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ABSTRACT 

T-joints play a crucial role in various industries because of their outstanding mechanical properties 

and adaptability. This study focuses on the adhesive bonding properties of 3D-printed stiffener with 

CFRP (Carbon Fibre-reinforced Polymer) skin. Adhesive bonding between 3D-printed stiffener and 

CFRP laminates made with epoxy resin infusion occurs through the VARTM (Vacuum-assisted 

Resin Transfer Molding) process. 3D-printed parts were fabricated by Fused Deposition Modeling 

(FDM) printing technology. The study assessed the tensile strength and bending strength of PLA 

and PA12-CF materials, which are used for 3D printing the stiffeners. This study also evaluated the 

tensile strength and shear strength of simple adhesive-bonded T-joints and modified adhesive-

bonded T-joints of 3D-printed stiffeners with CFRP laminates. Modified adhesive-bonded T-joints 

outperform simple adhesive-bonded T-joints due to the one carbon fibre fabric overlap on the flange 

part of the stiffener. PLA material provided excellent adhesion and made a better adhesive bond with 

carbon fibre fabric and epoxy resin. PA12-CF material has high tensile and shear strength, but it is 

weak when made to bond with CFRP skin with epoxy. The findings of this study provide information 

on the adhesive bonding characteristics of T-joints, which are made of CFRP laminate and 3D 

printing components. Overall, this research contributed to a better understanding of the performance 

and suitability of adhesive-bonded T-joints, particularly including 3D-printed components for 

engineering applications. 

 

Keywords: T-joint, Plain weave carbon fibre fabric, Adhesive bond, VARTM, 3D printing, 
PLA, PA12-CF, FDM, CFRP laminate.  
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1. INTRODUCTION

Composite materials are becoming a popular choice in many industries due to their excellent 

mechanical properties and diversity of characteristics [1]. T-joints can be found at the 

interfaces between composite spars, ribs, bulkheads, and skin. Figure 1 indicates the web 

is connected to the substructure, the flange interacts with the skin, and the filler radius 

supports the transfer of load between the web and flange. The main goal of the T-joints is 

to transfer different stresses to the skin part. The skin part of the T-joint is made using plain 

weave carbon fibre infused with epoxy. This skin part acts as the horizontal component of 

the T-joint structure. When carbon fibre fabric is combined with epoxy, it forms a strong 

composite material with enhanced strength, durability, and resistance to environmental 

factors. This horizontal skin part is necessary for providing the structural support needed to 

evaluate the adhesive bond strength of the T-joint [2]. 

Figure 1: Composite stiffener-to-skin T-joint 

Source: (Sapi,2019) 

In recent years, the integration of additive manufacturing technologies with traditional 

composite materials has led to significant advancements in the field of advanced 

manufacturing. Composite T-joint structures have found various applications in the fields of 

automobiles, aerospace, and marine industries over an extended period. Traditionally, both 

the stiffener and skin part of T-joints are made from carbon fibre composites. This thesis 

explores the inclusion of FDM 3D printing and VARTM process for the production and 

assessment of composite T-joints. FDM, a 3D printing technique, utilises thermoplastic 

filaments such as Polylactic Acid (PLA) and Polyamide 12 Carbon Fibre (PA12-CF) to 

produce stiffener and flange components. PLA is very much suitable for 3D printing because 

of its good printing dimensional stability and ease of printing, whereas PA12-CF has 

exceptional strength because of carbon fibre reinforcement [3] [4]. Plain weave carbon fibre 

Figure removed due to copyright restriction.
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fabrics are used in the skin part due to their high mechanical properties [5]. VARTM is a 

composite manufacturing process used to fabricate very high-quality and lightweight 

composites with complex geometries [6]. A thorough testing procedure is set up to assess 

the mechanical properties of the T-joints. The Instron 5969 Universal Testing Machine 

(UTM) is used to conduct tensile and shear strength tests to quantify the adhesive bonding 

strength of the T-joints [7] [8]. The study seeks to assess the bonding strength of simple 

adhesive bonds in comparison to modified adhesive bonds that include an extra layer of 

carbon fibre reinforcement on the flanges part. By focusing on results obtained from 

mechanical testing, this research aims to provide insights into the effectiveness of 

integrating 3D-printed components with CFRP manufactured using VARTM. The results of 

this research will be beneficial in the enhancement of manufacturing processes and the 

creation of tougher and lighter composites that can be used in various fields. 

 1.1 Aim and Objectives 

Aim: This project focuses on evaluating the adhesive bonding properties of the T-joints 

between 3D printed part and CFRP laminates manufactured by using VARTM process. 

Objectives: 

• Understand the structural challenges of T-joints in composite materials and analyse

the different T-joint configurations employed in fabricating composite materials.

• Using PLA and PA12-CF for the manufacture of the stiffener parts and flange parts

using 3D printing.

• Manufacturing simple adhesive-bonded T-joints and modified adhesive-bonded T-

joints between 3D-printed part and CFRP sheets with epoxy, and CFRP skin part

using VARTM process.

• To conduct tensile and 3-point bending testing of 3D-printed flange parts and CFRP

skin parts separately.

• To conduct tensile and shear strength tests on T-joints using the Instron Universal

Testing Machine to check the adhesive bonding strength of the T-joints.

• Compare the strengths of simple and modified adhesive-bonded T-joints to determine

which type provides better bonding strength.

• Compare the adhesive bonding strengths of T-joint samples of both PLA and PA12-

CF materials to assess which material provides good bonding strength with CFRP

skin.
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2. LITERATURE REVIEW

2.1 Previous studies on composite T-joints and configurations 

Cardoso et al. (2018) conducted pull-off tests on a T-shaped joint made from CFRP, which 

was bonded using adhesive to attach a stiffener to a flat piece of CFRP. The study’s findings, 

which are relevant to the current research, include a better understanding of the failure of 

the T-joint, aiding in the selection of an appropriate T-joint design [9]. 

Sapi et al. (2019) found that the analysis and fabrication of composite T-joints depend on 

factors such as filler radius, web dimensions, and flange thickness to achieve the desired 

design and testing outcomes. T-joint specimens typically have a standard width of 20 mm, 

this dimension effectively reduces stress concentrations near the edges and maintains a 

more uniform stress distribution in the middle section of the specimen. The flange and the 

web of the T-joint are designed to have a constant thickness and width to ensure that the 

stress is distributed evenly under tensile load. In the case of tensile testing, the height of the 

specimen does not affect the strength of the joint. The research revealed that filler radius 

strongly impacts the load-bearing capability and stress distribution in the T-joint. Further, if 

the value of the filler radius is larger, the load is distributed effectively so that the joint 

strength is also high. This general understanding of the dimensions of the stiffener section 

and filler geometry from this research is valuable for designing composite T-joints, which 

aligns with the current study [10]. 

Cope et al. (1982) studied the design of different T joints and identified the T joint with high 

tensile strength. The design involves a thin spar co-cured with a thick wing skin placed 

perpendicularly. This study achieved significant improvement in out-of-plane strength by 

adjusting the overlap geometry. By comparing T-joints with different filler radius, the study 

found that the T-joint with a filler radius of 12.5 mm offered the highest tensile strength. This 

study also proved that, as the base of the spar and filler radius of the joint increases, the 

bonding strength of the T-joint also increases. These findings support the current research 

by providing the T-joint configuration base part and the appropriate filler radius value [11]. 

Zhang et al. (2014) studied the interaction of overlaminates on the mechanical response of 

all-composite μ-joints. Researchers found that incorporating the carbon fibre overlaminates 

increases the joint strength. In the current research, modified adhesive-bonded T-joints were 

fabricated based on these findings with one layer of carbon fibre fabric overlapping the 
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stiffener flange. This method increases the joint strength of the T-joint to withstand varying 

mechanical loads [12].  

2.2 Selection of carbon fibre fabric and fabrication orientation of skin 
part 

The study by Patel et al. (2023) highlights several important aspects of the selection and 

orientation of carbon fibre fabrics for skin part, aligning with current research. This study 

examined the influence of stacking sequence and fibre orientation on the mechanical 

behaviour of the composites made from plain weave fibre fabrics through the VARTM 

process. In this study, researchers investigated an array of fibre orientations such as 0°/90°, 

15°/75°, 30°/60°, and 45°/-45°. The study determined that 0°/90° fibre orientation provided 

the highest tensile and flexural strength among all fabric orientations. Of all the orientations, 

the 45°/-45° had the least tensile and flexural strength. This study proved that the carbon 

fibre orientation plays a major role in determining the mechanical properties of the 

composites [5]. 

2.3 Selection of material for 3D printing, 3D printing technology and 
fabrication orientation of stiffener and flange part 

Hiremath et al. (2023) investigated that the fabrication orientation affected the tensile and 

shear properties of PLA samples printed through the FDM printing process. FDM is a 3D 

printing process that fabricates the 3D-printed parts by adding material layer by layer. 

Researchers revealed that by combining a 100% infill density with a 0° print orientation, PLA 

lap joints have higher tensile strength to a 90° or 45° orientation. Findings from this research 

study help the current study by aiding in the selection of an appropriate 3D printing material, 

fabrication orientation, 3D printing technology and, infill density, for achieving the best 

mechanical properties of 3D-printed parts [13].  

Pejkowski et al. (2023) determined the mechanical properties of reinforcing PA12 with 

carbon fibres and glass bubbles. PA12-CF is a nylon/carbon fibre composite filament that 

provides a practically superior material compared to standard PA12 because carbon fibre 

enhances the mechanical properties. In this study, the PA12-CF specimen has a higher 

tensile strength and creep resistance than PA12CF-AM and PA12 polyamide. This research 

offers insights into the selection of materials for 3D-printed parts in the current study [4]. 

2.4 T-joints manufacturing process (VARTM process) 
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Tamakuwala et al. (2021) introduced VARTM, a technical method of manufacturing 

composite materials with high productivity, a low void ratio, and accuracy to produce a fibre-

reinforced polymer component. Several Liquid Composite Moulding techniques, such as 

hand lay-up, spray-up, filament winding, pultrusion, RTM, VARTM, S-CRIMP, and ICM, are 

used for manufacturing polymer composites. In the VARTM method, dry fibre reinforcement 

materials, including carbon fibre or glass fibre, are stacked into the mould and covered by a 

vacuum bag. A vacuum is then applied to the mould which in turn has a certain pressure 

difference acting on the fibre preform, which forces the liquid resin to flow through the fibre 

preform and wet the fibres accordingly. These fibre-reinforced resins are then taken through 

the process of curing to produce a rigid composite piece. The findings help current research 

enhance the knowledge of the manufacturing processes for creating T-joint samples that 

are durable and lightweight for various uses [6].  

Kumar et al. (2022) discovered that resin flow significantly affects composite part quality and 

properties. The recommended VARTM pressure range is 60-70 kPa. Excessive pressure 

can cause voids and defects due to increased resin flow, while low pressures may limit fibre 

saturation. These findings were useful in maintaining the resin flow and vacuum pressure 

during VARTM in the current research.[14]. 

2.5 Testing methods 

Dahmen et al. (2019) studied the fabrication of hybrid composites T-joints by co-curing with 

3D-printed dual-cure epoxy. In this study, tensile tests were conducted with a controlled 

loading rate of 2 mm/min to evaluate the mechanical properties of the composite T-joint [7]. 

Liu et al. (2021) examined the T-joints in composite sandwich structures under shearing and 

bending testing. The shear testing procedure involves subjecting the samples to a shear 

loading rate of 2 mm/min. This controlled loading rate helps to accurately capture the 

mechanical behaviour of the T-joints under shear load [8]. Sun et al. (2021) examined the 

mechanical behaviour of carbon fibre/honeycomb sandwich panels at different loading rates. 

This study provides information about the experimental setup method for three-point 

bending testing at a loading rate of 2 mm/min [15]. These studies provide insights into the 

experimental setups and methodologies for tensile, shear, and bending tests, all using the 

same loading rate of 2 mm/min, which is relevant to the current study. The study conducted 

by Zhao et al. (2011) highlights electronic microscopy approach enables the determination 

of atomic structure of carbon nanotubes. This study helps the current research to select an 
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appropriate technique for checking the quality of adhesive-bonded T-joint surfaces after 

tensile and shear testing [16].  

2.6 Research Gap 

There is limited research on the adhesive bond strength of T-joints formed between 3D-

printed stiffener and CFRP-based skin sections manufactured using the VARTM process. 

This study aims to research different designs and configurations of composite T-joints and 

to assess their adhesive bonding strength through mechanical testing. Two different 

materials for 3D printing the stiffener sections, namely PLA and PA12-CF, are assessed 

through mechanical testing to identify the material's tensile strength and the adhesion 

bonding characteristics of both materials. The study also examines the bond surface 

between the 3D-printed stiffener and skin sections to analyse the contact surface and the 

presence of voids. The impact voids have on the adhesive bonding strength between the 

composite and 3D printed parts is assessed. A comparison study on the impact of adding a 

carbon fibre sheet overlap to the flange section versus simple adhesion bonding methods 

to evaluate the change in strength for both. 

3. METHODOLOGY

3.1 Material details 

This study uses the ATL Composites ZP200, a plain weave carbon fabric with a weight of 

200 gsm, a thickness of 0.5 mm, and a weave pattern of 3k [17]. This study uses two parts 

of the epoxy material: part A is resin (KINETIX RD246), and part B is hardener (KINETIX 

HD160). For weight purposes, the epoxy resin system has a ratio of 80:20 per 100 ml of 

resin mixture to the hardener [18]. Two types of 3D printed materials are used to fabricate 

the stiffener parts of the T-joints, PolyLite™ PLA and PolyMide™ PA12-CF Materials. 

PolyLite™ PLA material with a 1.75 mm diameter filament was regular and white, and 1 kg 

per spool [19]. PolyMide™ PA12-CF Materials filament with a 2.85 mm diameter of black 

colour and 500 grams per spool [20]. 

3.2 3D printing 

AUTODESK Inventor Professional 2024 was utilized for drawing the 3D parts. The printing 

process involves preparing the 3D printer with the right settings such as temperature control 

settings, fabrication orientation, and speed that enables high quality and dimensional 

accuracy of the stiffener parts. 3D printing process parameters for the stiffener part of both 
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materials PLA and PA12-CF are shown in Table 1. FDM 3D printing technology is used to 

fabricate the stiffener part of both materials. After fabricating the stiffener parts using the 3D 

printing, the parts are checked for defects, including any form of imperfection that may affect 

the bonding process later [3]. 

3.2.1 3D-printed stiffener and flange part 

Table 1: 3D printing process parameters 

Source: www.3dprintingsolutions.com 

The parameters, such as the thickness and length of the 3D-printed stiffener part, are 

important to ensure the structural stability of the part. The stiffener part is designed with a 

specific length of 150 mm, width of 20 mm and height of 100 mm, as indicated in Figure 2. 

These dimensions are chosen to provide enough bonding area with the CFRP skin part and 

enough structural support within the T-joint assembly [10] [11] [21]. The 3D-printed parts are 

taken out directly from the 3D printing machine and used in the further VARTM process to 

create T-joints without any surface finish treatments on the base section.  

Figure 2: Dimension of the 3D-printed Stiffener part 

During tensile and shear testing, the maximum force is applied to the stiffener flanges and 

base to assess T-joint tensile and shear strength. For consistency, the stiffener flange part 

is printed using the same process parameters for both PLA and PA12-CF materials. The 

Figure removed due to copyright restriction. 

http://www.3dprintingsolutions.com/
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stiffener flange is of uniform cross-section, and its dimensions are 150 mm in length, 20 mm 

in width, and 5 mm in thickness, as shown in Figure 3. [10] [11] [21]. 

Figure 3: Dimension of the 3D-printed flange part 

3.3 VARTM method 

3.3.1 Manufacturing simple and modified adhesive-bonded T-joints 

Figure 4: (A) Different layers inside the vacuum bag and (B) Experimental VARTM process 
Source: Flinders University 

The different layers inside the vacuum bag and the experimental VARTM process are shown 

in Figure 4. Firstly, the flat steel plate is used as the bottom surface, and the polythene bag 

is placed on it and sealed tightly with the help of plastic glue tape. The first layer is peel-ply 

placed on the polythene bag. Then, for the manufacturing of simple adhesive-bonded T-

joints, five plain weave carbon fibre fabrics are stacked on peel-ply in sequence of 0°/90° 

[5]. The 3D-printed part was placed on the carbon fibre fabrics. On the other hand, for the 

manufacturing modified adhesive-bonded T-joints, four plain weave carbon fibre fabrics are 

stacked on peel-ply in the sequence of 0°/90°. Then, one carbon fibre fabric is accurately 

cut to have a width of 10 mm and a length of 20 mm to replicate the dimensions and shape 

of the top of the stiffener part. This fabric is placed on the setup, ensuring that it overlaps 

the stiffener flanges and its ends on the base layer [12]. 

Peel ply and infusion mesh are cut to the same dimensions as carbon fibre fabric and laid 

on the stiffener part. Infusion mesh is used to distribute the resin evenly on the fibre 

reinforcements. The vacuum bag is tightly sealed by using butyl sealant tape. Sealant tape 



9 

seals around all layers to eliminate any air leaks and retain the vacuum during resin infusion. 

The vacuum pump was started and the normal pressure of 60–70 kPa was provided by the 

vacuum pump. To begin with resin flow inside the vacuum bag, the setup process is put on 

hold for five minutes to examine the presence of any leaks that may result in the free flow of 

air during the process. Figure 4 illustrates the flow of resin inside the vacuum bag with the 

inlet valve open. The vacuum pump is then stopped and closed the inlet valve and outlet 

valve. The epoxy resin requires 28 hours of curing time at room temperature, which is 

sufficient to ensure that the resin is fully cured to offer good bonding strength with the carbon 

fibre reinforcement and the 3D-printed part [6]. 

Figure 5: Dimension of simple adhesive-bonded T-joint 

Figure 6: Dimension of modified adhesive-bonded T-joint 

The structure and design of the simple adhesive-bonded T-joint and the modified adhesive-

bonded T-joint are shown in Figure 5 and Figure 6, respectively. The simple adhesive-

bonded T-joint has facilitated the continuation of the standard dimensions for stiffener and 

skin parts. The modified adhesive-bonded T-joint is incorporated with a 0.5 mm layer on the 

stiffener flanges. This may increase the joint's general solidity and stability [12]. This 

difference in the joint's construction allows the comparison of the mechanical characteristics 

and degree of bond formation. 

3.3.2 Manufacturing CFRP Skin part 
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Figure 7: Dimension of CFRP skin part 

In the VARTM process, the skin part is prepared by five plain weave carbon fiber fabrics 

bonded together with epoxy maintained to achieve the correct sizes and mechanical 

characteristics. Skin part dimensions are fixed at 300mm in length, 200mm in width, and 

2.5mm in thickness. To get to the required sizes, the CFRP skin part is first cut into six 

pieces using AJAX Vertical Bandsaws, each with dimensions of 150mm in length, 20mm in 

width, and a thickness of 2.5mm, as shown in Figure 7. These cut pieces are perfectly 

oriented and piled, following the base of the 3-printed stiffener part.  

3.4 Testing methods 

3.4.1 Tensile Testing 

The universal tensile testing machine (Instron 5969) conducts tensile tests of the T-joint to 

measure its tensile properties. Figure 8 (A) shows the experimental setup method for the 

tensile test. The 3D-printed stiffener part is fixed tightly to the upper fixture of the Instron 

machine. Steel plates and bolts firmly secured the skin to the platform of the testing machine, 

preventing any deformation or slippage during testing. The tensile test is conducted at a 

controlled loading rate of 2 mm/min, set in the testing machine until the T-joint fails. The 

maximum tensile load value and displacement value are measured from the load-

displacement curve at the time of the occurrence of the T-joint failure [7]. In this study, a 

total of 21 samples tested using the UTM.  

Figure 8: (A) Tensile testing experimental setup (B) Shear testing experimental setup (C) 3-point 
bending testing experimental setup 
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3.4.2 Shear Testing 

The shear test T-joints are carried out on the UTM. The shear test experimental setup 

method is shown in Figure 8 (B). The CFRP skin portion is fastened between the steel plate 

holders of the test machine in this test. The Instron machine's loading head has a 20 mm 

diameter cylindrical end that aids in imparting a steady shear force to the T-joint. The shear 

test is run at a regulated loading rate of 2 mm/min until the T-joint breaks. The maximum 

shear load value and displacement value were measured from T-joint's load-displacement 

response [8]. In this study, the Instron machine is used to measure the shear strength of 12 

T-joint samples.

3.4.3 3-point Bending Testing 

The 3-point bending test of flange part and CFRP skin part were carried out using the Instron 

5969 machine. The 3-point bending test experimental setup method shown in Figure 8 (C). 

The setup method for the 3-point bending test involves positioning the sample between two 

supporting pins spaced 50 mm apart. The supporting pins are connected to the platform 

through a pin fixture. The test is conducted at a controlled loading rate of 2 mm/min until the 

sample beaks. The maximum bending load value and displacement value were measured 

from sample’s load-displacement response [15]. 3-point bending strength tests were 

conducted on a total of 9 samples. 

3.4.4 Electronic Microscopy Testing 

Zeiss Axiocam 305 colour electron microscope was used to take images of the adhesive 

bonding surface after tensile and shear testing of simple and modified adhesive-bonded T-

joints. These images allow the examination of voids in the adhesive bond surface post-

testing. The electron microscopy testing provides detailed visual insights into the 

microstructural integrity of the adhesive bond, highlighting any voids or defects that may 

arise due to improper resin flow or trapped air inside the vacuum bag [16]. This analysis 

helps understand the failure mechanisms and the quality of the adhesive bonding in the T-

joint samples. 

3.5 Data Analysis (Evaluation) 

The load vs. displacement responses obtained from tensile, shear and 3-point bending tests 

provided insights into the mechanical behavior of the samples. The ultimate tensile strength 

and maximum bending strength of 3D-printed flange part and CFRP skin, and the ultimate 

tensile strength and maximum shear strength of adhesive-bonded T-joints are defined by 
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using load vs. displacement responses. This analysis process provided valuable information 

regarding the strength and failure mechanisms of the T-joint assemblies, aiding in the 

comprehensive evaluation of their mechanical properties. 

For Stiffener Flanges and CFRP skin part: 

Ultimate tensile Stress (𝜎𝑡) : 
P

A
 = 

P

b.d

Here, P is the ultimate load at the sample failure in N, A is the cross-section area of sample 

in mm2, b is the width of the sample in mm, d is the thickness of the sample in mm [22]. 

Maximum bending stress (𝝈𝒃) : 
𝐌𝐜

𝐈

M = 
𝐏𝐋

𝟒
 , the moment in the sample. 

C = 
𝐝

𝟐
 , here d is the thickness of the sample in mm. 

I = 
𝐛𝐝𝟑

𝟏𝟐
, the second moment of inertia of the sample. 

Maximum bending stress (𝜎𝑏) : 
3PL

2bd2

Here, P is the load at the sample failure in N, L is the span length in mm, b is the width of 

the sample in mm, d is the thickness of the sample in mm [23]. 

For simple and modified adhesive-bonded T-joint samples: 

Ultimate tensile stress (𝝈𝒕) : 
𝐌𝐜

𝐈

M = 
𝐏𝐋

𝟒
 , the moment in the T-joint sample. 

C = 
𝐝

𝟐
 ,d is the thickness of the flange part in mm. 

I = 
𝐝𝐛𝟑

𝟏𝟐
 , the second moment of inertia of the flange part in the z axis. 

Ultimate tensile stress (𝜎𝑡) : 
3PL

2b3

Here, P is the ultimate load at the sample failure in N, L is the span length in mm, b is the 

width of the sample [24] 

Maximum shear stress (𝜎𝑏): 
4.24 P A

db2

Here, P is the load at the T-joint sample failure in N, A is the distance between the base to 

the point where the load is applied on the T-joint sample in mm, d is the thickness of the 

flange part in mm, b is the width of the T-joint in mm [25]. 
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4. RESULTS

4.1 3D-printed flange part and CFRP skin part samples: 

Tensile Testing 3-Point Bending Testing

Samples Maximum 

Tensile 

Load (N) 

Displacement 

(mm) 

Ultimate 

Tensile 

Strength 

(MPa) 

Samples Maximum 

Bending 

Load (N) 

Displacement 

(mm) 

Maximum 

Bending 

Strength 

(MPa) 

3D-printed flange part (PLA Material): 

PLAT1 4348.93 2.31 43.48 PLAS1 441.63 4.65 66.24 

PLAT2 4613.65 2.39 46.13 PLAS2 383.67 4.23 57.55 

PLAT3 4355.52 2.43 43.55 PLAS3 438.72 4.59 65.80 

Average 4439.36 2.37 44.38 Average 421.34 4.49 63.19 

3D-printed flange part (PA12-CF Material): 

PAT1 6675.61 4.98 66.75 PAS1 548.29 8.23 82.24 

PAT2 6753.18 5.21 67.53 PAS2 553.54 8.39 83.03 

PAT3 6579.14 4.93 65.79 PAS3 557.78 7.79 83.66 

Average 6669.3 5.04 66.69 Average 553.20 8.13 82.94 

CFRP skin part: 

CFT1 15670.63 3.41 313.41 CFS1 281.82 8.72 169.09 

CFT2 15574.97 3.32 311.49 CFS2 254.75 8.54 152.85 

CFT3 16205.82 3.47 324.11 CFS3 251.64 8.12 150.98 

Average 15817.13 3.40 316.33 Average 262.73 8.46 157.64 

Table 2: Tensile testing and shear testing of 3D-printed flange part of PLA and PA12-CF material and 
CFRP skin part 

Tensile testing and 3-point bending testing have been performed on various materials, and 

their results values are presented in Table 2. Figure 9 and Figure 10 show graphs of the 

testing results of various materials for tensile testing and 3-point bending testing, 

respectively. Graphs have been plotted on load in N vs. displacement in mm for different 

materials to check their tensile strength and bending strength. For samples PLAT1, PLAT2, 

and PLAT3 of material PLA, maximum tensile loads are between 4 kN and 4.7 kN and 

displacements are between 2.3 mm and 2.5 mm, which are shown in the graph in Figure 9. 

From the graph, it is clear that the PLAT2 sample has the maximum tensile load, which 

results in the highest ultimate tensile strength among all samples. For samples PLAS1, 

PLAS2, and PLAS3, maximum bending loads are between 0.35 kN and 0.45 kN, and 
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displacements are between 4.2 mm and 4.8 mm, which are shown in the graph in Figure 

10. From the graph, it is clear that the PLAS1 sample has the highest bending load, which

results in maximum bending strength among all samples. 

Figure 9: Tensile testing of 3D-printed flange part and CFRP skin part 

Figure 10: 3-point bending testing of 3D-printed flange part and CFRP skin part 

Another material, PA12-CF has been used for testing of tensile strength and bending 

strength. Three different samples, PAT1, PAT2, and PAT3, have been taken into 

consideration for comparison of tensile strength. As shown in Figure 9, the maximum tensile 

load is between 6.5 kN and 6.7 kN, which generates a displacement between 4.8 mm and 

5.3 mm. Out of the three samples, the PAT2 sample has the highest tensile load, which is 

visible in the graph and results in the highest tensile strength among all. Three different 

samples, PAS1, PAS2, and PAS3, have been taken into consideration for comparison of 

bending strength. As shown in Figure 10, the maximum bending load is between 0.53 kN 

and 0.57 kN, which generates a displacement of between 7.5 mm and 8.5 mm. Out of all 

three samples, the PAS3 sample has the highest bending load, which is visible in the graph 

and results in the maximum bending strength among all. From the above comparison, it is 

clear that PA12-CF material has higher tensile strength and bending strength compared to 

PLA material. 

Tensile and bending tests have been performed on CFRP skin parts. Three tensile samples 

(CFT1, CFT2, and CFT3) were taken into consideration for tensile testing. The maximum 
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tensile load for these samples is between 15.5 kN and 16.3 kN, which is represented in the 

graph in Figure 9. From Figure 9, it is clear that CFT3 has the highest tensile load, which 

results in the highest tensile strength. For bending testing, three samples (CFS1, CFS2, and 

CFS3) were taken into consideration, as shown in Figure 10. The maximum bending load 

for samples is between 0.25 kN and 0.29 kN. From Figure 10, CFS1 has the highest bending 

load, which results in the highest bending strength. 

4.2 Simple and modified adhesive-bonded T-joints samples (PLA 
material): 

Tensile Testing: Shear Testing: 

Samples Maximum 

Tensile 

Load (N) 

Displacement 

(mm) 

Ultimate 

Tensile 

Strength 

(MPa) 

Samples Maximum 

Shear 

Load (N) 

Displacement 

(mm) 

Maximum 

Shear 

Strength 

(MPa) 

Simple Adhesive-bonded T-joints Samples (PLA Material): 

PLAST1 1415.92 4.42 39.82 PLASS1 2198.96 11.19 93.23 

PLAST2 1650.22 6.31 46.41 PLASS2 2378.25 7.18 100.83 

PLAST3 1364.94 3.39 38.38 PLASS3 2665.12 13.93 113.00 

Average 1477.02 4.70 41.53 Average 2414.11 10.76 102.35 

Modified Adhesive-bonded T-joints Samples (PLA Material): 

PLAMT1 3045.83 4.17 73.99 PLAMS1 5653.22 10.56 197.64 

PLAMT2 3615.16 6.20 87.83 PLAMS2 5646.44 8.37 197.41 

PLAMT3 3246.82 5.63 78.88 PLAMS3 5294.15 6.79 185.09 

Average 3302.60 5.33 80.23 Average 5531.27 8.57 193.38 

Table 3: Tensile testing and shear testing of T-joint samples of PLA material 

Figure 11: Tensile testing of T-joint samples (PLA material) 
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Figure 12: Shear testing of T-joint samples (PLA material) 

The performance parameters of simple and modified adhesive-bonded T-joints made of PLA 

material tested for tensile and shear strength are shown in Table 3. Figure 11 shows tensile 

testing for samples of simple adhesive-bonded T-joints and modified adhesive-bonded T-

joints. From Figure 11, samples PLAST2 of simple adhesive-bonded T-joints and PLAMT2 

of modified adhesive-bonded T-joints have the highest tensile load, which results in the 

highest tensile strengths of 46.41 MPa and 87.83 MPa, respectively. 

Figure 12 shows shear testing for samples of simple adhesive-bonded T-joints (PLASS1, 

PLASS2, PLASS3) and modified adhesive-bonded T-joints (PLAMS1, PLAMS2, PLAMS3). 

From Figure 12, samples PLASS3 of simple adhesive-bonded T-joints and PLAMS1 of 

modified adhesive-bonded T-joints have the highest shear load, which results in the highest 

shear strengths of 113 MPa and 197.64 MPa, respectively. 

4.3 Simple and modified adhesive-bonded T-joints samples (PA12-CF 
material): 

Tensile Testing: Shear Testing: 

Samples Maximum 

Tensile 

Load (N) 

Displacement 

(mm) 

Ultimate 

Tensile 

Strength 

(MPa) 

Samples Maximum 

Shear 

Load (N) 

Displacement 

(mm) 

Maximum 

Shear 

Strength 

(MPa) 

Simple Adhesive-bonded T-joints Samples (PA12-CF Material): 

PAST1 971.14 2.95 27.31 PASS1 2417.24 9.30 102.49 

PAST2 992.13 2.54 27.90 PASS2 2449.93 8.29 103.87 

PAST3 835.26 3.00 23.49 PASS3 2103.78 10.78 89.20 

Average 932.84 2.83 26.23 Average 2323.65 9.45 98.52 

Modified Adhesive-bonded T-joints Samples (PA12-CF Material): 
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PAMT1 2380.43 3.61 57.83 PAMS1 4455.25 5.45 155.76 

PAMT2 2589.22 3.54 62.90 PAMS2 4088.32 7.25 142.93 

PAMT3 2740.07 3.58 66.57 PAMS3 4318.49 6.98 150.98 

Average 2569.90 3.58 62.43 Average 4287.35 6.56 149.89 

Table 4: Tensile testing and shear testing T-joint samples of PA12-CF material 

Figure 13: Tensile testing of T-joint samples (PA12-CF material) 

Figure 14: Shear testing of T-joint samples (PA12-CF material) 

The tensile testing and shear testing have been performed on PA12-CF material, and their 

results values are presented in Table 4. Figures 13 and 14 show graphs of the testing results 

of various samples for tensile testing and shear testing, respectively. For samples PAST1, 

PAST2, and PAST3, the maximum tensile loads are between 0.83 kN and 1 kN, which are 

shown in the graph in Figure 13. From the graphs, it is clear that the PAST2 sample has the 

highest tensile load, which results in the highest ultimate tensile strength among all samples. 

For samples PASS1, PASS2, and PASS3, the maximum bending loads are between 2.1 kN 

and 2.5 kN, which are shown in the graph in Figure 14. From the graph, it is clear that the 

PASS2 sample has the maximum shear load, which results in maximum shear strength 

among all samples.   

Three different samples, PAMT1, PAMT2, and PAMT3, have been taken into consideration 

for comparison of tensile strength. As shown in Figure 13, the maximum tensile load is 
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between 2.3 kN and 2.8 kN. Out of all three samples, the PAMT3 sample has the highest 

tensile load, which is visible in the graph and results in the highest tensile strength among 

all. Three different samples, PAMS1, PAMS2, and PAMS3, have been taken into 

consideration for comparison of shear strength. As shown in Figure 14, the maximum shear 

load is between 4 kN and 4.5 kN. Out of all three samples, the PAMS1 sample has the 

highest shear load, which is visible in the graph and results in the maximum shear strength 

among all. 

4.4 Electronic Microscopy Images: 

Figure 15: Voids on the adhesive-bonded surface 

The electron microscope images give details of the adhesive-bonded surfaces after the 

tensile and shear testing. During the infused process, the resin flows into the vacuum bags, 

releasing air bubbles trapped inside the bag. Once the resin solidifies and the adhesive layer 

cures, it becomes difficult to remove these air bubbles, as illustrated in Figure 15. These 

voids have a detrimental effect on the bond strength and, as a result, decrease the surface 

area of contact and the zone of load transfer. These voids are the primary reason for the 

differences in bonding strength of simple and modified adhesive-bonded T-joints. 

5. DISCUSSION

Figure 16: Ultimate tensile strength of 3D-printed flange part and CFRP skin part 
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Figure 17: 3-point bending strength of 3D-printed flange part and CFRP skin part 

The ultimate tensile strength of the flange part that was printed with PLA and PA12-CF 

reveals that the two materials performed differently, which is shown in Figure 16. The 

ultimate tensile strength of the PA12-CF material has a higher average value, which is 66.69 

MPa, while the PLA material has an average ultimate tensile strength of 44.38 MPa. This 

means that, for the same loading rate, PA12-CF material can resist higher tensile forces at 

failure. In the same way, the 3-point bending test as shown in Figure 17 also pointed out 

that the PA12-CF material has a higher bending strength (82.94 MPa) than the PLA material 

(63.19 MPa). PA12-CF material is not only stronger in terms of tension but also offers 

enhanced flexural capabilities. Moreover, the ultimate tensile strength and bending strength 

of CFRP skin parts are 316.33 MPa and 157.64 MPa, respectively. The mechanical aspect 

regarding the tensile and shear strengths of the CFRP skin part proves that the laminated 

structure utilized for this study exhibits excellent characteristics when subjected to different 

loading conditions. 

Figure 18: Ultimate tensile strength of T-joint samples 

Figure 18 compares the ultimate tensile strength of PLA T-joints with a simple adhesive 

bond and a modified adhesive bond, demonstrating that the modified adhesive bond does 

much better than the simple adhesive bond. The average ultimate tensile strength for the 

simple adhesive-bonded T-joints is 41.53 MPa, whereas for the modified adhesive-bonded 
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T-joints, it is 80.23 MPa. This represents an increase of approximately 93.18% in ultimate

tensile strength for the modified adhesive bond compared to the simple adhesive bond. The 

modified adhesive-bonded T-joints have a shear strength of 193.38 MPa, which is much 

higher than the simple adhesive-bonded T-joints' shear strength of 102.35 MPa, as shown 

in Figure 19. This leads to an approximate 88.93% increase in maximum shear strength for 

the modified adhesive bond compared to the simple adhesive bond. 

Figure 19: Maximum shear strength of T-joint samples 

The ultimate tensile strength of simple and modified adhesive-bonded T-joints made of 

PA12-CF material was compared in Figure 18. The modified adhesive bond performed much 

better than the simple adhesive bond, similarly to PLA material. The average ultimate tensile 

strength for the simple adhesive-bonded T-joints is 26.23 MPa, while for the modified 

adhesive-bonded T-joints, it is 62.43 MPa. This results in an increase of approximately 

137.98% in ultimate tensile strength for the modified adhesive bond compared to the simple 

adhesive bond. Additionally, when comparing the shear strength shown in Figure 19, the 

modified adhesive-bonded T-joints exhibit a considerably higher strength with an average 

of 149.89 MPa, in contrast to the simple adhesive-bonded T-joints (98.52 MPa). This 

represents an approximate increase of 52.16% in shear strength for the modified adhesive 

bond over the simple adhesive bond. The comparisons make it clear that the modifications 

made to the adhesive bond greatly improve both the tensile and shear strengths of the T-

joints. This proves that the modified adhesive bond is the better choice for higher mechanical 

performance applications. Thus, adding one layer of carbon fibre fabric on the flange part 

creates a stronger bond and enhances the capability of the T-joints to carry loads and 

provide better structural performance. 

The average ultimate tensile strength of PLA material simple adhesive-bonded T-joints 

(41.53 MPa) and modified adhesive-bonded T-joints (80.23 MPa) is higher compared to the 

average ultimate tensile strength of PA12-CF material simple adhesive-bonded T-joints 

(26.23 MPa) and modified adhesive-bonded T-joints (62.43 MPa), as shown in Figure 18. 
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Similarly, the average shear strength of PLA material simple adhesive-bonded T-joints 

(102.35 MPa) and modified adhesive-bonded T-joints (193.38 MPa) is also higher compared 

to the average shear strength of PA12-CF material simple adhesive-bonded T-joints (98.52 

MPa) and modified adhesive-bonded T-joints (149.89 MPa), as shown in Figure 19. From 

the above comparison, PLA material offered better bonding strength in both types of T-joint 

samples than PA12-CF material. PLA in terms of adhesion, creating a better adhesive bond 

with carbon fibre fabric and epoxy resin, as shown in Figures 18 and 19. However, the PA12-

CF material offered higher tensile and bending strengths than the PLA material, as shown 

in Figures 16 and 17, but its bonding strength with carbon fibre fabrics was observed to be 

lower. The adhesive bond surface of the tested PA12-CF T-joint samples revealed stacked 

short carbon fibre particles on the skin part, potentially contributing to the relatively lower 

bonding strength of the PA12-CF 3D-printed flange part. 

Figure 20: (A) Tensile testing of modified adhesive-bonded T-joints (PLA material) (B) Shear testing 
of modified adhesive-bonded T-joints (PLA material) (C) Tensile testing of modified adhesive-bonded 

T-joints (PA12-CF material) (D) Shear testing of modified adhesive-bonded T-joints (PA12-CF
material) 

During the tensile and shear tests conducted on the adhesive bond samples, significant 

differences were observed between the simple and modified adhesive-bonded T-joints, 

fabricated from PLA and PA12-CF materials. At maximum force, tensile and shear forces 

completely separate the 3D-printed stiffener part from the skin part in simple adhesive-

bonded T-joints. However, in the experimental study of modified adhesive bond samples, 

the PLA material's 3D-printed stiffener part weakened and failed under tensile and shear 

stresses, as shown in Figures 20 (A) and (B). This is because the stiffener flanges received 

support from the adhesive bond, together with one carbon fibre fabric layer that is placed on 

the flanges. On the other hand, during the tensile and shear tests, the PA12-CF material 

3D-printed stiffener part completely separated from the skin part without causing any 

damage to the flanges, which is shown in Figure 20 (C) and (D). When the T-joint samples 
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experienced a force that bent the PA12-CF material stiffener flanges and broke the modified 

adhesive bond at the maximum force. 

6. FUTURE TRENDS

Advancements in Material Science: In the future, improvements in composite bonding 

materials may include better mechanical properties, enhanced 3D printing compatibility, and 

improved performance in various environmental conditions. 

The innovative of additive manufacturing: Additive manufacturing advancements can 

lead to new fabrication patterns, improved composite T-joint structure, and enhanced 

surface layer precision. 

Eco-Friendly Practices: Future trends may then include the idea of creating new 

environmentally friendly adhesives or fabrication processes that adhere to the principles of 

sustainability and environmentally friendly materials, as well as incorporating recycling 

processes into the composite fabrication life cycle. 

7. CONCLUSION

This research assessed the adhesive bonding strength characteristics of composite T-joint 

structures with stiffener sections fabricated using 3D printing and the skin section being 

CFRP laminates. The adhesive bonding is achieved through the VARTM process. The 

tensile and bending strengths of PA-12 CF and PLA material-based stiffener sections were 

assessed through mechanical testing. It was observed that PA-12 CF had significantly 

greater tensile strength and bending compared to PLA. However, PLA exhibited greater 

adhesive bonding strength with CFRP laminates. 

The test results from tensile and shear tests of simple and modified adhesive bonds indicate 

that the bonding strength is considerably greater in modified adhesive bonds. These results 

indicate that incorporating a single layer of carbon fibre fabric over the flange section 

improves the bond strength and makes the T-joints more suitable for real-world applications. 
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APPENDICES 

1. Research Timeline Gantt Chart:

2. Risk assessment form
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3. Engineering drawing of 3D-printed stiffener part

4. Engineering drawing of simple adhesive-bonded T-joint and 3D-printed flange part
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5. Engineering drawing of modified adhesive-bonded T-joint and CFRP skin part

6. 3D printed stiffener part of the PLA in white and PA12-CF in black.

7. 3D printed flange part of the PLA in white and PA12-CF in black.
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8. Simple adhesive-bonded T-joint of PLA material

9. Modified adhesive-bonded T-joint of PLA material

10. Simple adhesive-bonded T-joint of PA12-CF material
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11. Modified adhesive-bonded T-joint of PA12-CF material

12. CFRP skin part

13. PLA material T-joint samples behaviour in tensile and shear testing.

Simple adhesive-bonded T-joint samples (PLA Material): 

Tensile Testing: Shear Testing: 

Before Testing After Testing Before Testing After Testing 

Modified adhesive-bonded T-joint samples (PLA Material): 

Tensile Testing: Shear Testing: 

Before Testing After Testing Before Testing After Testing 
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1. PA12-CF material T-joint samples behaviour in tensile and shear testing.

Simple adhesive-bonded T-joint samples (PA12-CF Material) 

Tensile Testing Shear testing 

Before Testing After Testing Before Testing After Testing 

Modified adhesive-bonded T-joint samples (PA12-CF Material) 

Tensile Testing Shear Testing 

Before Testing After Testing Before Testing After Testing 




