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Abstract 

This research explores the application of adhesively bonded CFRP-aluminium hybrid 

structure for aircraft interior application. A concept of using an adhesively bonded 

hybrid structure to replace the original full aluminium structure (fastener joining method) 

was established. The current structure will be built by 6061 T6 aluminium alloy and the 

T700 carbon fibre reinforced polymer. The new joining method uses epoxy adhesive to 

bond them together since the CFRP cannot be welded, and drilling holes will decrease 

the strength of the parts.  

 

This is the support structure of the air attendant seat used in commercial aircraft. This 

project requires building a prototype test demonstrator to conduct tensile tests, and the 

test demonstrator is to simulate the aircraft's air attendant seatôs support structure. The 

experiment aims to investigate the hybrid structure's performance and further provide 

development suggestions through the experiments. A total of three test demonstrators 

were built for conducting the tensile test. Since the build of the test demonstrator was 

not related to any standard, three demonstrators can enhance the result accuracy. 

Strain gauges were used to monitor the strain change during the experiments. 

 

The experiment result indicates that the concept is reliable for further research since 

the aluminium and the CFRP can withstand high loads. The adhesive layer cracked 

before reaching the minimum design load, but none of the CFRP tubes loosened from 

the joints after the experiments. The adhesive thickness of the joints was 0.2 mm, and 

the experiment results showed that the thickness could be further reduced as long as 

the parts can be bonded in a stable connection. The structure's performance has 

mainly relied on the parts, not the adhesive. The failure mode of the joints was mainly 

an adhesive failure that occurs on the aluminium surface, which indicates the surface 

treatment method of the aluminium needs to improve. The SolidWorks FEA has been 

applied to the study, and the results suggested the structure deformation pattern and 

the CFRP tube strain pattern can be used as references. The aluminium strain 
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simulation failed since the simplified structure cannot simulate the actual setup in the 

experiments.  

 

This project suggests that future research can be focused on the aluminium parts 

surface treatment, adhesive layer thickness, and the joint depth for CFRP tubes. The 

NDT exam method and the suitable parts replacement and maintenance methods 

should also be researched. 
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Chapter 1 Introduction 

1.1 Project background 

This project was a joint program of Auckland University of Technology, University of 

Auckland, AIM Altitude, funded by the MBIE. AIM Altitude is an aerospace design and 

manufacturing company focusing on interior aircraft applications. The company focus 

on not only commercial orders but also military and defence. They widely use 

composite materials in their designs and products. 

 

The main object of the program is to develop and improve the supporting structure for 

attendant seats. Figure 1 demonstrates the common air attendant seat. The seat is 

fixed on the support structure behind the galley wall. Figure 2 shows the attendant 

seatôs installation positions and the attachmentôs layout. This drawing represents the 

support structure behind the galley wall. Figure 3 displays the traditional design used in 

the company, built with full aluminium reinforcements and joints by rivets; the attendant 

seat is fixed on the aluminium reinforcements directly by fasteners (Maxime, 2019). 

 

Figure 1 

The air attendant seats are attached to the gally wall 
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Figure 2 

Cabin attendant seat attachment spacing 

 

 

Figure 2 is removed due to the figure contain confidential material. 

 

 

 

 

 

 

 

 

 

Figure 3 

The current full aluminium structure for the attendant seat 

 

 

The company wishes to replace the original full aluminium structure with a new metal 

composite hybrid. The new joint design should have better or equal mechanical 

properties, lighter weight, and lower cost than the previous model. The new design will 

use aluminium and carbon-fibre reinforced polymer tubes, joining together by the 

adhesive bonding method instead of welding or fastening. Adhesive bonding is widely 

used in the industry and draws the attention of engineers and scientists. The similar 

material joined together by the adhesive bonding method is well-understood and with 
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mature testing protocols. But this project involves bonding two dissimilar materials, the 

CFRP and the aluminium alloy. The dissimilar material adhesive bondingôs application 

in aerospace, automotive and wind energy is increasing these days. But still have lots 

of challenges in this area of applications. (Loutas et al., 2019) 

 

This project is part of a large program, and the main focus is to design and build a new 

test demonstrator based on the concept designed by a previous student. The 

demonstrator structure will be produced by metal and circular composite parts 

(aluminium alloy and carbon fibre reinforced polymer). The aluminium alloy and CFRP 

will connect by the adhesive bonding method (using standard industrial grade epoxy 

glue). The previous project established a concept design of the hybrid structure. The 

test demonstrator requires more improvement and verification before building the 

prototype. The project aims to investigate the performance of the new aluminium-CFRP 

joints of whether the newly designed aluminium-CFRP hybrid joints structure can 

economically and mechanically outperform the origin aluminium structure design and 

investigate the flow of the structure.  
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1.2 Previous design concept 

Maxime (2019) established the concept design, as shown in Figure 4. The primary 

structure was combined by four aluminium joints and twelve CFRP tubes. The four 

cubic metal joints represent attachment point 1,2,7,8, shown in figure 2. Each 

aluminium joint contained four holes to join the CFRP tubes and one tap hole to 

connect with an eyebolt. This concept well describes the shape of the original structure. 

Four loading points will be set on the four aluminium joints, representing points 1,2,7 

and 8 in figure 2. 

 

Figure 4 

The previous concept design of the adhesively bonded aluminium-CFRP hybrid 

structure 

 

 

Figure 5 illustrates the completed test demonstrator. Four eyebolts and one paper 

panel will connect the aluminium-CFRP hybrid structure. The test load will apply to 

those four eyebolts directly. And the paper panel was to simulate the surface panel of 

the galley wall. The paper panel used in this project is the same as the company used 

in the real aircraft; the paper panel has a honeycomb structure.  
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Figure 5 

The complete concept setup of the test demonstrator 

 

 

Figure 6 demonstrates a complex full test structure concept developed by Maxime. 

Eight CFRP tubes are connected with eight L-shaped joints. These joints were bolted 

on an intermediate plate bolted on the test platform by four C-shaped joints. The hybrid 

joints must withstand at least 14323.3 N.  

 

Figure 6 

The completed test structure concept 

 

 

Figure 7 shows a refined concept that is shown in figure 4. The intermediate plate was 

removed to save cost and simplify the final test structure. 
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Figure 7 

The final test structure concept 

 

 

The initial concept well represents the companyôs original design. The majority of the 

structure will stay unchanged. So, only the parts size and detailed design will be 

changed during this project. But the test plan and final test full assembly are too 

complicated and hard to achieve in reality. In Figure 5, When loads apply to the four 

eyebolts, only the eight short CFRP tubes and joints around the test samples will 

undertake loads. So, the test method wonôt fit the jointôs design purpose. The final test 

structure plans in figure 6 and figure 7 are complicated. Even the final concept 

simplified the overall structure, but the holding parts are hard to manufacture. 

Therefore, the test plan and final test layout will be redesigned (Chapter 3 explains the 

detailed analysis).  
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1.3 Research objectives 

As mentioned in chapter 1.1, this project will focus on building a new test demonstrator 

and conducting physical pull-out tests for the demonstrator. Three identical test 

demonstrators will be produced to increase the testôs accuracy and reduce the error.  

 

Four steps are required before building the test demonstrators.  

1. The validation process for the previous concept. The CFRP tubes and 

aluminium jointsô dimensions need to be re-checked. The re-checked 

contents include the demonstratorôs dimension and parts design. 

2. Refine the test demonstrator if possible. 

3. Re-develop the test method and structure layout to conduct the 

physical test better. The previous test method is too complex to 

execute.  

4. Select or build a suitable test platform.  

The four steps are re-checking the previous design and refining the concept to better fit 

into the actual testing environment.  

In general, the research objectives of this project are: 

1. Physically built three demonstrators and conducted tensile tests. 

2. Investigate the adhesively bonded hybrid structureôs performance 

and whether worth continuing development. 

3. Observe the structure behaviour after the tests. 

4.  Identified the jointsô failure mode of the bonded joints section.  

5. To make further development suggestions based on the 

experiment results. 
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Figure 8 shows the test platform layout, including the test frame, actuator, and data 

acquisition setup (controller). Clear protectors were placed between the test platform 

and the controller. 

 

Figure 8 

Test platform layout and experiment setup 
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Chapter 2 Literature review 

The adhesive bonding method has a long-recorded history. Plywood has been using 

the adhesive bonding method since 1905, but the earliest wood layer bonding could 

track back to 3500 B.C. Wood was joined by using animal glue (Kalpakjian, 2001). The 

first large-scale adhesive-bonding application in manufacturing aircraftôs load-bearing 

parts was in World War II (Kalpakjian, 2001). The adhesive bonding method is 

developed in aircraft manufacturing and continues to develop in other engineering 

fields, such as marine, aerospace, vehicles, military, wind energy and infrastructure 

industries (B.Mikhail, 2009). 

2.1 Aluminium and CFRP  

Aluminium alloy components and carbon fibre parts are the primary material in this 

project. Aluminium alloy has a relatively low density and a better corrosion resistance 

than steel (E.M. Petrie, 2007). It is widely used in industries such as aerodynamics and 

marine application. Carbon-fibre composite is a polymer matrix composite. CFRP is the 

most commonly used high-performance fibre material in non-fibreglass polymer-matrix 

composites. It has high strength, moduli, and high-temperature oxidation; the elevated 

temperature will not easily influence its mechanical properties; it has excellent moisture 

and chemical resistance at room temperature (E.M. Petrie, 2007). CFRP is not a 

homogenous material since its mechanical properties depend on fibre orientation 

(Hassan, 2018). CFRP materials have higher strength along the longitudinal axis (X-

axis) than aluminium alloy. Sanders (2001) states 

 

The aluminium used in this project is 6061 T6 alloy, widely used in aircraft, yachts, and 

other vehicle applications. It was first developed in 1935 and named óôAlloy 61Sôô 

(Stephen, 1993). Sanders (2001) states the 6061 alloy is a precipitation-hardened 

material and the major alloying elements are silicon and magnesium. This alloy has a 

good mechanical performance and good weldability. The composite tubesô material will 

use T700 laminates. This composite material has high specific strength and better 
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performance during different temperature environments (Wei, 2015). It is widely used in 

the weight reduction of aircraft applications (Schwartz, 1997). Table 1 displays the T700 

CFRPôs strength properties (Hassan, 2018). Table 2 displays the T6061-T6 aluminium 

alloyôs strength properties (Hsu, 2016). The CFRPôs mechanical properties along its 

longitudinal axis are far higher than T6061-T6 aluminium alloy. The tensile stress is 

seven times higher, and the compression stress is three times higher. But the weight of 

CFRP is only 56.4% of T6061-T6. The application of the hybrid structure can reduce 

the total weight. The CFRPôs cost is higher than aluminium. But the total cost can be 

reduced because it requires less material to achieve the loading requirements when 

applied in the right direction. Therefore, the aluminium-CFRP hybrid structure can 

reduce weight and cost but maintain the required loading ability. Boyd (2004) stated an 

adhesively bonded hybrid structure application in a French warship. The primary 

purpose of using an adhesive-bonded hybrid structure is to reduce the total weight of 

the hull armour and structure and increase the loading capacity.  

 

Table 1 

T-700 CFRP properties (Hassan, 2018) 

  

Table 2 

T6061-T6 aluminium alloy properties (Hsu, 2016) 

Properties Value 

Youngôs modulus 68.9 GPa 

Poissonôs ratio 0.33 

Mass density 2784 Kg/m3 

Static yield stress 300 MPa 
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2.2 Joining method 

According to the American Welding Society (AWS), the typical engineering joining 

methods can divide into three major categories, welding, mechanical fastening, and 

adhesive bonding (Kalpakjian, 2001). Mechanical fastening involves fasteners 

applications such as using rivets, bolts and nuts. Welding is normally classified into 

three types: Fusion welding, solid-state welding, Brazing and Soldering. Adhesive 

bonding has an excellent stress distribution and could use for thin parts joining and 

dissimilar materials. The fastening method has good repairability. Welding has superior 

strength to adhesive bonding (Petrie, 2007). The adhesive-bonding joining method 

uses a filler material (such as rubber or polymer) between two surfaces (Wegmanand, 

2012). The mechanical fastening joining method needs to create holes to perform. 

These holes reduce the strength of the materials and introduce stress concentration; 

the fastening way can damage the composite materialsô laminar structure (Petrie, 2007). 

Mechanical fastening is not an ideal joining method for this project. And the geometry 

of the concept design indicates mechanical fastening is not appropriate. Welding has 

excellent strength performance compared to adhesive bonding. Abdullah et al. (2012) 

tested steel welded and adhesive bonded T-joints. Figure 9 shows the experimental 

results that the weld joints between steel are eight times stronger than the adhesive 

bonding joint method (epoxy adhesive). But the experiment is done under the same 

material joints. Dissimilar welding still faces many challenges and is already widely 

applied in the industrial area.  
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Figure 9 

Adhesive joints and weld strength of steel T-joints (Abdullah et al. 2012) 

  

 

According to Nguyen et al. (2017), they successfully welded (TIG welding) the 304 

stainless steel and A6061 aluminium alloy. But the conditions to achieve this are harsh, 

and the process is quite strict. Many factors must be well researched for each 

application, or it can lead to failure. Another disadvantage of applying dissimilar welding 

to this research is the two primary materialsô weldability is weak. The traditional welding 

process cannot weld the carbon fibre since the carbon is hard to melt, and welding can 

weaken the strength of the aluminium and other light metals such as titanium and 

magnesium (Petrie, 2007). Dawei et al. (2018) improved welding and resistance 

welding can join CFRP and metal materials. Figure 10 demonstrates one of the 

samples. A thin layer of metal covers the CFRP before the welding process. Titanium 

and zirconium often act as the brazing filler. The CFRR-metal joining usually adopts 

vacuum brazing as a joining method. But the cost of brazing is expensive. Melting 

metals require excessive heat, and the joints typically result in irregular stress 

distribution (Dawei et al., 2018). Resistance welding, induction heated joining, and 

ultrasonic welding can manufacture aluminium and CFRP joints (Dawei et al., 2018). 

But most successful experiments that successfully welded CFRP and Aluminium used 

sheet metal. And the equipment and material costs are high.  
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Figure 10 

Brazing of CFRP and titanium or niobium alloy (Dawei et al. 2018) 

   

 

Balle et al. (2011) successfully welded aluminium sheets with CFRP using ultrasonic 

welding. Figure 11 displays the ultrasonic spot-welding system and the specimen used. 

A layer of adhesive between the aluminium and the CFRP sheets is required to 

conduct welding. The welding process melts the adhesive layer and bonds the CFRP 

and aluminium sheets. The ultrasonic spot weld was used in this application, but the 

process is still similar to adhesive bonding with high-end tools. And this system does 

not suitable for larger and thicker parts rather than thin sheets.  

 

Figure 11 

Ultrasonic welding and its specimen (Balle et al. 2011) 

 

Note. (a) Advanced ultrasonic spot-welding system. (b) Aluminium-CFRP joints 

specimen. 
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Figure 12 shows the laser beam joining method that joined the aluminium sheet and 

CFRP with titanium wire loops (Woizeschke et al., 2013). The equipment and process 

are expensive and complicated. Before joining, the titanium wire loops had to be 

planted into the aluminium sheet. Then enlaced the titanium wire loop with carbon fibre 

roving. The last step is installing the structure with resin. Evolving this technology 

means more costs on buying equipment and training or hiring new employees. And it is 

mainly focused on joining CFRP with sheet aluminium metal at this stage. 

 

Figure 12 

Laser beam application of joining aluminium sheet and CFRP with titanium wire loops 

(Woizeschke et al. 2013) 

 

(a)                                                            (b) 

Note. (a) The joining processes. (b) The titanium wire loopôs concept drawing. 

 

One of the essential purposes of this research is to reduce costs. Buying new 

equipment and bringing new complex technology would significantly increase the 

budget, and more training for workers or experienced labours is required. The overall 

cost will increase. Adhesive bondingôs price would be less high than the welding and 

fastening method. Its manufacturing steps require less procedure than a fastening 

joining. It also has a better fatigue strength than the riveted joint (Petrie, 2007). Figure 

13 displays a fatigue chart of adhesive joints and riveted joints. The chart indicates the 

adhesive-bonded structure of aluminium alloy has a better fatigue strength under shear 

load (Petrie, 2007). Galvez et al. (2017) used adhesive joints to improve the bus 

structureôs fatigue ability. The adhesive bonding method has a unique advantage over 

the other two primary joining methods (welding and fastening), but it also has some 
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challenges at the moment. Loutas et al. (2019) described that similar material adhesive 

joining is well-understood with mature test protocols. However, the dissimilar joining is 

still under challenges such as geometrical and residual thermal stresses.  

 

Figure 13 

Fatigue chart of adhesive joints and riveted joints (Petrie, 2007) 
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2.3 Application 

Composite-metal adhesive-bonded is a typical application of hybrid structure in civil 

and construction. David et al. (2007) used high modulus CFRP strips to reinforce the 

steel structure. The CFRP strip has strong mechanical properties, and its tensile 

modulus is twice of steel. The application of adhesively bonded CFRP could provide 

better structural stiffness and to further reduce the deflection. The thickness of the 

CFRP can be minimized and provide an economical upgrade to avoid reconstruction 

and mass modification. This project used the adhesive bonding method to join the 

CFRP strips and the steel structure beam. Surface preparation is essential to the 

adhesive bonding method since an unsuitable preparation method can significantly 

influence the bonding strength. The surface preparation method must be well 

researched before making samples. In David et al. (2007)ôs project, grit blasting was 

the surface treatment for steel structure surface preparation and peel-ply for CFRP 

strips, and it is one of the most common surface treatment processes in metal surface 

treatment. Figure 14 demonstrates the steel structureôs surface preparation and 

adhesive bonding processes. Figure 14 (a) shows that the technician used a handheld 

blasting device with PPEs. In figure 14 (b), clamps were used in the adhesive bonding 

process to ensure the CFRP strips were successfully attached to the steel structure 

before the adhesive was fully cured. 

 

Figure 14 

The surface treatment and the adhesive bonding process (David et al. 2007) 

       

(a)                             (b) 

Note. (a) Grit blasting process. (b) The CFRP strips were bonding to the steel structure. 
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Boyd et al. (2004) state the French Navy uses a hybrid structure for helicopter hangers. 

The hybrid structure was built with FRP panels, balsawood, and steel. Figure 15 shows 

the hanger of the French navy frigate, the hybrid structureôs position, and its structural 

layout. The hybrid structure was located at the side of the helicopter hangerôs panel 

and was joined to the weather deck by the steel reinforcement. The steel reinforcement 

is directly bonded with the FRP hard composite panels. It did not penetrate the fabric 

too far since the more extended penetration can cause higher stress concentration. 

The primary purpose of the adhesive-bonded hybrid structure is to reduce weight and 

manufacturing process.  

 

Figure 15 

The French frigateôs helicopter hanger and the hybrid structure hanger (Boyd et al. 

2004) 

  

(a)                                        (b) 

Note. (a) Frigate helicopter hanger. (b) The adhesively bonded hybrid structure 

geometry. 

 

Galvez et al. (2017) illustrate research that used the adhesively bonded metal-

composite structure to improve the bus frameôs fatigue life. This hybrid joint aims to 

enhance the fatigue life of the structure; the rigidity of the common welding method 

makes the steel structure have a low fatigue life cycle. Figure 16 (a) identified the crack 

location of the bus frame. Cracks appeared near the rear door. The welding has a 

stronger strength than adhesive bonding, but the fatigue life is lower than adhesive 

joints (Petrie, 2007). Figure 16 (b) demonstrates the new adhesively bonded hybrid 

structure. The steel frame discarded welding in its high fatigue risk part and adopted 
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adhesive bonding. The CFRP joints were bonded to the joining section of two steel 

parts. This structure has a higher elasticity to reduce rigidity and minimize fatigue. 

 

Figure 16 

The bus frame and the new design drawings (Galvez et al. 2017) 

 

(a)                                                 (b)                 

Note. (a)The adhesively bonded hybrid structure will replace the bus frame and the 

section. (b) The CAD joining of the new hybrid structure in research. 

 

James (2019) demonstrates a recent injection bonding technique to join CFRP with a 

metal frame, mainly used in the automobile industry (Figure 17). This technique is 

similar to the research from Galvez et al. (2017). The adhesive used for this technique 

is the polyurethane-based adhesive. Its high modulus provides good stiffness, and the 

high elongation provides good energy absorption and flexibility; these properties can 

easily manage linear thermal expansion. The adhesive bonding method can also 

reduce the chance of making a hole on the components that can cause unstable 

laminate and reduce strength further; adhesive bonding can also reduce the process 

and cost to seal the hole to prevent them from corrosion (James, 2019). 
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Figure 17 

A recent injection bonding technique to join CFRP with a metal frame (James, 2019) 

 

 

The application examples of the adhesively bonded hybrid structures are widely used 

in various engineering industries such as civil, marine and transport. The main purpose 

of using adhesively bonded hybrid structures is to improve mechanical performance, 

enhance fatigue life, and reduce weight and manufacturing processes. 
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2.4 Adhesive bonding test method 

In this project, the test demonstrator will undergo a physical pulling test. The purpose is 

to investigate the test demonstratorôs actual performance. This section introduced 

some basic testing techniques. 

 

Figure 18 (a) illustrates a system described by the ASTM D897 standard (Mikhail, 

2009). Two parts join together by the adhesive and use tensile tests to examine the 

sample. This test aims to determine the optimum adhesive thickness in a particular 

application and the practical value of the adhesion. Figure 18 (b) displays another 

similar test structure, the butt joint (Mikhail, 2009). It is based on standard ASTM 

D2094. The bonding face of the rods must be machined to avoid burrs that may affect 

the adhesive layer. But lots of reports showed this method is not reliable. The stress 

distribution in the adhesive is not uniform, and most failures usually occur at the centre. 

The failure is most likely cost by the edge effect, not the tensile load (Mikhail, 2009). 

This joint type is rarely used for evaluating adhesive, and the sample preparation is 

more complicated than the single-lap joint.  

 

Figure 18 

Two standard adhesive test specimens (Mikhail, 2009) 

 

(a)                                                 (b) 

Note. (a) Single-lap adhesive joints. (b) Butt adhesive joints. 
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The tensile test will be the primary method to test this project's mechanical properties 

of the aluminium-CFRP joints. Davis et al. (2004) state that tensile testing is the 

fundamental engineering test method and material science test method. The testing 

samples will test under tensile load until they fail. The tensile testing could provide 

materialsô ultimate tensile strength, elongation, breaking strength, and reduction in area. 

The universal testing machine is the most common device used in the market. The 

machine uses two crossheads; one for fixing the testing samples and length 

adjustment, and the other for applying a tensile force to the sample. These machines 

usually drive with hydraulic power or electromagnetically power. Figure 19 (a) shows a 

standard tensile test machine (Industrial Heating, 2002). The test demonstrator can not 

fit into this kind of test machine. A larger test platform or machine will be required. 

Figure 19 (b) demonstrates a test platform used for a large-scale structure, and this 

test platform is used by Xiôan Jiaotong-Liverpool University (Popwil, n.d.). A huge 

actuator was attached at the centre of the test frame, which can conduct the tensile test 

for oversized structures. A similar and less complicated test platform can be prepared 

to conduct the static loading test. 

 

Figure 19 

Testing machine and facility 

 

(a)                                                                    (b) 

Note. (a) The standard tensile test machine (Industrial Heating, 2002). (b) The 3D 

drawing of a large-scale test platform(Popwil, n.d.). 
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2.5 Optimal adhesive layer thickness for Epoxy type 

Adhesive layer thickness is important to the bonded jointôs strength, influencing the 

bonding strength and the joints' mechanical properties (Arenas et al., 2010). Therefore, 

finding the right adhesive thickness is important to this research. 

 

The adhesive thickness is usually from 0.05 to 0.2mm; the general applications 

typically are 0.1 mm (Kalpakjian, 2001; Petrie, 2007). But the different adhesives (liquid, 

paste, solution, powder, emulsion, and film) and different designs can influence the 

actual thickness. Figure 8 displays the result of four adhesive layer thicknesses under 

loading tests (Abdullah et al., 2013). The results indicate that 1 mm thickness has the 

best loading capacity among the other three thicknesses (0.5 mm, 1.5 mm, and 2 mm). 

Therefore, the thickness of the adhesive layer is important to the bonded joint structure. 

The adhesive layer thickness to its loading capacity is not linear, and any existing 

formula can not calculate the results (Alner et al., 1965). So, the optical thickness will 

rely on experiment results and other study materials.  

 

The epoxy-type adhesive will be used in this experiment, and the adhesive thickness 

will be based on the following research results. 

 

Figure 20 illustrates an experiment investigating the epoxy adhesiveôs optimal 

thickness when bonded with an aluminium alloy (Kahraman et al. 2008). This project 

investigated the mechanical performance of the aluminium single lap joints with two-

part epoxy adhesive. The range of thickness was from 0.03 mm to 1.3 mm.  The result 

shows that the 0.2 mm thickness has the highest strength, around 23 MPa.  

 

 

 

 

 

 






























































































































































































































































