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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.  
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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.   

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

important to have perfect timing.  

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

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

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

chat.  

Ẇ 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 6th International Conference on 

Materials Science and Manufacturing (ICMSM) 2026 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 2026 
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6. Uluslararasĕ Malzeme Bilimi ve ĸmalat Konferansĕ (ICMSM 2026) Sonu­ ¥zeti 

 

5 Haziran 2026 tarihinde gerçekleştirilen 6. Uluslararası Malzeme Bilimi ve 

İmalat Konferansı’nda (ICMSM 2026) toplam 15 bildiri sunulmuştur. Konferans 

kapsamında sunulan bildirilerin %46.67’si (7 bildiri) Türkiye’den, %53.33’ü (8 bildiri) 

ise yurt dışından katılım sağlayan araştırmacılar tarafından sunulmuştur. 

Türkiye dışından konferansa katkı sağlayan ülkeler şu şekildedir: Amerika 

Birleşik Devletleri, Cezayir, Azerbaycan, Hindistan, İran, Nijerya ve Ürdün. 
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A Data-Driven Machine Learning Framework for  Manufacturability  Evaluation of 

Topology-Optimized Designs in Additive Manufacturing  

 

Hossein Soroush1, Mohammad Sajad Ramezani2, Saeed Khodaygan3* 

1Department of Mechanical Engineering, Sharif University of Technology, Tehran, Iran, 

hossien.soroush@gmail.com 
2Department of Mechanical Engineering, Sharif University of Technology, Tehran, Iran, 

msajad.ramezani@yahoo.com 
3Department of Mechanical Engineering, Sharif University of Technology, Tehran, Iran, 
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Abstract 

Topology optimization (TO) has attracted significant attention as an important design 

approach in additive manufacturing (AM) because of its capability to generate lightweight 

structures with desired mechanical performance. However, topology-optimized designs often 

contain unfavorable features that may negatively affect the manufacturability and mechanical 

properties of the structures. These parameters include unsupported overhangs, voids, and 

sharp edges. Therefore, evaluating the manufacturability of TO designs before 3D printing 

fabrication seems essential. In this study, a data-driven machine learning (ML) method was 

developed to estimate the manufacturability of optimized structures. A dataset consisting of 

275 topology-optimized cantilever beams was analyzed. Three manufacturability features, 

including overhang angle, internal voids, and sharp edge angle, were considered to calculate 

the manufacturability index (MI). Next, low manufacturability (LM), medium 

manufacturability (MM), and high manufacturability (HM) groups were employed to classify 

MI values. Then, K-nearest neighbor (KNN), Naïve Bayes, and random forest (RF) 

classification models were used to classify the manufacturability of topology-optimized 

samples. The Naïve Bayes model presented the best performance on the test dataset according 

to the obtained results (overall classification accuracy of 92.73%, a recall of 97.3% for the 

MM class, and a precision of 100% for the HM group). Additionally, the RF algorithm 

showed better prediction accuracy for the LM class. Accordingly, the RF model had a recall 

and precision of 87.5%. The findings of this study indicate the potential of ML algorithms for 

fast and reliable manufacturability prediction of topology-optimized samples in AM. 

  

Keywords: Topology Optimization (TO), Additive Manufacturing (AM), Overhang Angle, 

Manufacturability Index (MI), Naïve Bayes Model   

 

1. Introduction  

Additive manufacturing (AM) or 3D printing is a modern manufacturing method in which 

three-dimensional specimens are built layer by layer using information from a computer-aided 

design (CAD) file [1]. The global AM industry market value has experienced a skyrocketing 

growth rate in the last two decades. The market value was about $1 billion in 2002 and 

reached over $25 billion in 2022 [2]. AM has many advantages over common manufacturing 

mailto:hossien.soroush@gmail.com
mailto:msajad.ramezani@yahoo.com
mailto:khodaygan@sharif.edu
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methods such as casting, machining, and forging. These advantages include rapid prototyping, 

material savings, and simplified process capability prediction [3-5]. AM methods are widely 

used to fabricate parts for various applications, such as biomechanics, automotive production, 

and household appliances [6, 7]. Furthermore, structural optimization (particularly topology 

optimization (TO)) has attracted considerable attention in recent decades for designing 

lightweight products with optimal mechanical performance [8]. AM techniques are widely 

employed to produce topology-optimized parts because of their ability to manufacture 

specimens with complicated geometries [9, 10]. 

    TO plays a crucial role in Design for AM (DfAM) to model additively manufactured 

samples with minimum possible weight while satisfying functional constraints [11]. Topology 

refers to the way that the particles of a component are connected. The optimization process 

tries to find the best arrangement of particles to minimize the objective function [12]. There 

are different models and algorithms for the TO process. Node-based algorithms, such as 

Bidirectional Evolutionary Structural Optimization (BESO) [13] and Solid Isotropic Material 

with Penalization (SIMP) [14], are among the most commonly used methods in the TO 

procedure. However, in the node-based optimization models, limited geometric and 

mechanical information about the structure is incorporated into the optimization procedure. 

To address the limitations of node-based approaches, other TO techniques such as 

Constructive Solid Geometry (CSG) [15] or Moving Morphable Component (MMC) were 

utilized. These methodologies integrate geometrical and mechanical characteristics into the 

optimization procedure, resulting in enhanced flexibility for designing 3D-printed topology-

optimized samples [16]. Zhang introduced the Moving Morphable Component (MMC) 

method [17]. Unlike node-based methods such as SIMP and BESO, the MMC method 

considers the geometric properties of structure in the optimization process. Node-based 

methods cannot identify geometric features such as curvature because they discretize the body 

and the design domain into points. In contrast, the MMC method changes predefined 

components rather than adding or removing elements. MMC method usually leads to lower 

computational cost, faster convergence rates, and better compatibility with CAD files [18]. 

    The application of machine learning (ML) algorithms has significantly expanded due to 

their ability to solve complex problems without direct human intervention [19, 20]. ML 

models are widely used to solve complex problems in the field of AM. Additionally, ML 

algorithms have been employed to solve TO problems in recent years [21, 22]. Some studies 

utilized Convolutional Neural Networks (CNNs) to solve TO problems with improved 

optimization speed. In [23], the CNN algorithm was employed for TO by using the SIMP 

method. The neural network predicted the structural topology in the proposed model. The 

results showed that the presented approach increased the optimization speed by a factor of 20. 

Similarly, Kallioras et al. [24] employed the same approach to TO with the distinction that a 

deep neural network completed the final optimization stage. Lei et al. [25] used ML models to 

tackle the TO problem. They trained the ML algorithms using TO results obtained through the 

MMC algorithm. The outcomes showed that the ML models could quickly predict optimal 

solutions after the ML algorithm training. A similar approach was proposed by Zheng et al. 

[26]. They compared their neural network results with previous models. The optimal solution 
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was obtained with approximately 10% error. In the proposed model, the input included a 

matrix representing the density of each element in the initial FEA, along with the location of 

constraints and loading. The model’s output was the final density distribution after completing 

the optimization process using the MMC method. Jiang et al. [27] used ML models to solve 

the hyperparameter selection problem in the MMC TO algorithm. They used the Particle 

Swarm Optimization (PSO) algorithm and extra tree classifier to identify topology-optimized 

samples that were infeasible for manufacturing using AM process due to improper 

hyperparameter tuning in the MMA algorithm. 

    In summary, although ML-based models are widely used to enhance the TO design for 

AM, such as estimating the structure stiffness, improving the optimization speed, and 

predicting the output geometry based on the objective function and constraints, a significant 

research gap exists regarding the manufacturability prediction of TO designs for 3D printing 

manufacturing. Accordingly, while the topology-optimized designs for AM can minimize the 

structures’ weight and reduce material usage, they contain complex geometries that can affect 

the manufacturing process negatively. Furthermore, unfeasible geometries generated by TO 

adversely influence the mechanical performance of the printed samples. For instance, sharp 

edges and voids reduce the fatigue life of the structure substantially. This study aims to 

address these gaps by proposing a framework to calculate the manufacturability of topology-

optimized designs for AM. This automated framework can enable a fast and reliable TO 

design process for additively manufactured samples. For this purpose, the relevant dataset 

consisting of topology-optimized design images was collected in the first step. Next, the 

factors influencing the manufacturability of the specimens were identified, and the 

Manufacturability Index (MI) was derived based on the statistical distribution of the 

parameters that impact the manufacturability. Finally, classification ML algorithms were used 

to predict and classify the MI for each sample. 

 

2.  Material and Methods 

The main roadmap for data-driven prediction of manufacturability in topology-optimized 

designs is shown in Figure 1. The proposed framework consists of six main steps. In the first 

step, the problem statement and conditions are defined according to the desired TO problem. 

Accordingly, the geometric dimensions, mechanical properties, applied load, and boundary 

conditions are determined in this stage. A cantilever beam under end loading was investigated 

in this study to evaluate the presented algorithm. A concentrated force was applied at the 

midpoint of the beam end. In the next step, the dataset required for evaluating the 

manufacturability of TO designs was collected. Accordingly, various topology-optimized 

designs of a cantilever beam subjected to a vertical load at its free end were collected. Since 

the choice of algorithm and hyperparameter tuning in the TO process may result in different 

geometries, multiple topology-optimized geometries can be expected for a given problem. In 

total, 275 samples were collected, representing different beam designs. In the third step, the 

parameters affecting the manufacturability of the optimized beams for AM fabrication were 

defined. In this study, three factors that are overhang angle, voids, and sharp edges were 

considered as the key parameters for manufacturability evaluation (see Section 2.1). In the 

fourth stage, the manufacturability of the topology-optimized designs was evaluated based on 
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the defined parameters. A more detailed explanation of this step is given in Section 2.2. Next, 

several ML models were used to classify the samples' manufacturability. K-nearest neighbor 

(KNN), Naïve Bayes, and Random Forest (RF) models were employed for this purpose. The 

principles of ML models are discussed in Section 2.3. Finally, the optimal ML algorithm was 

selected by evaluating the performance of the different models in classifying the 

manufacturability of topology-optimized designs for 3D printing. 

 

 

Fig. 1. The proposed framework to predict the manufacturability of topology-optimized 
designs for additive manufacturing  

 
2-1 Definition of Manufacturability Parameters 
 

As discussed earlier, overhang angle, voids, and sharp edges were used in this study to 

evaluate the suitability of topology-optimized designs for the AM process. The overhang 

angle in AM is the inclination of a downward-facing surface relative to the build platform or 

direction [28]. In powder-bed fusion processes (e.g. SLM), self-supporting features may not 

be formed below a critical angle (typically ≈45°) without supports [29]. Features below this 

angle require support structures, increasing build time, material usage, and post-processing. 

Unsupported steep overhangs tend to sag and collect excess powder, creating a coarse and 

non-uniform surface. This poor surface quality affects the mechanical performance 

negatively. Surfaces with overhang exhibit lower fatigue strength and wear resistance [30]. 

Consequently, design for AM applies a minimum overhang angle (often via topology 

constraints) to avoid excessive supports and ensure part quality. Furthermore, voids are 

another crucial parameter that influences the manufacturability and mechanical properties of a 

3D-printed sample. Voids are internal cavities or pores that form during AM or design for 

AM. Such defects appear as irregular lack-of-fusion (LOF) pores or near-spherical gas pores 

[31]. Even a small porosity fraction can significantly weaken a part. Experiments and 

simulations showed porosity causes large drops in fatigue and static strength of 3D-printed 

parts. Voids act as intrinsic stress concentrators. finite-element models showed that spherical 
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voids result in stress-concentration factors of 2 for manufactured samples [32]. As a result, 

cracks easily initiate under load when there are voids in an additively manufactured part. 

These pores also create subsurface notches and roughness that further reduce ductility. As a 

result, controlling process parameters or improving AM designs is essential to minimize 

porosity and ensure that AM parts meet strength and fatigue requirements. On the other hand, 

very sharp edges (corners with near-zero radius) are problematic in AM. In practice, SLM 

cannot produce truly sharp outer edges. Accordingly, printed corners always “round out” due 

to the laser beam finite size and melt-pool dynamics. Intended sharp corners tend to 

accumulate excess material or suffer local curling, causing geometric distortion. Functionally, 

sharp corners act like built-in cracks. they generate high local stress under loading and can 

remarkably reduce fatigue life. For these reasons, design guidelines recommend filleting or 

rounding corners. Rounded edges both print more reliably and reduce stress concentrations. 

So, eliminating sharp edges will improve the overall durability [33]. 

Modern TO for AM explicitly incorporates these constraints. Van de Ven et al. [28] note 

that the minimum overhang angle is often the most restrictive manufacturability factor and 

must be considered during optimization procedure [34]. For example, TO algorithms can 

include an overhang filter so that all downward angles exceed the critical angle, yielding 

support-free designs. Similarly, methods like Luo et al. introduce connectivity and thermal 

filters to eliminate enclosed voids and hanging features [34]. By considering overhang, 

porosity, and edge constraints into the TO and minimize their negative effects, the resulting 

structures for AM fabrication are self-supporting and void-free, minimizing support 

requirements and reducing stress concentration. In summary, including these factors ensures 

that topology-optimized parts are both lightweight and truly manufacturable by AM process 

[34]. For the evaluation of the manufacturability of topology-optimized samples in this study, 

the critical overhang angle, the number of voids within the part, and the sharpest corner in the 

structure were considered. Accordingly, a specimen may contain different overhang angles in 

different regions. In addition, a topology optimized design may include numerous edges and 

corners. By considering the worst-case scenario, the manufacturability of the part was 

estimated based on the most critical overhang angle and the sharpest corner. Figure 2 

indicates the manufacturability parameters in this study by considering the critical value for 

overhang angle and sharp edges. 

 

2-2 Manufacturability Index (MI) calculation 

 

After defining the manufacturability parameters of the topology-optimized designs, the MI 

was calculated for each sample. First, the manufacturability score related to the overhang 

angle (‍) was determined. The overhang angle ranges from 0 to 90 degrees for each sample. 

Smaller overhang angles generally improve manufacturability and structural integrity. 

Therefore, the overhang angle was first transformed using the following relation so that 

smaller values correspond to higher manufacturability scores: 

 

‍ᶻ ȿωπ ‍ȿ (1) 

where ‍ᶻ and ‍ show the modified and original overhang angle for the topology-optimized 

structure. 
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In the next step, the modified overhang angle values were normalized by considering the 

minimum and maximum values and then were used as inputs to a hyperbolic tangent (tanh) 

function according to the following equation, in order to compute the score associated with 

the overhang angle (ὕὛ) factor for all 275 samples. 

 

ὕὛ ÔÁÎÈ‍ 
ᶻ  (2) 

 

Where ὕὛ and ‍ 
ᶻ  are overhang score and normalized-modified overhang angle for i-th 

sample. Next, the obtained scores were normalized between 0 and 1 for the entire dataset. 

 

 

(a) 

 

(b) 

 
(c) 

Fig. 2. Manufacturability parameters: (a) a sample with three various overhang angles and a 
critical overhang angle of συЈ (b) a sample with two voids (c) a sample with three different 

sharp edges and a critical sharp edge angle of σςȢψρЈ 

In this study, the distribution of overhang angles was modeled using the hyperbolic tangent 

(tanh) function. The main reason for selecting this function is its ability to convert raw angle 
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values into a bounded and normalized score, typically ranging between 0 and 1. This feature 

allows a fair comparison between samples and prevents extreme values from dominating the 

MI. In addition, tanh provides a smooth and continuous nonlinear mapping, which preserves 

the relative ordering of data while reducing the influence of outliers. Another advantage is the 

saturation behavior of tanh, which compresses very large or very small angles and enhances 

the sensitivity of mid-range values where design differences are more meaningful. Therefore, 

tanh is widely used in ML, especially as an activation function in neural networks, as well as 

in normalization, fuzzy logic systems, and signal processing applications. In this work, it 

provides a robust and consistent transformation of overhang angles into a manufacturability-

related score. 

In the next step, the manufacturability score related to the voids (ὠὛ) in the topology-

optimized samples was estimated. The presence of voids in topology-optimized structures is a 

natural and unavoidable outcome of the optimization process. In this study, the number of 

voids is therefore considered as one of the key manufacturability indicators. To quantify its 

effect, a Gaussian (normal) distribution function was employed to evaluate the corresponding 

manufacturability score. Normal distribution was selected due to the fact that void occurrence 

typically follows a probabilistic pattern, where moderate values are more common and 

extreme values are less likely. The Gaussian function provides a smooth, symmetric 

weighting scheme that assigns higher scores to desirable ranges while penalizing excessive 

void content in a gradual manner. The related score is calculated using the following equation: 

 

ὠὛ ÅØÐ 
ὲ ‘

ς„
 (3) 

 

Where ὲ, ‘, and „ are number of voids for i-th sample, mean of voids for all of the samples, 

and standard deviation of voids for all of the samples, respectively. Table 1 shows the voids 

score for specimens with various number of voids according to the specified distribution. 

 

Table 1 Void score for topology-optimized samples considering normal distribution 

Number of voids in the topology-optimized structure Void Score (VS) 

0 0.95 

1 0.78 

2 0.1 

3 0 

 

Finally, the manufacturability score related to the sharp edges (ὉὛ) was calculated for all 

275 samples. Like the overhang angle score, the sharp edges score was estimated using the 

tanh function. Therefore, the following equation were employed to evaluate the score which 

aligns between 0 and 1 for the collected dataset: 

 

ὉὛ ÔÁÎÈ ‌ 
ᶻ  (4) 
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where ‌ is the modified-normalized critical sharp edge angle in the studied sample. Finally, 

the MI was calculated according to the below equation: 

 

ὓὍ  ‎ὕὛ ‎ὠὛ ‎ὉὛ (5) 

 

where ‎, ‎, and ‎ show the importance coefficient for each manufacturability parameter, 

respectively. In this study, it was assumed that ‎ ‎ ‎ πȢσσσ. As a result, the MI was 

determined for all 275 samples using the following equation: 

 

ὓὍ  ὓὍ 
(6) 

 
2-3 Machine Learning (ML) models 
 

ML models are widely used for various tasks such as regression, classification, image 

analysis and other responsibilities. The main advantage of ML models is solving complicated 

problems by learning complex and hidden patterns in the data. In this research, ML models 

are used to classify the manufacturability of the topology-optimized samples for AM process. 

Accordingly, dataset is divided to different classes to present interpretable manufacturability 

groups based on the input parameters. Therefore, the main task of ML algorithms in this study 

is predicting the class of manufacturability according to the input parameters (critical 

overhang angle, voids, and critical sharp corner angle). The first employed ML algorithm is 

KNN. KNN model is considered one of the most straightforward and widely used ML 

methods. It can be applied to both classification and regression tasks. When a new sample is 

introduced (Figure 3), the algorithm calculates the distance between the new data point and its 

neighboring samples in the training dataset. The prediction is then made based on the nearest 

neighbors. In classification applications, the class label is assigned according to majority 

voting among the neighboring samples. The distance between two points (e.g., p and q) can be 

determined using the following equation [35]: 

 

Ὠὴȟή ὴ ή  

 

(7) 

 

where n denotes the number of features and m specifies the distance metric parameter. For m 

= 1, the Manhattan distance is obtained, while m = 2 corresponds to the Euclidean distance. 

The selection of the number of neighbors (K) plays an important role in the performance of 

the KNN model. As illustrated in Figure 3, when K = 1, the new sample is categorized as 

Class 1 (red circle). However, when K = 3, the sample is assigned to Class 2 (blue Circle) 

according to the majority voting strategy. Therefore, hyperparameter optimization is essential 

for proper performance of KNN model. 
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Fig. 3. Schematic representation of the KNN algorithm for data classification 

 

Additionally, RF is another supervised ML algorithm composed of multiple decision trees. A 

decision tree consists of a hierarchical structure including a root node, internal nodes, and leaf 

nodes (Figure 4). During the tree construction process, different features are used to divide the 

dataset into smaller subsets. The feature with the strongest classification capability is selected 

as the root node, while the remaining features are used in internal and leaf nodes. The quality 

of a feature for classification can be evaluated using impurity measures such as Shannon 

entropy (Equation 8) or the Gini index (Equation 9): 

 

Ὁὲὸὶέὴώ Ὓ  ὴÌÏÇὴ 

 

 

(8) 

where n represents the number of classes and indicates the probability associated with the i-th 

class outcome [36]. 

 

Ὃ  ρ ὴ  

 

 

(9) 

In Equation 9, n denotes the number of classes and represents the proportion of samples 

belonging to the i-th class. The feature with the highest information gain or lowest impurity 

value is selected for splitting the data and constructing the decision tree. 

   Similar to KNN, RF can be utilized for both classification and regression tasks. In 

classification problems, the final class is determined through majority voting among all trees, 

while in regression problems, the final prediction is obtained by averaging the outputs of the 

individual trees. It is worth mentioinig that hyperparameter optimization enhance the RF 

algorithm performance significantly. In addition to the introduced algorithms, the Naive 

Bayes classifier is also used in classification problems. In this method, the probability of the 

input data belonging to different categories is checked according to the class’s labels or the 

value of its features accordingly: 

 

ὴὅȿ●
ὴ●ȿὅ ὴὅ

ὴ●
 (10) 
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ὴὅȿ● is the posterior class probability of class ὅ. ὴ●ȿὅ  indicates Likelihood (class-

conditional) probability of class ὅ. ὴὅ  shows the probability of the label by ὅ and ὴ● 

is the prior probability of training data. In the Naïve Bayes algorithm, independence between 

features is the most principal assumption. This assumption makes the Naïve Bayes model 

efficient for classification tasks. This simplification reduces the computational complexity and 

data requirements and making the algorithm effective specially with large datasets.  

 

 

 

Fig. 4. Schematic representation of Random Forest (RF) algorithm 

 

3. Results and Discussion 

In this section, the findings of the manufacturability analysis of topology-optimized designs 

are presented. First, the statistical distribution and boxplot of MI are provided to understand 

the shape of data and the frequency of data in each MI interval. Furthermore, the boxplot is 

used to extract the center, spread, and overall range of values. It is also useful for isolating the 

extreme values and identifying the Interquartile Range (IQR) values. Next, various ML 

models were used to classify the MI values of data into interpretable groups. The performance 

and efficiency of ML algorithms are compared to find the best-performing model. Finally, the 

hyperparameter optimization for employed ML models is carried out to enhance their 

accuracy and minimize the error for MI  classification. 

 

3-1 Statistical Analysis of MI 
 

The statistical distribution of the MI for all 275 topology-optimized samples is presented in 

Figures 5 and 6. As mentioned before, The MI values were calculated based on the critical 

overhang angle, voids, and critical sharp edge angle. These parameters influence 

manufacturing quality, support material requirement, and mechanical properties significantly. 

Therefore, combining them into a single index provides a useful method for evaluating the 
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manufacturability of topology-optimized structures. Figure 5 illustrates the histogram 

distribution of the MI values. According to the presented histogram, the MI values are 

distributed continuously between 0 and 1. This distribution confirms that the proposed scoring 

method successfully normalized the geometric characteristics into a unique index. The 

histogram also demonstrates that most data points are located around the middle range of the 

distribution rather than near the lower or upper bounds. The interval with the highest 

frequency contains 82 samples, indicating that a considerable portion of the optimized 

structures exhibit moderate MI. The overall shape of the histogram shows an approximately 

normal or near-symmetric distribution around the central region. Although slight skewness 

exists because of the limited number of data points, the majority of the data follows a 

normally distributed behavior. This behavior is desirable for ML models because normally 

distributed data generally improves model stability and prevents prediction bias toward 

extreme classes. Another important observation from Figure 5 is the absence of abrupt 

discontinuities or isolated peaks in the distribution. This indicates that the scoring 

methodology based on overhang angle, void number, and sharp angle features produces 

smooth transitions between manufacturability levels. This continuity is an advantage since 

manufacturability in AM is naturally incremental instead of binary. 

 

 

Fig. 5. Histogram of MI distribution for the entire dataset 

  

Figure 6 presents the box plot representation of the MI dataset. The box plot provides 

additional statistical information into the central tendency, variability, spread, and outlier 

behavior of the data. The first quartile (Q1) is equal to 0.252, the median value is 0.549, and 

the third quartile (Q3) is equal to 0.806. The median was close to the center of the 

interquartile range. This phenomenon indicates that the distribution did not suffer from severe 

asymmetry. This observation also supports the conclusion that the MI values are relatively 

balanced. The interquartile range between Q1 and Q3 is relatively large, which shows that the 

dataset possesses considerable diversity in manufacturability conditions. This variation is 

valuable for training ML models because it prevents the models from learning only from data 

with limited values.  The box plot also shows several outlier points. Five samples are located 
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below Q1, with values ranging from 0.134 to 0.236. These samples represent structures with 

poor manufacturability. On the other hand, two samples are located above Q3 with MI values 

of 0.866 and 0.983, where 0.983 represents the maximum MI value in the entire dataset. 

These high-value outliers correspond to highly printable designs with improved geometric 

features and reduced shape complexity. 

 

 

Fig. 6. Box plot of MI distribution for the entire dataset 

 

The statistical behavior shown in Figures 5 and 6 confirms that the proposed MI 

successfully distinguishes between different levels of AM feasibility. The dataset contains 

low, medium, and high manufacturability samples with statistical balance and variability. This 

characteristic is important for the next section of this study, where ML models are developed 

to classify manufacturability levels automatically. 

 
3-2 ML models for manufacturability classification 
 

In this part, mentioned ML models were employed to classify the manufacturability of the 

topology-optimized structures. Accordingly, MI  values were divided into three classes. Table 

2 shows the classes and their characteristics used for the desired classification task. The 

classification of topology-optimized samples into three manufacturability levels, including 

Low Manufacturability (LM), Medium Manufacturability (MM), and High Manufacturability 

(HM), provides several prominent advantages for AM applications. Accordinglt, the 

classification framework provides easier interpretation of manufacturing feasibility and results 

in faster engineering decision-making. The LM class can identify geometries with critical 3D 

printing challenges and improper mechanical performance. The HM class represents 

structures with desirable printing condition and manufacturing process. The MM category 

also plays a key role by representing intermediate conditions that may require design 

modification or process optimization. 

Table 2 characteristics of three classes used for manufacturability classification 
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Name of Class MI range Number of data in the class 

Low Manufacturability (LM) 0.134 – 0.425 40 

Medium Manufacturability (MM) 0.425 – 0.675 185 

High Manufacturability (HM) 0.675 – 0.983 50 

 

 Next, ML algorithms were used for the classification of the manufacturability. The inputs 

of the models were critical overhang angle, number of voids, and critical sharp edge angle. 

The output was the class of manufacturability for each data. 80% of data was used for training 

the model and 20% for testing the models. Furthermore, data preprocessing and data 

normalization were carried out to avoid inconsistent data and provide same scale inputs, 

respectively. The classification performance of three ML algorithms, including KNN, Naive 

Bayes, and RF, was evaluated using the test dataset. It is worth mentioining that the data 

distribution was imbalanced in three classes. The test dataset contains 8 LM samples, 37 MM 

samples, and 10 HM samples, corresponding to approximately 14.5%, 67.3%, and 18.2% of 

the total test data, respectively. Therefore, the MM class is dominant compared to the LM and 

HM classes. Imbalanced datasets may bias ML models toward the dominant class and reduce 

prediction accuracy. Therefore, additional metrics such as precision, recall, and class-wise 

performance were considered to evaluate the ML algorithms performance. 

Figure 7 illustrates the confusion matrix of the KNN model for the test dataset. The model 

classified 46 out of 55 test samples correctly. Therefore, the overall classification accuracy of 

the model was 83.64%. The LM class achieved 5 correct predictions out of 8 samples, 

corresponding to a recall of 62.5%. The precision for the LM class was also 62.5%, indicating 

that some LM samples were confused with the MM class. Specifically, 3 LM samples were 

incorrectly classified as MM. The KNN model correctly predicted 33 out of 37 samples in 

MM class, producing a recall of 89.19%. The precision of the MM class reached 86.84%. 

This indicates strong performance for the dominant class. However, the confusion matrix 

shows that 3 MM samples were incorrectly predicted as LM and 1 sample was misclassified 

as HM. The HM class achieved 8 correct predictions out of 10 samples (80% recall). The 

precision for HM samples was 88.89%, illustrating that most predicted HM samples were 

actually correct. Additionally, no HM samples were incorrectly classified as LM. This 

phenomenon demonstrates that the KNN model performed a reasonable separation between 

low and high manufacturability levels. The KNN model showed acceptable overall 

performance and balanced behavior across the three classes. However, the lower recall for the 

LM class indicates that the model had difficulty identifying LM structures. This issue may 

result from the smaller number of LM datapoints for the training process. 
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Fig. 7. KNN model confusion matrix for manufacturability classification of topology-
optimized structures 

Figure 8 presents the confusion matrix of the Naive Bayes algorithm. Among the 

investigated ML algorithms, Naive Bayes achieved the highest overall classification accuracy. 

Naive Bayes model correctly classifying 51 out of 55 test samples and reaching an accuracy 

of 92.73%. This result indicates that the probabilistic structure of the model was effective for 

the current dataset despite the independence assumptions of the features in the algorithm. 

 

 

Fig. 8. Naïve Bayes model confusion matrix for manufacturability classification of topology-
optimized structure 

 For the LM class, the model correctly predicted 6 out of 8 samples, resulting in a recall of 

75%. The precision of the LM class reached 85.71%, showing a significant improvement 

compared to the KNN model. Only 2 LM samples were incorrectly classified as MM. The 

MM class demonstrated the best performance in the entire study. The Naive Bayes model 

correctly classified 36 out of 37 MM samples, resulting in a high recall of 97.30%. In 
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addition, the precision for the MM class reached 92.31%. The HM class achieved 9 correct 

predictions out of 10 samples (90% recall). The precision for the HM class reached 100%, 

meaning that every sample predicted as HM was actually correct. The Naive Bayes model 

also showed fewer total misclassification samples compared to KNN. Only four samples were 

incorrectly classified in the entire test dataset. 

Figure 9 presents the confusion matrix of the RF model. The RF model correctly classified 

50 out of 55 samples and achieved an overall accuracy of 90.91%, which was slightly lower 

than the Naive Bayes model but significantly higher than KNN. For the LM class, the RF 

model identified 7 out of 8 samples, resulting in both precision and recall values of 87.5%. 

This represents the best LM classification performance among the investigated algorithms. 

The improved performance indicates that the ensemble learning structure of RF successfully 

captured the geometric patterns associated with LM parts. The MM class achieved 35 correct 

predictions out of 37 samples, corresponding to a recall of 94.59%. The precision for the MM 

class reached 92.11%. Only one MM sample was incorrectly classified as LM and one sample 

as HM, indicating strong robustness of RF model against class overlap. For the HM class, the 

RF model correctly classified 8 out of 10 samples (80% recall). In addition, the precision of 

the HM class reached 88.89%. 

 

 

Fig. 9. RF model confusion matrix for manufacturability classification of topology-optimized 
structure 

    Comparing the employed ML models can result in important conclusions. KNN presented 

the lowest overall accuracy of 83.64% and the weakest LM recall of 62.5%. Its performance 

was strongly influenced by the imbalanced distribution of the dataset and the overlap between 

neighboring manufacturability classes. Nevertheless, KNN preserved physically meaningful 

predictions because most errors occurred only between adjacent categories. Naive Bayes 

algorithm achieved the highest overall accuracy of 92.73% and the highest HM precision of 

100%. The model also produced the highest MM recall value of 97.30%, indicating 

outstanding capability in recognizing MM conditions. Despite its relatively simple 

probabilistic assumptions, the model demonstrated good generalization behavior for the 
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present dataset. RF algorithm achieved the best balance between minority and dominant 

classes. Although its overall accuracy (90.91%) was slightly lower than Naive Bayes, the RF 

model produced the highest LM recall and precision values of 87.5%. This result is 

particularly important because LM structures are often the most critical category in AM 

applications. 

 

3-3 ML models hyperparameter optimization 

 

Hyperparameter optimization of ML models can significantly improve their performance 

and prediction accuracy. As discussed earlier, employed ML algorithms have several 

hyperparameters that can be adjusted according to the dataset size, input features, output 

attribute, and type of ML problem. This optimization procedure helps these models to capture 

the complex and hidden patterns in the dataset in an efficient way. In this research, grid search 

optimization was used along with K-fold cross validation for the hyperparameter tuning. 

Accordingly, the model examines different combination of parameters to achieve the highest 

possible accuracy in classification. Additionally, K-fold cross validation results in robust 

prediction and avoids overfitting. Table 3 shows the optimized hyperparameters of the three 

used ML models for the TO designs manufacturability evaluation for AM. 

 

Table 3 optimized hyperparameters for the employed ML models 

ML algorithm name Hyperparameter Name Optimized value or state 

KNN 

Number of neighbors 5 

Distance calculation metric Manhattan 

Algorithm for distance measurement Auto 

Naïve Bayes 
Variance smoothing 0.0000924 

Prior probabilities of the classes [0.2, 0.5, 0.3] 

RF 

Number of trees 15 

Impurity measurement method Entropy 

Maximum depth of a tree 6 

Minimum required sample for split 2 

 

 According to Table 3, the number of neighbors was set to 5 for KNN model, while the 

Manhattan distance metric was used to measure similarity between samples. This distance 

metric is suitable for manufacturability analysis because it reduces the influence of large 

feature variations. In the Naive Bayes model, the variance smoothing value was set to 

9.246×10⁻⁵ to improve numerical stability during probability estimation. In addition, prior 
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probabilities of [0.2, 0.5, 0.3] were assigned for the LM, MM, and HM classes, respectively, 

reflecting the class distribution of the dataset. On the other hand, 15 decision trees with a 

maximum depth of 6 were used for the RF model. The minimum number of samples required 

for splitting was set to 2, while entropy was selected as the impurity criterion to improve class 

separation quality. In terms of computational cost, Naive Bayes demonstrated the lowest 

computational complexity and the fastest training process among the three algorithms due to 

its simple probabilistic structure. KNN required higher prediction time because distance 

calculations must be performed for all neighboring samples. The RF algorithm showed the 

highest overall computational cost because of the ensemble structure and multiple decision 

tree generation process. 

 

4. Conclusion 

This research presented a data-driven model for assessing the manufacturability of topology-

optimized structures for AM. An integrated framework was proposed to evaluate the 

feasibility of AM for optimized samples. Three parameters, including critical overhang angle, 

voids, and sharp edge angle, were defined for this purpose. The effect of these features on the 

manufacturing process was modeled using MI, which provided a quantitative evaluation of 

AM fabrication for TO designs. Next, the obtained MI for all 275 samples was classified into 

three groups: Low Manufacturability (LM), Medium Manufacturability (MM), and High 

Manufacturability (HM) to provide an interpretable and easy decision-making framework for 

3D printing fabrication. 

    Three ML models were used to predict the manufacturability class for the datapoints. The 

results demonstrated that all models (KNN, Naive Bayes, and RF) predicted the true class 

with acceptable accuracy. However, the Naive Bayes algorithm presented the best 

performance with an overall accuracy of 92.73%. Furthermore, hyperparameter optimization 

using grid search and K-fold cross-validation improved prediction accuracy and avoided 

overfitting for all ML models. The findings of this study confirm the strong potential of ML 

techniques for rapid manufacturability prediction of topology-optimized structures in additive 

manufacturing. 

    For future studies, additional manufacturability factors such as residual stress, structural 

stiffness, thermal distortion, and geometric deviation during AM fabrication can be 

incorporated into the evaluation framework. Experimental fabrication and mechanical testing 

of structures with different MI  values, including tensile, fatigue, and fracture tests, can also 

provide a deeper understanding of the relationship between manufacturability and structural 

performance. Furthermore, deep learning models can be developed to directly analyze 

topology-optimized images and automatically improve the geometry by eliminating voids, 

rounding sharp edges, and minimizing residual stress generation during fabrication. 
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Abstract 

 In this work, the theoretical results on the effect of annealing time on the structural properties 

of sol-gel zinc oxide (ZnO) thin films of  150nm thick deposited on silicon substrates are 

presented. The theoretical approach has been developed to study the distribution of grain sizes 

during the crystallization step. The population balance equations (PBE) coupled with the 

Monte Carlo method (MC) have been used to simulated the grain size and pourcentage of 

crystallinty  evolution  in ZnO thin films annealed at temperature of 500°C  for two annealing 

times 60min and 90min respectively. The results show that the distribution of grain sizes in 

the film follows a Gaussian law. The highest crystallinty was obtained for thin film annealed 

at temperature of 500°C for 120min. with percentage of 50% is observed for the (002) 

orientation at 500 °C with a grain size of 23 nm. 

Keywords: ZnO, sol gel, grain size, PBE, Monte carlo,annealing time.  

 

I. Introduction  

The study of the growth of thin films of Zinc Oxide (ZnO) has become a rapidly 

developing area of research today. Due to the interesting properties of ZnO; as a 

semiconductor  with wide gap (3.37ev) and exciton binding energy (60meV) and high thermal 

stabilities  [1]thus making ZnO films a potential candidate used in various  fields of 

applications  including: solar cells[2],gas sensing[3], light emitting diodes (LEDs)[4]… etc.In 

addition to these advantageous properties, several chemical solution deposition (CSD), 

methods have been used for preparation  thin films such-as: spray pyrolysis[5], electro- 

deposition proces[6],   sol gel [7].The latter  has many advantages in producting thin films, 

such as : lower crystallization temperature, and homogeneous composition [8], low cost  

requiring less equipment[9]In the case of sol gel method,  thin film quality can be  affected by 

the experimental conditions sach as : sol concentration[10],aging time[11], nature of 

substrate[12],time of annealing[13], and annealing temperature[14].  Indeed, the thermal 

annealing is a method commonly used to improve the crystalline quality of the deposited thin 

film of ZnO. 

In these last years, a large number of researchers have studied the influence the effect of 

annealing conditions on, the structural properties such as; the grains size ,  its crystallinity, 

mailto:challat_leila@yahoo.fr
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and the structural defects of  the ZnO, thin films which are parameters important to take into 

account especially for optoelectronics applications [15].  

For example, S. H. Sabeeh, R. H. Jassam [16], have shown that that the crystalline quality of 

films improved with increasing post-annealing temperature,  witch  decrease energy band gap 

(3.28-3.22 ev). In addition, V. Kumar and al [17] have shown that the increasing of the 

annealing time reduces the mesh mismatch between the ZnO thin film and the silicon 

substrate, thereby improving the degree of crystallinity.  Thin films prepared by chemical 

solution deposition (CSD) methods, are obtained in the crystallization step by post deposition 

thermal annealing. This step is very important for the manufacture of thin films since it not 

only allows the growth of the grains but it can also cause changes in their crystal orientation 

[18] 

Accordingly, we chose to study the evolution of the size of grains during the stage of 

crystallization for thin films of ZnO prepared by the sol gel technique. Indeed this technique 

adapts for the realization of the homogeneous deposits on various substrates such as sapphire, 

glass and silicon [19]. However, However, changes in the effect of the annealing conditions, 

requires a high cost; the development of a theoretical approach to the first, is necessary.  

In this work, we have developed a theoretical approach to determine the evolution of grain 

size and crystallinity of  ZnO thin film during thermal annealing crystallization. Indeed, the 

population equilibrium model (PBE) is used to describe the distribution of grain size as a 

function of time. The thin-film microstructure is modeled by a discretized three-dimensional 

(3D) lattice in order to simulate the nucleation steps and grain We have chosen the direct 

Monte Carlo (MC) method for solving the population balance equation (PBE). the Monte 

Carlo method is a good option in the case of equations (PBE) including only the mechanism 

of nucleation and growth [20].  

II.  Physical phenomena 

In the case of thin films prepared by the sol gel method, the solution coated on a substrate, 

undergoes several steps such as evaporation of the solvent and decomposition of the precursor 

species by pyrolysis providing an amorphous structure. The transformation of the structure 

from its amorphous to crystalline state usually takes place in the thermal annealing step. This 

transformation is governed through two successive mechanisms: nucleation and grain growth, 

and thus the competition of these two mechanisms. 

The nucleation and growth mechanisms start on the surface of the substrate before 

propagating to the bulk. Indeed, the theory of nucleation and growth has been widely applied 

as a typical approach to understand the crystallization behavior[21]. 

To study the growth phenomenon, a three-dimensional (3D) thin film structure of ZnO is 

illustrated  in figure 1, were  (Lx),  (Ly) and (h)  are with , length   and  thickness of ZnO 

structure respectively. The three-dimensional structure was discretized into voxels of  (1nm3)   

in volume which means the initial volume of grains. We limited the possible crystallographic 

orientations to the three directions, (002), (101), (100) which are more frequently illustrated in 

the characterization of phase in ZnO thin films prepared by sol gel method. 
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Fig. 1: Simulated structure 

 

III.  Theoretical model 

The grain size in the crystallization process is given by the Population Balance Equation (PBE) 

derived by the general formula below[22]: 
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This general equation describes the number density of grain (n) of size (g),   at a time (t) 

according to different phenomena such as: the growth (G), aggregation (Qagg), breakage (Qbreak) 

and nucleation (Qnuc). 

We assume that nucleation and growth phenomena are dominant in thin film crystallization 

So, all other effects are neglected.   Therefore, equation (1) will be reduced to: 
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Nucleation mechanism 

We assume that the nucleation rate is depending on temperature, while the growth rate depends  

on both the grain size and temperature: 

)(TBnucQ = , and ),( TgGG=               (3) 

B, G are nucleation and growth rates, respectively.  

The nucleation rate is given by [22]: 
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Where,n is the vibrational frequency, N is the number of atoms (molecules) per unit volume, 

γac the interfacial area between the nuclei and the parent amorphous phase Vm is the molar 

volume .ΔHf is the enthalpy of fusion, Tm is the melting temperature, and  T  is the processing 

temperature. Ea is the activation energy for atomic jump. R is perfect gas constant. 

 

Growth mechanism 

 

After, the formation of nucleus in amorphous phase the grain growth occurs in two stages; an 

amorphous phase growth followed by an elimination of grain boundaries between grains in the 

crystalline structure form. 

For grain growth in amorphous phase, growth rate (G) is given by [22] : 
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 Where ΔGe λ,g, g  ,h ,γgb , γi , γs; are the elastic strain energy jump distance , average grain 

radius, grain radius, thin film thickness, grain boundary energy,  interfacial energy, surface 

energy,  respectively. 

The distance of the jump λ is defined as a function of the molar volume as follows: 
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Where, NA is Avogadro number. 

For grain growth in a polycrystalline structure the growth rate (G) is given by : 
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 (7)            

Δγic = γi{hkl}-γi{h’k’l’} (Δγsc= γs{hkl}-γs{h’k’l’}) are the difference in interfacial energies 

between the substrate (surface) and different grain orientations with (hkl) planes in  thin film.  

 

Equation (2), satisfy the following initial condition: 

n (g,0)=n0(g), where;  n0 (g) is  the initial density of grains. 
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IV.  Results and discussion 

The study of grain size evolution as a function of annealing time is an important step in 

understanding the grain growth law in thin films. Figure (2.a and b), show the evolution of the 

average grain size and the crystallinity percentage in the case of three orientations 

(002),(001),(101) for two annealing times of  90min, and 120min at a temperature of 500 °C. 

 

 

Fig.2: Evolution of the average size and the crystallinity percentage for annealing times of: 

(a) 90 min and (b) 120 min at a constant temperature of T = 500°C 

 

It is observed that the grain size increases significantly with annealing time and then slowly 

when the time exceeds 10 min. This indicates that the evolution of the growth mechanism 

follows an exponential law. As shown in Figure 2, the grain size and crystallinity increase 

considerably as a function of temperature.In thes case of thin film annealed at 120min a high 

crystallinity percentage of 50% is observed for the (002) orientation at 500 °C with a grain 

size of 23 nm , which shows that this orientation requires the lowest formation energy [23]. 

further confirming that this direction constitutes a preferential growth orientation. thereby 

promoting the development of high-quality ZnO thin films. With respect to the crystallinity 

percentage. The decrease in crystallinity is probably due to the emergence of other 

orientations, such as the (100) and (101) orientations.  

 

The grain growth mechanism during the crystallization of ZnO thin films has only been 

studied by N. Bouhssira et al. [24] 

The authors demonstrated that the parabolic grain growth model accurately describes the 

experimental grain size data of ZnO obtained by DC magnetron sputtering. The agreement 

between the model and the experimental results made it possible to predict the evolution of 
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grain size as a function of annealing time and temperature. However, no information 

regarding the microstructural evolution during the annealing process was mentioned. Figure 3 

show the Grain size distribution in ZnO thin film at different annealing times of: 90 min and 

120 min respectively. 

 

Fig. 3: Grain size distribution in ZnO thin films at different annealing times of: 90 min and 

120 min at 500°C. 

In figure (3) we have represented the grain size distribution in the ZnO layer for different 

annealing times. The simulation results show that the grain size distribution follows a 

Gaussian law as a function of grain size, and that the crystallite size increases with annealing 

time. This confirms our assumption in the development of the theoretical model. 

In this section, we have also simulated the nucleation and growth of the ZnO thin film 

deposited on a monocrystalline silicon substrate. Figure 4  and figure (5) presents the 

microstructure of the thin films annealed at 90 min and 120 min. 

 

 

 

 

 

 

 

 

 

Fig. 4: Representation of the microstructure of the ZnO layer annealed at 500°C for 90 min for 

the three orientations: Red (100), Green (101), Blue (002). 
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Fig. 5: Representation of the microstructure of the ZnO layer annealed at 500°C for  120 min 

for the three orientations: Red (100), Green (101), Blue (002). 

 

V. Conclusion 

This study focused on grain growth in ZnO sol-gel thin films during crystallization in the 

annealing step. A theoretical approach based on the Population Balance Equation (PBE) was 

formulated to describe the grain size distribution during the crystallization step as a function 

of post-deposition annealing conditions. The theoretical model was developed for ZnO thin 

films synthesized by the sol-gel method on silicon substrates with a thickness of 

approximately 150 nm. This study examined the optimization process of the annealing 

conditions of ZnO films by adopting appropriate annealing time values in order to obtain 

good quality thin films using the Monte Carlo (MC) simulation method. 
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ABSTRACT 

This study investigates the role of grain boundaries in irradiation-induced defect evolution in 

Beryllium using molecular dynamics simulations.  Beryllium remains under consideration as 

an attractive material for next generation of nuclear reactors. Beryllium stands out as one of 

the candidate materials for the first wall and neutron multiplier in plasma facing components. 

Displacement cascades in single crystal and bi-crystal models of Beryllium were simulated 

using molecular dynamics simulation. The Wigner-Seitz criterion was used to visualize and 

identify the generated point defects. In the single crystal models, the generated Frenkel pairs 

were primarily concentrated at the centre of the simulation box, with vacancies surrounded by 

a shell of interstitials. In contrast, in the bi-crystal models, a significant portion of the Frenkel 

pairs migrated and accumulated within the grain boundary region. Notably, the grain 

boundary acted as a sink, preferentially absorbing more interstitials than vacancies.  

Keywords: Beryllium; Molecular Dynamics; Displacement Cascade; Grain Boundary; 

Frenkel Pairs. 

Highlights 

¶ Grain boundary traps irradiation-induced defects in Beryllium 

¶ Frenkel pair population is a function of PKA energy 

¶ Bi-crystal models have more defects compared to single crystals 

¶ Grain boundary traps have a preference for interstitials 

1 INTRODUCTION  

Plasma facing components are exposed to harsh environmental conditions during the reactor 

lifetime. The components should protect vessel structure from radiation induced damage, 

withstand the neutron flux during the reactor lifetime, and not to become a radioactive 

material  [1–4]. Candidate materials for plasma facing components, such as Tungsten, 

Beryllium, and Carbon have been studied before  [5–7]. For instance, Tungsten is a candidate 

material for the divertor component, while Beryllium is still considered as a choice and a 

candidate material for the first wall component  [8,9].  However, carbon has been eliminated 

as a potential candidate, since it has a high erosion rate and limited lifetime  [10,11]. Fig. 1 

shows the location of the first wall and divertor in the main plasma chamber of the 

ITER [12,13]. Beryllium with its low atomic number has a high thermal conductivity, reduces 

swelling under irradiation, high sputtering resistance, and low radioactivity and erosion. 

These properties are needed in the nuclear fusion reactors as first wall components are 

exposed to the plasma within which nuclear fusion occurs  [14–16]. The particles from 
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neutron irradiation bombard the material resulting in a series of displacement cascades 

through the material structure which affect the service life of the reactor structure  [17,18].  

There have been very limited studies on irradiation induced damage in Beryllium. Borodin et 

al.  [19] studied the cascade damage production in Beryllium using relatively low primary 

recoil energies. They concluded that there is a remarkable difference in damage between 

Beryllium and heavy metals. Wang et al.  [20] conducted an extensive study on irradiated 

Beryllium and Beryllium alloy using experimental and simulation approaches; by using 

molecular dynamics simulation technique, they found that helium atoms can move more 

easily than hydrogen atoms through the Beryllium lattice due to low migration energy. Hou et 

al.  [21] investigated the irradiation damage accumulation processes of BeO at different 

temperatures. They found that increasing the irradiation temperature decreases the produced 

Frenkel pairs, while dislocations mainly occur at irradiation temperature above 873 K.  

In this study, Molecular dynamics simulation is used to simulate displacement cascade in 

models of single crystal and bi-crystal structures of Beryllium.  A visualization technique is 

used to investigate and observe the displacement cascade evolution and the generated point 

defects. The Wigner-Seitz cell criterion along with DXA algorithm were used to identify and 

classify the generated point defects. 

  

Fig. 1. The main plasma chamber for first wall (FW) and divertor in the ITER  [12]. 

2 METHODS & MATERIALS  

The Molecular Dynamics (MD) simulation package, LAMMPS  [22], was used to simulate 

the irradiation induced damage in single crystal and bi-crystal models. The Embedded Atom 

Model (EAM) interatomic potential  [23] is used to build and simulate different structures of 

Beryllium. This EAM potential is highly appropriate for irradiation induced damage 

simulations and is stiffened for short ranges of atomic distances. Among MEAM, Finnis–

Sinclair, and Tersoff, the EAM interatomic potential is found to deliver the most reasonable 

predictions for irradiation induced damage simulations  [24]. The Beryllium (Be) has an HCP 

structure with a lattice constant equal to 2.3 Å and an axial ratio (c/a) of 1.568  [23]. A 

visualization software, OVITO  [25], is used to elucidate the displacement cascade evolution 

and the generated Frenkel pairs. The single model is built with πρρπ [0001] πςρπ  
crystallographic directions, while the bi-crystal model is built with a grain boundary 

First wall 
Divertor 
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(henceforth, GB) of Σ7-(0001) structure. Each simulation model was constructed with 

dimensions of approximately 170 Å in the x, y, and z directions containing a total of around 

500,000 ~ 600,000 atoms (Table 1).  

 

Table 1. Simulation details. 

 

Boundary  

Type 

Crystal  

Orientation  

PKA energy  

(keV) 

Number 

of atoms 

Single  

Crystal 

        πρρπ 

        [πππρ] 

πςρπ  

5 keV 

10 keV 

510,324  

620,599 

Bi- 

Crystal 

Σ7 (0001)  5 keV 

10 keV 

552,285 

650,150 

 

Fig. 2 shows the single and bi- crystal models used in the simulations. The GB is positioned at 

the centre of the simulation box, dividing the model into two equal halves. Periodic boundary 

conditions were applied in all directions. Before initiating the cascade, each block is relaxed 

using a conjugate gradient energy minimization method, then thermally equilibrated at 600 K. 

The displacement cascade is initiated in each simulation model by imparting kinetic energies 

(i.e., 5 and 10 keV) into a primary-knock-on-atom (PKA) at the centre of single crystal 

models, and along a direction perpendicular to the GB in bi-crystal models. The displacement 

cascade is initiated in the centre of the simulation box, so the cascade will not exceed the box 

limits or overlap. Each simulation is repeated five times for reliable statistics. 

 

 

Fig. 2. (a) single crystal model with πρρπ [0001] πςρπ directions, and (b) bi-crystal 

model with Σ7(0001) GB crystallographic structure with a rotating angle of 22°. 

3 RESULTS AND DISCUSSION 

The displacement cascade evolution is divided into four stages: initiation, thermal spike, 

recombination, and stable defects. Fig. 3 shows the four stages of displacement cascade 

evolution in a single crystal model. Once the displacement cascade is fully developed and 

reached the thermal spike (Fig. 3(b)), the energy starts to dissipate through the structure and 

the generated point defects start to recombine with their original lattice positions (Fig. 3(c)). 

Some of these atoms fail to recombine and stay in the lattice structure as permanent defects 

(i.e., Frenkel pairs), as shown in Fig.3(d). The displacement cascade became stable around 20 

ps with minimal fluctuations. The number of residual Frenkel-pairs is counted by taking the 
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average of residual point defects from 20 ps to 28 ps. The Wigner-Seitz method identifies the 

point defects into vacancies (i.e., blue points in Fig. 3) and SIAs (i.e., green points in Fig. 3).  

It is worth noting that during thermal spike (Fig. 3(b)) some atoms form di-interstitials (i.e., 

red points in Fig. 3). In single crystal, where no interfaces or defects present, the generated 

point defects recombine back to their original lattice sites easily; thus, no di- or cluster of 

interstitials/SIAs forms at the end of the displacement cascade. Moreover, the vacancies 

accumulate in the core of the simulation box, while the SIAs surround the vacancies as an 

outside shell. These findings coincide with  [19], where they found that: (i) vacancies tend to 

accumulate in the core while surrounded by a shell of interstitials, and (ii) di-interstitials move 

even faster than single interstitials with high recombination rate.  

 

 

 

 

 

 

 

Fig. 3. Cascade evolution of single crystal model with 5 keV: (a) cascade initiation with PKA 

in a direction along [0001], (b) thermal spike phase, (c) recombination phase, and (d) stable 

defects phase. The blue and green points represent vacancies and self-interstitials atoms, 

respectively. 

 

The number of permanent Frenkel pairs (i.e., vacancies or SIAs) increased with increasing 

PKA energy. In the simulation models using 10 keV, the number of vacancies increased by 

approximately 80% compared to those generated at 5 keV for single crystal models (Fig. 4). 

 

 

PKA 
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Fig. 4. The evolution of displacement cascade in single crystal model with a PKA energy of 5 

keV and 10 keV. 

 

In bi-crystal models, the PKA location was selected perpendicularly above the GB with a 

distance equal to 30% of the total length of the upper half of the crystal as shown in Fig. 5 (a). 

Using this setup ensures that the cascade will be penetrated fully through the GB. Once the 

PKA imparted with high energy, the atoms start to displace from their original lattice sites to 

form a collection of point defects and reach the maximum at thermal spike stage (Fig. 5(b)).  

Just after the thermal spike, the atoms start to recombine with their original lattice positions. 

Some atoms fail to recombine and stay in and around the GB structure as permanent defects 

(Fig. 5(d)).      

 

 

 
 

Fig. 5. Displacement cascade evolution in bi-crystal model. (a) The location of PKA from 

GB, (b) the cascade initiation stage, (c) the fully developed cascade at thermal spike stage, 

PKA location 
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and (d) the residual vacancies/SIAs at the end of the cascade [where blue points represent 

vacancies, green points represent SIAs, and red points represent di- and tri- interstitials]. 

 

As in single crystal model, the number of vacancies/SIAs in bi-crystal models also increases 

with rising PKA energy. For instance, in the simulation of bi-crystal models at 10 keV, the 

number of generated vacancies increased by approximately 60% compared to those produced 

at 5 keV at the end of simulation cascade (Fig. 6). For instance, at the thermal spike stage, the 

number of generated point defects in single crystal models (i.e., ~ 1500 vacancies/SIAs) is 

almost double the number of generated point defects in bi-crystal models (i.e., ~800 

vacancies/SIAs). The presence of GB hinders the development of the displacement cascade; 

thus, a small number of vacancies/SIAs is generated. Although the grain boundary suppresses 

cascade expansion at the thermal spike stage, it promotes the retention of residual defects by 

trapping surviving point defects. 

 
 

Fig. 6. The evolution of displacement cascade in Σ7 bi-crystal model with a PKA energy of 5 

keV and 10 keV. 

 

The grain boundary acts as a sink to trap vacancies/SIAs toward the grain boundary area. The 

grain boundary seems to absorb more interstitials over vacancies, in which the latter is 

distributed around the GB region, as shown in Fig. 7. The higher binding energy at most of 

the GB structure creates an energetic driving force that tend to accumulate SIAs over 

vacancies. The PKA distance from the grain boundary, the grain boundary misorientation 

angle, the grain boundary energy, and the stress field in the grain boundary have a significant 

effect on the generated point defects statistics  [26]. The models with GB have a higher 

number of defects compared with single crystal models. As mentioned earlier, the number of 

vacancies/SIAs are higher in bi-crystal models due to the presence of GB. The number of 

vacancies/SIAs is two times higher in bi-crystal structures compared with single crystal 

structures for the same PKA energy.  
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Fig. 7. The residual point defects inside and around the GB at the end of the displacement 

cascade. Blue points represent vacancies, green points represent interstitials, and red points 

represent di- and tri- interstitials. 

 

Fig. 8 shows the changes in produced vacancies for PKA energies of 5 and 10 keV. The values 

of generated point defects have been fitted using an empirical power equation [27]. Moreover, 

our findings coincide with Wang et al.  [20] experimental findings, where they found that 

Beryllium alloys exhibit superior service performance compared to pure Beryllium, making 

them highly suitable as candidate materials for fusion reactor applications. These preliminary 

findings underscore the significance of employing grain boundary engineering (GBE) to 

structural materials for the next generation of nuclear reactors.  

 

 
 

Fig. 8. The empirical power relation for generated vacancies for different PKA energies for 

bi-crystal and single crystal structures of Beryllium. 
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4 CONCLUSION 

In this study we examined single crystal and bi-crystal models of Beryllium under irradiation 

induced damage using molecular dynamics simulation. The displacement cascade evolution 

was examined and observed during the simulation process. The produced Frenkel pairs was 

counted and classified into vacancies, SIAs, and di-interstitials. The number of Frenkel pairs 

increased by 80% when the energy increased from 5 to 10 keV for single crystal models. 

While the numbers increased by 60% when the energy increased from 5 to 10 keV for bi-

crystal models. The GB acts as a sink for generated vacancies/SIAs at the end of displacement 

cascade. The GB absorbed more SIAs than vacancies while vacancies tend to accumulate 

around the GB area. These preliminary findings highlight the role of grain boundary 

engineering on designing the plasma facing material (i.e., Beryllium) for next generation of 

first wall components in nuclear reactors. 
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Abstract 

This study investigates the corrosion behavior and tribological performance of polymer matrix 

friction composites reinforced with brass machining chips under simulated saline 

environments. The composite formulation consisted of phenolic resin, barite, Al2O3, SiO2, 

synthetic wollastonite, Pb, Sn, Cu–graphite, MgS, MoO₃, and CuZn30 brass chips. Corrosion 

tests were conducted by immersing specimens in a 3.5 wt.% NaCl solution at temperatures of 

21 and 45 °C for exposure periods of 7 and 14 days. Corrosion rates were determined using 

the weight-loss method and statistically analyzed through Taguchi design of experiments, 

signal-to-noise ratio analysis, regression modeling, ANOVA, and response surface 

methodology. The results revealed that temperature was the dominant factor affecting 

corrosion behavior, contributing 94.3% of the total variation, while immersion time had a 

comparatively minor and statistically insignificant effect. The highest corrosion rate (8.77 

mm/year) was recorded at 45 °C after 7 days of exposure. Optical microscopyrevealed 

localized pitting, surface roughening, corrosion product formation, and partial interfacial 

degradation around metallic inclusions, particularly brass chips and copper-containing phases. 

Post-corrosion tribological tests performed on an MMW-1 pin-on-disc tribometer showed a 

reduction in the average friction coefficient from approximately 0.386 for the non-corroded 

composite to 0.352 after corrosion, accompanied by increased friction fluctuations. The 

deterioration in friction performance was associated with corrosion-induced surface damage, 

filler degradation, and disruption of tribofilm stability during sliding. Nevertheless, the 

composite retained its structural integrity and frictional functionality without catastrophic 

failure, demonstrating good resistance to combined corrosive and tribological degradation. 

These findings provide valuable insights into the degradation mechanisms of metal-containing 

polymer friction composites and support the development of more durable friction materials 

for operation in aggressive industrial and marine environments. 

 

Keywords: Polymer, composites, immersion test, corrosion, degradation, regression analysis.  

 

 

1 Introduction  

 

Polymeric composites have become integral to modern engineering applications due to their 

advantageous combination of lightweight structure, high mechanical strength, and inherent 

resistance to corrosion [1,2]. These materials are widely used in sectors such as transportation, 

oil and gas, marine, and aerospace, where exposure to harsh environments is frequent [3]. To 

enhance specific properties - such as thermal stability, wear resistance, and load-bearing 

capacity - metallic reinforcements are often introduced into the polymer matrix [4]. Brass 

machining chips, in particular, have been explored as low-cost and effective reinforcements 

mailto:fikratyusub@gmail.com


52 
 

due to their good thermal conductivity and mechanical compatibility with polymeric binders 

[5,6]. 

However, the incorporation of metallic fillers modifies the electrochemical behavior of 

polymer composites due to the inherent reactivity of the metals [7]. Although polymer 

composites are generally corrosion-resistant, the presence of certain amounts of metallic 

components can significantly affect their surface structure in corrosive environments [8,9]. 

This issue is particularly relevant for friction systems, where metallic fillers interact with 

moisture, salts, and acidic residues [10]. In corrosive media - such as acidic or saline 

environments, these friction materials are prone to complex degradation mechanisms, 

including micro-galvanic corrosion, localized matrix breakdown, and filler detachment [11]. 

These processes result in visible and measurable microstructural changes such as cracking, 

interfacial debonding, porosity formation, and surface pitting. Over time, such deterioration 

compromises both the mechanical integrity and service lifespan of the composite [12].  

Current studies primarily address the corrosion of brake discs [13–15] and metal 

matrix composites [16–18], whereas the corrosion behavior of polymer matrix friction 

composites remains insufficiently investigated. In particular, investigations into the combined 

effects of corrosive environments and microstructural degradation on the tribological 

properties of these composites are almost nonexistent, despite their growing industrial 

importance.  

This study investigates the behavior of polymer composites reinforced with brass 

machining chips under simulated corrosive conditions. Samples were immersed in a saline 

environment, and the resulting damage was analyzed using optical microscopy. The research 

aims to elucidate the dominant structural degradation mechanisms and to evaluate the 

influence of brass inclusions and other metallic constituents on corrosion progression and 

wear behavior. The findings are intended to contribute to the development of more durable 

and corrosion-tolerant composite systems for demanding industrial applications. 

 

2 Experimental 

2.1 Materials  

 

The polymer matrix composites were formulated with the following weight percentages: 25% 

barite, 25% phenolic resin, 7% aluminum oxide (Al₂O₃), 5% synthetic wollastonite, 10% lead 

(Pb), 10% tin (Sn), 7% copper–graphite mixture (consisting of 80% Cu and 20% C), and 5% 

silicon dioxide (SiO₂). Additionally, minor amounts of magnesium disulfide (MgS) and 

molybdenum oxide (MoO₃) were introduced to enhance frictional properties. Brass machining 

chips (L68 brass (CuZn30)) were incorporated as a reinforcing alloying element (Fig. 1). The 

powder constituents were blended using ball milling and dry mechanical mixing to ensure 

homogeneous dispersion. The mixed powder was then pre-formed under a uniaxial pressure 

of 10 MPa, followed by hot pressing at 25.5 MPa to consolidate the composite structure. 

 

                         
                                             (а)                                                                        (b)                                       
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Fig.1. Brass machning chips after grinding: (a) general appearance, (b) optical microscopy 

image 

 

2.2 Design of experiment (DOE) 

 

A standard Taguchi L8(22) orthogonal array was employed to design the experimental matrix. 

This array is appropriate for evaluating two factors at two levels each and requires a total of 

eight experimental runs. Temperature and time were selected as the input variables, with their 

respective levels summarized in Table 1. In the Taguchi method, experimental results are 

transformed into a signal-to-noise (S/N) ratio to assess performance variability. Since the aim 

of the study was to minimize the corrosion rate, the "smaller-the-better" quality criterion was 

adopted. The S/N ratios were calculated using the following Equation (1): 
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where y is observed data for the given input level, n is number of experiments. Each 

experimental condition was performed in duplicate to evaluate reproducibility and estimate 

variability. These replicates allowed for accurate computation of signal-to-noise ratios and 

standard deviations, which are essential for robust analysis using the Taguchi method. 

 

Table 1. Input variables and their levels  

№ Variables 
Levels 

I II  

1 Time (days) 7 14 

2 Temperature (°C) 21 45 

 

 

2.3 Experimental test setup for corrosion 

 

Corrosion behavior of the polymer composites was assessed using the immersion test method. 

Specimens were fully immersed in a 3.5 wt.% NaCl aqueous solution at room temperature 

(approximately 21 ± 1 °C) to simulate a marine-like corrosive environment. The duration of 

exposure varied between 7 and 14 days, depending on the experimental design parameters. 

Test specimens were prepared with uniform dimensions of 22,1 mm×15,2 mm×7,6 mm, and 

the exposed surface area was recorded for accurate corrosion rate calculation (Fig. 2.). Prior to 

immersion, samples were cleaned, dried, and weighed using an analytical balance with 0.1 mg 

precision. After exposure, specimens were removed, rinsed with distilled water, dried, and 

weighed again to determine mass loss. 

 

(1) 
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Fig. 2. Dimensions of the polymer composite sample used for corrosion evaluation 

The corrosion rate (in mm/year) was calculated using the standard weight loss method 

according to the following Equation (2): 

ὅέὶὶέίὭέὲ ὶὥὸὩ άάȾώὩὥὶ
ψχȟφ ὡ

” ὃ Ὕ
 

 

Where ὡ is the weight loss in milligrams (mg), ρ is the material density in g/cm³, ὃ is the 

exposed surface area in cm², and Ὕ is the exposure time in hours. The constant 87.6 converts 

the result to a corrosion rate in mm/year. 

 

2.4 Experimental test setup for wear 

 

After completion of corrosion exposure, cylindrical pin specimens with dimensions of 12.7 

mm in height and 4.8 mm in diameter were carefully extracted from the corroded samples 

using low-speed diamond cutting. The frictional contact surface corresponded to the 

originally corroded face, and no polishing was applied in order to preserve the corrosion-

induced surface layer. These specimens were subsequently used for post-corrosion friction 

testing to evaluate the influence of corrosion damage on tribological performance.  

The friction experiments were conducted on a vertical MMW-1 tribometer operating in 

a pin-on-disc mode at a rotational speed of 500 rpm under a constant normal load of 50 N for 

a total duration of 700 s. During the tests, the normal load (F) was applied upward from the 

AISI 4140 steel disc onto the cylindrical composite pin, which rotated in a clockwise direction 

(Fig.3). 

 
Fig. 3: Schematic illustration of the pin-on-disc test configuration 

(1) composite pin, (2) wear track, (3) steel disc 

 

3 Results and discussion 

 

3.1 Corrosion test results 

 

(2) 
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Table 2 presents the signal-to-noise (S/N) ratios for corrosion rate based on the "smaller is 

better" criterion. Temperature shows a stronger effect (Δ = 0.43, Rank 1) compared to time (Δ 

= 0.06, Rank 2), indicating that temperature is the dominant factor influencing corrosion. The 

more negative S/N ratio at higher temperatures suggests increased corrosion, which aligns 

with the regression results. This effect is likely due to the enhanced reactivity of metallic 

components such as Pb, Sn, Cu, and brass chips at elevated temperatures. 

 

Table 2. Response table for signal to noise ratios for smaller is better 

Level Temperature (°C) Time (days) 

1 -18.39 -18.57 

2 -18.82 -18.64 

Delta (Δ) 0.43 0.06 

Rank 1 2 

 

Table 3 summarizes the experimental design and corrosion test results, showing corrosion 

rates measured at two temperatures (21°C and 45°C) and two exposure times (7 and 14 days). 

Experiments 1–2, 3–4, 5–6, and 7–8 are replicates under identical conditions. The S/N ratio 

and standard deviation were calculated from the replicate measurements. 

 

Table 3. Experimental design and results of the corrosion test 

Exp. 

№ 

Temperature 

(°C) 

Time 

(days) 

Corrosion Rate 

(mm/year) 
S/N Ratio (dB) StDev 

1 21 7 8.25 -18.3238 0.0070711 

2 21 7 8.24   

3 21 14 8.35 -18.4597 0.0353553 

4 21 14 8.40   

5 45 7 8.70 -18.8253 0.0494975 

6 45 7 8.77   

7 45 14 8.73 -18.8103 0.0141421 

8 45 14 8.71   

 

The corrosion rate increases with temperature, reaching a maximum of 8.77 mm/year at 45°C 

and 7 days. Although longer exposure time generally increases total material loss, the 

corrosion rate does not necessarily increase with time. In the present study, the maximum 

corrosion rate was observed at 45 °C after 7 days, which can be attributed to the initial active 

corrosion stage and the absence of protective corrosion products. At longer exposure times 

(14 days), the formation of corrosion products likely reduced the availability of active sites, 

resulting in a slightly lower apparent corrosion rate. Variability within repeated measurements 

is low, as indicated by small standard deviations and consistent signal-to-noise (S/N) ratios. 

Table 4 presents the regression results modeling the corrosion rate of the composite 

material as a function of temperature and exposure time. The derived Equation (3) is: 

 

Corrosion rate (mm/year) =7.8584 + 0.01740 Temperature (°C) + 0.00821 Time (days) (3)     

                                             

The constant term (7.8584) reflects the base corrosion rate under reference conditions, while 

the positive coefficient for temperature (0.01740) indicates a significant increase in corrosion 

rate with rising temperature. This relationship is supported by a low standard error (0.00158), 

a high t-value (10.98), and a highly significant p-value (< 0.001). In contrast, the effect of 

exposure time is relatively weak and statistically insignificant (p = 0.191), suggesting that 
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within the tested range, time alone does not strongly influence corrosion progression. Both 

variables have VIF values of 1.00, confirming no multicollinearity and ensuring model 

reliability. 

 

Table 4: Regression coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 7.8584 0.0797 98.62 0.000  

Temperature (°C) 0.01740 0.00158 10.98 0.000 1.00 

Time (days) 0.00821 0.00543 1.51 0.191 1.00 

 

The observed sensitivity of corrosion rate to temperature can be explained by the 

presence of metallic components within the composite formulation, such as lead (Pb), tin 

(Sn), copper (in the Cu–graphite mixture), and brass machining chips. These metals are more 

prone to electrochemical activity in elevated temperature environments, which accelerates 

surface degradation. Additionally, the inclusion of aluminum oxide (Al2O3), silicon dioxide 

(SiO2), and synthetic wollastonite offers some resistance to wear and corrosion; however, 

their protective effect may be diminished as temperature increases and the metal-rich phases 

become more reactive. Minor additives like magnesium disulfide (MgS) and molybdenum 

oxide (MoO3) are included to enhance tribological properties but may also participate in 

surface reactions under thermal and corrosive stress. 

Fig. 4 presents optical images of the corroded surfaces of the composite after exposure 

to corrosive environments at (a) 21 °C and (b) 45 °C. The surface exposed to 21 °C (Figure 

4a) shows moderate corrosion with relatively finer degradation patterns and localized 

discoloration. 

 

         
                       (a)                                                                          (b) 

Fig. 4. Optical images of corroded surfaces at (a) 21 °C and (b) 45 °C 

 

In contrast, the surface at 45 °C (Fig. 4b) exhibits more severe and widespread 

damage, including deeper pitting and extensive surface roughening. This intensified corrosion 

at higher temperature is consistent with the statistical results presented previously. The higher 

temperature promotes greater oxidation and surface degradation, resulting in deeper pits and 

increased surface roughness. These metals are electrochemically active and prone to 

accelerated oxidation at elevated temperatures. The formation of corrosion products and 

surface deterioration is more pronounced as temperature enhances the reactivity of these 

metal phases.  

To better elucidate the corrosion behavior under conditions of 45 °C and 7 days, the 

same region of the sample was examined by optical microscopy before and after corrosion 
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exposure. As shown in Fig. 5, the pre-corrosion microstructure is characterized by numerous 

shiny metallic features, predominantly associated with brass machining chips and other 

metallic constituents uniformly dispersed within the phenolic resin matrix (Fig. 5a). In the 

micrographs, white arrows indicate metallic phases, while red arrows denote brass chips. 

These bright regions correspond to exposed and intact metallic surfaces, reflecting effective 

polishing as well as the good electrical and thermal conductivity typical of brass. The high 

density of shiny features suggests a uniform dispersion of metallic phases and effective 

consolidation during the hot-pressing process. 

After corrosion, the number and intensity of shiny regions are markedly reduced (Fig. 

5b). The metallic inclusions exhibit surface darkening and uneven contrast, consistent with 

the formation of corrosion products. Local interfacial degradation, including micro-voids and 

partial debonding, becomes evident around the brass chips. The loss of metallic luster 

indicates chemical alteration of the brass surface, likely involving oxidation and selective zinc 

dissolution. These changes negatively affect interfacial integrity and promote the generation 

of third-body debris, leading to increased wear and friction instability [19]. 

 

        
                              (a)                                                                                (b)   

Fig. 5. Surface micrographs of the friction composite sample: (a) before corrosion, (b) after 

corrosion 

 

The 3D response surface plot (Fig. 6) illustrates the combined effect of temperature 

(°C) and immersion time (days) on the corrosion rate (mm/year) of the tested material.  

 
Fig. 6. 3D surface plot for corrosion rate 

 

R2= 96,09% 
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The model shows a high coefficient of determination (R2 = 96.09%), indicating an excellent 

fit and suggesting that the selected variables account for the majority of the variation in the 

corrosion rate. As the surface gradient indicates, the corrosion rate increases steadily with 

temperature while the influence of immersion time appears less pronounced, especially at 

higher temperatures. 

This trend can be confirmed by the Pareto chart of standardized effects which 

quantitatively supports the observed relationship (Fig. 7). The chart reveals that temperature 

(factor A) has a significantly larger standardized effect on corrosion rate compared to 

immersion time (factor B). The vertical red line at 2.57 represents the t-value threshold for 

statistical significance at a 95% confidence level. While the effect of temperature clearly 

exceeds this threshold, time remains below it, indicating that temperature is the dominant 

factor influencing corrosion behavior under the tested conditions.  

 

 
Fig. 7. Pareto chart for standardized effects 

 

The ANOVA results in Table 5 confirm the significance of the regression model in 

explaining corrosion rate variations, with 96.09% of the total variation accounted for by 

temperature and time (p < 0.001). Temperature is the dominant factor, contributing 94.3% of 

the variation and showing a highly significant effect (F = 120.52, p < 0.001). Time, however, 

contributes only 1.79% and is not statistically significant (p = 0.191). The error accounts for 

just 3.91% of the total variation. A significant lack-of-fit (p = 0.031) suggests some model 

limitations, possibly due to experimental variability or unmodeled factors. 

 

Table 5. ANOVA results 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 

Regression 2 0.355225 96.09% 0.355225 0.177613 61.40 0.000 

Temperature (°C) 1 0.348612 94.30% 0.348612 0.348612 120.52 0.000 

Time (days) 1 0.006613 1.79% 0.006613 0.006613 2.29 0.191 

Error 5 0.014462 3.91% 0.014462 0.002892   

Lack-of-Fit 1 0.010512 2.84% 0.010512 0.010512 10.65 0.031 

Pure Error 4 0.003950 1.07% 0.003950 0.000988   

Total 7 0.369687 100.00%     

 

The interaction plot reveals the combined effects of temperature and time on the response 

variable (Fig. 8). A pronounced downward trend is observed as the temperature increases from 
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21 °C to 45 °C, indicating that temperature has a strong influence on the response. In contrast, 

changes in time from 7 to 14 days produce only slight variations in the response, suggesting 

that time has a comparatively minor effect. The non-parallel nature of the lines implies a weak 

interaction between temperature and time; however, this interaction does not appear to be 

significant. Overall, the plot confirms that temperature is the dominant factor affecting the 

response, while time plays a secondary role. 

 
Fig. 8. Interaction plot for SN ratios data means 

 

Figure 9 displays the probability plot for the corrosion rate, showing that the data points 

closely follow the normal distribution line and fall within the confidence limits.  

 

 
 

Fig. 9.Probability plot for corrosion rate 

 

The p-value of 0.058 indicates that the data do not significantly deviate from normality at the 

5% level, supporting the use of parametric analysis. The mean corrosion rate is 

8.519 mm/year with a standard deviation of 0.2298, indicating a consistent and reliable 

dataset for further evaluation. 
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3.2 Friction test results 

 

For the friction tests, a non-corroded sample and a sample corroded under the most severe 

condition (45 °C for 7 days) were selected and comparatively evaluated (Fig. 10). For the 

non-corroded composite, the friction coefficient fluctuates around a mean value of ~0.385 

with relatively uniform oscillations throughout the test duration. This stability can be 

attributed to the well-balanced formulation of the composite, where hard ceramic fillers 

(Al 2O3, SiO2), solid lubricants (Cu–graphite, MoO3, MgS), and metallic constituents (Pb, Sn, 

brass chips) collectively promote the formation of a stable and continuous tribofilm. 

 

 
Fig.10. Effect of corrosion on the friction coefficient behavior of brake friction composites 

 

 In contrast, the corroded composite exhibits a slightly lower average coefficient of friction 

(~0.352) and greater fluctuations.This behavior is primarily associated with corrosion-induced 

surface degradation. Immersion in 3.5 wt.% NaCl solution leads to partial matrix swelling, 

leaching of metallic phases (especially Pb and Sn), and localized micro-pitting around brass 

and copper-containing regions. These effects disrupt the continuity of the tribofilm and reduce 

the effective real contact area during sliding. The observed friction instability in the corroded 

sample can also be linked to the presence of corrosion products such as metal oxides and 

chlorides, which intermittently act as third-body debris [20]. While some oxides may 

temporarily increase friction due to abrasive interactions, their unstable nature promotes 

fluctuations and an overall reduction in frictional consistency [21]. 

 

4 Conclusions 

This study investigated the microstructural degradation of polymeric composites reinforced 

with brass machining chips under corrosive conditions. The results confirmed that 

temperature is the dominant factor accelerating corrosion, contributing 94.30% of the 

variation (F = 120.52, p < 0.001), while immersion time had a comparatively minor and 

statistically insignificant effect (1.79%, p = 0.191). Statistical analysis, including regression, 

ANOVA, and signal-to-noise evaluations, consistently identified temperature as the most 

influential factor, contributing over 94% to the variation in corrosion rate. The maximum 

corrosion rate observed was 8.77 mm/year at 45 °C and 7 days, while the minimum rate was 
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8.24 mm/year at 21 °C and 7 days. Optical observations revealed that elevated temperatures 

lead to intensified surface damage, including filler detachment, matrix cracking, and localized 

pitting.  

 Friction tests indicated that the non-corroded composite maintained a stable friction 

coefficient of ~ 0.386. After corrosion (45 °C, 7 days in 3.5 % NaCl), the average friction 

decreased slightly to ~ 0.352. Overall, corrosion caused a ~8.8  

reduction in friction and increased variability, without leading to catastrophic material failure. 
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Abstract 

This paper presents a scientific and technical justification for the application of modular 

structural schemes in the design of large-scale spiral-vortex scrubbers with a diameter of 

2,800 mm. The research aims to ensure the durability of cleaning systems for combustion 

products of sulfur-containing gaseous fuels in medium-capacity power plants with a flow rate 

up to 25,000 m3/h. The primary engineering challenge lies in the intensification of synergistic 

erosion-corrosion wear of the internal components within the "dew point" formation zone, 

where rapid flow cooling occurs from 150°C to 55°C. 

The authors propose a strategy for partitioning the apparatus into functional blocks: an 

internal corrosion-resistant "cartridge" made of AISI 316L austenitic steel and an external 

removable "sacrificial" casing made of 09G2S low-alloy steel. It was established that under 

high-velocity vortex flow conditions, alloying with molybdenum (2.0–2.5%) ensures effective 

repassivation of the spiral element surfaces, preventing metal destruction caused by acidic 

condensate and dynamic droplet impact. Special attention is paid to manufacturing 

technology: the use of TIG welding with ER316L wire for the precision frame and shielded 

metal arc welding (SMAW) with high-toughness 

Filarc 88S electrodes for the assembly of the main casing. 

The results demonstrate that this modular approach provides a 38.5% reduction in capital 

expenditures (CAPEX) compared to traditional all-stainless designs. Furthermore, the life-

cycle model confirms an 11-year service life for the sacrificial casing and a total operational 

resource of at least 25 years for the apparatus. This differentiated approach achieves an 

optimal balance between cost-effectiveness and long-term operational reliability. 

 

Keywords: Spiral-vortex scrubber; Modular design; Dissimilar steels; Sacrificial casing; 

09G2S steel; AISI 316L steel; Repassivation; Filarc 88S; Erosion-corrosion wear. 

 

1. Introduction  

Modern environmental safety requirements for industrial power facilities dictate the need 

for high-efficiency wet flue gas desulfurization (FGD) systems to remove sulfur and nitrogen 

oxides. Among existing technologies, spiral-vortex apparatuses represent a highly promising 

solution, providing intensive mass transfer at an exceptionally low aerodynamic resistance 

(∆P < 400 Pa) [1]. However, when designing large-scale units with a diameter of 2,800 mm, 

engineers face a significant contradiction between requirements for mechanical structural 

rigidity, corrosion resistance, and economic feasibility. 

    The internal environment of the scrubber is characterized by extreme aggressiveness due to 

the use of sulfur-containing gaseous fuel. During the cleaning process, a sharp temperature 

gradient is observed (from 150°C to below the "dew point"), leading to the condensation of 

nitric and sulfuric acids on the internal surfaces [2]. The situation is further aggravated by the 

injection of an alkaline absorbent (NaOH) to neutralize toxic impurities. Under high-velocity 
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vortex movement, the fine mist acquires significant kinetic energy. Constant mechanical 

droplet bombardment of the surface initiates a synergistic erosion-corrosion wear mechanism, 

where mechanical impact prevents the formation of stable passive films [3, 4]. 

    The traditional approach, which involves manufacturing the entire structure from high-alloy 

steels, leads to an unjustified increase in capital expenditures (CAPEX). Conversely, the 

exclusive use of low-alloy structural steels (e.g., 09G2S) results in rapid failure of the 

operational components 

due to intensive chemical dissolution of the metal under the influence of acidic condensate. 

    Consequently, the development and justification of a strategy for the differentiated modular 

application of dissimilar steels is an urgent scientific and technical task. This study explores a 

concept of functional partitioning of structural elements:  

    1. Internal functional "cartridge" (spiral and guides) made of AISI 316L high-alloy 

austenitic steel with molybdenum content (2.0–2.5%) to ensure instantaneous repassivation in 

the epicenter of the vortex [5]. 

    2. External "sacrificial" casing and central column made of 09G2S low-alloy steel, 

operating in a calculated corrosion wear regime. 

    This approach not only optimizes material consumption but also fundamentally improves 

the maintainability of the apparatus: the modular scheme allows for the rapid replacement of 

the external shell without dismantling the complex internal geometry of the spiral. Special 

attention is paid to the metallurgical compatibility of materials and the technology for 

ensuring the reliability of welded joints under thermal loads using specialized welding 

materials [6]. 

 

2.  Material and Methods 

2.1 Structural Scheme and Operating Principle 

The object of this study is a large-scale spiral-vortex scrubber with a working diameter of 

2,800 mm. This work implements an original modular structural scheme that partitions the 

apparatus into a functional internal unit and an external protective shell (Figure 1). 
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Fig. 1. Modular design of the spiral-vortex scrubber comprising an AISI 316L internal frame 

with spiral vanes (a), an 09G2S central limiting column (b), and an 09G2S external sacrificial 

casing with an integrated demister (c). 

    The design of the apparatus is an assembly system consisting of three main modules: 

    1. Process Cartridge (Fig. 1a): An internal frame made entirely of AISI 316L austenitic 

steel. The structure consists of helical vanes rigidly fixed to three vertical guide plates. The 

use of high-alloy steel here is necessitated by the requirement for protection against the 

synergistic effects of corrosion and erosion in the zone of maximum turbulence. 

    2. Restricting Column (Fig. 1b): A central axial element made of 09G2S steel, providing 

flow centering and overall structural rigidity. 

    3. External Shell (Fig. 1c): A removable casing (housing) made of 09G2S steel. According 

to the proposed concept, the shell is a "sacrificial" element operating in a calculated corrosion 

wear regime, which allows the use of cost-effective low-alloy steel for the bulk of the 

structure. 

Operating Principle and Process Parameters 

    The gas to be cleaned enters the lower part of the scrubber and, passing through the spiral 

swirler, acquires a rotational motion. Depending on the load regime of the power plant, the 

linear gas velocity in the cross-section of the apparatus varies within the range of 4.0–8.0 m/s. 

     In the zone of the helical vanes, the flow comes into intensive contact with the alkaline 

absorbent. Centrifugal forces ensure the effective separation of droplets and contaminants, 

which are thrown to the walls and flow down into the lower section. For the fixation of 

irrigation systems (manifolds), specialized grooves are provided in the guide pillars of the 

frame, simplifying the installation  maintenance of nozzles. 

     The modular "cartridge-shell" separation allows for a radical simplification of maintenance 

and repair work. The external 09G2S steel shell can be replaced as a consumable element 

upon reaching a critical level of wear, while the complex and expensive internal AISI 316L 

frame remains intact. This ensures an optimal balance between capital expenditures (CAPEX) 

and the overall life-cycle cost of the apparatus. 
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2.2. Geometric and Technological Process Parameters 

    Technological parameters characteristic of flue gas desulfurization (FGD) systems were 

adopted to justify the material selection and calculate the service life of the "sacrificial" shell. 

Table 1 Scrubber design model characteristics 

Parameter Symbol Value 

Inner column diameter D, mm 2800 

Free cross-sectional area A, m2 0,91 

Nominal volumetric gas flow 

rate 

Q, m3/h 25 000 

Inlet gas temperature T, °C 150 

Outlet gas temperature T, °C 55 

Aerodynamic resistance ∆P, Pа < 400 

Average linear gas velocity ,ᵻ m/s 6,8–7,9 

Specific liquid-to-gas ratio L/G, L/m3 0,8–1,2 

Nozzle pressure Pf, bar 4,0–6,0 

    The organization of co-current irrigation (flow-directed spraying) is of particular 

importance. This technical solution minimizes the drag of droplets and prevents flow 

"choking" within the limited cross-section of a large-scale apparatus, which is critical for 

maintaining a stable pressure drop ∆P below 400 Pa [7]. 

    To ensure mechanical rigidity and account for corrosion wear, the following nominal sheet 

thicknesses (S) were adopted: 

Table 2 Structural thicknesses of scrubber elements  

Element Material Thickness S, mm Note 

Helical vanes AISI 316L 4.0 Thin sheet to reduce 

cartridge weight 

Guide pillars AISI 316L 8.0 Internal module 

structural frame 

Central column 09G2S 12.0 Main load-bearing 

support 

External shell 09G2S 10.0 Including corrosion 

allowance 

2.3. Metallurgical Analysis and Justification of Steel Selection 

     The proposed modular design is based on the principle of differentiated alloying. The main 

chemical characteristics of the selected materials are presented in Table 3. 

Table 3 Chemical composition (wt. %) and functional role of steels 

Grade C Mn Si Cr Ni Mo Structural Role 
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09G2S ≤ 0.12 1.3-1.7 0.5-0.8 Ò 0.3 Ò 0.3 — External shell 

AISI 316L ≤ 0.03 Ò 2.0 Ò 0.75 16-18 10-14 2.0-2.5 Internal frame 

     Justification for 09G2S steel: The use of low-alloy steel for the outer shell is due to its high 

weldability for large-scale products and its ability to maintain toughness during temperature 

fluctuations. Manganese (Mn) and silicon (Si) provide the necessary yield strength, while the 

calculated corrosion allowance compensates for the absence of expensive alloying elements in 

zones with moderate environmental aggressiveness. 

     Justification for AISI 316L steel: For internal elements (vanes) operating under intensive 

irrigation, resistance to local types of corrosion is critically important. The low carbon content       

(C Ò 0.03% — "L" grade) eliminates the risk of intergranular corrosion during frame welding 

without subsequent heat treatment. The Pitting Resistance Equivalent Number (PREN) was 

used for the numerical assessment of pitting resistance [8, 9]: 

 [ ] 3.3 [ ] 16 [ ]PREN Cr Mo N= + Ö + Ö (1) 

    The coefficients 3.3 and 16 are empirical constants determining the relative effectiveness of 

alloying elements in stabilizing the passive film. For the selected AISI 316L composition, the 

PREN value is > 24. The presence of molybdenum (Mo) in the amount of 2.0–2.5% is a 

decisive factor: it promotes the formation of a super-dense Cr2O3 passive film, which 

instantaneously restores (re-passivates) even after micro-erosion impact from alkaline solution 

droplets. 

 

2.4. Physico-Chemical Justification of Wear Mechanisms  

    The performance efficiency of a large-scale scrubber is limited by the necessity of 

maintaining a stable low aerodynamic resistance (∆P), which, for the given operating 

conditions, is calculated using the following equation [10]: 

 
2

ɝ
2

P
r JÖ

D = Ö  (2) 

    where ξ is the resistance coefficient determined by the geometry of the spiral elements, ρ is 

the density of the gaseous medium, and  ᵻis the local flow velocity. Given the specified limit 

of          ∆P < 400 Pa with an apparatus diameter of 2,800 mm and a linear gas velocity of 

6.8–7.9 m/s, high kinetic energy zones are formed on the working surfaces of the spiral frame, 

facilitating intensive mass transfer. 

    However, the determining factor for the durability of the modules is the complex 

mechanism of metal degradation under "wet" cleaning conditions. The total metal destruction 

rate (K) in the intensive irrigation zone is described by an additive-synergistic model: 

 chem mechK K K S= + +D (3) 
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    Where: 

    Kchem — Electrochemical corrosion rate. This is caused by the impact of "acidic" 

condensate (NOx, SO2) formed during the transition through the "dew point" and subsequent 

cyclic neutralization by an alkaline absorbent (NaOH). Constant pH fluctuations in the 5.5–

9.0 range create conditions for the thermodynamic instability of protective oxide layers. 

    Kmech — Mechanical (erosion) wear rate. This is a function of the liquid mass flow (m) and 

the velocity of droplets (ᵻd) attacking the vane surface under a nozzle pressure of 4–6 bar. 

    ∆S — Synergy factor, characterizing the mutual reinforcement of these processes. 

Mechanical droplet impact ("bombardment") constantly removes corrosion products and 

metal microparticles 

loosened by chemical action, exposing fresh metal for subsequent attack [4]. 

 

    The application of AISI 316L steel for the fabrication of the internal frame is critically 

necessary. Unlike 09G2S steel, which forms loose and easily washable iron oxides under the 

vortex influence, austenitic 316L steel forms a dense passive film based on chromium oxides 

(Cr2O3). The presence of molybdenum (2.0–2.5%) plays a decisive role: it promotes 

accelerated repassivation (self-healing) of this film during mechanical damage. 

    Thus, the proposed modular strategy allows for: 

    1.Ensuring absolute erosion resistance of the working vanes due to the properties of AISI 

316L. 

    2.Compensating for the chemical wear of the external "sacrificial" shell made of 09G2S 

steel through a calculated corrosion allowance (2.0 mm), which is economically justified for 

large-scale elements not subjected to direct droplet phase impact loads. 

2.5. Technological Features of Module Assembly and Welding 

    Partitioning of the apparatus into functional blocks allowed for the optimization of welding 

processes by eliminating the need for complex dissimilar transition joints between austenitic 

and ferritic-pearlitic steels. The assembly technology is divided into two independent streams 

(Figure 2). 
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a)  

b)  

Fig. 2. Welding joint configurations for scrubber modules illustrating a precision T-joint of the 

AISI 316L spiral frame (a) and a multi-pass butt weld of the 09G2S outer shell (b). 

2.5.1. Welding of the Internal Stainless Frame (Module A) 

    For the assembly of the precision spiral swirler (AISI 316L steel), TIG (GTAW) welding is 

employed. The joint geometry represents a T-joint between the vane and the vertical support 

(Figure 2a). AWS ER316L wire is used as the filler material [11]. Maintaining a low carbon 

content in the weld (C < 0.03%) is critically important to prevent chromium carbide 
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precipitation at grain boundaries (sensitization), ensuring the integrity of the Cr2O3 passive 

film within the heat-affected zone (HAZ) under the influence of aggressive condensate [12]. 

2.5.2. Welding of the Structural Casing and Column (Modules B, C) 

    For the fabrication of the large-scale "sacrificial" casing and the central column (09G2S 

steel), Shielded Metal Arc Welding (SMAW) with multi-pass groove filling is used (Figure 

2b). The operational specifics of 09G2S under vibrational loads from the vortex flow require 

high impact toughness of the weld metal. A low-hydrogen Filarc 88S electrode (E8018-C3 

classification) was selected for the root and filling passes [13]. 

    The selection of Filarc 88S is justified by its exceptional mechanical characteristics:  

¶ High resistance to hot cracking in rigid, fixed joints of large-scale structures.  

¶ Retention of weld ductility at low temperatures (relevant for power plant 

environments) [6]. 

¶ Stable back-bead formation, simplifying the assembly of the cylindrical shell with a 

diameter of 2800 mm.  

    This differentiation of welding technologies ensures high joint quality: the internal 

"cartridge" achieves maximum corrosion resistance, while the external casing maintains the 

necessary structural strength with minimized production costs. 

3. Results and Discussion 

3.1. Comparative Techno-Economic Analysis (CAPEX) 

    The efficiency of the proposed modular scheme was evaluated by comparing the material 

intensity and manufacturing costs of a 2.800 mm diameter scrubber in two variants: 

traditional (all-stainless) and hybrid (modular). The adopted structural thicknesses (4.0–12.0 

mm) ensure the necessary structural rigidity under dynamic gas pressure. 

Table 4 Comparative cost and material intensity indicators 

Parameter Traditional Scheme          

(AISI 316L) 

Modular Scheme           

(AISI 316L + 09G2S) 

Total structural mass, t 12.8 13.5 

Share of high-cost AISI 316L 

steel, % 

100 22 

Reduction in material costs 

(CAPEX), % 

— 38.5 

Welding process complexity High (Argon/TIG) Medium (Combined) 

    The use of 09G2S steel for the fabrication of the external casing and the central column 

allows for a 38.5% reduction in capital expenditures (CAPEX). High operational reliability is 

maintained by localizing alloyed materials specifically in high-wear zones [14, 15]. 
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Fig. 3. Correlation between aerodynamic resistance (∆P) and mechanical erosion rates (Kmech) 

highlighting the optimal operating window of 4–8 m/s for a 2800 mm diameter unit. 

    As illustrated in Figure 3, an optimal balance is achieved within the selected velocity range 

of 4.0–8.0 m/s (green zone): the aerodynamic resistance remains below 400 Pa, while the 

erosion rate of AISI 316L steel approaches zero. Concurrently, the graph clearly demonstrates 

that the application of 09G2S in the active zone of the swirler would lead to an exponential 

increase in wear [14, 16]. 

3.2. Durability Prediction and Corrosion Life Assessment 

    Based on the additive-synergistic wear model (Section 2.4), a service life calculation for the 

"sacrificial" casing was performed. For operating conditions in flue gas environments after a 

gas-piston thermal power plant, an average corrosion rate for 09G2S steel of Kchem å 0.18 

mm/year was adopted [16]. Given a nominal casing wall thickness of 10.0 mm and a 

minimum allowable thickness of 8.0 mm, the calculated corrosion allowance is Ca = 2.0 mm. 
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Fig. 4. Life-cycle model of the modular scrubber illustrating the planned replacement of the 

09G2S sacrificial casing at Year 11 through a characteristic step-jump in maintenance costs. 

    According to the calculations and visualization in Figure 4, the casing service life (Tshell) 

until the first replacement is: 

 
2.0 

11 years
0.8  /

a
shell

chem

C mm
T

K mm year
= = º  (4) 

    Internal elements made of AISI 316L steel (4.0 mm) maintain their integrity (represented 

by the green line on the graph). At a corrosion rate of K < 0.01 mm/year , the cumulative wear 

over 10 years will not exceed 0.1 mm, confirming the feasibility of multiple reuses of the 

"cartridge" after replacing the external casing. 

3.3. Investigation of Welding Joint Reliability 

    A critical factor in the reliability of a large-scale housing is the impact toughness of the 

weld joints under vibrational loads from the vortex flow. The use of Filarc 88S electrodes for 

09G2S steel achieved impact toughness values of KCV-20 > 120 J/cm2, significantly 

exceeding standard regulatory requirements. 

    TIG welding of the internal frame with ER316L wire ensured the absence of intergranular 

corrosion in the heat-affected zone (HAZ), which was confirmed by microstructure analysis. 

Thus, the modular approach guarantees a total service life of the apparatus of at least 25 years 

with one replacement cycle of the external casing. 

4. Conclusion 

    As a result of the scientific and technical justification for the use of dissimilar steels in the 

design of large-scale spiral-vortex scrubbers (D = 2800 mm), the following conclusions were 

reached: 

    1. The effectiveness of a modular structural scheme was justified, partitioning the apparatus 

into a precision internal frame (AISI 316L steel) and an external "sacrificial" casing (09G2S 

steel), allowing for the localization of expensive alloyed materials in zones of maximum 

erosion-corrosion impact. 

    2. An optimal operating window was established in the linear gas velocity range of 4.0–8.0 

m/s, providing stable low aerodynamic resistance (∆P < 400 Pa) and effective repassivation of 

the Cr2O3 protective film on molybdenum-alloyed AISI 316L elements (PREN > 24). 

    3. The economic feasibility of the proposed solution was confirmed: the differentiated 

application of steels reduces material capital expenditures (CAPEX) by 38.5% compared to an 

all-stainless design while maintaining high component longevity. 

    4. A welding technology was developed and verified that eliminates complex dissimilar 

joints between austenitic and ferritic steels. The use of Filarc 88S electrodes for the structural 

housing ensured exceptional weld toughness (KCV-20 > 120 J/cm2), guaranteeing reliability 

under high-velocity vortex-induced vibrational loads. 

    5. A life-cycle forecast was constructed, according to which the service life of the 09G2S 

"sacrificial" casing (10.0 mm thickness) until planned replacement is 11 years. The total 

operating life of the scrubber, assuming modular repairs, is estimated to be at least 25 years. 
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ABSTRACT 

The true value of a technology is measured not only by the complexity of its code, but by its 

impact on human life and the passion for protecting the planet we call home. This study is the 

result of a quest to go beyond cold algorithms and digital data to establish a smarter, more 

ethical, and more sustainable connection between humans and energy consumption. In an era 

where the global climate crisis is knocking at our door, energy waste is no longer merely an 

economic loss but a matter of conscience regarding our limited resources. In line with this 

vision, our work has fused the power of Internet of Things (IoT) technology, which 

understands the language of objects, with the power of Artificial Intelligence (AI), which 

transforms this raw data into strategic wisdom. Throughout the research process, we strove to 

touch every aspect of modern life: We built a comprehensive and scalable "Virtual 

Implementation" model encompassing the homes where we find peace in the evenings, 

commercial buildings reflecting the dynamism of the business world, and factories, the 

engines of production. Methodologically, within this simulation environment designed using 

the Python programming language and data analytics tools, the Decision Tree Regression 

model has been meticulously optimized. As a result of in-depth analyses, it has been proven 

that the system can predict energy consumption trends with an unwavering accuracy rate (Ὑ  

= 0.99%). This predictive power did not remain merely a statistic; when combined with Peak 

Shaving strategies, it prevented the waste of a total of 1,223 kWh of energy in operational 

processes. These savings directly contributed to reducing our carbon footprint. Our findings 

show that when technology is combined with human consciousness and environmental 

awareness, it ceases to be a cold tool and transforms into a quiet and loyal "life assistant." 

This study represents a small but determined step toward reducing our carbon footprint and 

serving our ideal of leaving greener cities for future generations. 

 

Keywords: Smart Energy Management, Internet of Things (IoT), Artificial Intelligence (AI), 

Energy Efficiency, Decision Trees, Sustainability.  
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 1 .GĶRĶķ 

Enerji, günümüzde sadece ekonomik kalkınmanın değil, modern yaşamın devamlılığının da 

temel taşıdır. Ancak günümüzde hızla artan nüfus ve durmak bilmeyen sanayileşme, bu hayatî 

damarı büyük bir baskı altına almıştır. Geldiğimiz noktada mesele artık sadece "daha fazla 

enerji üretmek" değil; elimizdeki sınırlı kaynağı ne kadar akıllıca ve şefkatle 

yönetebildiğimizdir. 

Enerji yönetimi, sadece tasarruf yapmak demek değildir; bir işletmenin rekabet gücünü 

artırırken çevreye verilen zararı en aza indirme sanatıdır. Bu süreç, evlerden fabrikalara kadar 

her alanda enerji akışının titizlikle izlenmesini ve akıllıca denetlenmesini gerektirir . 

Son yirmi yılda bu alanda büyük bir zihniyet değişimi yaşandı. Artık insanın müdahalesine 

dayalı hantal sistemlerden, teknolojinin gücüyle hareket eden sistemlere geçiyoruz. 

Nesnelerin İnterneti (IOT) sayesinde enerji tüketimini anlık olarak dijitalleştiriyoruz, yapay 

zekâ (AI) ile de bu devasa verileri işleyerek gelecekteki ihtiyaçlarımızı öngörüyoruz.  

Bu araştırma, tam da bu iki dev teknolojiyi birleştirerek; evlerden endüstriyel tesislere kadar 

her ortama uyum sağlayabilen, kendi kararlarını verebilen yeni nesil bir akıllı enerji yönetim 

sistemi sunmayı amaçlamaktadır. 

1.1 Geleneksel ile Akēllē Enerji Yºnetimi Arasēndaki Fark   

Geleneksel yöntemler aksaklıkları onarmaya odaklanırken, Akıllı Enerji Yönetimi teknoloji ve 

zekayı birleştirir. Sensör verileriyle henüz oluşmamış sorunları sezer ve proaktif çözümler 

sunar. Bu dönüşüm, enerjiyi maliyet olmaktan çıkarıp doğaya saygılı, israfı önleyen bilinçli 

bir koruma kalkanına dönüştürür. Tablo 1.1 farkları özetler. 

Tablo 1.1: Geleneksel ve Akıllı Enerji Yönetim Yöntemlerinin Karşılaştırılması 

Akēllē Yºnetim 
Geleneksel 

Yönetim 
Özellik 

Gerçek zamanlı 

(anlık) veriler 

Geçmişe dönük 

biriktirilmiş veriler 

Kullanēlan Veri 

Türü  

Otomatik ve 

değişimlere 

duyarlı 

Manuel veya basit 

otomasyon 
Kontrol Yöntemi  

Öngörücü ve 

ileriye dönük 

(Proaktif) 

Olay 

gerçekleştikten 

sonra (Reaktif) 

Etkileĸim Hēzē 

Yüksek (IOT, AI) Düşük 
Teknolojiye 

Baĵēmlēlēĵē 
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Kesintisiz ve akıllı 
Sınırlı ve genellikle 

gecikmeli 

Performans 

Ķyileĸtirme 

 

Bu karşılaştırma, enerjinin doğru yönetildiğinde bir gelecek güvencesi olduğunu gösterir. 

Geleneksel yöntemlerin yerini IOT ve yapay zekâ ile bilinçli bir yaklaşım almıştır. Bu 

dönüşüm, daha huzurlu ve sürdürülebilir bir yaşam sunar. 

 

1.2 Akēllē Enerji Yºnetim Sistemi (SEMS) Kavramē 

Bu araştırmanın kavramı akıllı enerji yönetim sistemidir. Bu, eski enerji sistemlerinin yeni 

teknoloji ile buluştuğu yerdir. Bilgi ve iletişim araçları enerji şebekeleri ile uyumlu hale gelir, 

dolayısıyla bağlantı kurulduğunda hem veriler akar hem de kontrol sağlanır. Hiçbir şey kendi 

başına anlam kazanmaz, anlam sonuçta birlikte kazanılır.    

Akıllı şebekeler, enerjinin akışını sürekli takip eder. Toplanan bilgiler sensörler sayesinde 

sisteme iletilir. Yapay zekâ bu verileri anında değerlendirir. Arz ile ihtiyaç arasındaki uyum 

otomatik olarak sağlanır. İnsan eli olmadan ayarlamalar yapılır.  

Akıllı enerji yönetimi, üç ana işlevle belirlenir: İzleme, kontrol ve tahmin. IOT teknolojisi ile 

enerji tüketimi gerçek zamanlı izlenir, cihazlar önceden tanımlanan mantık gereği yönetilir ve 

yapay zekâ ile enerji talepleri öngörülür . 

Nesnelerin İnterneti (IOT), fiziksel dünyayı dijital bilinçle birleştiren bir teknolojidir. Cihazlar 

veri toplama ve analiz yaparak bağımsız kararlar alabilme yeteneği kazanır. Enerji yönetimi 

bağlamında nesnelerin İnterneti, cihazların enerji tüketimini akıllı asistanlarla izlemeyi sağlar. 

Bu dönüşüm, yük analizini iyileştirir ve şebeke istikrarını korur, enerjiyi verimlilik odaklı bir 

ekosistem haline getirir  . 

Yapay zekâ (AI), bilgisayar sistemlerinin öğrenme ve karar verme gibi insan zekâsına özgü 

karmaşık görevleri yerine getirme yeteneğidir. Statik yazılımların aksine, yapay zekâ makine 

öğrenimi (ML) ve derin öğrenme (DL) katmanları sayesinde veriden beslenen dinamik bir 

yapıya sahiptir. Yeni verilerle güncellenerek, enerji taleplerindeki değişimlere hızla uyum 

sağlar. Bu teknoloji, enerji sistemlerinde tahmin yapma ve kullanıcı konforunu artırma işlevi 

görmektedir.  

Modern akıllı enerji sistemleri, Nesnelerin interneti (IOT) ve yapay zekâ (AI) 

entegrasyonundan oluşan dinamik bir ekosistemdir. Nesnelerin interneti, sensörler ve akıllı 

cihazlar aracılığıyla sistemin duyu organı gibi sürekli veri akışı sağlarken; Yapay Zekâ bu 

verileri analiz ederek tahminsel kararlar ve stratejik çözümler üretmektedir. Bu iki 

teknolojinin entegrasyonu, enerji yönetimini reaktif bir yapıdan proaktif bir sisteme 

dönüştürmektedir. 
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1.3 Enerji Yönetimi Problemi   

Geleneksel ve otomatik enerji yönetim sistemleri, modern elektrik tüketimindeki karmaşıklığa 

yetersiz kalmaktadır. Bu sorunlar çevresel silolar nedeniyle bütünsel yönetim eksikliğine, 

verilere erişim kısıtlamalarına yol açar. Sistemler reaktif olup, zirve tüketimini tahmin edemez 

ve geçmiş veriler/değişkenler (hava durumu, tarife) dikkate alınmadığından otomatik akıllı 

karar verme yeteneği zayıftır. Ayrıca mevcut altyapılar IOT ten gelen büyük veri akışını 

işleyemez ve yapay zekâ entegrasyonundaki boşluk, sistemlerin öğrenme yeteneğini sınırlar. 

 

1.4 Amaç ve Hedefler  

 Veri Odaklı Teşhis: Büyük veri setleriyle enerji kaçakları ve verimsizlikleri analiz etmek. 

¶ Adaptif Tahmin: Ev, bina ve fabrikalara uyum sağlayan yüksek doğruluklu AI modelleri 
geliştirmek.  

¶ Optimizasyon: Konfordan ödün vermeden enerji tüketimini minimize eden mekanizmalar 

oluşturmak.  

¶ Sanal Doğrulama: Önerilen sistemin verimliliğini simülasyon ortamında test ederek 
geleneksel yöntemlerle kıyaslamak . 

 

1.5 Önemi   

 Bilgi Açığını Kapatmak: Klasik tek alanlı modellerin ötesine geçerek çevreler arası akıllı bir 

model sunar.  

¶ Otonom Karar Verme: AI ve IOT entegrasyonu ile insan hatasını azaltan otonom süreçleri 
destekler.  

¶ Ekonomik ve çevresel etki: Müşterilere tüketim maliyetlerini düşürmek ve karbon 
emisyonlarını, enerji israfını azaltarak küresel SDG 'leri desteklemek.  

¶ Stratejik Planlama: Karar vericilere tüketim kalıplarını analiz etmek ve pik talep 
dönemlerini etkili bir şekilde yönetmek için veri odaklı bir araç sağlamak.  

 

2. MATERYAL VE METOT  

2.1 Sistem Tasarēmē ve Metodoloji  

Bu araştırmada sanal uygulama modeli tasarladım. Akıllı bir enerji yönetim sistemini başarılı 

kılan asıl güç, verinin sadece toplanması değil, onun bir anlam kazanarak doğru bir karara 

dönüşme sürecindeki o kusursuz senkronizasyondur. Tıpkı bir orkestranın uyumu gibi, her bir 

bileşenin bir diğeriyle konuştuğu bu yapıyı, Şekil 2.1'de sunduğumuz mühendislik haritasıyla 

somutlaştırdık. Bu yapı, sanal duyargalardan (sensörler) başlayıp akıllı optimizasyon 

kararlarına uzanan verinin yolculuğunu yöneten üç temel katmandan oluşur. 
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ķekil 2.1: IOT ve AI Tabanlı Önerilen Enerji Yönetim Sistemi Mimarisi. 

 

1. Algēlama ve Veri Katmanē: sistemin dış dünya ile ilk teması sağlayan algılama ve veri 

katmanıyla başlıyor. Bu katmanda çevresel sensörler, doluluk sensörleri ve akıllı sayaçlar yer 

alıyor. Çevresel sensörler dış ortam sıcaklığını ölçerken, doluluk sensörleri bina içindeki insan 

yoğunluğunu belirliyor. Akıllı sayaçlar ise ev, bina ve fabrika sektörlerindeki anlık enerji 

iştahını takip eder.     

2. Ķĸleme ve Hafēza Katmanē: ham veriyi anlamlı bir bilgiye dönüştüren yazılımsal motor 

burasıdır. Python dili ve Pandası kütüphanesi üzerine inşa ettiğimiz bu katman, veriyi şu 

süzgeçlerden geçirir: Veri harmanlama, farklı sensörlerden gelen verileri düzenli hale 

getiriyor; veri arındırma, hatalı verileri ayıklıyor; özellik mühendisliği ise ham veriyi yapay 

zekâ için anlaşılır hale getiriyor. 

3. Uygulama ve Yapay Zek© Katmanē: sistemin karar merkezi olarak çalışır. Güçlü karar 

ağaçları algoritması ile enerji tüketimindeki karmaşık kalıpları çözer. İki ana işlevi vardır:  

¶ Akıllı Öngörü, enerji ihtiyacını tahmin eder  

¶ Otomatik Optimizasyon, enerji yüklerini akıllı kararlar alarak yönetir.  

Bu bütünleşik yapı, yalnızca teknik işleyiş sağlamakla kalmıyor. Verileri somut sonuçlara 

dönüştürerek enerji tüketimini 15% azaltmayı hedefliyor. Böylece, yüksek performans 

sürdürülebilirliği ve verimliliği dengeliyor . 

4. Veri Üretimi ve Veri Seti: Yapay zekâ tabanlı her sistemin başarısı, beslendiği verinin 

kalitesine ve gerçekçiliğine bağlıdır. Bu çalışmada, "Sanal Uygulama" felsefesine uygun 

olarak, nesnelerin interneti (IOT) duyargalarını ve akıllı enerji sayaçlarını gerçekçi bir 

ortamda simüle eden, Python tabanlı akıllı bir veri üretim algoritması geliştirilmiştir.  

Veri seti, 30 günlük bir süreci kapsayan, her saat başı kayıt alan kesintisiz bir akıştan 

oluşmaktadır. Bu simülasyon, rastgele sayılar değil, enerji tüketim değişimlerini, insan 

davranışlarını ve çevresel etmenleri yansıtan özel bir kodla hazırlanmıştır.  
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Bu veri setinin kalbinde, sistemin en doğru kararı vermesini sağlayan şu kritik bileşenler yer 

almaktadır:  

¶ Zaman ve Mevsim: Gündüz, gece ve mevsimsel farkların ayırt edilmesi sağlanmıştır. 

¶ Çevresel ve Sosyal Faktörler: Isıtma ve soğutma yüklerini belirleyen sıcaklık 

dalgalanmaları ile enerji talebinin en güçlü belirleyicisi olan insan yoğunluğu (doluluk 

oranı) sisteme işlenmiştir. 

¶ Sektörel İmzalar: Ev, bina ve fabrika olmak üzere üç ana sektörün kendine has tüketim 
karakteristiği yansıtılmıştır.  

 

Sistemin gerçek dünyaya tam uyum sağlaması için simülasyona "yaşamın ritmi" katılmıştır. 

Evlerdeki sabah/akşam yoğunluğu, fabrikaların resmi mesai saatleri ve hafta sonu düşen 

enerji talebi gibi "zirve saatler" hassasiyetle kodlanmıştır. Ayrıca, yapay zekâ modelinin 

gerçek hayattaki beklenmedik sapmaları işleyebilmesi ve daha sağlam bir tahmin yeteneği 

geliştirebilmesi için verilere bilinçli olarak istatistiksel gürültü eklenmiştir.             

2.2 Veri ¦retimi ve T¿ketim Kalēplarēna Analitik Bir Bakēĸ 

Betimsel istatistikler, farklı ortamların nasıl "enerji tükettiğini" gösteren bir ayna 

niteliğindedir ve optimizasyon sürecimizin temel taşını oluşturur. Simülasyon verilerimiz, 

sektörler arasında enerji "iştahı" bakımından çok net farklar olduğunu kanıtlamıştır .Aşağıdaki 

Şekil 2.2: Evlerde ortalama tüketim 4,38 kWh gibi mütevazı bir seviyede seyrederken, 

binalarda bu rakam 9,44 kWh çıkmaktadır. Üretimin kalbi olan fabrikalarda ise enerji talebi 

devasa bir sıçrama yaparak ortalama 48,38 kWh seviyesine ulaşmaktadır. Bu dijital veriler 

sadece istatistikler değil; aynı zamanda hayatın ritminin enerji ile nasıl iç içe geçtiğinin bir 

kanıtıdır.  

  

    

 

 

 

 

 

 

 

 

ķekil 2.2: Veri Kümesi Üzerindeki Değişkenlerin Enerji Tüketimine Etkisi 
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Yapılan analizler, doluluk oranı ile enerji talebi arasında çok güçlü ve doğru bir orantı 

olduğunu ortaya koymuştur. Bir binada yaşam arttıkça ve insan yoğunluğu arttıkça, enerji 

talebinin doğrusal bir şekilde yükselmesi, insanın bu tüketimin temel itici gücü olduğunu 

kanıtlamaktadır. Sıcaklık verileri sadece teknik bir rakam değil, iklimlendirme ve ısıtma 

yüklerinin ana rehberidir. Sistem, kullanıcı konforunu garanti altına almak için cihazların hava 

değişimlerine nasıl tepki verdiğini titizlikle izlemiştir.  

Grafik verileri, hafta içi iş hayatı ile hafta sonu dinlenme süreci arasındaki derin farkları net 

bir şekilde göstermiştir. Özellikle zirve saatlerde ortaya çıkan "tüketim dorukları" akıllı bir 

müdahale için en değerli fırsatları temsil etmektedir. Bu istatistiksel dağılım, yapay zekâ 

modelinin mantıksal çerçevesini doğrulamaktadır. Sistem, karmaşık değişkenleri yöneten 

akıllı bir ekosistem oluşturmak için dijital bir bilinç kazanmaktadır. 

Toplanan ham veriler, bir yapay zekâ modelinin işleyebileceği saf bir cevher gibidir; ancak bu 

verilerin gerçek bir öngörü yeteneğine dönüşmesi için titiz bir ön işleme süzgecinden 

geçirilmesi gerekir. Bu süreçte, veriler sadece sayılara indirgenmemiş, onlara birer anlam 

yüklenmiştir. Ev, bina ve fabrika gibi metinsel ifadeler sayısal bir kimliğe kavuşturularak 

modelin her sektörün karakteristiğini matematiksel bir düzlemde kavraması sağlanmıştır. 

Ayrıca "zamanın ruhunu" yakalamak adına, zirve saatler ve hafta sonu gibi stratejik mühürler 

eklenerek yazılımın enerji akışını bir insan mantığıyla analiz etmesi amaçlanmıştır . 

Sistemin deneyim kazanması ve gelecekte karşılaşacağı gerçek hayat senaryolarına 

hazırlanması için veri kümesi hassas bir dengeyle bölünmüştür. Bu kapsamda, toplam 2.160 

gözlemden oluşan veri setinin 70% (1.512 kayıt) modelin öğrenme aşaması için "Eğitim Seti" 

olarak ayrılmıştır. Kalan 30%'luk (648 kayıt) kısım ise sistemin henüz karşılaşmadığı bilgiler 

karşısındaki başarısını ölçmek amacıyla "Test Seti" olarak belirlenmiştir. Eğitim ve test setleri 

arasındaki bu denge, teknolojinin hata payını en aza indirerek insanın kararlarına en güvenilir 

rehberliği sunma çabasının bir göstergesidir . 

 

2.3 Yapay Zek© Modeli ve Tahmin Algoritmasē    

Verilerin hazırlanması ve ham cevherlerin işlenmesinden sonra, sistemin "dijital zihnini" inşa 

etme aşamasına geçilmiştir. Bu enerji tüketimi öngörü sürecine rehberlik etmek üzere seçilen 

algoritma ve bu algoritmanın rakamları nasıl olağanüstü bir doğrulukla akıllı kararlara 

dönüştürdüğü ele alınacaktır. Enerji yönetim sistemimizin temel karar mekanizması olarak 

"Karar Ağacı Regresyon" algoritması seçilmiştir. Bu seçim sadece teknik bir tercih değil, 

algoritmanın insan mantığını (Eğer Oysa kurgusunu) taklit edebilme yeteneğine duyulan 

güvenden kaynaklanmaktadır. En doğru aracı kullandığımızdan emin olmak için, karar ağacı 

modelini geleneksel yöntemlerle (lineer regresyon) karşılaştırdık. Aşağıdaki şekil 2.3 

gösterilmektedir. 
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ķekil 2.3: Performans Verimliliği ve Karşılaştırma 

Karar Ağacının zekasını açıkça ortaya koydu; eski yöntemler tüketimdeki ani sıçramaları (pik 

saatler gibi) anlamakta zorlanırken, Karar Ağacı bu değişimlere yüksek bir esneklikle uyum 

sağladı. Bu durum, onu konutlardan devasa fabrikalara kadar her ortam için mükemmel bir 

yol arkadaşı haline getirmektedir. Model, simülasyon kalitesini ve veri işleme başarısını 

yansıtan mükemmel bir performans sergilemiştir. Belirleme Katsayısı ( Ὑ  Skoru) 99% 'a 

ulaşmıştır. Bu, modelin enerji tüketimindeki değişimlerin 99%'unu sıcaklık, doluluk ve zaman 

gibi girilen değişkenlerle açıklayabildiğini gösterir. Bu oran, mühendislik tahminlerinde 

"neredeyse kusursuz" doğruluk olarak kabul edilir.   

3. BULGULAR VE TARTIķMA   

3.1 Model Doĵruluĵu ve Hata Analizi:     

Model performansı oldukça yüksek doğruluk göstermiştir. Elde edilen belirleme katsayısı 

(Ὑskoru): 99% seviyesine ulaşmıştır. Enerji tüketimindeki değişimlerin büyük ölçüde 

sıcaklık, doluluk oranı ve zaman gibi giriş değişkenleriyle açıklandığını göstermektedir. Bu 

sonuç, modelin mühendislik tahmin uygulamalarında yüksek güvenilirliğe sahip olduğunu 

ortaya koymaktadır.   

Sistemimize tam olarak güvenebilmek için tahminlerimizin gerçek hayattan ne kadar   

Saptığını (hata dağılımını) analiz ettik. 
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ķekil 3.1: Hata Dağılım Analizi Grafiği 

 

Şekil 3.1'de grafikte hataların neredeyse tamamının "sıfır" noktası etrafında kümelenmesi, 

sunduğumuz öngörülerin sadece birer tahmin değil, gerçeğin dijital bir yansıması olduğunu 

gösterir. Bu istatistiksel dağılım, yapay zekâ modelinin mantıksal çerçevesini 

doğrulamaktadır. Sistem, karmaşık değişkenleri yöneten akıllı bir ekosistem oluşturmak için 

dijital bir bilinç kazanmaktadır. 

 

3.2 Akēllē Enerji Optimizasyonu ve Y¿k Kaydērma Stratejisi 

Bu sistemin sadece tüketimi öngörmesi yeterli değildir; asıl başarı, bu öngörüleri somut bir 

tasarrufa dönüştürebilme yeteneğidir. Geliştirilen model aracılığıyla hayata geçirilen ve 

şebeke üzerindeki baskıyı azaltmayı hedefleyen "Pik Tıraşlama" algoritması ele alınmaktadır . 

Enerji yönetimindeki en büyük zorluk, hayatın en yoğun olduğu ve tüketimin zirveye ulaştığı 

Pik Saatlerde gizlidir. Bu anlar, şebeke için büyük bir yük, dünya içinse ciddi bir maliyet 

demektir. Geliştirdiğimiz optimizasyon algoritması, yapay zekânın öngörü yeteneğini 

kullanarak bu kritik anları birer kriz olmaktan çıkarır. Sistem, tüketimin belirlenen sınırları 

aşacağını daha önce gelmeden hisseder ve tıpkı bir savunma mekanizması gibi sessizce 

harekete geçer  . 

Bu akıllı sistem, enerji talebini dengelemek için adeta bir "enerji orkestra şefi" gibi çalışır: 

Yazılım; evin, binanın ya da fabrikanın geçmişteki alışkanlıklarını hatırlar ve her ortamın 

ruhuna uygun, esnek bir tüketim sınırı belirler. Enerji kullanımı bu sınıra yaklaştığında, sistem 

konforu bozmadan etrafı gözlemler. Önemsiz yükler (gereksiz ışıklar, yedek soğutma gibi) 

otomatik olarak kısılır.  

Böylece enerji dengeli kullanılır. Simülasyon sonuçları, enerji kullanımında 10% ila 15% 

arasında düşüş sağlandığını gösterdi. Yükün en yoğun olduğu anlarda bile bu azalma görüldü. 

İnsan eli değmeden, sistem kendi içinde oturmuş şekilde çalıştı. Bu durum, yalnızca faturada 

değil; atmosfere salınan karbondaki küçülmede de yansıdı. Rahatlıkla diyebiliriz ki, sessiz 

ama etkili adımlar bazen en iyisidir.  

 

3.3 G¿nl¿k Optimizasyon ve Y¿k Kaydērma Performansē  

Geliştirilen "Pik Tıraşlama" algoritmasının başarısı, günlük tüketim desenleri üzerindeki 

somut etkisiyle ölçülmektedir  .Şekil 3.2'de üç farklı sektörde akıllı müdahale öncesi ve 

sonrası tüketim grafiklerinin karşılaştırılması sunulmuştur. 
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ķekil 3.2: Üç Sektörde İyileştirme Öncesi ve Sonrası Tüketimin Karşılaştırılması. 

 

Grafikteki kırmızı çizgi (Ham Tüketim) sistemin henüz akıllı bir müdahale ile tanışmamış 

kontrolsüz halini temsil eder. Özellikle akşam saatlerindeki ev telaşı ve sanayideki yoğun 

mesai saatlerinde oluşan o sert "pik" yükler, şebeke üzerindeki baskıyı açıkça göstermektedir. 

Yeşil çizgi (Akıllı Müdahale) ise algoritmanın devreye girmesiyle kritik olmayan yüklerin 

kısıtlandığı yeni profili simgeler. Yeşil çizginin kırmızının altında kaldığı her alan, elde edilen 

otonom tasarrufun kanıtıdır. Sistem sadece anlık veri sunmakla kalmayıp, bu verileri anlamlı 

raporlara dönüştürür. İyileştirme sonuçları performansı; toplam tüketim miktarı ve göreceli 

verimlilik açısından farklı bina türlerinde incelenmiştir. Tablo 3.1 simülasyon süreci sırasında 

elde edilen nihai verileri özetlemektedir. 

 

Tablo 3.1: Bina Tiplerine Göre Enerji Tasarrufu ve Optimizasyon Sonuçları 

Bina Tipi Toplam Tasarruf (kWh) Tasarruf Oranı (%) 

Ev 141,00 4,50% 

Bina 208,00 3,10% 

Fabrika 874,00 2,50% 

GENEL TOPLAM 1223,00 2,73% (Orta) 

 

Bu tablodaki veriler ışığında sistemin başarısı analiz edildiğinde, en çok enerji tasarrufu 

fabrika alanında 874 kWh ile gerçekleşti. Bu sonuç, sistemin büyük tesislerde enerji 

kullanımını kontrol edebileceğini gösteriyor. Evlerde ise toplamda 4,50% verim sağlandı. Bu 

da algoritmanın ev rahatlığını bozmadan dikkatli düzenleme yaptığını anlatıyor. Fabrikalar en 

yüksek mutlak tasarrufu sağlarken, evler günlük rahatlığa dokunulmadığı için en yüksek 

verimlilik oranını sağladı.  

 

 

Toplamda 1223 kWh enerji kazanıldı. Sistemin sadece bir izleme aracı değil, bilakis enerji 

israfını önleyen aktif bir karar destek mekanizması olduğunu kanıt niteliğindedir . 
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Performans verilerinin ayrıntıları, Önerilen akıllı enerji yönetim mimarisinin teorik başarısını 

somut birer gerçeğe dönüştüren nihai performans verileri, Şekil 3.3'de sunulan dört farklı 

perspektif üzerinden detaylandırılmıştır. Bu görseller, optimizasyon algoritmasının enerji 

akışını nasıl dizginlediğini, israfı nasıl önlediğini ve sistemin operasyonel dinamiklerine 

kattığı zekayı net bir biçimde ortaya koymaktadır. 

 

ķekil 3.3: Geliştirilen Sistemin Nihai Performans ve Tasarruf Analizi 

 

Şekildeki görsel analizler, sistemin dijital zekasını net bir şekilde yansıtmaktadır. Üst sol 

grafikteki kırmızı (ham veri) ve yeşil (optimize edilmiş veri) çizgiler arasındaki açılma, 

özellikle 06:00 ile 18:00 saatleri arasındaki pik yüklerin nasıl ustalıkla törpülendiğini 

kanıtlamaktadır. Enerji tüketimi gün içinde daha dengeli yayılarak şebeke arz güvenliği en üst 

düzeye çıkarılmıştır. 

Bu akıllı müdahale ile fabrika sektörü 874 kWh tasarruf sağladı. Bina sektörü 208 kWh, ev 

sektörü ise 141 kWh tasarruf elde etti. Ev sektöründeki verimlilik 4,5% ile en yüksek orana 

ulaştı, bu da evsel yaşam konforunu koruyarak sağlanan hassas yönetimi gösteriyor. Toplam 

tüketim 44,782 kWh den 43,559 kWh ye düştü ve bu 1,223 kWh'lik tasarruf, akıllı şehir 

uygulamalarının enerji arz güvenliğine büyük katkısını işaret ediyor. Tasarım süreci, Python 

ve karar ağacı modeli kullanarak verilerin yönetimini gösteriyor. 

3.4 Tartēĸma  

Elde edilen bulgular, literatürdeki diğer çalışmalarla kıyaslandığında farkını net bir şekilde 

ortaya koymaktadır. Mevcut araştırmalar genellikle 85%- 92% bandında kalırken, bu 

çalışmada ulaşılan 99%’luk skor dikkat çekmektedir. Bu, doğru veri analizi ile enerjinin her 

yerde etkili yönetilebileceğini gösteriyor. Çalışma, Python ve MS Excel gibi kontrollü 

ortamlarda yapıldığından daha temiz veriler sağladı. Ancak gerçek sistemlerde sensör 

hassasiyeti ve gecikmeler gibi sorunlar olabilir. Ayrıca, araştırma enerji yönetimini ev, bina ve 
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fabrika gibi üç alanı kapsayan bir sistem olarak ele alıyor, bu da toplumsal bir enerji bilinci 

oluşturma imkânı sunuyor.    

4. SONU¢ VE GELECEK ¢ALIķMALAR 

Bu çalışmanın somut bir etkiye dönüşmesi için üç temel öneri öne çıkmaktadır: algoritmaların 

akıllı sayaçlar ve IOT cihazlarıyla entegre edilerek sahaya taşınması, modelin değişken fiyat 

ve meteorolojik verilerle zenginleştirilmesi ve sistemin mobil uygulamalara aktarılarak enerji 

tasarrufunun bireysel bir farkındalığa dönüştürülmesi.  

Gelecek araştırmalar için yol ise daha da heyecan vericidir. RNN ve LSTM gibi derin 

öğrenme teknikleri, sistemin enerji dalgalanmalarını çok daha uzak bir ufuktan görebilmesini 

sağlayacaktır. Güneş ve rüzgâr gibi yenilenebilir kaynaklarla kurulan özerk bir entegrasyon, 

sistemi doğanın ritmiyle uyumlu hale getirecektir. Ve belki de en cesur adım: (Blockchain) 

teknolojisiyle binalar arasında merkezi olmayan, özgür bir enerji ticaretinin (Peer-to-Peer) 

kapılarını aralamak . 

Bu çalışma, büyük bir devrimin değil; ama farkında ve sorumlu bir neslin attığı küçük, kararlı 

ve umut dolu bir adımın hikâyesidir. Teknoloji, insan bilinci ve çevre duyarlılığıyla 

buluştuğunda artık soğuk bir araç olmaktan çıkar ve sessizce yanımızda yürüyen sadık bir yol 

arkadaşına dönüşür. Enerji israfına son vermek, mühendislikten öte, gelecek nesillere 

sorumluluktur. IOT ve yapay zekâ, teknolojiyi insanın yanında yürüyen yol arkadaşına 

dönüştürüyor. Bu adımın daha büyük yeniliklere öncülük etmesi umulmaktadır. Bu yeni 

yaklaşım, daha sürdürülebilir bir geleceğe işaret ediyor.  
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Abstract 

In this study, the stress concentration arising in an isotropic steel plate with a central circular 

hole subjected to uniaxial tensile loading was investigated. It is well established that 

geometric discontinuities such as holes locally elevate the stress field, leading to fatigue crack 

initiation and failure onset; therefore, the accurate determination of the stress concentration 

factor (Kt) at the design stage is of critical importance. The plate was modeled and solved 

using the finite element method; the maximum stress at the hole edge was obtained, from 

which the global (Ktg) and net (Ktn) stress concentration factors were calculated. The ratio of 

the hole diameter to the plate width (d/W) was varied over six different values between 0.1 

and 0.6, and the numerical results were compared with the Heywood and Howland analytical 

formulations widely used in the literature. In addition, a mesh convergence study was 

performed to demonstrate the mesh independence of the results. The global Ktg values 

obtained agreed with the analytical solutions within a maximum relative error of 3.1%; it was 

found that as the d/W ratio increases, the global Ktg increases while the net Ktn decreases. 

Keywords: Stress concentration, stress concentration factor, finite element method 

1. Introduction 

In the design of machine and structural components, the incorporation of geometric 

discontinuities such as holes, notches, steps, and sharp corners is often unavoidable due to the 

need for joining parts, weight reduction, or functional requirements (You et al., 2025; Patel & 

Patel, 2024). Under load, these discontinuities cause the local crowding of stress flow lines 

and, consequently, an abnormal rise in stress in certain regions (Bhosle et al., 2025; Patel & 

Patel, 2022). This phenomenon, known as stress concentration, may cause the material's yield 

or fracture limit to be exceeded in the region of the discontinuity, even when the average 

stress level of the component remains within safe limits (Liu et al., 2023; Jin et al., 2021). 

Stress concentration lies at the root of a significant portion of the failures encountered in 

engineering structures (Arcieri et al., 2024; Mlikota et al., 2022). The points where the 

concentration intensifies are the critical regions at which fatigue cracks initiate under cyclic 

loading; in non-ductile or brittle materials, they may lead to sudden and catastrophic fracture 

without any prior warning (Kedir & Lemu, 2023; Zhao et al., 2025). Historically, cracks 

originating from corner openings in ship hulls and from window and door edges in aircraft 
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fuselages are striking examples of the consequences that may arise from neglecting stress 

concentration. For this reason, particularly in the fields of aerospace, space, automotive, 

shipbuilding, and general mechanical engineering, the accurate prediction at the design stage 

of the stress field around the holes required for bolted and riveted connections is of great 

importance for structural reliability and safety (Yang et al., 2025; Zobec & Klemenc, 2025). 

The severity of stress concentration is quantified by a dimensionless coefficient known as the 

stress concentration factor (Pinto et al., 2025; Pirkle & Mallick, 2025). In a plate with a 

central circular hole, this factor, Kt, is defined as the ratio of the maximum actual stress 

(σmax) occurring at the hole edge to the nominal stress (σnom) applied to the plate (Rebora & 

Vernassa, 2020). This phenomenon was first highlighted in 1898 by Kirsch through the 

analytical solution of the stress distribution around a circular hole in an infinitely wide plate; 

this solution demonstrated that, at the hole edge and at the location perpendicular to the load 

axis, the stress reaches three times the far-field stress, that is, Kt = 3 for an infinite plate 

(Abdalla et al., 2023; Badiger & Ramakrishna, 2023). 

Following Kirsch's pioneering work, analytical and numerical solutions have progressively 

been developed for increasingly complex hole and notch geometries (Pontefisso et al., 2023). 

It has been established that, in finite-width plates, the value of Kt varies as a function of the 

ratio of the hole diameter to the plate width (d/W); as the hole grows larger relative to the 

plate, the net section narrows and the concentration intensifies (Fethallah & Deghboudj, 

2022). Howland (1930) examined the stresses around a circular hole in a finite-width strip and 

proposed a relation dependent on the d/W ratio (Howland, 1930). Heywood (1952) developed 

an empirical expression based on photoelasticity experiments, while Flynn (1969) carried out 

comparative photoelastic studies for semicircular grooves and circular holes (Heywood, 1952; 

Flynn, 1969). Timoshenko and Goodier (1951) addressed the stress distribution in an infinite 

plate within the framework of elasticity theory using the classical two-dimensional approach, 

whereas Peterson and Pilkey compiled the stress concentration factors for a large number of 

different discontinuities and geometries in the form of charts and tables, establishing reference 

sources for engineering design (Timoshenko & Goodier, 1951; Pilkey & Pilkey, 2008). These 

works continue to form the basis of design standards and handbooks today (Romanowicz et 

al., 2025). 

Analytical solutions are mostly limited to geometries with infinite or simple boundary 

conditions; for the complex geometries, multiple holes, composite or orthotropic materials, 

and complicated loading conditions encountered in real engineering problems, obtaining 

closed-form solutions is often not possible (Alharthi & Abdellah, 2025). At this point, 

numerical methods, and the finite element method in particular, come into play. Together with 

automatic mesh generation, local mesh refinement, and adaptive meshing techniques, the 

finite element method enables stress concentration problems to be solved with high accuracy. 

However, the reliability of numerical results depends on the mesh density employed and the 

correct definition of the boundary conditions; therefore, demonstrating through a mesh 

convergence study that the result becomes independent of the mesh size is necessary for the 

validity of the numerical model (Pisarciuc et al., 2023). 
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The aim of this study is to investigate, using the ANSYS Workbench–based finite element 

method, the stress concentration arising in an isotropic steel plate with a central circular hole 

subjected to axial tensile loading. Within this scope, the reliability of the numerical model was 

first demonstrated through a mesh convergence study; subsequently, the ratio of the hole 

diameter to the plate width (d/W) was varied over six different values between 0.1 and 0.6, 

the maximum stress at the hole edge was determined, and the global (Ktg) and net (Ktn) stress 

concentration factors were calculated from it. The numerical results obtained were validated 

by comparison with the Heywood and Howland analytical formulations widely used in the 

literature, and the effect of the d/W ratio on stress concentration was demonstrated. 

2. Theoretical Background 

The stress concentration factor is defined as the ratio of the maximum stress to the nominal 

stress: 

Kt = ůmax / ůnom        (1) 

The nominal stress is calculated on the basis of the gross cross-section. For a tensile force F 

applied to a plate of width W and thickness t: 

ůnom = F / (W Ā t)        (2) 

Two analytical relations widely used in the literature for a finite-width isotropic plate are 

given below. The Heywood relation: 

Kt = [ 2 + (1 ī d/W)į ] / (1 ī d/W)        (3) 

The Howland relation: 

Kt = 0,284 + 2/(1 ī d/W) ī 0,6(1 ī d/W) + 1,32(1 ī d/W)Į        (4) 

The net stress concentration factor Ktn, defined with respect to the net cross-section, is related 

to the global stress concentration factor Ktg, defined with respect to the gross (far-field) 

stress, as follows:  

Ktn = Ktg (1 ī d/W)        (5) 

As the d/W ratio approaches zero (i.e., when the hole is very small relative to the plate), both 

the Heywood and Howland relations approach the infinite-plate value of 3. 

3. Problem Definition and Finite Element Model 

3.1. Geometry and Material 

The geometric and material properties of the plate used in the analysis are given in Table 1. As 

the baseline case, a hole diameter of d = 18 mm (d/W = 0.3) was selected, this value also 

being part of the d/W sweep. The ratio of the plate length to its width (L/W) was taken as 2, as 

recommended in the literature for the validity of the analytical relations. Since the ratio of the 

plate thickness to its width is small (t/W ≈ 0.08), the plate can be regarded as a thin plate, 

which makes comparison with the two-dimensional analytical relations valid. 

Table 1. Geometric and material properties of the plate. 
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Parameter Symbol Value 

Plate length L 120 mm 

Plate width W 60 mm 

Plate thickness t 5 mm 

Hole diameter (baseline case) d 18 mm 

Modulus of elasticity E 200 000 MPa 

Poisson's ratio ν 0,3 

Applied tensile stress σ 100 MPa 

3.2. Boundary Conditions 

One of the short edges of the plate was fixed as a clamped (fixed) support, while a uniformly 

distributed tensile load of 100 MPa was applied outward from the plate on the opposite short 

edge. The load and support locations are shown in Figure 1. 

 

Figure 1. Boundary conditions: left edge Fixed Support (A), right edge 100 MPa tension, 

applied as −100 MPa pressure (B). 

Since the load and support are located sufficiently far from the hole (L/W = 2), the effect of 

the end boundary conditions on the local stress field around the hole is negligible in 

accordance with Saint-Venant's principle. 

3.3. Mesh Structure 

To accurately capture the rapidly varying stress field around the hole, the mesh was locally 

refined by applying Edge Sizing along the hole edge and Face Sizing to the region 
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surrounding the hole. Second-order tetrahedral solid elements were used in the solution, and 

the mesh for the baseline case (d = 18 mm) consists of approximately 82,000 elements and 

143,000 nodes. The mesh generated for the baseline case (d = 18 mm) is shown in Figure 2. 

 

Figure 2. Locally refined finite element mesh around the hole for the baseline case (d = 6 

mm). 

4. Results and Discussion 

4.1. Baseline Case Stress Distribution (d = 18 mm) 

The normal stress (X-direction) and equivalent von-Mises stress distributions obtained for the 

baseline case are presented in Figures 3 and 4. As expected, the maximum stress occurred at 

the hole edge, at the points perpendicular to the load axis. In the normal stress distribution, the 

maximum value was read as σmax = 343.8 MPa. In the SCF calculation, the normal stress 

perpendicular to the load axis (σmax = 343.8 MPa) was taken as the basis; the von-Mises 

value is provided for comparison purposes. 

 

Figure 3. Baseline case normal stress (X-direction) distribution; σmax = 343.8 MPa. 
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Figure 4. Baseline case equivalent (von-Mises) stress distribution; σmax = 340.94 MPa. 

For this case, the net nominal stress is σnom,net = F/[(W−d)·t] = 30000/[(60−18)·5] = 142.9 

MPa, while the gross nominal stress is σnom,gross = F/(W·t) = 30000/(60·5) = 100 MPa. 

From these, the net stress concentration factor was calculated as Ktn = σmax/σnom,net = 

343.8/142.9 = 2.41, and the global (gross) stress concentration factor as Ktg = 

σmax/σnom,gross = 343.8/100 = 3.44. This value agrees with the 3.37 given by the Howland 

relation within a relative error of approximately 2.1%. 

4.2. Mesh Convergence Study 

To demonstrate the mesh independence of the numerical solution, the number of elements 

along the hole edge was progressively increased, taking as reference the small-hole case (d/W 

= 0.1) for which the infinite-plate theoretical value (Kt ≈ 3) is valid. The relative error was 

calculated using the following relation: 

e(%) = | (Analytical ī FEM) / Analytical | Ĭ 100        (6) 

The convergence results are presented in Table 2 and Figure 5. As the number of elements 

increases, the global Kt value stabilizes around the analytical value (≈ 3.03), indicating that 

the mesh density employed is adequate. In the preliminary convergence analysis, the 

stabilization of the global Kt value at approximately 3.25 arises from the three-dimensional 

edge effect in this coarse edge-division model and from the peak stress being captured 

somewhat higher; in the final model, to which Face Sizing was applied around the hole (Table 

3), this value converged to the analytical solution (≈ 3.03).  

Table 2. Mesh convergence study results (d/W = 0.1). 

Hole-edge divisions Number of 

elements 

ůmax (MPa) Global Kt  

20 43 344 315,43 3,15 

50 45 708 318,68 3,19 
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Hole-edge divisions Number of 

elements 

ůmax (MPa) Global Kt  

100 45 222 325,07 3,25 

200 67 189 324,99 3,25 

350 86 711 326,09 3,26 

500 100 865 324,92 3,25 

Table 2. Mesh convergence study results (d/W = 0.1). This study is a preliminary analysis 

carried out to illustrate the convergence trend; the final d/W = 0.1 value in Table 3 was 

obtained from the finer-mesh model to which Face Sizing was applied around the hole. 

 

Figure 5. Variation of the global Kt value with the number of elements. 

4.3. Effect of the d/W Ratio 

The d/W ratio was investigated between 0.1 and 0.6 by varying the hole diameter over the 

values 6, 12, 18, 24, 30, and 36 mm. For each case, the maximum stress at the hole edge was 

read, the global stress concentration factor was calculated by means of Equations (1) and (2), 

and it was compared with the Heywood and Howland analytical relations. The results are 

summarized in Table 3. 

Table 3. Comparison of the global stress concentration factor with respect to the d/W ratio. 
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d (mm) d/W ůmax 

(MPa) 

ůnom,net 

(MPa) 

Ktg 

(ANSYS) 

Kt 

(Heywood) 

Kt 

(Howland) 

Error 

(%)  

6 0,1 306,7 111,1 3,07 3,03 3,04 0,9 

12 0,2 324,7 125,0 3,25 3,14 3,15 3,1 

18 0,3 343,8 142,9 3,44 3,35 3,37 2,0 

24 0,4 380,6 166,7 3,81 3,69 3,73 2,0 

30 0,5 440,9 200,0 4,41 4,25 4,31 2,3 

36 0,6 538,4 250,0 5,38 5,16 5,26 2,4 

 

The Ktg values in the table are defined with respect to the gross cross-section: Ktg = σmax / 

[F/(W·t)]. The variation of the global stress concentration factor with d/W is shown in Figure 

6, and that of the net stress concentration factor in Figure 7, together with the analytical 

solutions. The variation of the maximum stress with d/W is also given in Figure 8. 

 

Figure 6. Variation of the global stress concentration factor Ktg with the d/W ratio. 
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Figure 7. Variation of the net stress concentration factor Ktn with the d/W ratio. 

 

Figure 8. Variation of the maximum stress at the hole edge with the d/W ratio. 

As seen in Figure 6, as the d/W ratio increases, the global stress concentration factor Ktg 

rises; this is explained by the narrowing of the net cross-section and the intensification of the 

concentration as the hole diameter grows. In contrast, the net stress concentration factor Ktn 

(Figure 7) decreases as d/W increases. The numerical results closely followed the analytical 

curves over the entire range, and the relative error for the global Ktg remained at most 3.1%. 

This agreement demonstrates the accuracy of the established finite element model. The fact 

that the numerical values lie slightly above the analytical relations stems from the local mesh 

density at the hole edge in the three-dimensional model fully capturing the peak stress. Since 

this study is conducted within the scope of elastic analysis, the plastic deviation reported in 

the literature for d/W > 0.4 is not modeled here. 
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5. Conclusion 

In this study, the stress concentration arising in an isotropic steel plate with a central circular 

hole subjected to axial tensile loading was investigated using the ANSYS Workbench–based 

three-dimensional finite element method; the global (Ktg) and net (Ktn) stress concentration 

factors, obtained by systematically varying the ratio of the hole diameter to the plate width 

(d/W) over six different values in the range 0.1–0.6, were compared with the Heywood and 

Howland analytical relations widely used in the literature. The principal findings obtained 

from the study are summarized below. 

In all d/W cases, the maximum stress occurred, as expected, at the hole edge and at the 

location perpendicular to the applied load axis (at the 90° points around the hole). This 

location is in exact agreement with the classical elasticity solution given by Kirsch for an 

infinite plate and with photoelastic observations; it therefore demonstrates that the established 

finite element model accurately reflects the physical character of the stress field. 

The reliability of the numerical model was first established through a mesh convergence 

study. Taking as reference the small-hole case (d/W = 0.1), for which the infinite-plate 

theoretical value (Kt ≈ 3) is valid, the number of elements along the hole edge was 

progressively increased; it was observed that, as the number of elements increased, the global 

Kt value stabilized around the analytical value (≈ 3.03). This confirms that the solution 

becomes independent of the mesh size and that the selected mesh density—particularly the 

local refinement achieved through the Edge Sizing and Face Sizing applied around the hole—

is suitable for capturing the peak stress with sufficient accuracy. 

The effect of the d/W ratio on stress concentration was clearly demonstrated. As the hole 

diameter increased, the global stress concentration factor Ktg increased markedly; the value of 

approximately 3.07 for d/W = 0.1 rose to 5.38 for d/W = 0.6. This increase is explained by the 

narrowing of the load-bearing net cross-section as the hole grows and by the stress flow lines 

concentrating within a narrower region, thereby intensifying the concentration. In contrast, the 

net stress concentration factor Ktn, defined with respect to the average stress over the net 

cross-section, exhibited a decreasing trend as d/W increased. This opposing behavior between 

the increase of the global Ktg and the decrease of the net Ktn is a direct consequence of the 

relation Ktn = Ktg(1 − d/W) and emphasizes that the two factors are based on physically 

different normalizations; this distinction highlights the importance of clearly stating which 

factor is used in design calculations. 

The finite element results closely followed both the Heywood and Howland analytical curves 

over the entire d/W range examined, and the relative error for the global Ktg remained at most 

3.1%. Such a low error margin proves the validity of the established model and the high 

agreement of the numerical approach with the classical analytical solutions. The fact that the 

numerical values lie somewhat above the analytical relations results from the refined mesh at 

the hole edge in the three-dimensional model capturing the peak stress more completely and 

from the planar assumptions of the analytical relations; that this difference lies on the safe 

side from an engineering standpoint further supports the use of the model for design purposes. 

The results confirm that the finite element method can capture stress concentration in 

perforated plates with high accuracy and can reliably represent the finite-width effect as a 

function of d/W. It is considered that, in cases of complex geometry, multiple holes, or 
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combined loading for which the analytical relations are impractical, the modeling approach 

validated here can be confidently extended. 

For future work, it is recommended that the effects of elliptical and polygonal hole 

geometries, the interaction of multiple holes, the plate thickness (the plane stress–plane strain 

transition), and orthotropic/composite material behavior on the stress concentration factor be 

investigated using the same validated method; furthermore, that the obtained Ktg results be 

correlated with fatigue life prediction. 
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Özet 

Bu çalışmada, ceviz kabuğu dolgulu geri dönüştürülmüş polipropilen (rPP) kompozitlerin 

enjeksiyon kalıplama sürecindeki davranışları sayısal analizler ile incelenmiştir. Analizler, 

Autodesk Moldflow 2019 yazılımı kullanılarak gerçekleştirilmiş olup, elde edilen sonuçlar 

orijinal polipropilen (PP) ve geri dönüştürülmüş polipropilen (rPP) ile karşılaştırılmıştır. 

Yolluk konumu analizi sonucunda, dairesel geometrili parça için en uygun yerleşimin merkez 

bölge olduğu belirlenmiştir. Dolum süresi ve akış kontur analizleri, tüm malzemeler için 

benzer akış davranışları ortaya koymuş ve dolum sürecinin büyük ölçüde parça geometrisi 

tarafından kontrol edildiğini göstermiştir. Buna karşılık, enjeksiyon basıncı, kapama kuvveti 

ve kalıp içi basınç sonuçları, ceviz kabuğu dolgulu kompozit malzeme için daha yüksek 

değerler göstermiştir. Bu durum, doğal dolgu ilavesi ile artan eriyik viskozitesi ve azalan 

akışkanlık ile ilişkilendirilmiştir. Ayrıca, kompozit malzemenin daha geç katılaştığı 

belirlenmiş olup, bu durum malzemenin termal özelliklerindeki değişim ile açıklanmıştır. Bu 

iyileşme, dolgu malzemesinin rijitliği artırması ve büzülme davranışını sınırlandırması ile 

ilişkilendirilmiştir. Sonuç olarak, ceviz kabuğu dolgulu geri dönüştürülmüş polipropilen 

kompozitlerin, işlem sırasında daha yüksek basınç ve kapama kuvveti gerektirmesine rağmen, 

daha düşük çarpılma ve daha yüksek boyutsal kararlılık sunduğu belirlenmiştir. Bu bulgular, 

söz konusu kompozit malzemelerin enjeksiyon kalıplama uygulamalarında sürdürülebilir ve 

yüksek performanslı bir alternatif olarak değerlendirilebileceğini göstermektedir.   

Anahtar kelimeler: Geri dönüşüm, polimer kompozit, sürdürülebilir üretim, sayısal 

analiz.        

 

Abstract 

In this study, the behaviour of walnut shell-filled recycled polypropylene (rPP) composites 

during the injection moulding process was investigated through numerical analyses. The 

analyses were carried out using Autodesk Moldflow 2019 software, and the obtained results 

were compared with those of virgin polypropylene (PP) and recycled polypropylene (rPP). 

The gate location analysis revealed that the most suitable placement for the circular-shaped 

part was the central region. Filling time and flow contour analyses exhibited similar flow 

behaviours for all materials, indicating that the filling process was largely governed by the 

part geometry. In contrast, the results for injection pressure, clamping force, and in-mold 

pressure showed higher values for the walnut shell-filled composite material. This was 

attributed to the increased melt viscosity and reduced flowability resulting from the addition 

of the natural filler. Furthermore, the composite material was found to solidify at a later stage, 

which was explained by changes in its thermal properties. This improvement was associated 

with the filler material enhancing stiffness and limiting shrinkage behaviour. Consequently, 

although walnut shell-filled recycled polypropylene composites require higher pressure and 

clamping force during processing, they provide lower warpage and greater dimensional 

stability. These findings indicate that such composite materials can be considered a 

sustainable and high-performance alternative for injection moulding applications. 
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1. GĶRĶķ 

Tarımsal atıklardan elde edilen lignoselülozik biyokütlenin dolgu maddesi olarak polimer 

kompozitlerde kullanımı, sürdürülebilir malzeme geliştirmeye katkı sağlamaktadır. Bu 

lignoselülozik doldu yapısı yaklaşımı hem çevresel olumsuz etkilerin azaltılması hem de 

ekonomik değerli yeni sürdürülebilir malzeme üretimine fırsatlar sunmaktadır. Endüstrinin 

hemen hemen tüm alanında petrokimyasal kaynaklara olan bağımlılığın azaltılması ve 

biyobazlı alternatif sürdürülebilir malzemelerin geliştirilmesi, küresel ısınma ve sera gazı 

emisyonlarıyla mücadelede kritik öneme sahiptir [1,2]. Bu bağlamda, tarımsal atıkların 

değerlendirilmesi, atık yönetimi süreçlerinin etkinliğini artırmaktadır ve döngüsel ekonomi 

yaklaşımı benimseyerek sürdürülebilir kaynak kullanımını sağlamaktadır [2]. Lignoselülozik 

yapılı atıkların polimer matrislerle homojen karışımıyla oluşturulan biyo-kompozitler, düşük 

maliyetli, yenilenebilir ve çevre dostu malzemeler olarak öne çıkmaktadır.  

Tarımsal atıklardan; mısır sapı, çeltik kabuğu, badem ve fındık kabuğu gibi atıkların polimer 

matrislerle entegrasyonu, atıkların katma değerli ürünlere dönüştürülmesini sağlamaktadır ve 

oluşturulan kompozit malzemelerin mekanik, termal ve performans özelliklerini iyileştirme 

potansiyeli sunmaktadır [1,3]. Bu tür sürdürülebilir biyokompozit malzemeler, endüstride 

birçok alanda sürdürülebilir alternatif plastik kompozit malzeme olarak uygulama alanları 

bulmaktadır [4]. Doğal dolgulu plastik kompozitlerin üretim kolaylığının olması ve doğal lif 

takviyeli plastik kompozitlerin formülasyonunda lif-matris uyumu ve hidrofilik-hidrofobik 

etkileşimleri gibi dezavantajları bulunmaktadır. Doğal lif yapılı dolgu malzemelerin hidrofilik 

yapısı ile polimer matrislerin hidrofobik yapılar arasındaki uyumsuzluk, bu tür plastik 

kompozitlerin mekanik performanslarını belirgin derecede sınırlayabilmektedir [1,5]. Bu 

nedenle, yüzey modifikasyon teknikleri, doğru bağlayıcı malzemeler ve kimyasal ön işlemler 

gibi yöntemler, lif-matris arayüzey bağlanmasını güçlendirmek ve kompozit yapının 

performansını geliştirmek için yaygın olarak kullanılmaktadır. [6,7]. Son yıllarda yapılan 

çalışmalarda, derin ötektik çözücüler (DES) ve iyonik sıvılar gibi çevre dostu çözücü 

sistemlerinin, lignoselülozik yapılı biyokütlenin üretiminde kullanılan parametrelerin, etkili 

ve sürdürülebilir yaklaşımların geliştirilmesinde önemli rol oynadığı gösterilmiştir [8]. 

Ayrıca, düşük toksik etkisinin, geri dönüştürülebilirdik ve düşük buhar basıncı gibi olumlu 

etkileri DES sisteminin sürdürülebilir biyorafineri süreçleri için uygun ve çevre dostu 

alternatifler olduğu bildirilmektedir [9]. 

Plastik matrisli kompozitlerin endüstriyel üretiminde, yüksek üretim kapasitesi ve karmaşık 

geometrilerin kolaylıkla üretilebilmesinden dolayı enjeksiyon kalıplama yöntemi endüstrin bir 

çok alanında yaygın olarak kullanılmaktadır [9]. Literatürde yer alan bazı çalışmalarda, doğal 

lif takviyeli kompozitlerin enjeksiyon kalıplama üretim sürecindeki davranışlarının; lif 

yapının homojen dağılımı, üretilen plastik matrisli kompozitin viskozite değişimlerinde 

meydana gelen tutarsızlıklar proses parametrelerinin optimize edilmesini zorlaştırmaktadır 

[10,11].  Bu bağlamda, Moldflow gibi sayısal simülasyon yazılımlarının, enjeksiyon 

kalıplama sürecinde eriyik akışı, basınç dağılımı, sıcaklık değişimleri ve dolum davranışları 
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gibi kritik parametrelerin analiz edilmesini sağlayarak üretim parametrelerinin optimize 

edilmesinde etkin biçimde kullanıldığı bildirilmektedir [4]. Doğal lignoselülozik yapılı 

dolgular içeren termoplastik matrisli kompozitlerde, Autodesk Moldflow Insight 2019 yazılım 

araçları ile ileri hesaplamalı yöntemler sayesinde dolgu dağılımı, kalıp içi davranışlar ve 

malzeme davranış ilişkilerini analiz ederek malzeme tasarım süreçleri optimize etmekte ve 

üretim hatalarını ve maliyetlerini azaltmaktadır [12]. Özellikle makine öğrenimi algoritma 

sistemleri, enjeksiyon kalıplamada üretim parametrelerinin optimizasyonunda yüksek 

doğrulukta tahminler sunarak üretim verimliliğini artırmaktadır [13]. Doğal liflerin heterojen 

yapısı, termal stabilite sınırlamaları ve nem duyarlılığı gibi dezavantajlara rağmen, bu 

malzemelerin çevresel ve ekonomik avantajları onları giderek daha cazip hale getirmektedir 

[14]. 

Bu çalışmada, tarımsal atık katkılarından ceviz kabuğu dolgulu plastik kompozitlerin 

enjeksiyon kalıplama sürecindeki malzeme davranışlarını Autodesk Moldflow Insight 2019 

yazılımı ile inceleyerek proses parametrelerinin malzeme performansı üzerindeki etkilerini 

ortaya koymaktır. Bu doğrultuda, plastik matrisli kompozitlerin endüstriyel uygulamalara 

uygunluğunun artırılması amaçlanmaktadır. Ceviz kabuğu katkı dolgulu geri dönüştürülmüş 

PP matrisli kompozitlerin enjeksiyon kalıplama sürecindeki akış davranışını sayısal olarak 

analiz ederek hem sürdürülebilir malzeme geliştirme hem de üretim parametrelerinin 

optimizasyonu açısından literatürdeki önemli bir boşluğu doldurmayı hedeflemektedir. 

2. MALZEME VE YÖNTEM  

Bu çalışmada, denizcilik sektöründe güverte kapağı olarak kullanılan dairesel geometrili bir 

plastik parçanın enjeksiyon kalıplama süreci sayısal olarak incelenmiştir. Analizlerde; orijinal 

(katkısız) PP, geri dönüştürülmüş PP ve ceviz kabuğu dolgulu geri dönüştürülmüş PP 

kompozit incelenmiştir. Karşılaştırma amacıyla kullanılan ilk malzeme orijinal PP, ikinci 

malzeme geri dönüştürülmüş PP, üçüncü malzeme ise geri dönüştürülmüş PP içerisine %15 

ceviz kabuğu partiküllerinin ilave edilmesiyle elde edilen doğal dolgulu kompozit 

malzemedir.  

2.1. Parça Geometrisi 

Bu çalışmada; analiz edilen parça, denizcilik uygulamalarında kullanılan dairesel formda bir 

güverte kapağıdır. Parça geometrisi, merkez bölgesinde fonksiyonel çıkıntılar, çevresel 

bağlantı delikleri ve değişken cidar kalınlıkları içeren kompleks bir yapıya sahiptir. 

Analizlerde kullanılan üç boyutlu model, enjeksiyon kalıplama prosesi dikkate alınarak 

oluşturulmuş olup, akışın merkezden başlayarak parça içerisine yolluklarla akmasını 

incelemeye yönelik olarak tanımlanmıştır. Parça üzerinde bulunan geometrik detaylar, akış 

yönlenmesi, basınç dağılımı ve dolum davranışının belirlenmesi açısından önemli alanlar 

oluşturmaktadır. Bu nedenle model, söz konusu geometrik özellikleri içerecek şekilde 

simülasyon ortamına aktarılmıştır. Şekil 1’de güverte kapağı parçasının 3 boyutlu modeli 

gösterilmiştir. 
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ķekil 1. Analiz edilen güverte kapağı parçasının 3B geometrik modeli. 

2.2. Aĵ Yapēsē ve Mesh Kalitesi 

Sayısal analiz öncesinde parça geometrisi sonlu elemanlara ayrılmıştır. Analizde parça 

geometrisi karmaşık olmadığı için Adaptif üçgensel mesh yapısı kullanılmıştır. Mesh 

yapısının yeterliliği, eleman sayısı, bağlantı oranı, eşleşme yüzdesi ve aspect ratio değerleri 

dikkate alınarak bu mesh yapısında parça geometrisi değerlendirilmiştir. Toplamda 12022 

adet eleman ve 6015 düğüm noktası kullanılmıştır. Mesh yapısında, özellikle geometrik 

detayların bulunduğu bölgelerde çözüm hassasiyetini artırmak amacıyla yeterli yoğunlukta ağ 

yapısı oluşturulmuştur. Mesh kalitesi çeşitli metrikler kullanılarak değerlendirilmiştir. Üçgen 

elemanlar için ortalama aspect ratio değeri 1.81, minimum değer 1.16 ve maksimum değer 

13,67 olarak saptanmıştır. Ağ uyumluluğu yüzdesi %89,9 karşılıklı ağ uyumu ise %86,5 

olarak belirlenmiştir. Bu değerler, oluşturulan mesh yapısının dual domain analizleri için 

uygun olduğunu göstermektedir. Modelin toplam yüzey alanı yaklaşık 665,78 cm² ve hacmi 

113,99 cm³ olarak hesaplanmıştır. Elde edilen mesh yapısının çözüm doğruluğu açısından 

yeterli olduğu değerlendirilmiş ve analizlerde bu ağ yapısı kullanılmıştır. Şekil 2’de parça 

geometrisinin mesh yapısı gösterilmiştir. 

         

            a)                                                         b) 
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ķekil 2. (a) Model geometrisine ait genel mesh yapısı, (b) giriş bölgesi etrafındaki ağ 
yoğunluğunun detaylı mesh görünümü. 

2.3. Analiz Parametreleri 

Bu analizlerde enjeksiyon kalıplama prosesi için sabit proses koşulları tanımlanmıştır. 

Böylece farklı malzemelerin aynı proses koşulları altındaki davranışları karşılaştırılabilir hale 

getirilmiştir. Simülasyonlarda proses parametreleri yazılımın “Fill-Pack” analiz modülü 

üzerinden tanımlanmıştır. Analizlerde eriyik sıcaklığı 210 °C, kalıp yüzey sıcaklığı 50 °C 

olarak belirlenmiştir. Enjeksiyon dolum kontrolü zamana bağlı olarak gerçekleştirilmiş ve 

dolum süresi 2 saniye olarak tanımlanmıştır. Enjeksiyon hız basınç geçişi, dolum oranının 

%99’a ulaşması ile gerçekleştirilmiştir. Dolum basıncının zamana bağlı olarak uygulanması 

olarak tanımlandı ve paketleme süresi 10 saniye olarak belirlenmiştir. Enjeksiyon soğutma 

süresi 20 saniye olarak atanmıştır. Makine parametreleri kapsamında maksimum enjeksiyon 

basıncı 180 MPa, maksimum enjeksiyon debisi 5000 cm³/s olarak tanımlanmıştır. Ortam 

sıcaklığı 25 °C olarak kabul edilmiştir. Model geometrisinde tek giriş noktası kullanılmış 

olup, akış bu noktadan başlatılacak şekilde tanımlanmıştır. Analizlerde esas alınan proses 

parametreleri Tablo 1’de gösterilmiştir. 

Tablo 1. Simülasyon analizlerinde kullanılan proses parametreler 

Parametre Deĵer 

Enjeksiyon kalıp 

dolum süresi 

2,0 s 

Kalıp yüzey sıcaklığı 50 °C 

 

Polimer eriyik 

sıcaklığı 

210 °C 

 

Ütüleme basıncı 80 MPa 

 

Ütüleme süresi  10 s 

 

Parça soğutma süresi 20 s 

 

Toplam üretim 

çevrim süresi 

 30 s 

  

 

2.4. Sēnēr ķartlarē 

Simülasyonlara ait sınır koşulları, Autodesk Moldflow Insight 2019 yazılımı kullanılarak 

belirlenmiştir. Simülasyon modelinde plastik akışının başlatılması için parçanın geometrik 

yapısından dolayı enjeksiyon dolayı enjeksiyon tam merkezinden seçilmiştir. Kalıp yüz 

sıcaklığı 50 °C olarak atanmıştır. Analiz esnasında dolum oranı %99’a ulaştığında sistemin 

otomatik olarak ütüleme (velo/p ) aşamasına geçirilmesi tanımlanmıştır. Eriyik polimerin 

kalıp duvarı boyunca kaymadan aktığı varsayılmıştır. Kalıp soğutma aşamasında kalıp 

yüzeyleri sabit sıcaklıkta tutulup yerçekimi etkisi ihmal edilmiştir. 
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2.5. Malzeme Özellikleri 

Kullanılan malzemelere ait temel fiziksel ve reolojik özellikler Tablo 2’de gösterilmiştir. Bu 

özellikler, Autodesk Moldflow Insight 2019 yazılımının malzeme veri tabanından alınarak 

simülasyon modeline tanımlanmıştır. Geri dönüşümü yapılmış PP ve çeviz kabuğu dolgulu 

kompozit malzeme özelliği (Şengül,2025) yazılım veri tabanına tanımlanmıştır.  Analizlerde 

tüm malzemeler için aynı proses parametreleri kullanılmıştır. Tüm analizler aynı proses 

parametreleri altında gerçekleştirilmiştir. 

Tablo 2 Simülasyonlarda Kullanılan Malzemelerin Temel Özellikleri [9]. 

Malzeme  Orijinal PP  rPP PP + Ceviz 

Malzeme türü Polipropilen (PP) 

Geri 

dönüştürülmüş 

PP 

PP + doğal dolgu 

Yapı Kristalin Kristalin Kristalin 

Dolgu Yok Yok Doğal dolgu (ceviz) 

MFR (g/10 min) 12 5 6,3 

Eriyik yoğunluğu 

(g/cm³) 
0.747 0.73 0,73 

Katı yoğunluğu 

(g/cm³) 
0.918 0.93 0,93 

Eriyik sıcaklığı (°C) 210 210 210 

Kalıp sıcaklığı (°C) 50 50 50 

 

3. Sonuçlar ve Tartēĸma 

3.1.Yolluk (Gate) Konumu Analizi 

Bu çalışmada, dairesel geometrili güverte kapağı parçası için optimum yolluk konumu 

Autodesk Moldflow Insight 2019 yazılımı kullanılarak belirlenmiştir. Gate location analizi 

sonuçları, parça yüzeyi üzerindeki farklı bölgelerin enjeksiyon uygunluğunu renk skalası ile 

göstermektedir. Şekil 3’te görüldüğü üzere, mavi renk ile gösterilen bölgeler yolluk yerleşimi 

açısından en uygun alanları temsil etmektedir. Analiz sonuçlarına göre, malzemenin özelliği 

ve kalıp geometrisine göre yolluk konumu parçanın merkez bölgesi olarak belirlenmiştir.  

Şekil 3’te, gate location analizi sonucunda belirlenen optimum merkez yolluk yerleşimi 

gösterilmiştir. 
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ķekil 3. Gate location analizi sonucunda önerilen merkez yolluk yerleşimi 

Şekil 3’te görüldüğü gibi mavi renk ile gösterilen bölgeler en uygun yolluk konumlarını 

göstermektedir. Merkezden uygulanan yolluk sistemi, enjeksiyon akışının gerçekleşmesi 

sırasında eriyen malzemenin kalıp içerisinde radyal olarak yayıldığı ve dolumun simetrik 

biçimde gerçekleştiği gözlemlenmiştir. Bu yerleşim ile akışın dengeli dağıldığı ve parça 

genelinde homojen dolum sağlandığı gözlenmiştir. Ayrıca, modelin merkezden beslemenin 

dolum süresini daha dengeli hale geldiği gözlenmiştir.  

3.2. Dolum Süresi (Fill Time) Analizi 

Bu çalışmada orijinal PP, geri dönüştürülmüş rPP ve ceviz kabuğu dolgulu geri 

dönüştürülmüş kompozit malzemeleri için dolum süresi dağılımları Moldflow Insight 2019 

yazılımı kullanılarak yapılmıştır. 

Tüm analizler aynı proses parametreleri altında ve 2 s dolum süresi tanımlanarak 

gerçekleştirilmiştir. Elde edilen sonuçlar, malzemelerin kalıp içerisindeki akış davranışlarını 

karşılaştırmalı olarak değerlendirmeye olanak sağlamaktadır. Şekil 4’te malzemelerine ait 

dolum süresi dağılımlarının karşılaştırmalı sonuçları gösterilmiştir. 

 

  a)                                                    b)                                                       c) 

ķekil 4. Farklı malzemeler için dolum süresi (fill time) dağılımlarının karşılaştırılması: (a) 
Orijinal PP, (b) Kompozit PP ve (c) rPP 
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Enjeksiyon kalıplama sürecinde, malzemenin eriyik akışının kalıp boşluğu içerisinde 

merkezden başlayarak radyal yönde ilerlediği ve parça geometrisinin sınırlarına doğru akışın 

olduğu gözlemlenmiştir. Maksimum dolum süreleri orijinal PP için yaklaşık 2.415 s, 

kompozit malzemenin ve rPP yaklaşık 2.417 s olarak tespit edilmiştir 

Analiz bulguları, ceviz kabuğu dolgulu kompozit malzeme dahil olmak üzere, malzeme 

türünün dolum süresi üzerindeki etkisinin sınırlı olduğunu göstermektedir. Bu sonuç, 

malzemenin akış davranışının parça geometrisi ve yolluk konumu tarafından büyük ölçüde 

etkilendiğini göstermektedir. 

PP, rPP ve rPP + ceviz kabuğu kompozit malzemelerinin enjeksiyon dolum davranışlarının 

karşılaştırılabilmesi amacıyla dolum süresi kontur (izohat) dağılımları analiz edilmiştir. Şekil 

5’te farklı malzemelere ait dolum süresi kontur dağılımları gösterilmiştir. 

 

       a)                                                 b)                                                         c) 

ķekil 5. Farklı malzemelere ait dolum süresi kontur (izohat) dağılımlarının karşılaştırılması: 
(a) PP, (b) rPP + ceviz kabuğu kompoziti, (c) rPP. 

Enjeksiyon dolum süresi dağılımlarının daha ayrıntılı incelenebilmesi amacıyla kontur 

(izohat) çizgileri analiz edilmiştir. Şekil 5’te görüldüğü gibi model geometrisinde tüm 

malzemelerde akışın merkezden dış bölgelere doğru düzenli ve simetrik şekilde ilerlediği 

görülmektedir. Kontur çizgilerinin eş merkezli yapıda olması, malzeme akışının dengeli ve 

kararlı biçimde gerçekleştiğini göstermektedir. Bu kontur çizgilerinin geometrinin kenar 

bölgelerinde sıklaşmasıyla akış ilerleme hızının bu bölgelerde azaldığını göstermektedir. Bu 

üç farklı malzeme arasında kontur çizgilerinin dağılımı açısından belirgin bir farklılık 

gözlemlenmemiştir. Bu durum, dolum davranışının büyük ölçüde parça geometrisi ve yolluk 

konumundan etkilendiğini göstermektedir. 

3.3. Enjeksiyon ve ¦t¿leme Basēncē Analizi 

Bu çalışmada, enjeksiyon ve ütüleme basınçlarının zamana bağlı değişim davranışları 

incelenmiştir. Şekil 6’da enjeksiyon ve ütüleme basıncının zamana bağlı değişimi 

gösterilmiştir. 
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  a)                                   b)                                        c) 

ķekil 6. Farklı malzemeler için enjeksiyon ve ütüleme basıncının zamana bağlı değişimi: (a) 
PP, (b) rPP + ceviz kabuğu kompozit (c) rPP 

Şekil 6’da gösterilen basınç–zaman grafikleri incelendiğinde, tüm malzemelerde benzer 

basınç değişim eğilimleri gözlenmiştir. Kalıp dolum esnasında enjeksiyon basıncında hızlı bir 

artış göstermiştir. Malzemenin kalıptaki dolum sonrasındaki ütüleme aşamasında daha düşük 

seviyelerde dengelenmeler olduğu belirlenmiştir. Maksimum enjeksiyon basıncı değerleri 

sırasıyla orijinal PP için 7.30 MPa, rPP için 9.27 MPa ve ceviz kabuğu dolgulu rPP kompoziti 

için 9.30 MPa olarak elde edilmiştir. Doğal dolgu ilavesinin eriyik viskozitesini artırarak daha 

yüksek enjeksiyon basıncının gerektirdiği saptanmıştır. 

3.4. Kapama Kuvveti (Clamp Force) Analizi 

Bu çalışmada, orijinal (PP), (rPP) ve (rPP+ceviz) kompozit malzemelerin enjeksiyon 

kalıplama sürecinde gösterdiği kalıp kapama kuvveti değişimleri zamanın fonksiyonu olarak 

incelenmiştir. Şekil 7’de bu malzemeler için kalıp kapama kuvvetinin zamana bağlı değişim 

grafikleri gösterilmiştir. 
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a)                                                b)                                                c) 

ķekil 7. PP, rPP + ceviz kabuğu kompozit ve rPP numuneleri için enjeksiyon kalıplama 
sürecinde kalıp kapama kuvvetinin zamana bağlı değişimi. 

 

Şekil 7’de gösterilen kalıp kapama kuvveti–zaman eğrileri, malzemelerin benzer bir değişim 

eğilimi olduğunu göstermektedir. Kalıp dolumu esnasında kalıp kapama kuvveti hızlı bir 

şekilde arttığı görülmektedir ve bu durum kalıbın malzeme ile dolumun tamamlanmasıyla 

maksimum değere ulaştığı ve ütüleme aşamasında malzemenin eriyik basıncının 

dengelenmesiyle kalıp kapama kuvveti daha düşük değere düşmüştür. Maksimum kalıp 

kapama kuvveti değerleri; orijinal PP için yaklaşık 12,5 ton, rPP ve ceviz kabuğu dolgulu rPP 

kompoziti için ise yaklaşık 16 ton olduğu saptanmıştır. Bu durum, doğal dolgu eklenerek yeni 

kompozit malzemenin eriyik viskozitesini ve enjeksiyon basıncını artırarak daha yüksek kalıp 

kapama kuvveti gerektirdiğini göstermektedir. 

3.5. Par­a ¦zerindeki Basēn­ Daĵēlēmē 

Çalışma kapsamında, farklı malzemeler için dolum sürecinin belirli bir anında (t = 12.41 s) 

parça üzerinde oluşan basınç dağılımları analiz edilmiştir. Bu analiz, enjeksiyon sürecinin son 

aşamalarında malzemenin kalıp içerisindeki basınç davranışını değerlendirmek amacıyla 

gerçekleştirilmiştir. 

Şekil 3.6’da görüldüğü üzere, üç farklı malzeme için parça üzerindeki basınç dağılımları 

genel olarak benzer bir geometrik dağılım sergilemektedir. Bununla birlikte, basınç seviyeleri 

açısından belirgin farklılıklar gözlemlenmiştir. 

 

 

     a)                                            b)                                                           c) 

ķekil 3.6. Malzemelerin t = 12,41 s anında parça üzerindeki basınç dağılımlarının 
karşılaştırılması: (a) PP, (b) rPP + ceviz kabuğu kompozit, (c) rPP. 

Bu çalışmada, özellikle ceviz kabuğu dolgulu geri dönüştürülmüş polipropilen kompozitin 

kalıp içerisindeki basınç davranışı, diğer malzemeler ile karşılaştırmalı olarak analiz 
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edilmiştir. Analizler, dolum sürecinin belirli bir anında (t = 12.41 s) parça üzerinde oluşan 

basınç dağılımlarının değerlendirilmesi amacıyla gerçekleştirilmiştir. 

Şekil 3.6’da görüldüğü üzere, üç farklı malzeme için basınç dağılımları benzer bir geometrik 

desen sergilemekle birlikte, basınç seviyeleri açısından belirgin farklılıklar gözlemlenmiştir. 

Aynı ölçüm noktalarından elde edilen sonuçlara göre, orijinal PP için basınç değerlerinin 

yaklaşık 3.7–3.8 MPa aralığında olduğu, buna karşılık rPP ve ceviz kabuğu dolgulu rPP 

kompoziti için bu değerlerin yaklaşık 4.8–5.2 MPa aralığına yükseldiği belirlenmiştir. 

Basınç dağılımları incelendiğinde, enjeksiyon giriş noktasına yakın bölgelerde daha yüksek 

basınç değerlerinin oluştuğu, akış yönü boyunca ilerledikçe basıncın kademeli olarak azaldığı 

gözlemlenmiştir. Bu durum, akış sırasında meydana gelen basınç kayıpları ile ilişkilidir. 

Elde edilen bulgular, ceviz kabuğu dolgulu kompozit malzemenin kalıp içerisinde daha 

yüksek basınç seviyeleri oluşturduğunu göstermektedir. Bu durum, doğal dolgu ilavesi ile 

artan eriyik viskozitesi ve azalan akışkanlık ile ilişkilendirilebilir. 

 

4. Sonuç, Tartēĸma ve Öneriler  

Bu çalışmada, ceviz kabuğu dolgulu geri dönüştürülmüş polipropilen (rPP) kompozitlerin 

enjeksiyon kalıplama davranışları Autodesk Moldflow Insight 2019 yazılımı kullanılarak 

incelenmiş ve sonuçlar orijinal PP ile geri dönüştürülmüş PP malzemeleriyle 

karşılaştırılmıştır. 

Elde edilen sonuçlar, dolum davranışının büyük ölçüde kalıp geometrisi ve yolluk 

tasarımından etkilendiğini göstermiştir. Tüm malzemelerde benzer dolum süreleri ve akış 

dağılımları elde edilmiştir. Buna karşılık, ceviz kabuğu dolgulu kompozitin daha yüksek 

enjeksiyon basıncı ve kapama kuvveti gerektirdiği belirlenmiştir. Bu durum, doğal dolgu 

ilavesiyle artan eriyik viskozitesine bağlanmıştır. 

Katılaşma analizleri kompozit malzemenin daha uzun soğuma süresine sahip olduğunu ortaya 

koyarken, duvar kesme gerilmesi değerlerinde önemli bir farklılık gözlenmemiştir. Çarpılma 

analizlerinde ise ceviz kabuğu dolgulu kompozit en düşük deformasyon değerini göstermiştir. 

Bu sonuç, doğal dolgu katkısının büzülmeyi azaltarak boyutsal kararlılığı artırdığını 

göstermektedir. 

Genel olarak, ceviz kabuğu dolgulu geri dönüştürülmüş PP kompozitlerin enjeksiyon 

kalıplama uygulamaları için çevre dostu ve performans açısından uygun bir alternatif olduğu 

belirlenmiştir. Ancak artan proses yükleri nedeniyle uygun üretim parametrelerinin seçilmesi 

önem taşımaktadır. 

Gelecek çalışmalarda farklı dolgu oranları ve partikül boyutlarının yanı sıra mekanik 

özellikler ve enerji tüketimi üzerindeki etkilerin deneysel olarak araştırılması önerilmektedir. 
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Abstract 

Two-dimensional materials continue to provide a fertile platform for discovering novel 

physical phenomena and enabling next-generation nanoelectronic and optoelectronic 

technologies. Among recently proposed lattice architectures, biphenylene network (BPN)–

based structures have attracted increasing attention due to their unconventional topology 

composed of rectangular, hexagonal, and octagonal rings, which gives rise to unusual 

electronic and mechanical properties beyond those found in conventional hexagonal 2D 

materials. 

In this seminar, I will present a comprehensive first-principles investigation of BPN-based 

two-dimensional monolayers and discuss how their structural design can be used to engineer 

tunable physical properties. Using density functional theory calculations combined with 

phonon analysis and ab initio molecular dynamics simulations, we examine the structural 

stability, mechanical response, electronic structure, and optical characteristics of these 

emerging materials. 

To illustrate the versatility of this platform, two representative systems are discussed: BPN-

Ga₁₋ₓAlₓN [1] and BPN-MoSe₂ [2] monolayers. Our results show that alloying in BPN-

Ga₁₋ₓAlₓN enables systematic tuning of lattice stiffness and direct band gaps, accompanied by 

a pronounced blue shift in optical absorption from the visible to ultraviolet region. In contrast, 

the BPN-MoSe₂ monolayer exhibits strong structural anisotropy originating from its mixed-

ring topology, leading to direction-dependent mechanical properties and anisotropic optical 

absorption spanning the visible and near-infrared regimes. 

These findings highlight biphenylene-network architectures as a promising design strategy for 

next-generation two-dimensional materials, offering controllable electronic and optoelectronic 

properties with potential applications in flexible electronics, photonic devices, and nanoscale 

optoelectronics. The seminar will conclude with perspectives on future research directions, 

including strain engineering, external field control, and possible experimental realization of 

BPN-based systems.  

 

 

Anahtar kelimeler: Biphenylene-Network, two dimensional material, first-principle 

calculations        
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ABSTRACT  

Retrieval-augmented generation (RAG) systems are being deployed at speed in compliance-

sensitive enterprise contexts that span financial regulation, manufacturing quality 

management, export control, environmental reporting, and industrial safety standards. In each 

of these settings, the correct answer to a query depends not only on what a regulation states, 

but on whether the cited instrument was in force on the date the question was asked. Standard 

RAG pipelines, optimized for semantic similarity, contain no native mechanism to distinguish 

a current regulation from one superseded years earlier. The result is a failure mode the author 

terms temporal contamination: confident, fluent, fully-cited answers grounded in withdrawn 

law. Conventional evaluation metrics—keyword coverage, fluency, readability, and even 

human plausibility checks—rate such answers as high quality because they are coherent and 

indistinguishable in form from valid responses. The architecture has failed silently, and 

standard quality assurance cannot see it. 

This presentation reports a controlled study on a six-document Reserve Bank of India 

regulatory corpus that quantifies the problem and tests a structural fix. Naive fixed-size 

chunking produced 13,161 chunks averaging eight words each—too small to contain a 

complete regulatory obligation. Structure-aware semantic segmentation of the same corpus 

produced 142 chunks averaging 371 words: a 98.9 percent reduction with substantially 

improved answer coverage. On a date-sensitive query, standard retrieval was dominated by a 

circular superseded more than a year earlier, yielding 100 percent keyword coverage and zero 

legal validity. With pre-generation temporal filtering enabled, contamination dropped to zero. 

The proposed five-layer architecture operationalizes temporal validity as a safety constraint 

rather than a quality metric: (L0) structure-aware chunking; (L1) temporal metadata at 

ingestion; (L2) pre-generation validity filtering; (L3) temporal correctness elevated to the 

same level as access control, aligned with the NIST AI Risk Management Framework; and 

(L4) operational monitoring with safe refusal when no valid source exists. The architecture 

transfers directly to AI-supported manufacturing systems, where standards, certifications, and 

statutory obligations change continually and where confidently citing a withdrawn 

specification can carry safety, contractual, and audit consequences. Temporal validity is not 

the final maturity level for industrial regulatory AI; it is the next necessary one. 

Keywords: Retrieval-Augmented Generation; Temporal Contamination; Regulatory 

Compliance AI; Trustworthy AI Architecture; AI-Supported Manufacturing Systems. 
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Abstract 

Steel is the most abundantly used material for fabricating industrial process equipment due to 

its excellent strength, low cost, and ability to be alloyed with other metals. However, its poor 

resistance to acid-induced industrial corrosion constitutes a serious material challenge. The 

inclusion of Nickel to obtain Ni-resist, an austenitic cast iron, can significantly improve the 

acid corrosion resistance of steel. However, high-temperature industrial operations diminish 

the alloy’s acid corrosion resistance. In this context, adding highly efficient corrosion 

inhibitors to the acid solution can mitigate such material damage. In addition, identifying a 

low-cost, environmentally safe dual-purpose inhibitor with high protection efficiency for both 

steel and Ni-resist materials is financially sustainable for the industry. In this report, we 

present a pyrazine dicarboxylic acid + KI inhibitor system capable of simultaneously 

protecting C1020 carbon steel and Ni-resist with >80 % and >90 %, respectively, during acid 

corrosion in 1 M HCl at 60 oC.    By augmenting detailed weight-loss measurements with 

electrochemical impedance spectroscopy and potentiodynamic polarization, we conclude that 

the inhibitor system exhibited a slightly cathodic mechanism on the steel and an anodic 

influence on the Ni-resist. The inhibitor system also minimized grain-boundary attack, based 

on SEM surface characterization. Computational modelling using density functional theory 

and Monte Carlo simulations confirmed protonation of the pyrazine in the acid solution, and 

the ability for iodide anions from KI to boost the pyrazine adsorption. The pyrazine nitrogen 

atoms and carboxylate oxygen atoms are the bonding sites between the inhibitor system and 

the substrates, whereby nickel atoms in nickel resist boost substrate-inhibitor interaction.  

Keywords: Carbon Steel; Ni-Resist; Acid Corrosion; Corrosion Inhibitor; Electrochemistry; 

Materials Science.  
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Abstract 

The conducted research demonstrate an investigation into the mechanical behavior and core 

optimization of sandwich composite structures produced by Fused Deposition Modeling 

(FDM). For this study, acrylonitrile butadiene styrene (ABS) was used, which is widely 

preferred in both industrial and academic applications due to its high mechanical properties. 

Samples featuring two different core structures honeycomb and re-entrant were produced. To 

characterize the mechanical behavior of the ABS sandwich composites produced via FDM 

and featuring these honeycomb and re-entrant cores, compressive and three point bending 

tests were applied. Experimental results have demonstrated that traditional honeycomb 

sandwich structures showed  load-bearing capacity, reaching a maximum compressive load of 

11.105 kN and a maximum bending load of 1.265 kN. The strength values provided by the 

honeycomb structure indicate that it can show as an ideal engineering solution for applications 

requiring high structural rigidity and direct load-bearing capacity. In response to this, re-

entrant cores demonstrated significantly higher ductility and increased energy absorption 

characteristics under the applied loading conditions. Due to the adverse effects of Poisson's 

ratio, this specialized design to spread and distribute energy throughout the entire structure. 

Furthermore, the low standard deviations observed in the experimental results demonstrated 

the manufacturing quality, repeatability, and structural reliability of the FDM process. To 

summarize, the experimental results showed that honeycomb core structures deliver excellent 

performance in applications where high stiffness is required, whereas re-entrant structures are 

more appropriate for lightweight designs subjected to dynamic loading conditions, where 

impact resistance, energy absorption and flexibility are of importance. 

 

Keywords: FDM, Sandwich Structures, Honeycomb Core, Re-entrant Core, Mechanical 

Performance   
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Abstract 

The low-cycle fatigue (LCF) performance of Ti-6Al-4V is sensitive to its prior machining 

history, which alters the surface and subsurface conditions of the material before cyclic 

loading. This study examines how machining-induced variability influences the strain-

controlled LCF response of orthogonally machined Ti-6Al-4V samples and introduces a 

force-signal-based methodology to identify crack initiation points from cyclic test data. Ti-

6Al-4V samples with external dimensions of 51 mm × 6 mm × 4.3 mm were machined at a 

cutting speed of 60 m/min using uncut chip thicknesses of 30, 50, and 100 µm under sharp 

(Rb ≈ 7 µm) and worn (VB ≈ 130 µm) tool conditions to introduce varying levels of 

machining severity. Micro-dogbone fatigue specimens (gauge length = 6 mm, width = 3 mm, 

thickness = 0.5 mm) were subsequently extracted using wire electrical discharge machining 

(EDM). Post-EDM preparation included removal of side burrs and recast layers while 

preserving the machining-affected subsurface condition. Surface roughness was characterized 

using a Sensofar optical profilometer, yielding arithmetic mean roughness (Ra) values ranging 

from 0.119 to 0.1988 µm. Baseline strain-controlled LCF tests were first conducted on bulk 

specimens to establish reference fatigue behavior. Strain-controlled fatigue testing of 

machined specimens was then performed under tension–tension loading (R = 0.5) with a 

prescribed mean strain offset of 0.05 to prevent compressive instability of the thin gauge 

section. Cyclic force signals were continuously monitored and analyzed through per-cycle 

peak and valley envelope tracking to identify three characteristic behavioral stages: an initial 

hardening stage marked by a rising force amplitude, a stable plateau corresponding to the 

steady-state cyclic response, and a subsequent amplitude decay marking the crack initiation 

transition — analogous to resonance-frequency-based initiation detection reported in the 

literature. Cyclic stress–strain hysteresis loops were further analyzed to evaluate plastic strain 

amplitude evolution and cyclic hardening/softening behavior. Fatigue life ranged between 

approximately 1500 and 3000 cycles, confirming plasticity-dominated LCF behavior. 
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This study provides direct experimental evidence that machining-induced variability, 

governed by uncut chip thickness and tool wear state, produces measurable, systematic shifts 

in crack initiation cycle, cyclic stress response, and total fatigue life in Ti-6Al-4V micro-scale 

LCF specimens. These findings establish a quantifiable link between upstream manufacturing 

process variability and downstream fatigue performance, with implications for fatigue life 

prediction in machining-sensitive aerospace and biomedical applications. The force-envelope-

based crack initiation detection methodology presented here further offers a practical, non-

interruptive approach for identifying initiation events in micro fatigue specimens. 

Keywords: Low-cycle fatigue; Machining-induced variability; Hysteresis loop; Crack 

initiation; Surface integrity; Force signal analysis; Ti-6Al-4V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



120 
 

KOMPOZĶT YAPISAL SAĴLIK ĶZLEME Ķ¢ĶN 2D MALZEME TABANLI 

PĶEZODĶREN¢ SENS¥RLERĶN GELĶķTĶRĶLMESĶ 

 

Nuray KIZIL 1 ve Ayĸe BEDELOĴLU2 
 

1Polimer Malzeme Mühendisliği, Bursa Teknik Üniversitesi, Bursa, Türkiye, 

23435016006@ogr.btu.edu.tr 
2Polimer Malzeme Mühendisliği, Bursa Teknik Üniversitesi, Bursa, Türkiye, 

ayse.bedeloglu@btu.edu.tr 

 

Özet 

 

Elyaf takviyeli polimer kompozitlerin havacılık, otomotiv ve ulaştırma altyapılarında 

geleneksel malzemelerin yerini hızla almasıyla Yapısal Sağlık İzleme önemli bir araştırma 

alanı haline gelmiştir. Kullanım koşullarında bileşenlerde meydana gelen deformasyon ve 

mikroyapısal hasarların henüz oluşum safhasında tespiti; yapısal güvenliğin sürdürülmesi, 

bakım maliyetlerinin optimize edilmesi ve kullanım ömrünün uzatılması açısından kritik bir 

gereksinimdir. Söz konusu operasyonel zorunluluk, sistem işleyişini kesintiye uğratmaksızın 

yapısal tepkileri dinamik olarak izleyebilen gömülü algılama teknolojilerine olan ilgiyi 

artırmıştır. 

 

Yapısal Sağlık İzleme süreçlerinde şimdiye kadar denenen algılama yaklaşımları arasında 

piezodirençli sensörler, mekanik deformasyonu ölçülebilir elektriksel direnç değişikliklerine 

dönüştürerek çalışır; gerilme ve hasar gelişiminin gerçek zamanlı olarak izlenmesini sağlar. 

Basit çalışma prensipleri, yapıya ek yük getirmeyen hafiflikleri ve mevcut kompozit imalat 

proseslerine yatkınlıkları sayesinde çok fonksiyonlu akıllı yapılar için ideal birer adaydır. 

Nanomalzemelerdeki son gelişmeler de piezodirenç sensör performansını iyileştirmek için 

yeni fırsatlar yaratmıştır. Özellikle iki boyutlu MXene fazları; üstün elektriksel iletkenlikleri, 

geniş spesifik yüzey alanları ve esnek alt tabakalar üzerinde kesintisiz iletken ağlar kurabilme 

kabiliyetleri nedeniyle yeni nesil algılama malzemesi olarak yoğun şekilde araştırılmaktadır.  

 

Bu çalışmada, MXene (Ti₃C₂Tₓ), iki farklı kaplama tekniği kullanılarak polyester kumaşlar 

üzerine uygulanmış ve elde edilen iletken tekstil yapıları, gömülü piezodirenç algılama 

elemanları olarak cam elyaf takviyeli epoksi kompozitlere entegre edilmiştir. Kaplama 

yönteminin iletken ağ oluşumu, sensör davranışı ve kompozit yapı içerisindeki performansı 

üzerindeki etkisini değerlendirmek amacıyla morfolojik, kimyasal, termal ve elektromekanik 

karakterizasyonlar gerçekleştirilmiştir. Sonuç olarak, her iki sensör varyasyonunun da gerçek 

zamanlı mekanik yükleme profillerine doğrudan karşılık gelen, yüksek düzeyde senkronize ve 

ölçülebilir kesirli direnç tepkileri ürettiği ortaya konulmuştur. 

 

Anahtar kelimeler: Yapısal Sağlık İzleme, piezodirenç sensörler, MXene, akıllı kompozitler 
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ÖZET   

Demir oksit nanopartikülleri; üstün manyetik özellikleri, biyouyumlulukları ve ayarlanabilir 

yüzey karakteristikleri sayesinde biyomedikal, katalitik ve çevresel uygulamalarda geniş bir 

kullanım alanı bulmaktadır. Ancak bu nanopartiküller, yüksek yüzey enerjileri nedeniyle 

sentez aşamasında hızla topaklanma (aglomerasyon) eğilimi gösterirler. Bu çalışmada, demir 

oksit nanopartikülleri, polivinil alkol (PVA) kaplamanın yapısal, morfolojik ve yüzey 

özellikleri üzerindeki etkisini incelemek amacıyla sol-jel yöntemiyle sentezlenmiştir. XRD 

analizi, her iki numunede de α-Fe₂O₃ (hematit) ve γ-Fe₂O₃ (maghemit) fazlarının birlikte 

bulunduğunu ortaya koymuştur. PVA ilavesi, hematit fazının kırınım şiddetinde belirgin bir 

azalmaya yol açarak, polimer kaplamanın ısıl işlem sırasında faz gelişimini ve kristalleşme 

davranışını etkilediğini göstermiştir. TEM gözlemleri, sentezlenen partiküllerin nano ölçekli 

morfolojisini doğrularken, ölçülen düzlemler arası mesafelerin XRD desenlerinden 

tanımlanan kristalografik düzlemlerle uyumlu olduğu görülmüştür. BET ölçümleri, PVA 

ilavesinden sonra yüzey ve gözenek yapısında önemli bir değişiklik olduğunu göstermiştir. 

Kaplamasız PVA-0 numunesi 9.2199 m² g⁻¹ spesifik yüzey alanı, 0.103088 cm³ g⁻¹ gözenek 

hacmi ve 41.1081 nm ortalama gözenek çapı sergilemiştir. PVA kaplı numune ise sırasıyla 

17.6760 m² g⁻¹ ve 0.127737 cm³ g⁻¹ ile artan bir yüzey alanı ve gözenek hacmi gösterirken, 

ortalama gözenek çapı azalarak 24.571 nm'ye düşmüştür. FT-IR spektrumları, karışık 

hematit/maghemit yapılarına özgü Fe-O titreşim modlarını daha da doğrulamış ve polimerle 

ilişkili fonksiyonel grupların varlığını ortaya çıkarmıştır. Bu bulgular, PVA kaplamanın 450 

°C'de kalsine edilen demir oksit nanopartiküllerinin faz gelişimini düzenlemede, ayrıca 

gözenek mimarisini ve yüzey özelliklerini şekillendirmede kritik bir rol oynadığını 

göstermektedir. Geliştirilen bu polimer destekli sentez stratejisi, faz stabilitesi ve kontrollü 

gözenekliliğin hayati önem taşıdığı ileri teknoloji uygulamaları için umut verici bir yaklaşım 

sunmaktadır. 

 

Anahtar Kelimeler:  Demir oksit nanopartikülleri, PVA kaplama, Sol-jel yöntemi, XRD, 

TEM 
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