens’ 
strength for 30 mm overlap length and radius diameter 
 

 
Figure 7. Variation of failure load with sample weight 
 

Failure surfaces for non-reinforced model (NM) is given 

in Fig. 8. It has been determined that the main failure type is 

cohesion failure for all overlap lengths and bending diameters. 

Although adhesion failure was also observed in some parts of 

the joints, this type of failure was limited. 

 

Loading 

direction 
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Figure 8.  Failure surfaces of non-reinforced model (NM) a. 10 mm overlap 
length b. 20 mm overlap length c. 30 mm overlap length 

 

 

Fig. 9 shows the failure surfaces of SM, HM, VRM and 

HRM with 20 mm overlap length. Cohesion failure is the main 

failure type for SM. It was determined that the adhesive 

material remained on the reinforcement material and 

separated from the aluminum adherend. This situation was 

evaluated to mean that the adhesive material adheres better to 

the reinforcing material. Cohesion failure was observed as 

main failure type for HM. There is minor damage on the insert 

material. The size of the damage seen in the insert material 

increased in HM samples with 20 mm overlap length and bend 

diameter. During the test, damage occurred on the left insert 

material, and then permanent joint failure occurred. In the 

specimen with 30 mm overlap length and bend diameter, both 

reinforcement materials on the right and left sides were 

damaged. If the thickness of the reinforcement material is 

higher than 0.25 mm, it is evaluated that the reinforcement 

material will not be damaged, and the joint strength will take 

higher values. Cohesion failure is observed as a main failure 

type for VRM samples. Adhesion failure type is also observed 

between reinforcement material and horizontal adherend 

interface for 30 mm overlap length and bending radius. It was 

observed that the main failure type was cohesion failure for 10 

mm overlap length and bend diameter for HRM samples. In 

the sample with 20 mm overlap length and bend diameter, 

cohesion failure was observed in a limited area, while insert 

material damage was also observed. In the sample with 30 mm 

overlap length and bend diameter, it was determined that the 

adhesion failure covered a significant area, while the right 

insert material was damaged. Burns et al. reported that despite 

higher failure loads observed in bio-inspired samples, earlier 

onset of damage initiation [23]. 

No damage was observed in the 3D printed insert materials 

in any of the SM and VRM samples. The 3D printed inserts 

were damaged at all overlap lengths of the HM specimens. As 

the overlap length increased in the HRM specimens, the 

amount of damage seen in the 3D printed reinforcements 

increased.

 
 

 
Figure 9.   Failure surfaces for different insert designs a. solid-reinforced (SM), b. hollow reinforced (HM), c. vertically reinforced 
(VRM), d. horizontally reinforced (HRM). 
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4. CONCLUSION  
 

Tensile strength of adhesive T-type joints with 3D printed 

inserts at the delta region were investigated experimentally. 

Following conclusions can be made according to limited 

studies results. 
• In the samples without insert material, the strength of the 

sample decreased with increasing the overlap length and bend 
diameter. The increase of the bend diameter caused this 
situation by increasing the moment value in the adhesive layer. 

• The specimen strength increased with increasing overlap 
length and bend radius in the samples with 3D printed inserts. 

• The maximum increase in strength was observed in the 
samples with solid inserts compared to the non-reinforced 
samples with an overlap length of 30 mm and a bend diameter. 
The amount of increase is 790%. 

• In the samples with hollow insert material, the increase for 
10 mm overlap length and bend diameter is 646%, the increase 
for 20 mm overlap length and bend diameter is 822%, and the 
increase for 30 mm overlap length and bend diameter is 1130%. 

• The highest increase in strength was observed in the 

samples with vertically and horizontally reinforced inserts The 

maximum failure load was observed in the sample with 

horizontally reinforced insert and 30 mm overlap length and 

bend diameter.  This model provided a 1461% increase in 

strength compared to the non-reinforced model. 
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