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Please click on the zoom link provided for each session below or the link located in the 

each session on the program to attend the session of your choice. The Zoom application 

is free and no need to create an account. Any session can be joined without a password. 

Meeting passcode will be encrypted and included in the invite link to allow participants 

to join with just one click without having to enter the passcode. Speakers must be 

connected to the session 10 minutes before the presentation time. 

Technical Information  

• Make sure your computer has a microphone and is working.  

• You should be able to use screen sharing feature in Zoom.  

• Attendance certificates will be sent to you as PDF at the end of the congress.  

• Moderator is responsible for the presentation and scientific discussion (question-

answer) section of the session.  

• Before you login to Zoom please indicate your name surname   
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Zoom Toplantı Bilgileri 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Communication  

İletişim 
Principal Contact 

E-mail: kongre@matsciman.com 

Web page: https://matsciman.com 

İstediğiniz oturuma katılmak için lütfen aşağıda her oturum için verilen Zoom 

bağlantısına veya programdaki her oturumda yer alan bağlantıya tıklayın. Zoom 

uygulaması ücretsizdir ve hesap oluşturmanıza gerek yoktur. Herhangi bir oturuma şifre 

gerekmeden katılabilirsiniz. Toplantı şifresi şifrelenecek ve katılımcıların şifreyi girmeye 

gerek kalmadan tek tıklamayla toplantıya katılmasına olanak sağlamak için davet 

bağlantısına eklenecek. Konuşmacıların sunum saatinden 10 dakika önce oturuma 

bağlanması gerekmektedir. Tüm kongre katılımcıları canlı bağlanarak tüm oturumları 

dinleyebilir. 

 

Teknik Bilgiler  

• Bilgisayarınızda mikrofon olduğuna ve çalıştığına emin olun.  

• Zoom'da ekran paylaşma özelliğine kullanabilmelisiniz.  

• Katılım belgeleri kongre sonunda tarafınıza PDF olarak gönderilecektir.  

• Moderatör – oturumdaki sunum ve bilimsel tartışma (soru-cevap) kısmından 

sorumludur. 

• Zoom'a giriş yapmadan önce lütfen adınızı soyadınızı belirtiniz.  Örnek: AD SOYAD 
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Moderating a Session 
  

We appreciate all of the moderators' contributions to the conference. The moderators 

are expected to assist us in the smooth functioning of the conference.   

❖ Please keep in mind that each presenter has a total of 20 minutes. It's 

important to have perfect timing.  

❖ The moderator decides whether to take questions from the audience: at the 

end of each presentation or at the end of the session.  

❖ Please remind attendees to send their questions and comments to the Zoom 

chat.  

❖ Finally, if any of the presenters in your session does not participate and 

present her/his paper, please notify us by sending an email to 

kongre@matsciman.com.  

 

 

Presentation Information  
Each presentation has a total time limit of 20 minutes: 15 minutes for the 

presentation + 5 minutes for questions & answers. The moderator has the authority 

to rearrange the presentation order in the session. Please arrive at least 5 minutes 

prior to the start of your session and turn on your camera during your presentation. 

Please keep in mind that each presenter is required to remain for the duration of the 

session. 
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From the President of the Conference,  

 

Greetings to all participants,  

It is a great pleasure for me to welcome you to the 2nd International Conference on 

Materials Science and Manufacturing (ICMSM) 2024 Conference.  

We hope that this conference will create a friendly occasion for all to share 

perspectives and research findings from a wide variety of all engineering. We also 

dearly value possible friendships and partnerships made and insights gained at the 

conference and hope they will go beyond your participation in the conference, 

leading to better understanding and appreciation of our profession from an 

international stance.  

 

With very best wishes,  

Prof. Dr. Uğur KÖKLÜ  

President of ICMSM 2024 
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Açılış Konuşması 

 

Değerli katılımcılar Uluslararası Malzeme Bilimi ve İmalat konferans başkanı olarak 

sizleri en kalbi duygularımla selamlıyorum ve konferansımıza hoş geldiniz diyorum. 

Değerli katılımcılar davetimizi dikkate alarak Uluslararası Malzeme Bilimi ve İmalat 

Konferansına bildiri ile katılım sağladığınız için çok teşekkür ederiz. Uluslararası 

Malzeme Bilimi ve İmalat Konferansı çevrimiçi olarak gerçekleştirilecektir. 

Konferans, malzeme bilimi ve imalat alanındaki teknolojik gelişmeleri ve araştırma 

sonuçlarını sunmak ve paylaşmak için uluslararası bir platform görevi görecektir. 

Sanal ortamda dahi olsa sizleri ağırlamaktan ve bilgi paylaşımından dolayı çok 

mutlu oluyoruz. Umut ediyoruz ki sizlerle verimli ve unutulmaz bir konferans 

yaşayacağız. Konferansta toplam 12 bildiri sunulacaktır. Türkiye, İspanya, Romanya 

ve Hindistan’dan bilim insanlarının yer aldığı bildiriler sunulacaktır. 

Konferansımızda hem endüstriden hem de akademik camiadan bildiriler 

bulunmaktadır. Umut ediyorum ki arzulanan Üniversite ile endüstri bir araya 

gelerek çok başarılı çalışmalar yapılacaktır. Konferansta 3 oturum olacaktır. Bir 

sonraki konferansta görüşmek temennisiyle 

 

Konferansımıza katıldığınız için tekrar teşekkür ederim. 

Saygılarımla 
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PROCEEDINGS / BİLDİRİLER 

TAM METİN SUNUMLAR 



 

INFLUENCE OF PRINTING PARAMETERS IN THE INTER-LAYER BONDS FORMATION 

IN THERMOPLASTIC POLYURETHANE 

 

Walter CRUPANO1, Bàrbara ADROVER-MONSERRAT2, Jordi LLUMÀ3, J. Antonio 

TRAVIESO-RODRIGUEZ4 

 
 

1Universitat Politècnica de Catalunya, Escola d’Enginyeria de Barcelona Est, Mechanical 

Engineering Department, walter.crupano@upc.edu 
2 Universitat Politècnica de Catalunya, Escola d’Enginyeria de Barcelona Est, Mechanical 

Engineering Department, barbara.adrover@upc.edu 
3 Universitat Politècnica de Catalunya, Escola d’Enginyeria de Barcelona Est, Materials Science 

and Metallurgical Engineering Department, jordi.lluma@upc.edu 
4 Universitat Politècnica de Catalunya, Escola d’Enginyeria de Barcelona Est, Mechanical 

Engineering Department, antonio.travieso@upc.edu 

 

Abstract 

Thermoplastic polyurethane (TPU) is a copolymer that has high flexibility together with good 

mechanical properties. These advantages are used to manufacture parts through 3D printing for 

applications in different industrial areas such as biomedicine. Focusing particularly on the technique of 

Material Extrusion (MEX), this paper studies the influence of the printing parameters on the quality of 

the inter-layer bonds created with a TPU. The study was conducted to address the challenge of printing 

vertical walls without supports and in various orientations. The goal was to manufacture a surface that 

met design restrictions requested by a partner outside the research group. To quantify the quality of the 

bonds, the mechanical behavior of the tensile tested samples is assessed following the ASTM D638-IV 

standard. For this purpose, samples were manufactured according to a complete factorial design of 

experiments. The printing orientation, the wall thickness, and the printing velocity were considered 

variable parameters. The Young's modulus, the elastic limit and the maximum stress, were measured in 

each of the tested specimens. Subsequently, the statistical influence of the parameters on each of the 

measured properties was evaluated, through an analysis of variance. The results showed that the studied 

parameters have a certain influence on the bonds between layers, but not all of them have an effect on 

the same measured properties. In general, the printing orientation is the parameter that has shown the 

most statistical influence and, on the contrary, the printing velocity the least. A second-order analysis 

concluded that there are also interactions between some parameters that show a statistically significant 

influence. Specifically, the interaction of printing orientation with wall thickness had the highest 

influence. It has been concluded that the best bonds between layers are obtained in printed pieces 

oriented at 90o, at 25 mm/s velocity, and with 0.8 mm wall thickness. 

 Keywords: Additive manufacturing, material extrusion, tensile tests, inter-layer bonding.  

 

 

INTRODUCTION   

Additive manufacturing (AM) is a set of part manufacturing techniques based on the construction of 

objects layer by layer. The rapid evolution achieved in recent years demonstrates the potential of AM to 

prevail in the finite products market [1]. These manufacturing techniques revolutionize the common 

subtractive process, reducing the need for tooling, while providing a certain flexibility in the design of 

mailto:walter.crupano@upc.edu
mailto:barbara.adrover@upc.edu
mailto:jordi.lluma@upc.edu
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the parts [2]. The result of AM techniques is an integration of the design stage into the manufacturing 

stage. Although AM is used with low production volumes, due to the limitation of the process itself, it 

allows frequent modifications to the design and offers customization of the final product [3,4]. The 

typical processes of AM techniques are summarized in the ASTM 52900 standard. One these techniques 

is material extrusion (MEX), previously called fused filament fabrication (FFF) or fused deposition 

modeling (FDM). After Scott Crump patented this manufacturing process in 1989, it became the most 

popular technique [5,6]. The different names used for this extrusion technique are some of those 

accepted in the literature to refer to a low-cost process that uses filaments to generate complex 

geometries [7].  

The materials used in the MEX process are thermoplastic polymers that, sufficiently heated by an 

extruder, are deposited on a heated bed progressively, building the designed object. They are usually 

reinforced with natural fibers or another polymer to improve their performance [8]. The range of 

polymers available on the market goes from thermoplastics such as polylactic acid (PLA), characterized 

by its high rigidity and mechanical resistance, to thermoplastic elastomeric (TPE), which stand out for 

their flexibility and ability to withstand large deformations [9]. Elastomeric filaments that are well suited 

to MEX have a low glass transition temperature (Tg) associated with a high crystallization rate, but are 

generally amorphous and are supplied above the Tg [10]. In opposition, TPE are a family of polymers 

with wide industrial applications. However, they present difficulties when printed by MEX [11]. 

Researchers generally improve these difficulties by controlling the different printing parameters [12–16]. 

Within the TPE, thermoplastic polyurethanes (TPU) have characteristics similar to elastomers and are 

capable of providing a behavior similar to rubber even if they are 3D printed [17]. The elastic behavior 

of TPU fits perfectly into the MEX process [18]. TPUs are copolymers formed by soft segments (SS) 

and hard segments (HS), which allow them to exhibit a combination of resistance and flexibility[19,20]. 

They can have a variable Shore A hardness, depending on the SS and HS content, as well as their 

chemical structures [21,22]. These materials are widely used in different areas such as biomedical 

products, electronic devices, automotive components, and textiles [23,24]. Emami et al. [25] 

demonstrated the potential of TPU for the manufacture of complex geometries such as 3D-printed 

flexible molds. Gonzalez et al. [21] used the TPU manufactured through the MEX technique to produce 

dielectric devices, testing its properties in these type of structures. Katschnig et al. [26] explored the use 

of TPU in biofunctional maxillofacial implants. The research positively assessed the biological 

compatibility of the TPU/PETG hybrid manufactured by MEX as suitable for personalized implants in 

the maxillofacial area. Overall, it is demonstrated that TPU is an interesting material for many different 

actual applications. However, their final performance when 3D-printed depends on the selected 

parameters used in the slice of the samples. 

The correlation between manufacturing by MEX and the properties of the product is complex and in 

great measure, depending on the union between the deposited filaments and layers. Previous studies 

show that these bonds are related to printing parameters and influence mechanical [27–29]. Kasmi et al. 

[30] determined that increasing the speed from 15 mm/s to 100 mm/s caused a reduction in the tensile 

strength of the TPU. In fact, high printing speeds cause defects due to non-constant flow [31]. In order to 

optimize the MEX process, Lin at al.[10] related the printing velocity with the mechanical properties 

using TPU with different hardness. They determined that to obtain better resistance, the velocity must be 

regulated depending on the filament hardness. Arifvianto et al. [32] showed that the bidirectional 

configuration of TPU processed by MEX does not improve its mechanical properties. Other authors 

evaluated the union of the fused filaments, concluding that the printing temperature is influential for the 

bonds between filaments [33,34]. Striemann et al. [34] improved the bonds between layers through in 

situ infrared heating. In fact, the study by Gumus et al. [35] analyzed a temperature range of 170-250ºC, 
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and revealed that the increase in temperature favors the adhesion between layers. In addition, they found 

that adequate adhesion between layers is obtained by regulating the printing bed temperature. Spoerk et 

al. [36] suggest keeping the bed at a temperature around the glass transition temperature of the material 

used. Layer height is another printing parameter that determines different mechanical responses. In fact, 

it influences the width of the spaces created between the filaments [37]. Garg et al. [38] addressed the 

problem of dimensional precision tied to the MEX process and analyzed layer height, infill density, and 

printing velocity. The study concluded that layer height is the most determining factor of those analyzed. 

The anisotropic characteristics revealed in MEX printed pieces are a result of difficult bonds between the 

deposited layers, according to Gao et al.[39]. Beyond the analyzed literature, the importance of the 

relation between printing parameters and the mechanical behavior of printed pieces remains to be 

demonstrated. However, it is clear that the bonds between layers play an important role in this 

mechanism [33,34,40,41]. In order to go deeper on this topic, the present paper aims to study the quality 

of adhesion generated between layers in TPU parts manufactured by MEX, known as inter-layer bonds. 

This study is valuable because, on the one hand, MEX is a suitable technique for manufacturing pieces 

using polymeric filaments and, on the other hand, it also has some extruding compatibility limitations 

when soft materials such as TPU are used. Furthermore, if MEX technique users are able to achieve 

good quality of bonds created between layers, they will also achieve good mechanical properties. This 

problem concerns most of the 3D printing processes. 

MATERIAL AND METHODS 

As it has been demonstrated in the introduction, the bonds created by the deposited filaments determine 

the performance of the final pieces. Therefore, it is necessary to analyze the quality of parts 

manufactured through vertical walls with different angles of inclination, without using supports. This 

Design of Experiments (DoE) emerges from a demand from a company, as they need to print as in the 

part shown in Figure 1-a. Thus, the objective is to find the best manufacturing parameters using the 

different inclination angles shown in Figure 1-a. Therefore, the best inter-layer bonds (Figure 1-b) will 

be found, increasing the quality of parts. 

 

   

Figure 1. (a) Orientation of the analyzed walls. (b)  Diagram of the deposited filaments focalizing the 

inter-layer formation [42]. 

To do that, a DoE technique was used. Three printing parameters are chosen as variables: printing 

orientation, wall thickness, and printing velocity. The orientation defines the inclination in which the part 

is printed and it determines different mechanical characteristics. The wall thickness defines the number 
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of intra-layer bonds that are generated in each layer. Velocity is the parameter that determines the speed 

at which the extruder moves. It generally has an impact on printing time and the quality of inter-layer 

adhesion. 

The material used in this work is a filament of TPU 98A in a 1.75 mm diameter, classified as semi-

flexible material. It offers high tensile strength and high elongation at break values [43,44]. It is 

manufactured by Fillamentum Company from Czech Republic. 

The specimens have been printed at 240 ºC and a layer height of 0.2 mm with configurations that 

consider the three angles determined in Figure 1-a (45º, 50º, 90º) and two wall thicknesses (0.8 and 3.2 

mm). Moreover, the velocity was studied at two different levels (25 and 40 mm/s). Table 1 compiles the 

selected full factorial DoE used, as well as, the different considered configurations. Three repetitions of 

each configuration were reproduced. The combination of a wall thickness of 3.2 mm with a velocity of 

40mm/s was discarded due to printing difficulties.  

Table 1. Factors and their levels considered on the DoE. 

Factor Levels Values 

Orientation 3 45  50  90 

Wall thickness 2 0.8  3.2 

Velocity 2 25  40 

 

The samples follow the ASTM D638-IV standard and were modeled with SolidWorks software. They 

were manufactured using a Creality Ender 3 printer (Shenzhen Creality 3D Technology Co., Ltd., 

Guangdong, China), following the printing configurations chosen for this TPU. Subsequently, the 

specimens were subjected to a tensile test, using a Zwick Roell Z005 universal testing machine, at a 5 

mm/s testing speed and a maximum load of 4500 N. The results of the tensile test were compiled in a 

TestXpert software associated with the universal machine. The specimen’s geometry and the 

experimental setup are shown in Figure 2-a and Figure 2-b.  

(a) 

  

(b) 

 

Figure 2. (a) Test specimens ASTM D638-IV (measures in millimeters). (b) Universal Testing Machine. 

To analyze the effect of the printing parameters on the mechanical response, an analysis of variance 

(ANOVA) was performed. The associated p-value was determined considering a significant level of 95% 

(α = 0.05), which allowed us to observe whether the printing parameters significantly influenced the 
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mechanical response. The parameters obtained in the tensile tests considering the means of the three 

samples tested and their respective deviations are shown in Table 2.  

 

RESULT AND DISCUSSION 

Table 2 shows the mechanical response analyzed (Young's Modulus, E; yield strength, Rp0.2; and 

maximum strength, Smax) according to the manufacturing parameters studied. 

Table 2. Results and deviations of the different configurations. 

Printing parameters     Tensile results     

Combi-

nation 

Orientation  

[o] 

Velocity    

[mm/s] 

Wall thickness 

[mm] 

E               

[MPa] 

Rp0.2                 

[MPa] 

Smax           

[MPa] 

1 45 25 0.8 221.6 ± 23.9 1.48  ± 0.13 15.9  ± 8.55 

2 45 40 0.8 143.9 ± 4.03 0.96  ± 0.03 12.9  ± 2.71 

3 45 25 3.2 204.7 ± 59.1 1.28  ± 0.39 9.84  ± 8.04 

4 50 25 0.8 257.8  ± 6.62 1.65  ± 0.03 23.1  ± 0.79 

5 50 40 0.8 239.8  ± 16.6 1.63  ± 0.06 18.3  ± 2.02 

6 50 25 3.2 148.3  ± 6.38 0.89  ± 0.07 3.55  ± 2.22 

7 90 25 0.8 268.8  ± 6.73 1.69  ± 0.01 18.9  ± 0.31 

8 90 40 0.8 266.9  ± 9.96 1.66  ± 0.11 20.7  ± 0.26 

9 90 25 3.2 196.3  ± 34.8 1.22  ± 0.21 6.97  ± 1.10 

 

The influence of the printing parameters and their interactions are shown in Table 3. The results of the 

ANOVA show that the wall thickness is the only influential parameter for all the mechanical properties 

under study since their associated p-values are lower at 0.05. The other parameters are not statistically 

influential even though for the Young's Modulus the orientation is at the limit of influence. In fact, the 

90º orientation has a maximum Young's modulus of 243.95 MPa, with a steeper slope between 50º and 

90º, compared to the lope between 45º and 50º (Figure 3). The combination of 90º with the lowest 

printing speed (25 mm/s) produces the highest mechanical response. In this case, the values obtained are 

266.9 MPa for Young's modulus and 1.69 MPa for yield strength. 

The 0.8 mm level guarantees a good mechanical response. Both in the elastic and plastic behavior zone, 

the highest Smax values are obtained in the printed parts with 0.8 mm walls, suggesting better adhesion 

between filaments when the wall thickness is lower.  

Furthermore, it is observed that no interaction between manufacturing parameters considered in this 

study is statistically influential for the studied mechanical properties.  

 

Table 3. P-values obtained in Minitab for mechanical parameters. 

Factor p-value 
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E   

[Mpa] 

Rp0.2 

[Mpa] 

Smax 

[Mpa] 

Orientation 0.055 0.089 0.615 

Velocity 0.091 0.102 0.444 

Wall thickness 0.002 0.000 0.000 

Orientation*Wall thickness 0.225 0.134 0.563 

Orientation*Velocity 0.140 0.147 0.122 

 

Figure 3 shows the effects of the printing parameters in the tensile tests for Young's modulus and the 

yield strength (parameters that define the elastic behavior zone). 

 

 

Figure 3. Main effect plots for Young modulus and yield strength. 

The main effects plots for maximum stress are shown in Figure 4. As evident, the 90º print orientation 

and 0.8 mm wall thickness give the best results. Moreover, although speed is not influential, the best 

responses are obtained at 40 mm/s. 

 

 

Figure 4. Main effect plot for maximum stress. 

Analyzing the results obtained, the configuration that offers the highest strength is in the sample printed 

at 50º, at 25 mm/s speed, with a wall thickness of 0.8 mm; with a Smax value of 21.08 MPa. 

Figure 5 shows the Stress-strain curve of this same configuration.  
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Figure 5. Stress-strain curve with a configuration of 50º, 25 mm/s, 0.8 mm. 

 

 However, Young's modulus and the yield strength reach a maximum value in the printed part at 90º, 25 

mm/s speed, and 0.8 mm wall thickness, obtaining a Smax of 18.91 MPa. In the present study, the vertical 

orientation represents the best condition to generate good interlayer adhesions. In fact, the literature 

confirms the 90º orientation as a necessary condition for good resistance [32]. 

Besides, in the elastic zone, comparable values are achieved with configurations 7 and 8, both with a 90º 

orientation and a wall thickness of 0.8 mm. It is shown that the thickness influences the adhesion 

between filaments and can control the formation of voids [45].  The typical anisotropy of samples 

printed in MEX is a documented condition related to printing parameters [46]. Poor adhesion between 

filaments causes voids that reduce the mechanical performance of printed parts [47]. Although this 

research provides a relationship between adhesion between deposited filaments and printing parameters, 

it paves the way for future studies.  

 

CONCLUSIONS  

The use of the MEX technique to manufacture parts using flexible polymers such as TPU is not yet fully 

documented, especially the mechanical characterization of the parts obtained. This study has delved into 

the relationship between the printing parameters to be used and the mechanical behavior by analyzing 

the cohesion of different layers. 

The results obtained showed that the wall thickness influences in terms of maximum stress. In particular, 

good inter-layer bonds are formed in the vertical orientation and wall thickness of 0.8 mm, determining a 

dependence of the inter-layer bonds on the orientation. From this study it can be concluded that the 

supports are dispensable with printing angles greater than 45º, also guaranteeing good unions between 

filaments. 

The mechanical properties obtained in the parts printed by MEX with TPU make it usable for different 

industrial applications, specifically for the one that was being evaluated in the biomedical sector. 
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Abstract: This paper is an experiment on the potentio-dynamic polarization behaviour of AA2014-T4 

and AA6082-T651 dissimilar friction stir welds. Polarization techniques are more rapid experimental 

approaches as compared to conventional weight loss estimation methods for corrosion rate 

measurements. These activation-controlled anodic and cathodic procedures are controlled by the Tafel 

relationship. This linear polarization curves in the Ecorr vs. log Icorr plots of AA2014-AA6082 welds were 

investigated for an electrochemical analyzer in 3.5% NaCl solution. Further, the AA2014 and AA6082 

base metals were subjected to retrogression and reaging at 280⁰C for 5 min followed by aging at 110⁰C 

for 10 hours, then cooled under control to 10–26°C (50–500°F) before cooling with air. Then, the plates 

were AA2014-AA6082 friction stir welded and measured for corrosion rates. The microhardness survey 

had been measured for the before and after heat treated across the AA2014-AA6082 weld cross sections. 

The micrographs were also investigated. The microhardness and microstructure of FSW (Friction stir 

welded) samples were compared to the corrosion results. Henceforth, AA2014-6082 weld metal regions 

showed increased corrosion rate than AA2014BM and decreased corrosion rate than AA6082BM. 

Before heat treatment samples showed increased corrosion rates compared to after heat treatment due to 

the fine precipitates in the weld region. 

Keywords: Dissimilar Al alloy, AA2014/AA6082, corrosion rate, Tafel plot 

 
 

 1. Introduction 

The heat-treatable wrought alloys of the AA6082 (Al-Mg-Si) are well suited for different 

structural, construction, marine, mechanical, and process-equipment applications due to their moderately 

outstanding strength and higher corrosion resistance. As compared to alloys from other series, which 

include significantly smaller levels of copper, alloy AA 2014, which has copper as the primary alloying 

element, has poorer corrosion resistance [1-2]. The primary joining process for these alloys is FSW. 

FSW welding eliminates the need for further surface treatment or shielding gas. This is a well-known 

process with no waste, porosity, or fumes, but end-hole restrictions [3]. Previous research was helpful in 

determining welding settings for the dissimilar AA2014-AA6082 weld [4, 5]. 

The mechanical, microstructure characteristics, and corrosion behaviour of gas metal arc 

AA6061-T6 aluminium alloy welded joints with the impact of mechanical vibration during welding have 

been studied by Ilman, M. N. et al. Many tests, particularly electrochemical polarization tests in a 

solution of 3.5 percent NaCl, were conducted. A decline in intermetallic compounds like Mg2Si in 

interdendritic areas, which lower local galvanic cells, may be associated with the enhanced corrosion 

resistance of the vibration-assisted weld joints. Base metal and HAZ may exhibit similar corrosion 

behaviour. The weld metal microstructure may be associated with the corrosion behaviours observed in 

this investigation. It can be shown that all HAZ zones in this investigation had lower corrosion current 
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densities than the weld metal areas. This result seems to demonstrate that the presence of Mg2Si controls 

corrosion behavior [6]. 

Trdan, U. et al. (2012) utilized LSP (laser shock peening) on AA6082 aluminium alloy at 

different power densities to examine corrosion performance in a 0.6M NaCl solution. In comparison to 

the unprocessed samples, the results of cyclic polarization demonstrated improved passivity with 

corrosion current reductions of up to a factor of 12. In addition, polarization resistance after LSP was 

approximately seven times greater according to EIS after 24 h compared to the control sample (45 and 

6.7 kΩ cm2). Al2O3 enrichment, as shown by XPS analysis, helped to increase corrosion resistance while 

minimizing the anodic dissolution of the LSP-treated surface caused by shock waves and plasma 

ablation [7].  

Due to two considerations, the electrochemical impact on corrosion in these alloys may be higher 

than in alloys of several other types: a higher change in electrode potential when there are fluctuations in 

the proportion of copper in the solid solution and, in certain cases, when there are non-uniformities in 

the concentration of the solid solution. However, these solid solution or second-phase solution-potential 

correlations are not principally responsible for the overall resistance to corrosion declining with 

increasing copper concentration. Electrochemical impact on corrosion resistance may be minimized by 

the development of aged or the precipitation heat treatment procedure. The quenching rate, as well as the 

temperature and length of artificial ageing, may all have an impact on a product's ability to resist 

corrosion [8]. 

Lumsden, J.B., et al. (1999) investigated the FSW AA7075 weld's sensitivity to corrosion. When 

compared to the parent metal, the microstructures showed less pitting potential and preferential grain 

boundary attack. The microstructure of the weld zones was characterized, and localized chemical 

variations within the weld zones indicated that the loss of Cu inside the precipitate-free zones and grain 

boundaries was associated with a drop in corrosion resistance. These findings demonstrated that a 

differential in pitting potentials was to account for the reduced intergranular corrosion resistance of AA 

7075-T651 after FSW [9]. 

Buchheit,R.G., & Paglia,C.S. (2008). The microstructure becomes sensitized, exhibiting 

corrosion susceptibility in aluminium alloy friction stir welds. The nugget's microstructure reacts 

strongly to welding, and coarsening of the grain boundary precipitates encourages intergranular 

corrosion, which is mostly seen along the heat-affected zone of the nugget. Short-term post-weld heat 

treatments that decrease corrosion change the microstructure at temperatures close to those used during 

welding. By changing the microchemistry when welding, it is also possible to boost corrosion resistance 

[10].  

Surekha K. et al. (2009) used salt spray and immersion tests to test the hypothesis that rotation 

speed has a significant impact on the rate of corrosion and the breakdown and dissolution of the 

intermetallic particles [12-13].  For low rotation speed welds, Jariyaboon, Manthana, et al. (2006) 

studied localised intergranular attack in the nugget region; for higher rotation speed welds, attack mostly 

happened in the heat-affected zone. Additionally, the nugget's increased cathodic reactivity as a result of 

the S-phase precipitation was examined [14]. Jariyaboon, Manthana, et al. (2007) studied the net 

anodized attack in the 7010 alloys, which had the maximum susceptibility in the nugget region. In the 

same way, the precipitation of the S-phase particles in 2024 provided protection to the nugget region due 

to its high net cathodic reactivity [15]. 

Ghosh, K. S. et. al. (2013) investigated the corrosion behaviour of the alloy in different 

electrolytes at different tempers using microstructural characteristics [11], researchers Songyi Chen et al. 

(2012) found that when compared to T6 temper, retrogression and reaging (RRA) increased exfoliation 

corrosion resistance without compromising strength [19]. İpekoğlu, G. examined how the dissimilar 

joints' microstructure and mechanical characteristics were affected by the initial temperature condition 

and PWHT [20]. According to research by Ghosh, R. et al. (2018), the fatigue performance of a material 
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is greatly impacted by the choice of suitable heat treatment conditions that provide control over 

corrosion behavior [16]. According to research by Talianker, M., and Cina, B. (1989), the reason for the 

SCC of 7000–T6 alloys is the removal of dislocations as a result of RR treatment [14]. 

According to Bin Zhou et al. (2019), the microstructure differences between T1 and T6 have a 

direct impact on the corrosion resistance differences. It was mentioned that the corrosion resistance of 

alloy samples dropped, the maximum corrosion depth increased, and the corrosion current density of T1 

and T6 samples increased with an increase in chloride ion concentration [17]. Ting He et al. (2021) 

reported that Mg2Si phases were anodic to their matrix and dissolved preferentially without impacting 

corrosion propagation considerably. The local corrosion of 6061 aluminium alloy was more affected by 

the AlFeSi phases than by the Mg2Si phases. The accelerated effect was stopped as the AlFeSi 

dissolved, and the corroded zone diameter increased to five times that of the AlFeSi phase [18]. 

According to Jinqiang Shan et al. (2018), each type of aluminium alloy has unique compositional 

proportions, meaning that various materials have different potentials. Therefore, the compositional 

amounts of Si and α-Al in 6082 are different. This implies that there should be less of a potential 

difference between Si and α-Al [19]. 

The above literature focused more on the corrosion studies on various zones and effects of heat 

treatment and precipitate particles and types of pitting, intergranular, or SCC resistance in 3.5% NaCl. 

These AA6082-T651 and AA2014 aluminium alloys come under heat treatable grade, where it can be 

given T6 temper to T74 temper were made using RRA (“Retrogression and Reaging”) and DRRA 

(“Dual-Retrogression and Reaging”). The effects of corrosion after RRA treatment were studied by 

İpekoğlu, G. et.al. (2014)[20], Pengxuan Dong, et. al. (2012) [21], and Cina, B. et. al. (1989) [22]. Here, 

the A6082 in T651 (solution heat treatment followed by stretching and artificial ageing) and the alloys 

AA2014 in T4 Heat treated condition were prepared 100x50x6mm3 test coupons for dissimilar friction 

stir welding. The cylindrical H13 pin is preferred. Then AA6082 plates were subjected to retrogression 

and reaging at 280⁰C for 5 minutes, followed by aging at 110⁰C for 10 hours, then cooled under control 

to 10–26°C (50–500°F) before cooling with air. Similar to that, the AA2014 alloy was also subjected to 

retrogression and reaging at 280⁰C for 5 minutes, followed by aging at 110⁰C for 10 hours. The plates 

were cooled under control to 10–26°C (50–500°F) before cooling with air. 

The non-heat treated and after heat treated samples were FSW welded using welding parameters 

given in. Additional characterization investigations microstructure and hardness survey were conducted 

on the FSW samples. The objective is to study the potentiodynamic polarization behaviour of AA2014-

6082 dissimilar joints in a 3.5% NaCl solution. The microstructural and microhardness were correlated 

with the before and after heat treated corrosion rates measured.  

 

 

2.0 Experimental details 

2.0 Material and sample preparation 

To get the chemical analysis results, aluminium AA2014 and AA6082 materials were sliced to 

25x25mm2 (1inch x 1inch) size. According to the standards, the chemical composition of AA2014 and 

AA6082 was verified using Vacuum Emission Spectroscopy. The chemical compositions are shown in 

Table 1.  

Table 4.Chemical Composition (Wt%) 

 

 

Si% 

 

Fe% Cu% Mn% Mg% Zn% Ti% Al% 

AA6082BM 1.162 0.285 4.155 0.58 0.52 0.018 0.104 Bal. 

AA2014BM 0.76 0.236 4.48 0.65 0.67 0.66 0.103 Bal. 
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2.1 Welding parameters 

In this work, the base materials were cut into work specimens of only 100x50x6mm3 in sizes to make 

AA2014-AA6082 weld. The final weld dimensions of 100x100x6mm3 were made using the welding 

parameters listed in Table 2. The configuration geometry of the FSW process and the tool used for the 

AA2014 and AA6082 welds are illustrated in Figure 1. The pin material of high speed steel with a  

threaded profile was used to create friction [23-24]. To improve the corrosion behaviour of the weld and 

metal flow [29], AA6082 was kept on the advancing side and AA2014 on the retreating side. The 

optimum welding parameters shown in Table 5 were used to get the AA2014 and AA6082 plates 

together. The RV Friction stir machines – 30 tons - axial pressure 20 kN, Coimbatore, India was used for 

welding [25]. 

Table 5.Welding parameters used for dissimilar FSW Aluminum Plates 

SAMPLE NO TOOL ROTATION SPEED (rpm) 
WELDING SPEED  

(mm/min) 

1 900 40 

2 1100 60 

3 1300 70 

4 1500 90 

 

 
Figure 6.Configuration geometry of FSW of AA2014 and AA6082 weld 

 

 
Figure 7. Standard tensile test specimen 

 

2.2 Mechanical and Microstructure studies 

Figure 7 illustrates flat tensile test specimens for mechanical strength evaluation according to 

ASTM E8M requirements. Next, the Universal Testing machine-40T-Hydraulic machine was used to 

conduct the testing. The tests were conducted at room temperature (26°C) and normal atmospheric 

pressure, in accordance with AWS B4.0. Freshly prepared Keller’s reagent (190 ml water, 5 ml HCL, 3 

ml HF, 2 ml HNO3) was utilized to etch the emery polished and mirror-finished weld to reveal the 

microstructures. The 100X magnified microstructures were fetched using the METZER microscope. The 
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microhardness was carried out with a Zwick Micro hardness tester, using 0.3 Kg weight and 15 sec 

dwell time given for aluminium alloys. 

2.3 Corrosion study 

As per ASTM G 110 [26-27] to test the sample in the simulated coastal environment, the 

following corrosion media were prepared: 57 grams of sodium chloride, 10ml of hydrogen peroxide 

(30% add just prior to initiation of exposure) diluted to 1.0 liter with reagent water. To carry out the 

corrosion testing as per ASTM standard G 69-99 [26], 3.5 % NaCl + 30% H2O2 at room temperature 

corrosion media has been prepared.  

In the Polarisation investigation was done using the GILLAC-ACM potentiostat instrument. In 

the experiment, a welded specimen was chosen as the working electrode, while "graphite" served as the 

counter electrode and Ag/AgCl as the reference electrode. In order to simulate marine conditions, an 

electrolyte solution comprising 3.5 percent NaCl + 30% H2O2 at room temperature with a potential scan 

rate of 0.002 V/s was used. The exposed area of the scan was 0.705 cm2. 

The anodic and cathodic Tafel slops were extended back to the plot's junction point to get Icorr 

and "Corrosion Potential" (Ecorr). In terms of Tafel's behavior, typical cathodic polarization curves are 

also shown in Figure 3. The corrosion rate (mpy) was calculated using equation (1): 

  Corrosion Rate (mpy) = d

WEicorr ..
*10*27.3 3−

 …….…  Equation (1) 

E.W = equivalent weight of corroding species, g 

icorr = corrosion current density, μA/cm2 

d = corrosion species density, g/cc 

 

 
Figure 8.Tafel Plot 

3.0 Results & Discussion  

3.1 Corrosion Results 
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Figure 9.Corrosion results for (a) before heat treatment AA2014 base metal, (b) after heat 

treatment AA2014 base metal. 

 

 
Figure 10.Corrosion results (a) before heat treatment of AA6082 base metal, (b) after heat 

treatment of AA6082 base metal. 

 
Figure 11.Corrosion results (a) before heat treatment of sample 1 weld region, (b) after heat 

treatment of sample 1 weld region. 

 

 
Figure 12.Corrosion results (a) before heat treatment of sample 2 weld region, (b) after heat 

treatment of sample 2 weld region. 
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Figure 13.Corrosion results (a) before heat treatment of sample 3 weld region, (b) after heat 

treatment of sample 3 weld region. 

 

  
Figure 14.Corrosion results (a) before heat treatment of sample 4 weld region, (b) after heat 

treatment of sample 4 weld region. 

Table 6. Results of Ecorr values  

Region Ecorr (V) Before Heat treatment Ecorr (V) After Heat treatment 

6082BM -0.65 -0.77 

2014BM -0.7 -0.85 

Sample 1 -0.76 -0.86 

Sample 2 -0.34 -0.77 

Sample 3 -0.72 -0.72 

Sample 4 -0.72 -0.71 
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Figure 15.Ecorr (v) values 

 

The base metals' typical precipitate sequences are as follows:  

6082 alloy is SSSS → G.P. zone → β″ → β′ → β  

and 2014 alloy is SSSS → G.P. zone → θʹ → θ,  

Jariyaboon, Manthana, et al. (2006) investigated the "corrosion behaviour of a friction stir weld" 

between two dissimilar metals (AA7010-T7651 and AA2024-T351). In immersion tests and gel 

visualization, the 7010 alloy's nugget area exhibited the highest susceptibility, whereas the 2024 alloy's 

nugget region had significant net cathodic reactivity as a result of the precipitation of S-phase particles 

[14]. Similarly, Shan, Jinqiang et al. (2018) shown that the Mg2Si phase, α-Al matrix, and Si phase have 

corrosion potentials of -1.160, -0.876, and -0.547 SCE/V, respectively, in the sodium chloride solution. 

Anodically dissolving Si phase and α-Al matrix was said to occur when they set up a micro-galvanic 

cell. Moreover, during the formation of the microgalvanic cell, the Mg2Si phase will dissolve first due to 

its lower potential than α -Al matrix [19]. Bin Zhou et al. (2019) explored a lot about how the structure 

of 6082 secondary particles and the Al matrix respond differently to varied electrode potentials [17].  

Figure 9 shows corrosion results of before and after heat treatment of AA2014 base metal.  

Figure 10 shows corrosion results of before and after heat treatment of AA6082 base metal. Table 3 

shows the Ecorr (V) of the AA2014-6082 weld and base metals before and after heat treatment for 10 

hours. As per Table 6, Ecorr (V) values of AA6082 base metal showed of -0.65V for Before Heat 

treatment and -0.77V for after Heat treatment. Similarly Ecorr (V) values of AA2014 base metal showed 

of -0.7V for Before Heat treatment and -0.85V for After Heat treatment.  

Figure 14 show the Tafel curves in 3.5% NaCl solution for the AA2014-6082 weld before and 

after heat treatment for 10 hours. Figure 1510 shows the Ecorr (v) values in graphical representations. So, 

the corrosion potential of sample 1 after heat treatment with -0.86 SCE/V and sample 2 with  -0.34 

SCE/V. The other regions showed intermittent values between -0.65 and -0.86 SCE/V. The least Ecorr (v) 

potential values are seen mostly for after heat treatment.   

Figure 15 shows the Ecorr (v) values for both before and after heat treatment samples. It showed 

that after heat treatment had scanned lower corrosion potential values than before heat treatment. Figure 

16 shows the Ecorr (v) Vs. rotational speed (rpm). It showed that the increased rotational speed shows 

increased Ecorr values for both before and after heat treatment samples [12]. It is also showing samples 3 

and 4 with almost equal potential values for both before and after heat treatment. But sample 2 shows 

that before heat treatment with -0.34 V, and after heat treatment with lower potential of -0.77 V. This 

showed that the potential scan might be done on different phases of the AA2014-6082 weld. Similarly, 

the highest potential value of sample 2 before heat treatment weld regions might be also on different 

phase of the AA2014-6082 weld. 
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Figure 16.Ecorr (v) Vs Rotational speed (rpm). 

 

Table 7. icorr (A/cm2) and Corrosion Rate (mpy) values of different AA2014-AA6082 weld. 

Region Ecorr (V) icorr (A/cm2) Corrosion Rate (mpy) 

 Before 

heat 

treatment 

After heat 

treatment 

Before 

heat 

treatment 

After 

heat 

treatment 

Before 

Heat 

treatment 

After 

Heat 

treatment 

AA2014 T4 BM -0.7 -0.85 3.74E+00 1.32E-05 3.41E+06 1.21E+01 

Sample No 1-

Weld Region 
-0.76 -0.86 

1.60E-11 1.10E+05 1.45E-05 1.01E+12 

Sample No 2-

Weld Region 
-0.34 -0.77 

5.23E-11 1.35E-05 4.77E-05 1.21E+01 

Sample No 3-

Weld Region 
-0.72 -0.72 

2.18E+06 5.74E+05 4.30E+12 1.12E+12 

Sample No 4-

Weld Region 
-0.72 -0.71 

7.25E+05 1.13E+05 6.61E+11 1.03E+01 

AA6082 T651 

BM 
-0.65 -0.77 

4.95E+06 8.03E+00 3.25E+11 1.48E+00 

 

 
Figure 17. Potentio-dynamic polarization icorr (A/cm2) comparison of various regions of weld cross 

section before and after heat treatment. 
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Figure 18. Corrosion Rate (mpy) comparison of various regions of weld cross section before and 

after heat treatment 

Table 7 shows the icorr (A/cm2) and Corrosion Rate (mpy) values of different AA2014-AA6082 

welds. Figure 9 show the Potentio-dynamic polarization icorr (A/cm2) and corrosion Rate (mpy) 

comparisons of various regions of the weld in a 3.5% NaCl solution. From, it was observed that the 

decreased corrosion rates for after heat treatment [29].  

Figure 18 shows the increased corrosion density of 2.18E+06 A/cm2 for sample 3 before heat 

treatment weld. Lowest current density of 1.60E-11 A/cm2 was observed for sample 1. It was observed 

that the corresponding corrosion rate also increased. Lower current density 1.45E-05 mpy of sample 1 

was showing lowest corrosion rate. Before heat treatment Sample 3 had showed corrosion rate of 

4.30E+12 mpy. Similarly, increased corrosion density of 5.74E+05 A/cm2 was observed for sample 3 

after heat treatment. It showed the corrosion rate of 1.12E+12 mpy. The lower current density of 1.35E-

05 A/cm2 was observed for sample 2 after heat treatment and the corresponding corrosion rate was 

1.21E+01 mpy. 

The weld metal regions were showed increased corrosion rates, when compared to the AA2014 

base metal and but decreased with respect to AA6082 base metal regions, due to fine precipitates 

formation in the weld. 

 
Figure 19. icorr (A/cm2) vs rotational speed (rpm) 
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Figure 20. Corrosion rate(mpy) vs rotational speed (rpm) 

 

Figure 1814-15 show that icorr (A/cm2) vs rotational speed (rpm) and corrosion rate (mpy) vs 

rotational speed (rpm) respectively. According to K. Surekha et al. (2009) found that improved 

resistance was indicated by the icorr values decreasing as rotation speed increased [12-13]. The Icorr 

represents the kinetic process of the electrode reaction, whereas the Ecorr represents the thermodynamic 

process. Icorr is a crucial measurement in determining a material's corrosion resistance. It was noted that 

the smaller the Icorr, the greater the material's corrosion resistance [31]. The lowest corrosion potential 

and increasing current density indicate the worst corrosion resistance [32]. Thus, the worst corrosion rate 

was seen for sample 3 before heat treatment AA2014-6082 weld region.  

The icorr and corrosion rate showed that after heat treatment with improved corrosion resistance. 

Thus, the corresponding corrosion rate of the sample after heat treatment also showed increased 

corrosion resistance. It showed that the icorr values were non-linear with the applied rotational speed. It 

might be due to the cathodic reactivity of 2014BM matrix, the anodic activity of 6082 base metal matrix 

and/or its intermetallic phase–matrix microgalvanic cells across the scanned area.   

3.2 Mechanical and Microstructure Analysis 

 

 

 

 

 

Table 8.Tensile strength values of the samples. 

  

  

 Before 

Heat 

treatment 

(HV) 

Fracture 

Location 

 After 

heat 

treatment 

(HV) 

Fracture 

Location 

Sample 

no 1 - 

weld 

region  

189 

Fracture 

at HAZ 

near 

AA6082 

 143 

Fracture 

at HAZ 

near 

AA6082 

Sample 

no 2 - 

weld 

region  

171 

Fracture 

at weld 

zone 
 86.5 

Fracture 

at weld 

zone 
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Sample 

no 3 - 

weld 

region 
 

180 

Fracture 

at weld 

zone 
 136 

Fracture 

at weld 

zone 

Sample 

no 4 - 

weld 

region  

207 

Fracture 

at HAZ 

near 

AA6082 

 150.4 

Fracture 

at HAZ 

near 

AA6082 

 
Figure 21.Graphical representation of Tensile strength values 

 

 Table 8 and Figure 21 show the tensile strengths before and after heat treated samples. Sample 3 

showed the highest strength of 207 MPa for the before heat treatment and 150.4 MPa for the after Heat 

treatment. Sample 1 showed that the lowest strength of 171 MPa for the before heat treatment and 86.5 

MPa for the after heat treated sample. The increased strength was seen for before heat treatment 

samples.  

Figure 22 (a), (b) show the before and after heat treatment microstructures of AA6082 base 

metal. It shows the α-Al matrix with its Al-Mg-Si intermetallics. Figure 23 (a), (b) show the before and 

after heat treatment microstructures of AA2014 base metal. It showed that the α-Al matrix with its Al-

Cu intermetallics.   

Figure 24 (a), (b) show the before and after heat treatment microstructures of sample 1 weld 

region. Figure 24 (c), (d) show the before and after heat treatment microstructures of sample 2 weld 

region. Figure 25 (a), (b) show the before and after heat treatment microstructures of sample 3 weld 

regions.  Figure 25 (c), (d) show the before and after heat treatment microstructures of sample 4 weld 

regions.  In weld, it was observed with more AA6082 precipitates. So, it was evidently seen that both the 

base metal and weld regions with more dark precipitates in after heat treatment regions. This precipitate 

formation was reason for increased corrosion resistance for after heat treatment. 
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Figure 22.Microstructures of AA6082 base metal before and after heat treatment. 

  
Figure 23.Microstructures of AA2014 base metal before and after heat treatment. 

 

 
Figure 24.Microstructure of weld metals Sample 1 and Sample 2 AA2014 and AA6082 weld before 

and after heat treatment 

 
Figure 25.Microstructure of weld metals Sample 3 and Sample 4 AA2014 and AA6082 weld before 

and after Heat treatment 

 

3.3 Hardness Survey 
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Table 9. Hardness survey of Sample 1 

Sample 
Distance from the 

weld center (mm) 
15 10 5 0 -5 -10 -15 

Sample 1 

Before heat 

treatment (HV) 
46.2 47.3 118.6 99.7 88.7 80.8 78.7 

After heat treatment 

(HV) 
37.5 40.3 57.5 60.2 57.5 57.5 57.5 

Sample 2 

Before heat 

treatment (HV) 
38.1 42.4 105.3 67.3 77.4 73.7 70.8 

After heat treatment 

(HV) 
38.1 36.8 50.5 43.6 67.5 80.8 82.5 

Sample 3 

Before heat 

treatment (HV) 
46.4 48.1 90.1 81.2 93.5 90.8 72.8 

After heat treatment 

(HV) 
37.5 40.3 48.4 69 68.4 75.8 80.5 

Sample 4 

Before heat 

treatment (HV) 
38 43.2 120.5 98.2 78.4 85.8 75 

After heat treatment 

(HV) 
37.5 42.3 56.4 71.2 67.4 80.5 81.2 

 

 
Figure 26.Hardness comparison for sample 1-4. 

 

Table 96 shows the hardness survey taken across AA2014-AA6082 weld cross sections of 

Samples 1 to 4. Figure 26(a-d) showed that the graphical representations of the hardness survey of all the 

AA2014-AA6082 welds. HM Lieth, et al. (2006) carried out research on the behaviour of the 

microstructure, corrosion rate, and mechanical properties of API 5L X60 steel in three different 

environments: (i) freshwater; (ii) seawater; and (iii) crude oil. Following the austenitization at 900°C and 
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800°C, the quenching was carried out at 600°C, 450°C, and 300°C. It may be deduced that when 

tempering temperatures increased, the microhardness values decreased [28].  

Here, the results revealed that the sample 4 weld region has a high hardness of 120.5HV and the 

lower hardness of 90.1HV, due to the trailing side heat transfer effect [29]. Also, advancing side 

increasing hardness was due to the dynamic recovery and recrystallization effects of friction stir welding 

on AA2014-6082 weld cross section.  

 The hardness survey across the FSW sample showed lower hardness for after heat treatment of 

10 hours at 110 oC. This was due to more precipitate out after heat treatment. Lower hardness revealed 

on sample 2 after heat treatment in weld is due the over aged precipitates formation on that region. 

Similarly, the lowest hardness of 48.4HV after heat treatment is due to the over aged precipitate 

formation on the sample 1 AA2014-6082 weld.  

Figure 617-20 microstructures of AA2014-6082 weld and base metal regions were also showing 

after heat treatment with recrystallized fine precipitates. The microstructures of after heat treatment are 

due to more precipitates of that (AA2014-6082) alloy showing increased corrosion rates.  

So, it is also concluded that more than the hardness and tensile strength, the microstructural 

features are associated with the corrosion potential, current density and corrosion rates. 

4.0 Conclusions 

The AA2014-T4 and AA6082-T651 weldments, which were welded using a dissimilar FSW 

process, were corrosion analyzed before heat treated and after heat treated that is retrogression and 

reaging at 280 ⁰C for 5 minutes followed by aging at 110 ⁰C for 10 hours, samples respectively.  The 

results showed a decreased Potentio-dynamic polarization corrosion rate after tempering treatment. The 

weld metal region showed increased corrosion rates, when compared to the AA2014 base metal and but 

decreased with respect to AA6082 base metal regions, due to fine precipitates formation in the weld. In 

microstructure, the AA2014-AA6082 weld metals were observed with more AA6082 precipitates. The 

hardness survey results showed that the sample near the AA6082 base metal region had a high hardness 

and the AA2014 base metal region had a lower hardness because of the trailing side heat transfer effect. 

The hardness survey across the FSW sample showed decreased hardness after tempering for 10 hours at 

110 oC. This was due to more over aged precipitate formation on the advancing side. 

Henceforth, AA2014-6082 weld metal regions showed increased corrosion rate than AA2014BM 

and decreased corrosion rate than AA6082BM. Before heat treatment samples showed increased 

corrosion rates compared to after heat treatment due to the fine precipitate formation in the weld region. 

It is also concluded that more than the hardness and tensile strength, the microstructural features are 

associated with the corrosion potential, current density and corrosion rates. 
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Abstract 

Cu-Be alloys are high strength, high performance in corrosive environments and resistant to high 

temperatures. They also have high thermal and electrical conductivity properties. Thanks to these 

properties, CuCo1Ni1Be alloy, which is a Cu-Be alloy, is used in spot welding electrodes of stainless 

steel, monel and nickel alloys, as inserts in plastic injection molds, in plastic blow molds, cooling cores 

and other parts, as seam heads in plastic packaging, as permanent molds in casting alloys such as copper, 

brass, bronze and in spot electrodes of steel mesh machines. CuCo1Ni1Be material can be easily 

processed by both hot and cold forming methods and produced in various forms and sizes. Therefore, it 

is widely used in many industries. In this study, the microstructural, mechanical and wear properties of 

CuCo1Ni1Be alloy formed by two different methods, hot forging and hot rolling, were investigated 

comparatively. Hardness, electrical conductivity, tensile and wear tests were applied to the materials 

subjected to heat treatment after hot forming, and the results obtained were examined. As a result of the 

mechanical and wear tests, it was observed that the CuCo1Ni1Be alloy formed by the hot forging 

method exhibited a superior combination of strength and ductility, as well as better wear resistance 

compared to the alloy formed by rolling. The study's findings suggest that applying hot forging at low 

deformation rates and proper heat treatment can result in a better combination of material properties. 

This can lead to improved efficiency and longer service life for the materials in their intended 

applications. 

 

Keywords: CuCo1Ni1Be, Forging, Rolling, Microstructure, Mechanical Test 

 

1. Introduction 

CuCo1Ni1Be alloy is a class of Cu-Be alloy with a combination of good electrical conductivity, high-

temperature resistance, good corrosion resistance and high strength. These properties give CuCo1Ni1Be 

alloy a wide range of applications from automotive to nuclear energy [1]. The nickel element added to 

the alloy increases the electrical conductivity of the alloy, while the addition of cobalt improves the 

strength of the alloy. CuCo1Ni1Be alloy, which is a precipitation hardening alloy, can be shaped by 

various hot and cold plastic forming methods such as rolling, forging, extrusion, ECAP [2-3]. 

In the aging process of CuBe alloys, the precipitation sequence proceeds as supersaturated solid solution 

→ Guinier-Preston (GP) zones → γ ıı → γ ı → γ (Cu-Be) transformation [4]. CuCo1Ni1Be alloy belongs 

to the group of CuBe alloys containing Co and Ni. It exhibits precipitation hardening, resulting in the 

precipitation of phases with various compositions of Co, Ni, and Be, which are called beryllides. . The 

precipitates formed by cobalt and nickel with beryllium, which are decomposed during solidification, are 

called primary beryllites and are easy to identify under an optical microscope. Another beryllite formed 
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as a result of precipitation of intermediate phases is called secondary beryllites. They cannot be observed 

under an optical microscope because of their nano dimensions. The strong affinity of cobalt for 

beryllium, compared to nickel, tends to precipitate as beryllite phase by forming a compound with 

beryllium instead of forming a solid solution in the matrix. In addition, depending on the amount of 

cobalt, ternary CoNiBex beryllites can also be formed [5]. 

CuCo1Ni1Be alloy is produced by various hot and cold plastic forming methods such as rolling, forging, 

extrusion, ECAP. The condensation of voids and the increase in dislocation density due to plastic 

deformation facilitate the nucleation of precipitates during aging. This leads to increased dispersion of 

precipitates during aging, which significantly affects the strain hardening of alloys [6].  

The most common hot-forming methods used for copper alloys are hot forging and rolling. However, hot 

forging is limited to short profiles. For long profiles hot rolling is an efficient process. Although both 

methods are hot-forming processes, parameters may need to be optimized to achieve the same material 

properties. The most common hot-forming methods used for copper alloys are hot forging and rolling. 

However, hot forging is limited to short profiles. For long profiles hot rolling is an efficient process. 

Although both methods are hot-forming processes, parameters may need to be optimized to achieve the 

same material properties. Wanneng Liao et al [7] investigated how different plastic deformation methods 

affect the strength and electrical conductivity of a copper-based alloy. They reported that the hardness 

and electrical conductivity of the material are affected depending on dislocation density, precipitation 

behavior and the resulting grain size with the change of plastic deformation method.. A study at Sağlam 

Metal is ongoing for process parameter optimization including deformation ratios to achieve long 

profiles with the same properties as short profiles.In this study as a part,  the effect of the same 

deformation ratio (40%) on the properties of hot forged and hot rolled CuCo1Ni1Be alloy was presented. 

Microstructural examinations, hardness, electrical conductivity and wear tests were carried out and the 

effect of hot deformation method for the same deformation ratio was discussed by comparing the results 

obtained. 

 

2. Materials and Method 

CuCo1Ni1Be alloys were subjected to plastic deformation by 40% forging in the temperature range 850-

900 °C. The rolling process was carried out with a laboratory scale rolling machine at Karabük 

University with a 40% deformation rate from 20 mm thickness to 12 mm thickness after annealing in the 

furnace at 875°C for 1.5-2 hours. Hot forging under the same conditions was carried out at Sağlam 

Metal. Afterward, the samples underwent solution heat treatment at 960°C for 45 minutes, followed by 

quenching in water, and then were aged at 470°C for 6 hours."The heat treatment graph of the materials 

is given in Figure 1. 
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Figure 1. Heat treatment graph of CuCo1Ni1Be materials. 

Microstructure characterizations were performed using a Nikon LV150N flat metal microscope. For 

metallographic examinations, the samples were first sanded with sandpaper in the range of 350, 600, 

800, 1200, 2500 grit. Then, they were polished  with 3 µm and 1 µm diamond paste. After etching, the 

samples were submitted to the microstructuralexamination. Grain size analyses of the forged and rolled 

samples were performed using Clemex Vision Lite Image Analysis Software according to ASTM E112-

13 standard. 

The hardness of the materials after heat treatment was measured with AFFRI-330 RSD device. Rockwell 

B hardness tests were performed with a diamond conical tip under 10 kg pre-load, 100 kg 1st main load 

and 150 kg 2nd main load.   

Wear tests were carried out using the linear wear tester available at Sağlam Metal. The wear test was 

applied to the materials in a dry environment, at a speed of 150 Rpm and at a distance of 450 meters 

under a load of 20 N using a 100Cr6 ball. Before and after the test, the weight was measured on a 

precision balance with a precision of 0.0001, and the weight loss of the materials was determined. 

 

3. Results and Discussion 

3.1. Microstructure  

Figure 2 show optical microscope images of CuCo1Ni1Be alloys formed by forging and rolling at 100X 

and 500X magnifications. It was observed that the rolling-formed material exhibited a finer 

microstructure compared to the forging-formed material . The beryllite phases precipitated into the 

matrix tended to precipitate more at the grain boundaries in the rolling-formed material compared to the 

forging-formed material. 
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Figure 2. Optical microscope images of hot forged and hot rolled CuCo1Ni1Be alloy at 100X and 500X 

Magnification. 

The results of the grain size analysis are given in Table 1. The average grain size of the material shaped 

by forging and hot Rolling was found to be 66.43 µm and 21.83 µm respectively. When the grain size 

analysis was performed in the rolling method, the smaller average grain size is thought to be since a 

more homogeneous deformation can be applied at one time with hot rolling compared to hot forging 

method. 

Table 1. Average grain size results of CuCo1Ni1Be alloy formed by forging and rolling. 

CuCo1Ni1Be Average Grain Size (µm) 

Forged 66,43 

Rolled 21,83 

 

3.2. Hardness and Electrical Conductivity Test Results 

The hardness and electrical conductivity results of CuCo1Ni1Be alloys formed by rolling and forging 

are given in Figure 3 and 4. The hardness of the forging-formed material was measured as 101.6 HRB, 

while the electrical conductivity was measured as 25.3 MS/m. The hardness of the material shaped by 

rolling was measured as 97.8 HRB, while the electrical conductivity was measured as 27.3 HRB. The 

hardness of the forged material was found to be higher than that of the rolled material, while the 
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electrical conductivity was found to be lower. In alloys hardened by precipitation hardening, the lower 

the solid solubility, the higher the electrical conductivity. Secondary phase particles precipitated in the 

matrix also add hardness and strength to the material. However, strength and electrical conductivity are 

known to be inversely proportional parameters. The increase in the severity of plastic deformation 

causes a decrease in electrical conductivity due to distortions in the lattice structure [8-10]. 

The fact that the hardness of the material shaped by forging is higher than the material shaped by rolling, 

but the electrical conductivity is lower isconsistent with the literature. In this study, although the same 

deformation rate and heat treatment parameters were applied in forging and rolling methods, this 

difference in hardness and electrical conductivity is thought to be due to the different plastic deformation 

method. 

 

Figure 3. Hardness test results of CuCo1Ni1Be alloy formed by forging and rolling. 

 

Figure 4. Electrical conductivity test results of CuCo1Ni1Be alloy formed by forging and rolling. 

3.4. Wear Test Results 

The weight losses of CuCo1Ni1Be alloys deformed 40% by forging and rolling are given in Figure 5 as 

a result of the wear test performed at 150 rpm speed, 450 meters distance, under 20N load. As a result of 
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the wear test, the weight lossesof the material formed by forging and hot Rolling were found to be 

0.0605 g and 0.0884 g respectively. The hot forged sample revealed lower weight loss indicating higher 

wear resistance.  The lower weight loss of the forged material may be explained its microstructure and 

higher hardness. The forged samples exhibited a more uniform phase distribution within the matrix 

compared to the hot rolled samples, where the phases mainly precipitated along the grain boundaries. 

Homogenous microstructure contributes to the higher wear resistance likely. 

 

Figure 5. Weight loss results of CuCo1Ni1Be alloy formed by forging and rolling after wear test. 

 

4. Conclusions  

• The study revealed that different material properties were obtained at the same deformation ratio 

depending on the hot-forming method. 

• It was observed that the alloy formed by rolling exhibited a finer microstructure compared to the 

alloy formed by forging and beryllite phases precipitate mostly at the grain boundaries in the 

alloy shaped by rolling compared to the alloy shaped by forging. 

• The average grain size of the hot-forged alloy was 66.43 µm, while the average grain size of the 

rolled alloy was 21.83 µm. The average grain size decreased by 14.56% when using the rolling 

method compared to the forging method. 

• The hardness of the alloy shaped by forging was 101.6 HRB, while the hardness of the alloy 

shaped by rolling was 97.8 HRB. It was determined that the hardness of the material increased by 

3.74% with the forging method. 

• The electrical conductivity of the alloy shaped by forging was measured as 25.3 MS/m, while the 

electrical conductivity of the alloy shaped by rolling was measured as 27.3 MS/m. The electrical 

conductivity of the material increased by 7.9% with the rolling method. 

• The weight loss of the alloy formed by forging after the wear test was 0.0605 g and the weight 

loss of the alloy formed by rolling was 0.0884 g. It was determined that the weight loss increased 

by 46.12% in the rolling method compared to the forging method. 

• It was determined that the forging method exhibited better mechanical and microstructural 

properties at low deformation rates. It is evaluated that a more homogeneous microstructure can 

be obtained and strength values can be improved with the rolling method at higher deformation 

rates. 
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• The research is ongoing and more results will be discussed. 
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ABSTRACT 

Over the last few years, polymer science garnered significant attention. It has wide utilization areas like 

chemical industry, aerospace and defense industries. One of the polymeric materials is polyamide which 

has different types such as polyamide 6 (PA-6) and polyamide 66 (PA-66). Polyamide 6 (PA-6) and 

polyamide 66 (PA-66) are the majority of the commercial polyamide production and application due to 

superior properties such as high specific strength and stiffness, wear resistance, dimensional stability, 

low weight, and directional properties. They have different melting points, glass-transition temperatures, 

crystallinity, and tensile modulus. The properties of polymers can be enhanced with different fillers such 

as glass fibers (GF) and polymeric composite materials can be created.  While those materials are 

technically well-known and widely used in the mentioned industries, test applications on actual part 

geometries documented in the literature are limited. 

In this study, an actual industrial polymer part from the defense industry, which is a magazine of a 

weapon, is compared with different polymers and fiber contents, according to dimensional deformation 

after injection molding and hardness. PA6 and PA66 are used as polymeric materials. They are enhanced 

with glass fibers which have different concentrations such as %30 and %50. Plastic injection molding is 

used as the production process. During the injection molding, process parameters for instance melt 

temperature, injection speed, injection pressure is changed according to polymeric material. On the other 

hand; packing pressure, packing speed, cooling temperature and cooling time is not changed. Hardness 

and width of the magazine are examined as the polymeric material and composition of reinforcement 

(GF) change.  

 

Keywords: Injection molding, production, polyamide, polymers, composite materials 

 

1. INTRODUCTION 

Polymer composites have an important influence on technical polymer usage. They have improved 

specific properties during the last twenty years [1]. The demand for polymeric composite materials 

increased due to their advanced properties, such as mechanical, thermal, and physical properties. Thus, 

they are usually used in automotive, aircraft, marine, and space structures [2]. 

Thermoplastic polymers have a wide variety of application areas in engineering, such as aircraft, 

automobiles, robots, machines, and rifle magazines, and can be used as matrix materials in composite 

materials. One of the thermoplastic polymers is polyamide, which has a high molecular weight, good 

solubility, specific strength, stiffness, wear resistance, dimensional stability, low weight, and directional 

properties when compared to conventional metallic materials [3]. 

Polyamide-6 (PA-6) is a semicrystalline polymer that has a wide range of properties. It has high stiffness 

and strength in dry conditions. Also, abrasion resistance, processability, chemical resistance, and 

electrical properties are excellent for the PA-6. It has high melting point, which is 220 °C. On the other 
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hand, it has high moisture absorption due to polarity of amide group [5], which limits its stability, 

stiffness, and strength [6]. 

Polyamide-66 (PA-66) has high thermal and mechanical properties. It can withstand higher 

temperatures, according to the other polyamides, and has a melting point of 265 °C. It absorbs less water 

than PA6 in a high-humidity environment [4]. 

Fillers modify the physical and structural properties of plastics [1]. High specific elastic modulus, tensile 

strength, chemical resistance, and low expansion rate and cost make glass fibers common reinforcements 

[3, 5]. There are important effects of the fibers in polyamide-6. They increase stiffness, tensile strength, 

creep resistance, fatigue strength, impact strength, anisotropy, and viscosity. On the other hand, they 

decrease thermal expansion coefficient, mold shrinkage, moisture pickup, ductility, and processability 

[7]. 

Injection molding is the most popular production process among plastics because it allows for the 

production of plastics with three-dimensional characteristics. It includes an injection unit and a clamp 

unit. In the injection unit, plastic is melted, and the melt is forced into the mold. The injection molding 

machine has a 50 to 1000-ton capacity, which is the maximum volume of melt that can be injected in a 

single cycle [6]. During injection molding process, dimensional deformation might occur according to 

material structure. Thus, material selection has significant role for injection molding production. 

A toggle mechanism moves the mold during injection. And a hydraulic cylinder forces the screw 

forward, and the melt of the plastic goes into the mold. The screw turns to homogenize and pressurize 

the melt [6]. 

2.  MATERIAL AND METHODS 

In this study, composite materials are produced by plastic injection molding. Two different polymer 

matrices are used, which are Polyamide 6 (PA6) and Polyamide 6.6 (PA66) They are enhanced by glass 

fibers with different concentrations. These composites are produced by engineering plastics producer 

and their technical data is shown in Table1. 

Table 1. Used Materials and Technical Data  

Material 

Property 
Unit PA6GF30 PA6GF50 PA66GF30 PA66GF50 

Product Code - M01000621 M01000166 M02000273 M02000343 

Matrix 

Material 
- 

Polyamide 6 

(PA-6)  

Polyamide 6 (PA-

6)  

Polyamide 66 

(PA-66) 

Polyamide 66 

(PA-66) 

Glass Fiber 

Percentage 
% 28 - 32 48 - 51 28 - 32 48 - 51 

Density (g/cm³) 1,30 – 1,34 1,53 – 1,56 1,35 – 1,37 1,52 – 1,54 

Tensile 

Strength 
MPa 115 - 125 200 - 220 170 - 180 180 -190 

Tensile Strain 

at Break 
% > 2 2 - 4 2 - 5 < 3 

Elastic 

Modulus 
MPa 8000 - 9000 15000 - 16000 11000 - 12000 15000 - 16000 
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Izod Notched 

Impact 

Strength 

Kj/m² 13 - 18 18 - 25 8 - 12 10 - 14 

Melting Point °C 225 225 260 265 

References  - [8] [9] [10] [11] 

 

Plastic injection molding machine is YIZUMI / UN160A5.  

10 magazine is produced for each of the composite material by plastic injection molding, magazine 

figure shown in Figure 1.  

 

Figure 1. Magazine drawing 

Dimension stability is examined for each sample according to Figure 2. below. There are two sides, the 

top and the bottom, of the magazine, and its dimensions can change during the process. Thus, each side 

is measured at 3 different points, which are the front, middle, and back. Nominal, theoretical dimensions 

are 9,75 for the top of the magazine and 17,3 for the bottom. 
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Figure 2. Location of measurements 

For each material, hardness of 10 sample is measured with Shore D hardness and their average is 

calculated. 
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3. RESULTS AND DISCUSSION 

Average of the 10 measurements for each magazine material are shown in the Table 3, dimensions are in 

mm scale. 

Table 2. Average of the 10 different PA6GF30, PA6GF50, PA66GF30 and PA66GF50 samples 

Location of 

Measurements 
PA6GF30  PA6GF50 PA66GF30  PA66GF50  

Top  

Front 8,6745 8,8825 8,666 9,2395 

Middle 8,853 9,012 8,9035 9,263 

Back 9,7305 9,672 9,7015 9,74 

Bottom  

Front 17,1455 17,325 17,199 17,302 

Middle 16,4835 16,823 16,308 16,9635 

Back 17,3045 17,352 17,316 17,396 

Top of the magazines is compared in the Figure 3 below. 

 

Figure 3. Measured dimensions for the top of the magazine 

In the Figure 3, nominal width of the magazine is the theoretical dimension. All of the magazines have 

dimensional deformation. Highest shrinkage is at the front part of the top of the magazine.  However, 
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increasing glass fiber concentration decreased the dimensional deformation. The best result is obtained 

from PA66GF50, which has the least deformation. Second preferred magazine is made of PA6GF50. 

However, as the glass fiber concentration decreased, dimensional deformation increased, and the width 

of the magazine decreased. 

Bottom of the magazines is compared in the Figure 4 below.  

 

Figure 4. Measured dimensions for the bottom of the magazine 

When the bottom part of the magazine is examined like the top part, it can be easily seen that the data 

taken form top and bottom of the magazine verifies itself. Highest shrinkage is at the middle part of the 

bottom of the magazine and PA66GF50 has the least dimensional deformation. The second preferred 

material is PA6GF50. The other two materials with 30% glass fiber are worse because the width of the 

magazine has decreased more. 

The hardness values of the nanocomposite samples were measured by Shore-D in this study. 2 different 

samples for each composite material, and 10 different data points shown in Table 3 were taken for each 

magazine. 
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 PA6GF30  PA6GF50  PA66GF30  PA66GF50 

Measurement  

No: 

Sample 

1 

Sample 

2 
Sample 1 

Sample 

2 

Sample 

1 

Sample 

2 

Sample 

1 

Sample 

2 

1 75 78 79 78 80 81 82 82 

2 77 77 81 80 81 82 83 81 

3 79 77 81 78 78 82 81 82 

4 78 78 78 73 80 82 84 78 

5 77 77 81 80 79 79 82 82 

6 79 76 81 79 82 83 83 82 

7 79 78 81 81 82 82 85 82 

8 80 76 81 81 82 81 85 79 

9 80 79 79 81 81 78 83 82 

10 79 78 80 79 83 82 85 80 

Average 

Value: 
78,3 77,4 80,2 79 80,8 81,2 83,3 81 

 

The table is summarized with the average data in Figure5.  

 

Figure 5. Shore D Hardness Data 

According to this data, hardest material is PA66GF50 and the second one is PA66GF30. Hardness is 

mainly affected by polymeric material. 

4, CONCLUSION 

The best dimensional stability is obtained from PA66GF50 and PA6GF50 samples. This result shows 

that increasing fiber content reduces the dimensional deformation. This verified the information in 

literature that is fiber addition decrease the mold shrinkage. If dimensional stability is important 

depending on the area of use, it is better to use materials with high fiber content due to low shrinkage. 

Difference between the best and the worst result for the top and the bottom of the magazine is %3,32 and 

%1,62 respectively. This shows that shrinkage is more at the top of the magazine.  
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On the other hand, fiber addition has little influence on hardness by comparison to the dimensional 

stability. However, if hardness is compared in the same polymeric matrix material, fiber addition 

increased the hardness. And also, when polymeric matrix materials are compared, PA66 has higher 

hardness than PA6. 
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Özet 

 

Savunma sanayinde zırh, koruma ve görünmezlik teknolojileri, askeri araçlar, personel ve askeri 

tesislerin güvenliği için önemli bir rol oynamaktadır. Bu teknolojiler, askeri güçlerin operasyonel 

yeteneklerini artırmak ve askeri personelin güvenliğini sağlamak amacıyla sürekli olarak 

geliştirilmektedir.[6] Zırh teknolojileri, bireylerin ve araçların düşman tehditlerinden korunması için 

tasarlanmış malzemeleri ve sistemleri kapsar. Geleneksel zırh malzemeleri arasında çelik, seramik ve 

kompozitler bulunur. Koruma teknolojileri, zırhın yanı sıra çeşitli savunma ve güvenlik sistemlerini 

içerir. Bu teknolojiler arasında balistik kasklar, vücut zırhı, patlayıcı maddelere karşı koruyucu giysiler 

ve anti-mayın ayakkabıları yer alır. Araçlar için geliştirilen aktif koruma sistemleri, tehditleri algılayarak 

otomatik olarak savunma mekanizmalarını devreye sokar. Görünmezlik teknolojileri, düşman radar ve 

sensörlerinden saklanmak amacıyla kullanılan ileri düzey teknolojilerdir. Bu alanda en bilinen 

yöntemlerden biri, radar dalgalarını soğuran ve yansıtan özel kaplamalardır. 

 

Anahtar kelimeler: Savunma sanayinde zırh, zırh teknolojisi, koruma teknolojileri, görünmezlik, 

görünmezlik teknolojileri. 

 

Abstract 

In the defense industry, armor, protection and visibility technologies play an important role in the 

security of military vehicles, personnel and military facilities. This technology is constantly being 

developed with the aim of increasing military strength and increasing the amount of military 

power.Armor technologies encompass materials and systems designed to shield individuals and vehicles 

from enemy threats. Traditional armor materials include steel, ceramics, and composites. Protection 

technologies encompass various defense and security systems in addition to armor. These technologies 

include ballistic helmets, body armor, protective clothing against explosive materials, and anti-mine 

shoes. Active protection systems developed for vehicles automatically engage defense mechanisms by 

detecting threats. Invisibility technologies are advanced methods utilized to conceal from enemy radars 

and sensors. One of the most well-known methods in this field involves specialized coatings that absorb 

and deflect radar waves. 

 

Keywords: In the defense industry, Armor, Armor technology, Protection technologies, Invisibility, 

Invisibility technologies. 

 

 

 

1. GİRİŞ 

 

Zırh, koruma ve görünmezlik teknolojileri, askeri ve güvenlik alanlarında kritik öneme sahip 

gelişmelerdir. Bu teknolojiler, modern savaş alanlarında ve güvenlik uygulamalarında personel ve 

ekipmanların korunması amacıyla kullanılır. Bu makalede, zırh, koruma ve görünmezlik teknolojilerinin 

mailto:almila.dal@koluman.com
mailto:izel.yumak@koluman.com


2nd International Conference on Materials Science and Manufacturing (ICMSM 2024) 

46 
 

gelişimi, kullanım alanları ve gelecekteki potansiyelleri ele alınacaktır. Ayrıca, bu teknolojilerin 

etkinliğini artırmak için yapılan araştırmalar ve geliştirmeler de incelenecektir. 

 

2. MALZEME VE YÖNTEM 

 

Zırh Teknolojileri 

 

Zırh teknolojileri, bireylerin ve araçların düşman tehditlerinden korunması için tasarlanmış malzemeleri 

ve sistemleri kapsar. Geleneksel zırh malzemeleri arasında çelik, seramik ve kompozitler bulunur. 

Dünya ve yerli kullanım oranlarını Şekil.1 de görebilirsiniz. 

 

Zırh 

Malzemesi 

Dünya 

Kullanım 

Oranı (%) 

Yerli 

Kullanım 

Oranı (%) 

Kullanım Alanları Avantajları 

Çelik 45 50 Ağır zırhlı araçlar, tanklar 
Yüksek mukavemet, düşük 

maliyet 

Seramik 30 25 
Kurşun geçirmez yelekler, 

hafif zırhlı araçlar 

Hafiflik, yüksek sertlik, 

balistik koruma 

Kompozit 25 25 
Askeri araçlar, kişisel 

koruma ekipmanları 

Hafiflik, enerji emici 

özellikler 

Şekil 1. Zırh Malzemelerinin Dünya ve Yerli kullanım Oranları 

 

Çelik Zırh: Yüksek mukavemeti ve dayanıklılığı ile bilinen çelik zırh, özellikle ağır zırhlı araçlarda 

kullanılır. [1] Çelik, düşük maliyeti ve kolay üretilebilirliği nedeniyle tercih edilmektedir. Çelik zırhın 

mukavemetini artırmak için, çeşitli alaşımlar ve ısıl işlemler kullanılarak mikro yapısında değişiklikler 

yapılmaktadır. 

 

Seramik Zırh: Seramik zırh bkz. Şekil.2 daha hafif olup balistik tehditlere karşı etkili bir koruma sağlar 

[1].Seramik malzemeler, yüksek sertlikleri ve düşük yoğunlukları sayesinde, mermileri dağıtarak ve 

enerjisini emerek etkili bir koruma sağlar. Alümina, bor karbür (Güvenlik güçlerini korumak için 

üretilen kurşun geçirmez yeleklerde bor karbür kullanılabilir) ve silisyum karbür gibi seramik 

malzemeler yaygın olarak kullanılmaktadır.  

 

 
Şekil 2. Seramik Zırh 
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Kompozit Zırh: Kompozit zırhlar, farklı malzemelerin bir araya getirilmesiyle hem mukavemet hem de 

hafiflik açısından üstün koruma sunar [1]. Karbon fiber, kevlar ve polietilen gibi malzemeler, kompozit 

zırhların üretiminde kullanılmaktadır. Bu malzemeler, enerji emici özellikleri sayesinde balistik 

tehditlere karşı yüksek koruma sağlar. Kompozit zırh koruma uygulamaları için üstün hafif malzeme - 

temel bir seramik kompozit zırh sistemi, benzer çelik tabanlı sistemlerin ağırlığının yaklaşık yarısı 

kadardır. 

 

 

Koruma Teknolojileri 

 

Koruma teknolojileri, zırhın yanı sıra çeşitli savunma ve güvenlik sistemlerini içerir. Bu teknolojiler 

arasında balistik kasklar, vücut zırhı, patlayıcı maddelere karşı koruyucu giysiler ve anti-mayın 

ayakkabıları yer alır. 

 

Balistik Kasklar ve Vücut Zırhı: Balistik kasklar bkz. Şekil.3 vücut zırhı, askeri personelin hayatta 

kalma şansını artırmak ve operasyonel etkinliklerini korumak amacıyla geliştirilmiştir [2]. Bu 

ekipmanlar, genellikle kevlar, dyneema ve seramik plakalar gibi yüksek mukavemetli malzemelerden 

yapılmaktadır. 

 

 

 

 
Şekil 3. Balistik Kask 

 

 

 

 

 

Koruyucu Giysiler: Patlayıcı maddelere karşı koruyucu giysiler, askeri personeli patlama şok 

dalgalarından ve şarapnellerden korur. Bu giysiler, genellikle kalın kevlar tabakalar ve balistik naylon 

gibi malzemelerden üretilmektedir. bkz. Şekil.4 
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Şekil 4. Koruyucu Giysi 

 

 

Aktif Koruma Sistemleri: Araçlar için geliştirilen aktif koruma sistemleri, tehditleri algılayarak otomatik 

olarak savunma mekanizmalarını devreye sokar [2]. Bu sistemler, radar ve sensörler kullanarak yaklaşan 

tehditleri tespit eder ve patlayıcı mermiler veya elektromanyetik darbeler ile tehditleri etkisiz hale getirir. 

 

 

Görünmezlik Teknolojileri 

 

Görünmezlik teknolojileri, düşman radar ve sensörlerinden saklanmak amacıyla kullanılan ileri düzey 

teknolojilerdir. Bu alanda en bilinen yöntemlerden biri, radar dalgalarını soğuran ve yansıtan özel 

kaplamalardır [3]. 

 

Stealth Teknolojisi: Stealth teknolojisi, özellikle hava araçları ve gemilerde bkz. Şekil.5 yaygın olarak 

kullanılır. Bu teknoloji, radar yansımalarını minimize ederek düşman radarlarının tespit etme olasılığını 

azaltır. Stealth kaplamalar, radyo dalgalarını soğurarak ve yansıtarak nesneleri görünmez kılar. 

 

 
Şekil 5. Stealth teknolojisine uygun gemi 

 

 

Optik Kamuflaj: Optik kamuflaj teknolojileri, ışığı bükerek veya yansıtarak nesneleri görünmez kılma 

hedefindedir. Metamalzemeler kullanılarak geliştirilen bu teknolojiler, nesnelerin etrafındaki ışığı 

manipüle ederek görünmezlik sağlar. Bu teknolojiler, askeri operasyonlarda büyük bir avantaj 

sağlayarak düşmanın fark etme süresini uzatır ve saldırı riskini azaltır [4]. 

 

3. SONUÇLAR VE TARTIŞMA 
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Zırh, koruma ve görünmezlik teknolojilerindeki yenilikler, güvenlik ve askeri stratejilerde önemli 

değişikliklere yol açmaktadır. Bu teknolojiler, modern savaş alanlarında ve güvenlik uygulamalarında 

personel ve ekipmanların korunmasında hayati bir rol oynamaktadır [5]. Çelik, seramik ve kompozit 

zırhlar, farklı tehditlere karşı etkili koruma sağlarken, balistik kasklar ve vücut zırhları askeri personelin 

hayatta kalma şansını artırmaktadır [1]. Ayrıca, aktif koruma sistemleri ve optik kamuflaj gibi ileri 

teknolojiler, askeri operasyonlarda büyük avantajlar sağlamaktadır [4]. 

Nanoteknoloji ve metamalzemeler gibi gelişen malzeme bilimleri, zırh ve koruma teknolojilerinin 

etkinliğini artırmak için yeni çözümler sunmaktadır. Örneğin, karbon nanotüplerin zırh sistemlerinde 

kullanılması, daha hafif ve dayanıklı zırhların üretilmesini mümkün kılmaktadır [4]. Aynı şekilde, 

metamalzemeler ile geliştirilen görünmezlik teknolojileri, askeri araçların ve personelin düşman 

radarlarından saklanmasını sağlamaktadır [4].  

Metamalzemeler negatif kırılma bkz. Şekil.5 indisine sahip yüzeylerin elde edilmesine, yani gönderilen 

ışığın beklenenin aksi bir yönde kırıldığı bir ortamın oluşmasına olanak sağlar.  

 

 
 

Şekil 5. Negatif Kırılma 

 

 

4. SONUÇ, TARTIŞMA VE ÖNERİLER 

  

Gelecekte, zırh, koruma ve görünmezlik teknolojilerinin daha da gelişmesi beklenmektedir. Bu alanda 

yapılacak araştırmalar ve geliştirmeler, askeri ve güvenlik uygulamalarında önemli yeniliklere yol 

açacaktır. İşte bu alandaki bazı öneriler: 

 

 Malzeme Araştırmaları: Yeni malzemelerin keşfi ve mevcut malzemelerin geliştirilmesi, zırh ve koruma 

teknolojilerinin etkinliğini artıracaktır. Özellikle nanoteknoloji ve metamalzemeler üzerine yapılacak 

araştırmalar, bu alanda önemli ilerlemeler sağlayabilir. 

 

Entegre Sistemler: Zırh ve koruma teknolojilerinin entegre edilmesi, askeri personelin ve araçların 

korunmasında daha etkili çözümler sunacaktır. Örneğin, aktif koruma sistemlerinin ve pasif zırhların 

birleştirilmesi, tehditlere karşı daha kapsamlı bir koruma sağlayabilir. 

 

Eğitim ve Uygulama: Askeri personelin yeni zırh ve koruma teknolojileri konusunda eğitilmesi, bu 

teknolojilerin etkin kullanımını sağlayacaktır. Ayrıca, bu teknolojilerin saha testleri ve simülasyonlar ile 

sürekli olarak değerlendirilmesi, performanslarının optimize edilmesine katkı sağlayacaktır. 

 

Çevre Dostu Malzemeler: Sürdürülebilir ve geri dönüştürülebilir malzemelerin kullanımı, zırh ve 

koruma teknolojilerinin çevresel etkilerini azaltacaktır. Bu alanda yapılacak çalışmalar, askeri 

operasyonların doğa dostu olmasına katkı sağlayacaktır. 
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Abstract 

 

The objective of this study is to analyze the effect of adding an ultrasonic vibration assistance within a 

ball burnishing (VABB) process onto cylindrical AISI 316L laser powder bed fusion (LPBF) specimens. 

The purpose of the specimens is to improve surface integrity, in terms of roughness reduction and 

microstructure reconstruction, to optimize the fatigue performance for testing samples according to ISO 

1099:2017, reducing surface imperfections with burnishing. All printed specimens were manufactured in 

the Z direction using a laser power of 195W, a scanning speed of 900 mm/s, a hatch distance of 0.1 mm, 

a layer thickness of 40 μm, and a scan angle of 67°. The preliminary experimental campaign is based on 

a full factorial design of 3 variables (burnishing force, number of passes, and BB/VABB) with 2 levels 

for each. It was found that the estimated depth of affectation is 4-5 μm and 5-7 μm, for BB and VABB 

respectively, thus demonstrating the positive effect of the vibration assistance. The softening effect while 

deforming, caused by the vibration assistance, helped to reconstruct the surface, obtaining higher depths 

of affectation. In terms of topology, the surface average roughness for all specimens is within the range 

of 0.2-0.4 μm, showing an improvement of 74% in the best case compared to the machined surface. The 

material distribution parameters, Skewness and Kurtosis, show an almost perfect Gaussian distribution 

for all the specimens analyzed. 

 

Keywords: Laser powder bed fusion, Ball burnishing, Surface integrity 
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Abstract 

Heavy metal pollution of the environment is one of the biggest issues of today’s society. Whether it 

affects soils or water, once introduced in the environment, heavy metals cannot be biodegraded. In 

agriculture, heavy metal pollution affects both the quality and the quantity of the crops. In the aquatic 

environment, heavy metals affects not only the aquatic life but also it affects human directly, through the 

contamination of the drinking water. Their presence in environment results in bioaccumulation, further 

affecting biological and ecological cycles. Mining activities, chemical weathering of minerals, leather 

and textile industry and industrial discharges are just a few examples of heavy metals pollution sources. 

However, some heavy metals have importance as trace elements, for the growth and development of 

organisms such as plants and fungi. Due to their persistence in environment, microorganisms have 

evolved mechanisms to tolerate heavy metals presence through adsorption or chemical reduction of 

metal ions. In fact, the role of fungi as decomposers in the ecosystems led to the studying of their 

enzymes and ability to mycoremediate heavy metals. To obtain mycoremediation of heavy metal 

pollution, the aim is to determinate the right fungal species to target a specific pollutant. This paper aims 

to review the potential of fungi to bioremediate heavy metal pollution. 

 

Keywords: mycoremediation, bioaccumulation, fungi, heavy metal pollution, environment 
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Abstract 

Leather demand in fashion industry has increased in the recent years, making it more difficult for the 

leather producers to provide the needed quantity. This matter led to an increase in the number of the 

livestock farms thus creating other environmental issues as water pollution, deforestation, overgrazing 

and gas emissions. Beside this, the processing of animal hides into leather requires extra steps that 

involves toxic chemicals which eventually will get released into the environment. In this regard, one of 

the solutions we aimed for was the production of fungi leather. Fungi leather requires less water and 

surface to grow, being obtained through the upcycling of agricultural and forestry waste and by-

products, using fungal growth process. There is a wide range of filamentous fungi that can be used for 

this process, highest yield ones being wood-decaying fungi or white rot fungi from genres Polyporus sp., 

Ganoderma sp., Trametes sp., Pleurotus sp., Fomes sp.. This study focused mainly on the Ganoderma 

lucidum strain and on the production of pure mycelium mats. Pure mycelium mats obtained this way can 

adopt multiple properties and show promising as substitutes for present petrochemically produced 

materials or animal leather. The process we used is divided in chemical and physical treatment. The 

main methods used in chemical treatment were deacetylation of chitin and the cross-linking of chitosan. 

Following cross-linking the pure mycelium mat (PMM) was subjected to a plasticizer agent. In the end, 

after physical treatment a minimum viable product was obtained. 

Keywords: fungi leather, Ganoderma lucidum, mycomaterial, upcycling, mycelium, biodegradable 
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Özet 

AlSi10Mg alaşımları, otomotiv, havacılık ve savunma sanayi endüstrilerinde hafiflik ve üstün termal 

özellikler ile mekanik özelliklerin bir arada olması gerektiği uygulamalarda önemli bir yere sahiptir. 

Dökülebilirliği ve işlenebilirliği sayesinde de sanayi için üretimde kolaylık sağlayan bir alaşım olarak 

karşımıza çıkmaktadır. Bunun yanında, Eklemeli İmalat (Eİ) teknolojilerindeki hızlı ilerlemeler, çevre 

dostu ve ekonomik olarak uygun maliyetli yeni alaşımların üretimini teşvik etmiştir. Seçici Lazer 

Ergitme (SLE), karmaşık yapıların üretilmesinde büyük avantaj sağlayan bir eklemeli imalat 

teknolojisidir ve topolojik olarak optimize edilmiş yapılarla hafif parçaların üretimine imkan sağladığı 

bilinmektedir. Tüm bu avantajlarının yanında katmanlı üretim teknolojisiyle ilgili çalışmalarda ısıl işlem 

gibi post-process adı verilen son işlem gereksinimleri endüstride ve literatür çalışmalarında önemini 

korumaktadır. AlSi10Mg alaşımı üzerinde olumlu etkileri olduğu belirtilen kriyojenik işlemin genellikle 

özel ısıl işlem süreçleri gerektiğinde tercih edilebildiği belirtilmektedir. Bu çalışmada, SLE yöntemi 

kullanılarak üretilen AlSi10Mg alaşım malzemesinin kriyojenik işlem etkisinin mekanik özelliklere 

etkisi incelenmiştir. SLE üretim parametreleri 700W gücünde çift lazerle 60 µm katman kalınlığında, 

şerit (stripe) tarama stratejisi olarak belirlenmiş ve blok parça üretimi gerçekleştirilmiştir. Blok 

üretiminden sonra ASTM E8/8M standardına göre çekme testi numuneleri çıkarılmıştır. Kriyojenik işlem 

-196°C sıcaklıkta, 24 ve 36 saatlik işlem sürelerinde uygulanmıştır. Bu işlemin ardından, numunelere 

çekme ve sertlik testleri yapılmış ve mekanik özellikleri bu testler üzerinden incelenmiştir. Sonuçlar, 

kriyojenik işlem uygulanan numunelerin sertliklerinin işlem görmemiş halleriyle karşılaştırıldığında, 36 

saatlik döngü sonrasında arttığını, ancak 24 saatlik döngü sonrasında azaldığını ortaya koymuştur. 

Kriyojenik işlem süresindeki değişimlerin büyük farklılıklara yol açmadığı gözlemlenirken işlem süresi 

arttıkça yüzde uzama değerleri artarken, çekme ve akma mukavemeti değerleri 24 saatlik işlem gören 

numunelerde daha yüksek bulunmuş ve 36 saat işlem gören numunelerde hafif bir düşüş yaşanmıştır. 

Sonuç olarak, kriyojenik işlemin SLE ile üretilen AlSi10Mg numunelerinin sertliğinde önemli bir 

değişim yaratmamakla birlikte, çekme mukavemeti, akma mukavemeti ve uzama yüzdesi değerlerinde 

anlamlı etkiler gösterdiği söylenebilir.  
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Abstract 

This study focuses on the production of two-piece ball valves, used in petrochemical, made from 

lamellar graphite cast iron, industry conforming to the ASTM A216 WCB standard, which specifies 

steel castings suitable for fusion welding in high-temperature services. The primary manufacturing 

technique employed is casting, followed by precision machining processes. To meet the dimensional 

requirements specified by API 6D for end-to-end length, and to ensure minimum wall thickness and 

flange diameter according to ASME 16.34 and ASME 16.5 for various pressure classes, initial castings 

are machined to achieve the final desired specifications.  

Significant advancements in software design and flow analysis within the casting processes have been 

incorporated in this study, enhancing the production quality of cast materials with designated machining 

allowances. The cast materials underwent rigorous metallurgical evaluations, including non-destructive 

testing, hardness testing, tensile testing, impact testing, and microstructural characterization, to ensure 

material integrity and performance. 

Furthermore, comprehensive testing protocols, such as shell tests and leak tests conforming to API 6D 

and API 598 standards, were conducted to assess the body strength and verify the operational 

performance of the assembled valves. These measures ensured that the valves met the stringent 

requirements for durability and functionality in high-temperature and high-pressure environments. This 

integrated approach of advanced casting techniques, precise machining, and thorough testing 

underscores the technical robustness of the valve production process. 
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Özet 

Bağlantı elemanı üretimi için kullanılan yöntemlerden biri olan soğuk dövme prosesi, 

malzemenin plastik şekil değiştirme özelliğine dayalı olarak geliştirilen bir yöntemdir. Bu 

yöntem, bir tarafı sabit diğer tarafı hareketli kalıplar arasında, taşıyıcı pensler yardımıyla 

sonraki operasyona aktarılarak şekillendirmeye dayalıdır. Bu çalışmada; kafa altında kaynak 

punta formu (kaynak memesi) bulunan özel perçin üretimi için simülasyon destekli 

oluşturulan soğuk dövme tasarımları ile üretim çalışmalarını içermektedir. Bağlantı elemanı 

çeşitlerinden biri olan puntalı perçinler kullanıldığı yer itibariyle birden fazla parçayı birbirine 

montajlama görevi yapan ve uygulandığı yüzey ile bütünleşen bir ara elemandır.  Çalışma 

kapsamında incelenen özel punta kaynaklı perçinin kritik sınır şartları bulunmaktadır. Çalışma 

konusu parçanın kritik özelliklerinin başında gelen altı adet puntaya sahip olmasının yanı sıra 

bu puntaları oluştururken punta çapı ve yüksekliğinin (Ø1.5 ±0.5 mm çap, 0.5 +0.3 mm 

yükseklik), puntalarda eş merkezliliğin (punta merkezleri arası uzaklık Ø14.5 mm) sağlanmış 

olup punta tasarım ölçülerinin istenen gereklilikler kapsamında elde edilmesi, aynı zamanda 

malzeme lif yönlenmelerinin homojen olması gerekmektedir. Parça geometrisi gereği fayda – 

maliyet değerlendirildiğinde hedeflere yönelik avantajlı olacak şekilde bir kalıp sabit - iki 

kalıp hareketli prensibi ile iki operasyonlu soğuk şekillendirme prosesi yapılmış, hazırlanan 

kalıp-operasyon tasarımları ile kurgulanan simülasyon analizleri incelenmiş ve prototip üretim 

gerçekleştirilmiştir.  Belirtilen özelliklerin karşılanması adına taslak çizimde belirlenen, 

simülasyon sonrası oluşan ve prototip ürünün operasyon ölçüleri kıyaslanmış olup, %97 

oranında tolerans değerlerini karşıladığı belirlenmiştir. Simülasyon destekli üretim çalışmaları 

ile sınır şartları elde edilmiş ve kalıp maliyetinde %20 azalma sağlanmıştır. 
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Abstract 

Lamine Busbar sistemleri, binlerce amperin dağıtıldığı günümüzün elektrik ve elektronik 

sistemleri için müşteriye özel tasarlanan üstün bir güç dağıtım sistemidir. Lamine Busbar, 

yalıtım malzemeler ile ayrılmış paralel iletken plakaların tek bir yapıda lamine edilmesiyle 

oluşur. Lamine Busbarlar özelleştirilebilir yapısı, kompakt tasarımı ile montaj kolaylığı ve 

dayanıklı bir yapı sunar. Bu yapısı sayesinde birçok alanda ihtiyaç duyduğunuz güvenilir ve 

modüler çözümler sunar. Geleneksel kablolama yöntemlerinde oluşabilecek kısmi deşarj ve 

dielektrik sorunlarını ortadan kaldırır. 

Lamine Busbar tasarımı yapılırken farklı analiz yazılımları ile birçok olası en kötü durum 

senaryoları kurgulanıp yazılım platformunda simüle edilir. Bu sayede olası elektriksel arızalar 

ve güvenlik riskleri önceden tespit edilir, maliyetler ve riskler azaltılır, en optimum busbar 

modeli tasarlanır.  

Bu çalışmada, Comsol Multiphysics yazılımı kullanılarak Lamine Busbar’ın çeşitli elektriksel 

simülasyonları gerçekleştirilmiştir. Optimizasyon çalışmaları yapılarak en uygun tasarım 

belirlenmiştir. Kısa devre anında Lamine Busbar’da oluşan maksimum sıcaklık ve termal 

etkisi, farklı izolasyon ve iletken türlerinde baranın davranışı, elektrik alan yoğunluğu analizi 

ve izolasyon malzemesi kalınlığının belirlenmesi, akım yoğunluğu analizi ve iletken 

kalınlığının belirlenmesi, farklı frekans aralıklarında skin effect ve manyetik alan etkisi gibi 

çeşitli simülasyonlar gerçekleştirilmiştir. GPO-3 malzemesinin termal strese karşı davranışı 

incelenmiştir. Endüktans kapasitans ve endüktif reaktans değerleri bulunarak baraya etkisi 

anlatılmıştır. 
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