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Zoom Meeting Information

Please click on the zoom link provided for each session below or the link located in the
each session on the program to attend the session of your choice. The Zoom application
is free and no need to create an account. Any session can be joined without a password.
Meeting passcode will be encrypted and included in the invite link to allow participants
to join with just one click without having to enter the passcode. Speakers must be
connected to the session 10 minutes before the presentation time.

Technical Information

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

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

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

* Moderator is responsible for the presentation and scientific discussion (question-
answer) section of the session.

* Before you login to Zoom please indicate your name surname
exp. NAME SURNAME
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ZoomToplanté Bilgiler:i

istediginiz oturuma katilmak icin liitfen asagida her oturum icin verilen Zoom
baglantisina veya programdaki her oturumda yer alan baglantiya tiklaym. Zoom
uygulamasi ticretsizdir ve hesap olusturmaniza gerek yoktur. Herhangi bir oturuma sifre
gerekmeden katilabilirsiniz. Toplant: sifresi sifrelenecek ve katilimcilarin sifreyi girmeye
gerek kalmadan tek tiklamayla toplantiya katilmasma olanak saglamak igin davet
baglantisina eklenecek. Konusmacilarin sunum saatinden 10 dakika ©nce oturuma
baglanmasi gerekmektedir. Ttim kongre katilimcilari canli baglanarak tiim oturumlar:
dinleyebilir.

Teknik Bilgiler

1 Bilgisayarmizda mikrofon olduguna ve galistigina emin olun.

1 Zoom'da ekran paylasma 6zelligine kullanabilmelisiniz.

1 Katilim belgeleri kongre sonunda tarafimiza PDF olarak gonderilecektir.

1 Moderator - oturumdaki sunum ve bilimsel tartisma (soru-cevap) kismindan
sorumludur.

I Zoom'a giris yapmadan 6nce liitfen adiniz1 soyadimzi belirtiniz. Ornek: AD SOYAD

Communication

Iletisim
Principal Contact
E-mail: kongre@matsciman.com

Web page: https://matsciman.com
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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.
W Please keep in mind that each presenter has a total of 20 minutes. It's
important to have perfect timing.
W The moderator decides whether to take questions from the audience: at the
end of each presentation or at the end of the session.
W Please remind attendees to send their questions and comments to the Zoom
chat.
W 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 6t 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. Ugur KOKLU

President of ICMSM 2026
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5 Haziran 2026 tarihinde gergeklestirilen 6. Uluslararas1 Malzeme Bilimi ve
Imalat Konferansi'nda (ICMSM 2026) toplam 15 bildiri sunulmustur. Konferans
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Birlesik Devletleri, Cezayir, Azerbaycan, Hindistan, Iran, Nijerya ve Urdiin.
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A Data-Driven Machine Learning Framework for Manufacturability Evaluation of
Topology-Optimized Designsin Additive Manufacturing

HosseinSorousht, Mohammad Sajad Ramezan?, Saeedkhodaygan®

Department of Mechanical Engineering, Sharif University of Technology, Tehran, Iran,
hossien.soroush@gmail.com
’Department of Mechanical Engineering, Sharif University of Technology, Tehran, Iran,
msajad.ramezani@yahoo.com
3Department of Mechanical Engineering, Sharif University of Technology, Tehran, Iran,
khodaygan@sharif.edu

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, topolatgyized 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-daien machine learning (ML) method was
developed to estimate the manufacturability of optimized structures. A dataset consisting of
275 topologyoptimized 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, Knearest neighbor (KNN), Naive Bayes, and random forest (RF)
classification models were used to classify the manufacturability of topologyized
samples. The Naive 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 topolaptimized samples in AM.

Keywords Topology Optimization (TO), Additive Manufacturing(AM), OverhangAngle,
Manufacturabilityindex (MI), NaiveBayesModel

1. Introduction

Additive manufacturing (AM) or 3D printing is a modern manufacturing method in which
threedimensional specimens are built layer by layer using information from a corgiueer
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]. AM has many advantages over common manufacturing
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methods such as casting, machining, and forging. These advantages include rapid prototyping,
material savings, and simplified process capability predi¢B8eb]. AM methods are widely

used to fabricate parts for various applications, such as biomechanics, automotive production,
and household appliancés, 7]. Furthermore, structural optimization (particularly topology
optimization (TO)) has attracted considerable attention in recent decades for designing
lightweight products with optimal mechanical performaf@e AM techniques are widely
employed to produce topologyptimized parts because of their ability to manufacture
specimens with complicated geometii@s10].

TO plays a crucial role in Design for AM (DfAM) to model additively manufactured
samples with minimum possible weight while satisfying functional constrdibisTopology
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 fufit8pnThere
are different models and algorithms for the TO process. ¥aded algorithms, such as
Bidirectional Evolutionary Structural Optimization (BES[B] and Solid Isotropic Material
with Penalization (SIMP)14], are among the most commonly used methods in the TO
procedure. However, in the nobtlased optimization models, limited geometric and
mechanical information about the structure is incorporated into the optimization procedure.
To address the limitations of notbased approaches, other TO techniques such as
Constructive Solid Geometry (CS@5] or Moving Morphable Component (MMC) were
utilized. These methodologies integrate geometrical and mechanical characteristics into the
optimization procedure, resulting in enhanced flexibility for designingpBbted topology
optimized sampleq16]. Zhang introduced the Moving Morphable Component (MMC)
method [17]. Unlike nodebased methods such as SIMP and BESO, the MMC method
considers the geometric properties of structure in the optimization process-bakmtk
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 CAR8iles

The application of machine learning (ML) algorithms has significantly expanded due to
their ability to solve complex problems without direct human interventi® 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[4a22] Some studies
utilized Convolutional Neural Networks (CNNs) to solve TO problems with improved
optimization speed. 1fi23], 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[@6alised 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 | oading. The model ' s output
the optimization process using the MMC method. Jiang ¢2&).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 topolp@gyized

samples that were infeasible for manufacturing using AM process due to improper
hyperparameter tuning in the MMA algorithm.

In summary, although Mibased 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 constasigsjficant
research gap exists regarding the manufacturability prediction of TO designs for 3D printing
manufacturing. Accordingly, while the topologyptimized designs for AM can minimize the
structures’ weight and reduce materi al usage
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 substaniiblly.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 topologyptimized 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 datiiven prediction of manufacturability in topologyptimized
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. Aceotrated 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 topadptynized
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 topologgptimized geometries can be expected for a given problem. In
total, 275 samples were tedted, 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 topolaiptimized 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’ manufacturabifityate€st neighbor
(KNN), Naive 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 topologypptimized designs for 3D printing.

6 - Optimal Algorithm

L

2 - Dataset Collection
2O 0
N g\

3 - Manufacturability Parameters

5 Proposed
Framework

4 - MI Calculation 4
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Fig. 1. The proposed framework to predict the manufacturability of topedguiynized
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 topologyptimized designs for the AM process. The overhang
angle in AM is the inclination of a downwafdcing surface relative to the build platform or
direction[28]. In powderbed fusion processes (e.g. SLM), seipporting features may not
be formed below a critical 28] gFeatureg belpwpthic al | y
angle require support structures, increasing build time, material usage, amiogessing.
Unsupported steep overhangs tend to sag and collect excess powder, creating a coarse and
nontuniform surface. This poor surface quality affects the mechanical performance
negatively. Surfaces with overhang exhibit lower fatigue strength and wear resi@@jce
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 la¢kusion (LOF) pores or neapherical 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 strengtipont8Dd
parts. Voids act as intrinsic stress concentrators. fetément models showed that spherical
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voids result in stressoncentration factors of 2 for manufactured samB@$ 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 nearo radius) are problematic in AM. In practice, SLM
cannot produce truly sharp outer edges. Acc
to the laser beam finite size and m@hol dynamics. Intended sharp corners tend to
accumulate excess material or suffer local curling, causing geometric distortion. Functionally,
sharp corners act like builh 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 duraliBgj.

Modern TO for AM explicitly incorporates these constraints. Van de Ven §8lnote
that the minimum overhang angle is often the most restrictive manufacturability factor and
must be considered during optimization procedi4). For example, TO algorithms can
include an overhang filter so that all downward angles exceed the critical angle, yielding
supportfree designs. Similarly, methods like Luo et al. introduce connectivity and thermal
filters to eliminate enclosed voids and hanging featy84d. By considering overhang,
porosity, and edge constraints into the TO and minimize their negative effects, the resulting
structures for AM fabrication are sdtipporting and voidree, minimizing support
requirements and reducing stress concentration. In summary, including these factors ensures
that topologyoptimized parts are both lightweight and truly manufacturable by AM process
[34]. For the evaluation of the manufacturability of topolagptimized samples in this study,
the critical overhang angle, the number of voids within the part, and the sharpest corner in the
structure were considered. Accordinglys@ecimemmay contain different overhang angles in
different regions. In addition, a topology optimized design may include numerous edges and
corners. By considering the wotsdse 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 topologimized designs, the M
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:

17wt 1)
wherel © andf show the modified and original overhang angle for the topetgimized
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 (Y factor for all 275 samples.
0Y OAJT’E (2)

Where0 “Yandf * are overhang score and normalizaddified overhang angle fosti
sample. Next, the obtained scores were normalized between 0 and 1 for the entire dataset.

-
23.81
35°
-

Build Orientation

e &
.

Fig. 2. Manufacturability parameters: (a? a sample with three various overhang angles and a
critical overhang angle af v (b) a sample with two voids (c) a sample with three different
sharp edges and a critical sharp edge ange®f p J

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 miekange 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 vaid¥ (n the topology
optimized samples was estimated. The presence of voids in topmtigyized 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 (nhormal) 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:

oY Agp — 3)

Where¢ ,* , and, are number of voids forth 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 scorefor topology-optimizedsamplesonsideringhormaldistribution

Number of voids in the topologyptimized structure Void Score (VS)
0 0.95
1 0.78
2 0.1
3 0

Finally, the manufacturability score related to the sharp edgé€¥ 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:

oY OATE (4)
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where| is the modifiednormalized critical sharp edge angle in the studied sample. Finally,
the MI was calculated according to the below equation:

DO 10Tl @Y7 O (5)

wherel ,[ , andl show the importance coefficient for each manufacturability parameter,
respectively. In this study, it was assumed fthat | [ @ O0.A&As a result, the Ml was
determined for all 275 samples using the following equation:

(6)
00 00

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 topologtymized 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 equatif35]:

Qnm non ()

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):

Otol £V Al g (8)

where n represents the number of classes and indicates the probability associated \ith the i
class outcomg36].

‘0 PN 9)

In Equation 9, n denotes the number of classes and represemgsopinetion of samples
belonging to the-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 significantlyn addition to the introduced algorithms, the Naive
Bayes classifier is also used in classification problems. In this method, the probability of the
i nput data belonging to different categori es
value of its features accordingly:

hed 06

no se e (10)
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N 0 s is the posterior class probability of clags. ) e indicates Likelihood (class
conditional) probability of clasé .1 6 shows the probability of the label by andr) e

is the prior probability of training data. In the Naive Bayes algorithm, independence between
features is the most principal assumption. This assumption makes the Naive Bayes model
efficient for classification tasks. This simplification reduces the computational complexity and
data requirements and making the algorithm effective specially with large datasets.

[ DATASET ]
Decision Tree 1 Decision Tree2 = ... Decision Tree N
|
B U O WO
s @ ® ¢ Pe
l l |
Result 1 Resultz ... Result N

[Average / Majority voting]

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

3. Resultsand Discussion

In this section,the findings of the manufacturabilityanalysisof topology-optimizeddesigns
are presentedFirst, the statisticaldistribution and boxplot of MI are providedto understand
the shapeof dataandthe frequencyof datain eachMl interval. Furthermorethe boxplotis
usedto extractthe center,spreadandoverallrangeof values.lt is alsousefulfor isolatingthe
extremevalues and identifying the Interquartile Range (IQR) values. Next, various ML
modelswereusedto classifythe M| valuesof datainto interpretablegroups.The performance
andefficiencyof ML algorithmsarecomparedo find the bestperformingmodel.Finally, the
hyperparametemoptimization for employed ML models is carried out to enhancetheir
accuracyandminimizetheerrorfor Ml classification.

3-1 Statistical Analysis of Ml

The statistical distribution of the Ml for all 275 topolegptimized 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 topologyptimized 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 neasymmetric 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.

Number of data

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 coiciubat the Ml 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 Ml values
of 0.866 and 0.983, where 0.983 represents the maximum MI value in the entire dataset.
These highvalue outliers correspond to highly printable designs with improved geometric
features and reduced shape complexity.
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1.000 °

0.800 I
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0.400
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Fig. 6.Box plot of Ml 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, mentionedML modelswere employedto classify the manufacturabilityof the
topology-optimizedstructuresAccordingly, Ml valuesweredividedinto threeclassesTable
2 showsthe classesand their characteristicausedfor the desiredclassificationtask. The
classificationof topology-optimized samplesinto three manufacturabilitylevels, including
Low Manufacturability(LM), Medium Manufacturability(MM), andHigh Manufacturability
(HM), provides several prominent advantagesfor AM applications. Accordinglt, the
classificationframeworkprovideseasietinterpretatiorof manufacturingeasibility andresults
in fasterengineeringdecisionmaking. The LM classcanidentify geometrieswith critical 3D
printing challengesand improper mechanical performance. The HM class represents
structureswith desirableprinting condition and manufacturingprocess.The MM category
also plays a key role by representingintermediate conditions that may require design
modificationor processoptimization.

Table 2 characteristicef threeclassesisedfor manufacturabilityclassification
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Name of Class MI range Number of data in the clas
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 datasetworth 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, anaist&ass
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 topotogy
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.
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Fig. 8. Naive 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%.
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Fig. 9.RF model confusion matrix for m?nuiacturability classification of topclogtymized
structure

Comparing the employed ML models can result in important concludfdis. 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% anditfhest 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-fdld cross validation for the hyperparameter tuning.
Accordingly, the model examines different combination of parameters to achieve the highest
possible accuracy in classification. Additionally;fédd 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 optimizedhyperparameterf®r theemployedML models

ML algorithm name Hyperparameter Name Optimized value or stat
Number of neighbors 5
KNN Distance calculation metric Manhattan
Algorithm for distance measureme Auto
Variance smoothing 0.0000924
Naive Bayes
Prior probabilities of the classes [0.2, 0.5, 0.3]
Number of trees 15
Impurity measurement method Entropy
a 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%x10 5 to iIimprove numeri cal stability
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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 researctpresentedh datadriven modelfor assessinghe manufacturabilityof topology
optimized structuresfor AM. An integrated framework was proposedto evaluatethe
feasibility of AM for optimizedsamplesThreeparametersncluding critical overhangangle,
voids,andsharpedgeangle,weredefinedfor this purposeThe effectof thesefeatureson the
manufacturingprocesswas modeledusing MI, which provideda quantitativeevaluationof
AM fabricationfor TO designsNext, the obtainedMI for all 275 samplesvasclassifiedinto
three groups: Low Manufacturability (LM), Medium Manufacturability (MM), and High
Manufacturability(HM) to providean interpretableand easydecisionmakingframeworkfor
3D printing fabrication.

ThreeML modelswereusedto predictthe manufacturabilityclassfor the datapointsThe
resultsdemonstratedhat all models(KNN, Naive Bayes,and RF) predictedthe true class
with acceptable accuracy. However, the Naive Bayes algorithm presentedthe best
performancewith an overall accuracyof 92.73%.Furthermorehyperparameteoptimization
using grid searchand K-fold crossvalidation improved prediction accuracyand avoided
overfitting for all ML models.The findings of this study confirm the strongpotentialof ML
techniquedor rapid manufacturabilitypredictionof topology-optimizedstructuresn additive
manufacturing.

For future studies,additional manufacturabilityfactors such as residualstress,structural
stiffness, thermal distortion, and geometric deviation during AM fabrication can be
incorporatednto the evaluationframework.Experimentafabricationand mechanicatesting
of structureswith different Ml values,including tensile,fatigue, and fracturetests,can also
provide a deeperunderstandingf the relationshipbetweenmanufacturabilityand structural
performance.Furthermore,deep learning models can be developedto directly analyze
topology-optimized imagesand automaticallyimprove the geometryby eliminating voids,
roundingsharpedgesandminimizing residualstresggeneratiorduringfabrication.
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Abstract

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

of sokgel 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 120mwmith 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.

l. Introduction

The study of the growth of thin films of Zinc Oxid&nO) 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 cel§,gas sensir{§], light emitting diodes (LED$}]... et c . | n
addition to these advantageous properties, several chemical solution deposition (CSD),
methods have been used for preparation thin films-aackspray pyrolys|S], electroe
deposition procg6], sol gel[7].The latter has many advantages in producting thin films,
such as : lower crystallization temperature, and homogeneous comp@8jtidow cost
requiring less equipmg®in the case of sol gel method, thin film quality can be affected by
the experimental conditions sach as : sol concentfabpaging tim¢ll], nature of
substratfl2],time of annealind.3], and annealing temperat{té]. 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,
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and the structural defects of the ZnO, thin films which are parameters important to take into
account especially for optoelectronics applicatidris.

For example, S. H. Sabeeh, R. H. Jasg8h have shown that that the crystalline quality of
films improved with increasing pesinnealing temperature, witch decrease energy band gap
(3.283.22 ev). In addition, V. Kumar and §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 silicoifil9]. 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 thifilm microstructure is modeled by a discretized thd@aensional

(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 growtf20].

II.  Physical phenomena
In the case of thin films prepared by the sol gel method, the solkuiated 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 be[ijior

To study the growth phenomenon, a thdemensional (3D) thin film structure of ZnO is
illustrated in figure 1, were LK), (Ly) and f) are with , length and thickness of ZnO
structure respectively. The thrdemensional structure was discretized into voxels of €nm

in volume which means the initial volume gifains. 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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Il Theoretical model
The grain size in the crystallization process is given by the Population Balance Equation (PBE)

derived by the general formula bel@&]:

i W(G.n)
=Q  -Q +Q (1)

agg break nuc

e Hg

This general equation describes the number density of grain (n) of size (g), at atime (t)
according to different phenomena such as: the growth (G), aggregatign lit@akage (€eay
and nucleation (RJ).

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:

.08

[Sig} 8} .n+

Mo S @)
it Hg nuc

Nucleation mechanism

We assume that the nucleation rate is depending on temperature, while the growth rate depends
on both the grain size and temperature:

Qnuc=B(T) , andG=G(g,T) (3)
B, G are nucleation and growth rates, respectively

The nucleation rate is given [B82]:
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Wheren is the vibrational frequency, N is the number of atoms (molecules) per unit volume,
Yacthe interfacial area between the nuclei and the parent amorphous phase Vm is the molar

volume . AHf is the enthalpy of fstheprogessing Tm i s
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 givéa2py

é

3 ~
éw : % DGe+ G, Dg; +DYs  Gea % (5)
d m.
6= aepi 2 RETa"@;ngbaé T h )
dt ¢ e gﬁ 9= 2 ot RT o
¢ @ @ oy
€ ¢ ¢ =

Wher e\ Ads, hg,,iY) grethe elastic strain energymp distance , average grain

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

energy, respectively.

The distance of the jump A is defined as a f

anc“)ll3
/=Bl (6)
Where, NA is Avogadro number.

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

& : (g + ac) g0
&- aneu}'ﬁogb Al 10 é Per h QJJ
G=oa0expe—00——— @6 - —0+4- eXpae—Ew
GRT+é RT ¢g g+ ¢ % RT 8‘“

g e ¢ W (7)

Ayic =-yy{hhk! }  } vsAlybs'cke’ ly's{)hkdr}e t he differe
between the substrate (surface) and different grain orientations with (hkl) planes in thin film.

Equation (2), satisfy the following initial condition:
n (g9,0)=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.
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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 2&kgy
further confirming that this direction constitutes a preferential growth orientahereby
promoting the development bigh-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 §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 theGrain size distribution in ZnO thin film at different annealing times of: 90 min and
120 min respectively.
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Fig. 3: Grain size distribution in ZnO thin filmret 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.

1S0nm_

~ 100nm

27
Fig. 4. Representation of the microstructure of the ZnO layarealed at 500°C for 90 min -
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 threeorientations: Red (100), Green (101), Blue (002).

V.  Conclusion
This study focused on grain growth in ZnO-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 postdeposition annealing conditions. The theoretical model was developed for ZnO thin
films synthesized by the sgkel 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 irradidtidimced defect evolution in
Beryllium using molecular dynamics simulatiogeryllium 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 andrystal models of Beryllium were simulated
using molecular dynamics simulation. The WigSeitz 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 thedsystal 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

1 Grain boundary traps irradiatianduced defects in Beryllium

1 Frenkel pair population is a function of PKA energy

1 Bi-crystal models have more defects compared to single crystals
1 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 beffrer]. 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 compongBt9]. However, carbon has been eliminated

as a potential candidate, since it has a high erosion rate and limited lifgthyiel] 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 com@weents
exposed to the plasma within which nuclear fusion ocdu#-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 strytife]

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 §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-brystal structures of Beryllium. A visualization technique is

used to investigate and observe the displacement cascade evolution and the generated point
defects. The Wigne®eitz cell criterion along with DXA algorithm were used to identify and
classify the generated point defects.

Divertor
First

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

2 METHODS & MATERIALS

The Molecular Dynamics (MD) simulation package, LAMMRAZ?], was used to simulate
the irradiation induced damage in single crystal arcrystal models. The Embedded Atom
Model (EAM) interatomic potentia[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 simulati¢®4]. The Beryllium (Be) has an HCP
structure with a lattice constant equal to 2.3 A and an axial ratio (c/a) of IZ}8A
visualization software, OVIT(25], is used to elucidate the displacement cascade evolution
and the generated Frenkel pairs. The single model is built wipp 1T [0001] TICP TU
crystallographic directions, while the -tiystal model is built with a grain boundary
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(hencef ort R0O001)GErycturem fEach> Simulation model was constructed with
dimensions of approximatell70 A in the x, y, and z directions containing a total of around
500,000 ~ 600,000 atoms (Table 1).

Table 1.Simulation details.

Boundary Crystal PKA energy Number

Type Orientation (keV) of atoms

Single TP Tt 5 keV 510,324

Crystal [Tt Tto 10 keV 620,599
TGP Tt

Bi- > 70001) 5 keV 552,285

Crystal 10 keV 650,150

Fig. 2 shows the single and larystal 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 primaignockon-atom (PKA) at the centre of single crystal
models, and along a direction perpendicular to the GB-anysital 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 withrpp 11[0001] T¢p T directions, and (b) btrystal
model with Z7(0001) GB <crystallographic stru

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 stapenlattice 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 Fremiets is counted by taking the
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average of residual point defects from 20 ps to 28 ps. The Wagier 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 formtetstitials (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,- o diuster 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 with9], where they found that: (i) vacancies tend to
accumulate in the core while surrounded by a shell of interstitials, andiitedstitials move

even faster than single interstitials with high recombination rate.

(a) ‘ (b)

T\ PKA
/ TR / T

(c)
e'.’};iw
L
|
|

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 anterstiials 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).

1500

% SC (5 keV)
—— SC(10keV)

1000 |-

500 -

Number of Vacancies

0+ BT ST EE PR R B B AR

1 L | L 1 L | L |
0 5 10 15 20

Simulation time (ps)
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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)).

(c) (d)

Fig. 5. Displacement cascade evolution ircpystal model. (a) The location of PKA from
GB, (b) the cascade initiation stage, (c) the fully developed cascade at thermal spike stage,
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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 represard th interstitials].

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

with rising PKA energy. For instance, in the simulation ettyistal 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 -erybtal 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 generétigitdbugh the grain boundary suppresses
cascade expansion at the thermal spike stage, it promotes the retention of residual defects by
trapping surviving point defects.

- BC-Z7 (5 keV)

800 = —+— BC-27 (10 keV)
1
w0l ¥ \

\ getttotiugeestingtttiiesgey g -0 - - -0— 9—0—o —4-

b0

=
=3

(=}

T T
o

Number of Vacancies
.
(=]
[==]
T
el

| L | 1 1 1 | L L
0 5 10 15 20

Simulation time (ps)

Fig.6.The evolution of di scrydtahncodehvdtma PKA ensrgyafdbe i n
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 statis{iz6]. 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-trystal models due to the presence of GB. The number of
vacancies/SIAs is two times higher in-dmystal 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 diand trt 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 edRatidvioreover,

our findings coincide with Wang et a[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.
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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 andtyistal 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, SlAs, anidtdrstitials. 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 highlititeé 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, bati@s, A0,
synthetic wollastonite, Pb, Sn, @ur ap hi t e, Mg S, MoOs, and CuZn:
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 weightloss method and statistically analyzed through Taguchi design of experiments,
signatto-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 eopgaring phases.
Postcorrosion tribological tests performed on an MMWpinron-disc tribometer showed a
reduction in the average friction coefficient from approximately 0.386 for thecowwoded
composite to 0.352 after corrosion, accompanied by increased friction fluctuations. The
deterioration in friction performance was associated with corresiuced 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 etamtgahing
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 propertiessuch as thermal stability, wear resistance, and-lesaling
capacity- metallic reinforcements are often intieced into the polymer matrix [4]. Brass
machining chips, in particular, have been explored asclost and effective reinforcements
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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 corrosimsistant, 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 medach as acidic or saline
environments, these friction materials are prone to complex degradation mechanisms,
including micregalvanic 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 discsl$l3and metal
matrix composites [16l8], 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 corrosioftolerant 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 oxid
(Pb), 10% tin (Sn), 7% copparaphite mixture (consisting of 80% Cu and 20% C), and 5%

silicon dioxide (SiOz). Additionally, mi nor
mol ybdenum oxide (MoOsz;) were introduced to e

chips (L68 brass (CuzZn30)) 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 thefopred under a uniaxial pressure
of 10 MPa, followed by hot pressing at 25.5 MPa to consolidate the composite structure.

52



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

2.2 Design of experiment (DOE)

A standard Taguchi L8¢2 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 signab-noise (S/N) ratio to assess performance variability. Since the aim

of the study was to minimize the corrosion rate, the "smédkebetter” quality criterion was
adopted. The S/N ratios were calculated using the following Equation (1):

Y . [0} ,
- 3 w
g PUlE )

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

Table 1. Input variables and their levels

) Levels
Ne Variables I T
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 agueous solution at room temperature
(approximately 21 = -like con@give ¢enaronmenmThe duragon ef mar |
exposure varied between 7 and 14 days, depending on the experimental design parameters.
Test specimens were prepared with uniform dimensions of 22,1 mmx15,2 mmx7,6 mm, and

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

i mmersion, samples were cleaned, dried, and
precision. After exposure, specimens were removed, rinsed with distilled water, dried, and
weighed again to determine mass loss.
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15.20 mm

11.05 mm

7.60 mm

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):

- 2

Uk o 2)
5
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Wherew is the weight loss in milligrams (mgp,is the material density in g/cm3, is the
exposed surface area in cm?, @ 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 lowspeed diamond cutting. The frictional contact surface corresponded to the
originally corroded face, and no polishing was applied in order to preserve the cerrosion
induced surface layer. These specimens were subsequently used foorpmson friction
testing to evaluate the influence of corrosion damage on tribological performance.

The friction experiments were conducted on a vertical MiUWWbometer operating in
a pinon-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 IBadvés 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 pion-disc test configuration
(1) composite pin, (2) wear track, (3) steel disc

3 Results and discussion

3.1 Corrosion test results
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Table 2 presents the sigratnoise (S/N) ratios for corrosion rate based on the "smaller is
better”™ criterion. Temperature shows a stron
= 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 ) 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 42, 34, 56, and 78 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 Time Corrosion Rate .

No °C) (days) (mmiyear) 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-tigmaike (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 tvalue (10.98), and a highly significantvplue (< 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 Gygraphite 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 oxided#] silicon dioxide
(Si0y), and synthetic wollastonite offers some resistance to wear and corrosion; however,
their protective effect may be diminished as temperature increases and theanheibbses
become more reactive. Minor additives like magnesium disulfide (MgS) and molybdenum
oxide (MoQ) 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
4a) shows moderate corrosion with relatively finer degradation patterns and localized
discoloration.

(b)

Fig.4.0pti cal l mages of corroded surfaces

I n contrast, the surface at 45 °C (Fig.
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 fm@&rosion 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 hqiressing 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 +widds 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].

(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.

R?= 96,09%

Corrosion Rate (mm/year)

Tem, 30

"atyrg o 25 14

20

Fig. 6.3D surface plot for corrosion rate
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The model shows a high coefficient of determinatiof £f6.09%), 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
guantitatively 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\thki¢ 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.

Term 2.57
T
|

= >0
]

Temperature (°C)
Time (days)

0 2 4 6 8 10 12
Standardized Effect

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 laokfit (p = 0.031) suggests some model
limitations, possibly due to experimental variability or unmodeled factors.

Table 5. ANOVA results

Source DF| Seq SS| Contribution| AdjSS | Adj MS | F-Value | P-Value
Regression 2 10.355225 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 510.014462 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 10.003950 1.07% 0.003950 0.000988
Total 7 10.369687 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, i ndicating that temperature
changes in time from 7 to 14 days produce only slight variations in the response, suggesting
that time has a comparatively minor effect. The-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.

7 14
-18.30 Temperature
Q)
—— 21
<1845 |[— E-— 45

-18.60

Temperature (°C)

-18.75

-18.30 -18.90
Time
(days)

-18.45 -5

1860 Time (days)

-18.75

-18.90
21 45

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.

99
Mean 8.519
StDev  0.2298
N 8
AD 0.643
P-Value 0.058

95

20

80
70
60
50
40
30

Percent

20

75 8.0 85 9.0 95
Corrosion Rate (mm/year)

Fig. 9.Probability plot for corrosion rate
The pvalue 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
dataset for further evaluation.
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3.2 Friction test results

For the friction tests, a nerorroded sample and a sample corroded under the most severe
condition (45 °C for 7 days) were selected and comparatively evaluated (Fig. 10). For the
nontcorroded 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 welbalanced formulation of the composite, where hard ceramic fillers
(Al203, SIO®y), solid lubricants (Cwgraphite, MoQ@, MgS), and metallic constituents (Pb, Sn,
brass chips) collectively promote the formation of a stable and continuous tribofilm.

0.450

—— Non-corroded Sample (Mean ~0.385)

—— Corroded Sample (Mean ~0.357)

0.425 A

0.400 4

0.375 1

0.350 -

Friction Coefficient

0.325

0.300 1

0.275 1

0.250

0 100 200 300 400 500 600 700
Time (s)

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 cormodiared

surface degradation. Immersion in 3.5 wt.% NaCl solution leads to partial matrix swelling,
leaching of metallic phases (especially Pb and Sn), and localized-piiiitng around brass

and coppecontaining 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 thibddy 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 signailto-noise evaluations, consistently identified temgiure 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
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8.24 mm/year at 21 °C and 7 days. Optical o]
lead to intensified surface damage, including filler detachment, matrix cracking, and localized
pitting.

Friction tests indicated that the roarroded composite maintained a stable friction
coefficient of ~ 0.386. After corrosion (45
decreased slightly to ~ 0.352. Overall, corr
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 lasgale spiralortex scrubbers with a diameter of
2,800 mm. The research aims to ensure the durability of cleaning systems for combustion
products of sulfucontaining gaseous fuels in medhaapacity power plants with a flow rate

up to 25,000 rfih. The primary engineering challenge lies in the intensification of synergistic
erosioncorrosion wear of the internal components within the "dew point" formation zone,
where rapid flow cooling occurs frob0°Cto 55°C.

The authors propose a strategy for partitioning the apparatus into functional blocks: an
internal corrosiofresistant "cartridge” made of AISI 316L austenitic steel and an external
removable "sacrificial" casing made of 09G2S {alloy steel. It was established that under
high-velocity vortex flow conditions, alloying with molybdenum (2206%) 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 highoughness

Filarc 88Selectrodesor the assemblyof the maincasing.

The results demonstrate that this modular approach provides a 38.5% reduction in capital
expenditures (CAPEX) compared to traditionatstflinless designs. Furthermore, the-life
cycle model confirms an 3jlear 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 cesftectiveness and loagrm operational reliability.

Keywords Spiralvortex scrubber; Modular design; Dissimilar steels; Sacrificial casing;
09G2Ssteel;AlISI 316L steel;Repassivation-ilarc 88S;Erosionrcorrosionweatr.

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, spwaltex apparatuses represent a highly promising
solution, providing intensive mass transfer at an exceptionally low aerodynamic resistance

(AP < 400 Pa) [1]. H o-seaevuaits with & thiaameter df&,8G0 gym,i n g
engineers face a significant contradiction between remeénts for mechanical structural
rigidity, corrosion resistancandeconomideasibility.

The internal environment of the scrubber is characterized by extreme aggressiveness due to
the use of sulfucontaining 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 (NaOld)reutralize toxic impurities. Under higlelocity
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vortex movement, the fine mist acquires significant kinetic energy. Constant mechanical
droplet bombardment of the surface initiates a synergistic ergsiwosion wear mechanism,
where  mechanical impact prevents the formatibstablepassivdilms [3, 4].

The traditional approach, which involves manufacturing the entire structure froraltagh
steels, leads to an unjustified increase in capital expenditures (CAPEX). Conversely, the
exclusive use of lovalloy structural steels (e.g., 09G2S) results in rapid failure of the
operational components
dueto intensivechemicaldissolutionof the metalundertheinfluenceof acidiccondensate.

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
concepf functionalpartitioningof structuralelements:

1. Internal functional "cartridge" (spiral and guides) made of AISI 316L -aliigly
austenitic steel with molybdenum content £2%%) to ensure instantaneous repassivation in

the epicenter of theortex[5].
2. External "sacrificial" casing and central column made of 09G2Sallmy steel,
operating in a calculatezbrrosionwearregime.

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 largeale spiralortex scrubber with a working diameter of
2,800 mm. This work implements an original modular structural scheme that partitions the
apparatus into functionalinternalunit andanexternalprotectiveshell (Figurel).
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Fig. 1.Modular design of the spiratortex 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. 1&n 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 highalloy steel here is necessitated by the requirement for protection against the

synergistic effects of corrosi@anderosionin the zoneof maximumturbulence.
2. Restricting Column (Fig. 1bA central axial element made of 09G2S steel, providing
flow centeringandoverall structuralrigidity.

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 ceffective lowalloy 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 crosection of the apparatus varies within the range ef8400m/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 installatioomaintenancef nozzles.

The modular "cartridgshell” 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 lifecycle 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
Innercolumndiameter D, mm 2800
Freecrosssectionalarea A, n? 0,91
Nominalvolumetricgasflow Q, m¥/h 25 000
rate

Inlet gastemperature T, °C 150
Outletgastemperature T,°C 55
Aerodynamiaesistance AP, Pa <400
Averagelineargasvelocity  +, m/s 6,8-7,9
Specificliquid-to-gasratio L/G, L/m® 0,8-1,2
Nozzlepressure Ps, bar 4,0-6,0

The organization of courrent irrigation (flowdirected spraying) is of particular
importance. This technical solution minimizes the drag of droplets and prevents flow
"choking" within the limited crossection of a largscale apparatus, which is critical for
maintaining a stable pressure depbelow 400 P47].

To ensure mechanical rigidity and account for corrosion wear, the following nominal sheet
thicknessesS) were adopted:

Table 2 Structural thicknesses of scrubber elements

Element Material ThicknessS, mm Note

Helical vanes AISI 316L 4.0 Thin sheeto reduce
cartridgeweight

Guidepillars AISI 316L 8.0 Internalmodule
structuralframe

Centralcolumn 09G2S 12.0 Main load-bearing
support

Externalshell 09G2S 10.0 Includingcorrosion
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 3Chemical composition (wt. %) and functional role of steels

Grade C Mn Si Cr Ni Mo Structural Role
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09G2S < 0 1.31.7 0508 00.3 003 — External shell

N

AISI316L < 0 020 00.75 1618 1014 2.025 Internal frame

Justification for 09G2S steélhe use of lowalloy steel for the outer shell is due to its high
weldability for largescale 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
zoneswith moderateenvironmentahggressiveness.

Justification for AISI 316L steeFor internal elements (vanes) operating under intensive
irrigation, resistance to local types of corrosion is critically important. The low carbon content
(C 00.03%— "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 resis{@n&

PREN=[C}{ 8.3 [®19 164 N (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-€£.220 is a
decisive factor: it promotes the formation of a segemse CGiOz passive film, which
instantaneously restores {passivates) even after mieeoosion impact from alkaline solution
droplets.

2.4.PhysicaChemical Justification of Wear Mechanisms

The performance efficiency of a largeale scrubber is limited by the necessity of
maintaining a stable low aerodynamic resistan&®),( which, for the given operating
conditions, is calculated using the following equafib:

DP %—rg(zz (2

whereg is the resistance coefficient determined by the geometry of the spiral elemients,
the density of the gaseous medium, ansl the local flow velocity. Given the specified limit
of P < 400 Pa with afA 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 massansfer.

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 byadditive synergistic model

K=K

+K +S )

chem mech
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Where:

Kchem — Electrochemical corrosion ratelThis is caused by the impact of "acidic"
condensate (N SO) 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 ratéhis is a function of the liquid mass flom) and
the velocity of dropletst ) attacking the vane surface under a nozzle pressurecobdr.

AS — Synergy factor characterizing the mutual reinforcement of these processes.
Mechanical droplet impact ("bombardment") constantly removes corrosion products and
metal microparticles
loosenedby chemicalaction,exposingfreshmetalfor subsequerdttack[4].

The application ofAISI 316L steel for the fabrication of the internal frame is critically
necessary. Unlik®@9G2Ssteel, which forms loose and easily washable iron oxides under the
vortex influence, austenitic 316L steel forms a dense passive film based on chromium oxides
(Cr203). The presence of molybdenum (2®B%) plays a decisive role: it promotes
acceleratedepassivatiorfself-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 calculatedrrosion allowance (2.0 mmyhich is economically justified for
largescale 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 ferriticpearlitic steels. The assembly technology is divided into two independent streams
(Figure 2).
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/—AISI 316L Support Guide

AIS| 316L Helical Vane /—Weld Metal:
(4.0 mm thickness)_\ AWS ER316L (TIG)

i
Passive Film Zone (Cr,0,) - —/

Instant Re-passivation by Mo

V.
S
A" [ ~~— Fusion Zone

it

S Heat Affected Zone (HAZ)

XAISI 316L Support Guide

a) =V

Process: SMAW:
Electrode: Filarc 88S

(Multi-pass)

Base Metal: Base Metal:
09G2S Steel 09G2S Steel

b)

Fig. 2. Welding joint configurations for scrubber modules illustrating a precisijomT of the
AISI 316L spiral frame (a) and a muftass 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 representsjaiiit between the vane and the vertical support

(Figure 2a). AWS ER316L wire is used as the filler matdiid). 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 tB gassive
film within the heataffected zone (HAZ) under the influence of aggressive condegigdte

2.5.2. Welding of the Structural Casing and Column (Modules B, C)

For the fabrication of the larggcale "sacrificial” casing and the central column (09G2S
steel), Shielded Metal Arc Welding (SMAW) with muftass 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 fbydrogen Filarc 88S electrode (E86C3
classification) was selected for the root and filling pafk&ls

The selection of Filarc 88S is justified by its exceptional mechanical characteristics:

T High resistance to hot cracking in rigid, fixed joints of lasgale structures.

1 Retention of weld ductility at low temperatures (relevant for power plant
environments)6].

1 Stable backead 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 TechneEconomic 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 (altstainless) and hybrid (modular). The adopted structural thicknesse$24.0

mm) ensure the necessary structural rigidity under dynamic gas pressure.

Table 4 Comparative cost and material intensity indicators

Parameter TraditionalScheme ModularScheme
(AISI 316L) (AISI 316L+ 09G2S)

Total structuralmasst 12.8 13.5

Shareof high-costAlISI 316L 100 22

steel,%

Reductionin materialcosts — 38.5

(CAPEX), %

Weldingprocessomplexity  High (Argon/TIG) Medium (Combined)

The use of 09G2S steel for the fabrication of the external casing and the central column
allows for a38.5% reduction in capital expenditures (CAPEMigh operational reliability is
maintained by localizing alloyed materials specifically in higdar zone$l4, 15]
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Fig.3.Correl ati on bet we e n P)armecHanicabersion ra®és)i st anc
highlighting the optimal operating window of8 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 b&@va while the
erosion rate of AISI 316L steel approaches z€ancurrently, the graph clearly demonstrates
that the application of 09G2S in the active zone of the swirler would lead to an exponential
increase in wedi 4, 16].

3.2. Durability Prediction and Corrosion Life Assessment

Based on the additiveynergistic wear model (Section 2.4), a service life calculation for the
"sacrificial" casing was performed. For operating conditions in flue gas environments after a
gaspiston thermal power plant, an average corrosion rate for 09G2S stkel.ef 0.18
mm/year was adoptefll6]. Given a nominal casing wall thickness of 10.0 mm and a
minimum allowable thickness of 8.0 mm, the calculated corrosion allowaGge=i2.0 mm.

-« AlSI 316L Vane Thickness (mm)
= 09G25 Casing Thickness (mm)
—— 09G25 Critical Threshold (8.0 mm)
Planned Replacement of
10 4 Sacrificial Casing (Module C) 100

\w

Remaining Thickness (S, mm)
o
Cumulative Maintenance Cost (%)

[} 5 10 15 20 25
Time (Years)
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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 characteristigiatgpin maintenance costs.

According to the calculations and visualization in Figure 4, the casing servic@shég (
until the first replacement is:

C, - 2.0mm P1 year: 4
0.8mm/ year

Tohen = K

chem

Internal elements made of AISI 316L steel (4.0 mm) maintain their integrity (represented
by the green line on the graph). At a corrosion rat¢ ©f0.01 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 largecale housing is the impact toughness of the
weld joints under vibrational loads from the vortex flow. The usEilafc 88Selectrodes for
09G2S steel achieved impact toughness values of .4%C¥ 120 J/cr, significantly
exceeding standard regulategquirements.

TIG welding of the internal frame with ER316L wire ensured the absence of intergranular
corrosion in the hesadffected 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 largescale spiralvortex scrubbersi = 2800mm), the following conclusions were
reached

1. The effectiveness ofraodular structural schenveas 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
erosioncorrosion impact

2. An optimal operating windowvas established in the linear gas velocity range 68400
m/s, providing stable low aerodynamic resistapd®< 400Pa) and effective repassivation of
the Cr0s protectivefilm on molybdenumalloyedAISI 316L element{PREN> 24).

3. The economic feasibilityof the proposed solution was confirmed: the differentiated
application of steels reduces material capital expendit@&BREX) by 38.5% compared to an
all-stainless desigwhile maintaininghigh componentongevity.

4. A welding technologywas developed and verified that eliminates complex dissimilar
joints between austenitic and ferritic stedlse use of Filarc 88S electrodes for the structural
housing ensured exceptional weld toughné&8\ .20 > 120 J/c), guaranteeing reliability
under highvelocity vortexinducedvibrationalloads

5. A life-cycle forecastvas constructed, according to which the service life of the 09G2S
"sacrificial" casing (10.0 mm thickness) until planned replacement is 11. yHagstotal
operating life of the scrubber, assuming modular repairs, is estimated to be at least.25 years
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Design of Smart Energy Management in Multiple Environments Settings Using
Internet of Things (IoT) and Artificial Intelligence (Al) Techniques (Homes,

Buildings, Factories)
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Email: fatemara09@gmail.com

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 (Al), 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 -@fejpth analyses, it has been proven

that the system can predict energy consumption trends with an unwavering accurayy rate (

= 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 (loT), Artificial Intelligence (Al),
Energy Efficiency, Decision Trees, Sustainability.
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1 GKRKk

Enerji, gunimiuzde sadece ekonomi k kal ki1 nman
t emel tasit dir. Ancak gunidimiuzde hi1zla artan n
damar | buyidk bir baski altirna al mistir. Gel
enerji ugret mek" degi | ; el i mi zdeki st nir |l

yoénetebildigimizdir

Ener ji ybneti mi, sadece tasarruf yapmak dei
artirirrken c¢cevreye verilen zarar.| en aza ind
her alanda enerji akisinin titizlikIle izlenm

Son yir mi yirlda bu alanda biuyuk bir zihniye

dayal hant al sistemlerden, teknol ojinin 0
Nesnelerin internet:i (I'0OT) sayesinde enerji
zeka (Al') ile de bu devasa verileri isleyere
Bu arastir ma, tam da bu i ki dev teknol ojiyli
her ortama uyum saglayabil en, kendi kararl ar
Ssistemi sunmayl amac¢l amaktadir.
1.1Gel eneksel ile Akéll e Enerji Y°netimi Ar asé
Gel eneksel yontemler aksakl i1 klari onarmaya o
zekay.l birlestirir. Sensor verileriyle heniao
sunar . Bu doéniusim, enerjiyi mal i yet ol makt at
bir koruma kal kanina doéntustourdgr. Tablo 1.1 f
Tablo1. Gel eneksel ve Aki1 Il 1 Enerji YOonetim YO
Ozellik Geleneksel | Ay a1 1 &
Yonetim
Kul |l anéll Geg¢mi se Ger cek Z
Taru biri ktiri (anl 1 k)
Manuel veya basit Otomatik ve
Kontrol Yontemi degi si m
otomasyon
duyar |l
Olay Ongoriicl ve
Etkil ekl gerc¢cekl g ileriyedonuk
sonra (Reaktif) (Proaktif)

Teknolojiye

Baj é ml & Dus Uk Yuksek (10T, Al)
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Performans St nirl \ . .
Kesinti s

Kyil ekt gecikmeli
Bu karsilastirma, enerjinin dogru yonetil di
Gel eneksel yontemlerin yerini | OT ve yapay
donidsum, daha huzurlu ve suardourdalebilir bir
1.2 Akell é& Enerji Y°netim Sistemi (SEMS) Kav
Bu arastirmanin kavr ami aki 1 enerji yonet
teknol oj i il e bulustugu yerdir. Bilgi ve ile
dol ayirsityla baglant Kurul dugunda hem verile
basi na anlam kazanmaz, anlam sonug¢ta birlikt
Akt 1 sebekel er, enerjinin akisini surekl i
sisteme iletilir. Yapay zekda bu verileri ani
otomati k ol arak saglanir. insan el ol madan
Akt L1 enerji yoneti mi, ¢ ana islevle belir
enerji toketi mi gercek zamanl i 'zl enir, ci ha

yapay zeka ile enerji talepleri 6ngorular

Nesnelerin interneti (1roT1), fiziksel diunyay!
ver.i toplama ve analiz yaparak bagimsiz kar .
baglaminda nesnelerin Iinterneti, cihazlarin
Bu donusim, yuk analizini Il yilestirir ve set

ekosistem haline getirir

Yapay zeka (AIl'), bil gi sayar sistemlerinin 0:¢
karmasi k goérevlieri yerine getirme yetenegi di
6greni mi ( ML) ve derin o6grenme (DL) kat man|
yapltya sahiptir. Yeni verilerle guncell ener
sagl ar. Bu teknol oji, ener ji sistemlerinde t

gbrmektedir.

Moder n aki 1|1 ener ji sistemleri, Nesnel er
entegrasyonundan olusan dinami k bir ekosi st
ci hazl ar aracilirgryla sistemin duyu organi
verileri analiz ederek tahminsel kararlar ve stratejik c¢ozimler dretmektedir. Bu iki
teknol ojinin entegrasyonu, ener ji yoéneti mir

donidastiuarmektedir.
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1.3 Enerji Yonetimi Problemi

Gel eneksel ve otomati k enerji yoénetim sisten
yetersiz kalmaktadi r. Bu sorunl ar cevresel

verilere erisim kisitlamalarina yol acar . Si
ve ge¢mis veriler/degiskenler (hava durumu,
karar verme yetenegi zay1 ftir. Ayri ca mevcu
i sleyemez ve yapay zekéada entegrasyonundaki bo

1.4 Amac ve Hedefler
Veri Odakl 1 Teshi s: Buyuk veri setleriyle en

T Adapti f Tahmin: Ev, bina ve fabrikalara uy
gelistirmek.

1 Optimizasyon: Konfordan 6diin vermeden enerji tiketimini minimize eden mekanizmalar
ol ustur mak.

T Sanal Dogrul ama: Onerilen sistemin veri ml
gel eneksel yontemlerle kiyasl|l amak

1.5 Onemi

Bilgi Aci1 g1 ni Kapat mak: Kl asi k tek al anl m (

model sunar.

T Otonom Karar Verme: Al ve | OT entegrasyonu
destekler.

T Ekonomi k ve c¢evresel et ki : Misterilere t|
emi syonlaritni, enerj.i i srafini azaltarak Kk
T Stratejik Pl anl ama: Kar ar vericilere t UKk e
donemlerini etkild@ bir sekilde ydénet mek i ¢

2. MATERYAL VE METOT

2.1 Sistem Tasarémé ve Metodol oj i

Bu arastirmada sanal uygul ama model i tasarl a

ki1l an asi| gucg, verinin sadece topl anmas]| d

donidsme surecindeki 0O kusursuz senkronizasyo

bilesenin bir digeriyle konustugu bu yapiryi,

somutl astirdi k. Bu yap! , sanal duyargal ard

kararl arina uzanan veri Rabhmpodanl ofusuryonet
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Intelligent Energy Management System Architecture

loT LAYER
Smart Meters » Temperature Sensors » Occupancy Sensors

DATA COLLECTION LAYER

Real-time Data Streaming * Storage (Excel/Database)

Al PROCESSING LAYER
Machine Learning Models * Prediction *» Optimization

DECISION & VISUALIZATION LAYER
Smart Scheduling * Energy Reduction * Reporting

| BENEFITS: 10-15% Energy Reduction « Cost Savings » Peak Load Management « Sustainability |

kekill OF. ¥ Al Tabanl Onerilen Eneriji Yt
1. Algélama vei ¥eeimi Kadmgna&inya ile il k tem
kat maniyla basliyor. Bu katmanda c¢evresel se
alityor. Cevresel sensoérler dis ortam sicakl.
yogunlugunu belirliyor. Akl 1 sayacl ar i se

istahini takip eder.

2. Kkl eme ve Haméxzer Kat manéaml i bir Dbilgiye
burasidir. Python dil: ve Pandas.| kutdphane
stUzgecl erden gecirir: Ver i har manl ama, farl
getirivyor; veri aritndirr ma, hat al i verileri i
zeka&d i¢in anl.asili1r hale getiriyor

3. Uygul ama ve Yapagté@mkm®m Kataanémer kezi ol a
agaclari1 algoritmasi ile enerji tuketimindek
T Aki1 111 Ongori, enerji i htiyacini tahmin ed
T Otomati k Optimizasyon, enerji yuklerini ak
Bu butdnlesik yapi, yalnizca teknik isleyis
doniustiurerek ener ji tdketi mini 15% azalt ma;
sarddr ol ebilirligi.ve verimliligi dengeliyor
4. Veri Uretimi ve Veri Seti: Yapay zeka tabanl. her sistemi.]
kalitesine ve gercekciligine baglidir. Bu ¢
ol ar ak, nesnel erin i nternet. (1I0T) duyargal
ortamda simile eden, Python tabanli1 akil 1l 1 b
Ver i seti, 30 gunl 0k bir siureci kapsayan,

ol usmaktadir. Bu simialasyon, rastgele sayil
davranislarini ve c¢cevresel etmenleri yansita
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Bu ver.i setinin kalbinde, sistemin en dogru
al maktadi r:

f Zaman ve Mevsi m: Gunduoz, gece ve mevsimsel
1T Cevresel Ve Sosyal Faktorl er: | s1t ma Ve
dal gal anmal ar i il e enerji talebinin en giucg
orani ) sisteme islenmistir

T Sektdr el I mzal ar : Ev, bina ve fabrika ol ma
karakteristigi yansitilmistir.

Sistemin gercek dinyaya tam uyum sagl amas.|

Evl erdeki sabah/aksam yogunl ugu, fabri kal ar
enerji tal ebi gi bi "zirve saatler?™ hassasi
gercek hayattaki bekl enmedi k sapmal ar | i sl e
gelistirebil mesi icin verilere bilincld.@ ol ar
2.2 Veri 'retimi ve T¢ketim Kal éplaréna Anal
Beti msel istatistikler, farkl ortamlar i1 n

niteligindedir ve optimizasyon sidrecimizin
sektorl er arasinda enerji "istahi "Adadkn da kid a
Sekil 2. 2: Evlierde ortalama tuketim 4,38 Kk
binalarda bu rakam 9,44 kWh c¢1 kmaktadir. Ur e
devasa bir sic¢crama yaparak ortalama 48, 38 Kk
sadece istatistikler degil; ayni zamanda ha:
kani tiodrir.

Consumption Distribution by Building Type Temperature Impact on Energy Usage

o us o
At e s -
@ [

st 0 s 100
Building Type Tomperature (°C)

Occupancy Impact on Energy Usage Wakday vs Weakend Pattern

keki VeRi 2Kiumesi Uzerindeki Degi skenl erin
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Yapi |l an analizl er, dol ul uk orani il e enerji

ol dugunu ortaya koymustur. Bir bi nada yasam
talebinin dogrusal bir sekil de yuksel mesi,

kani tl amaktadir. Sircakl i1k verileri sadece t
yukl erinin ana rehberidir. Si st em, kul l ani ci
degi simlerine nasi | tepki verdigini titizliKk
Grafik verileri, hafta 1i¢i i's hayat. i1 e hat
bir sekilde goOostermistir. Ozellikle zirve s
midahale ic¢cin en degerl:. frrsatl ar t emsi |

model inin manti1 ksal cercevesini dogrul amakt
aki It bir ekosistem olusturmak ic¢cin dijital
Topl anan ham veriler, bir yapay zeka& model in
verilerin ger cek bir 6ngodérid yetenegine dobn
geciril mesi gerekir. Bu siurect e, veriler s a
yukl enmi stir. Ev, bina ve fabrika gibi met i
model in her sektdorian karakteristigini mat en
Ayri1ca "zamanin ruhunu" yakalamak adina, zir
ekl enerek yazil i mn enerj.i akirsini. bir insan
Sistemin deneyim Kkazanmas.| vV e gel ecekt e k
hazirl anmas.] i¢cin veri kimesi hassas bir dei
g6zl emden olusan veri setinin 70% (1.512 kay
ol arak ayri Il mistir. Kalan 30% luk (648 kayit
karsisindaki basari1sinit 6l ¢mek amaciyla "Tes
arasindaki bu denge, teknolojinin hata payiln
rehberl i gi sunma c¢cabasinin bir goédstergesidir
2.3 Yapay Zek®© Modeli ve Tahmin Algoritmase

Verilerin hazirlanmasi ve ham cevherlerin is
etme asamasina gecilmistir. Bu enerji t ket
algoritma ve bu algoritmanin rakamlar nas
déonustiordiagua ele alinacakti1r. Enerj i yonet.
"Karar Agaci Regresyon" al goritmasi seci | mi
algoritmanin insan manti1 gedebi(lEfer y ©tyesrme gkiunr
guvenden kaynakl anmaktadir. En dogru araci k
model i ni gel eneksel yonteml erl e (l'ineer re

gOsterilmektedir.
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Al Model Performance Evaluation

Linear Regression: Prediction Accuracy

Fredicted Energy [kth]

o a
Actusl Energy (Vh)
Prodiction va Actual (Sample)

Energy (Kith)

o 2

Decision Tree: Prediction Accuracy
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kekilPe2f®r mans Verimliligi ve Kar si
Karar Agacinin zekasi1 ni acl kca ortaya koydu;
saatler gibi) anlamakta zorlanirken, Kar ar /
sagl adi Bu dur um, onu konutl ardan devasa f
y ol arkadas:! haline getirmektedir. Model , S
yansitan miukemmel bir perf or maYy Skors)e98% ial e mi s
ul asmistir. Bu, model in enerj.i tuketimindeki
gi bi girilen degiskenlerle aci klayabildigin
"neredeyse kusursuz" dogruluk ol arak kabul e
3. BULGULAR VE TARTI k MA
3.1 Model DHafa Analiziu ] u v e
Mo d el perfor mansi ol duk¢ca yuksek dogruluk g
(Yskoru): 99% seviyesine ul asmi stir. Ener ji
st cakl 1 k, dol uluk orani ve zaman gi bi giris
sonug, model in miuhendisli k tahmin uygul amal
ortaya koymaktadir.

Sistemimize tam olarak givenebilmek icin tahminlerimizin gercek hayattan ne kadar

Sapti g1 ni

Linear Regression

(hat a

dagit 1 mini1)

- Error Distribution

analiz ettik.

Decision Tree - Error Distribution
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kekilHa3 alDagi |l 1 m Anal i zi Grafigi

Sekil 3.1"de grafikte hatalarin neredeyse t
sundugumuz ©6éngordlerin sadece birer tahmin
gOsterit B u i statisti ksel dagi |l 1 m, yapay zeka
dogrul amaktadir. Si st em, karmasi k degi skenl e
dijital bir biling kazanmaktadir

3.2 Akeéll e Enerji Optimizasyonu ve Y¢gk Kayde
Bu sistemin sadece tuketi mi Ongor mesi yeter |
tasarrufa donustiurebil me yetenegidir. Gel i s
sebeke Uzerindeki baskiylr azaltmay1l1 hedefl ey
Enerji yonetimindeki en buyiuk zorluk, hayat:
Pi k Saatlerde gizlidir. Bu anl ar, sebeke i¢
demektir. Gelistirdigimiz optimizasyon al g«
kull anarak bu kritik anl ar. birer kriz ol ma
asacagil! ni daha o6énce gel meden hisseder ve t |

harekete gecer

Bu aki |l 1 Si stem, ener ji tal ebini dengel eme
Yazi | 1 m; evin, binanin ya da fabrikanin gecg
ruhuna uygun, esnek bir tioketim siniri bel ir
konforu bozmadan etrafi gozl eml er. Onemsi z
otomati k olarak kisili1r.

Boyl ece enerji dengel. i kull ant I 1r. Si mil asy
arasinda dusius saglandi girni goésterdi. Yukdn
i nsan el | degmeden, sistem kendi i cinde otur
degi | ; atmosfere salinan karbondaki kicgcudl me
ama et kil adit ml ar bazen en iyisidir.

3.3 G¢nl ¢k Optimizasyon ve Yk Kaydéerma Perf

Gelistirilen "Pik Tiraslama" al goritmasinin
somut etkisiyle 6lculmektedirS e k i | 3.2"de U0¢ farkl: sektorc
sonrasit tuketim grafiklerinin karstilastirilm
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kekilU¢c3S2ktorde iyilestirme Oncesi ve Son

Grafikteki K1 rmi zi Ci zgi (Ham Tuketi m) si st
kontrol stz halini temsi | eder . Ozellikle ak
mesai saatlerinde olusan o sert "pik" yukler
Yesi l ci zgi (Aki 11 Midahal e) i se algoritma
ki sirtl andi g1 yeni prof il simgel er. Yesil Ci
otonom tasarrufun kanitidir. Sistem sadece &
raporlara doénustdardar. lyilestirme sonucl ar.
verimlilik ac¢isindan farklI: bina turlerinde

elde edilen nihai verileri 6zetlemektedir.

Tablo 3.1 Bina Tiplerine G6re Enerji Tasarrufu v
Bina Tipi Toplam Tasarruf (kWh) [ Tasarruf O

Ev 141,00 4,50%

Bina 208,00 3,10%

Fabrika 874,00 2,50%

GENEL TOPLAM 1223,00 2,73% (Orta)

Bu tabl odaki veriler I st ginda sistemin basa
fabri ka al ani nda 874 k Wh il e gercekl esti
kull anit mi ni kontr ol edebil ecegini gosteriyor
da algoritmanin ev rahatl 1 g1 ni bozmadan di kk
yuksek mutlak tasarrufu sagl ar ken, evler g 0
verimlilik oranini sagl adi

Toplamda 1223 kWh enerji kazani | di . Si st emi |
israfinit o6onleyen aktif bir karar destek meka
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Performans verilerinin ayrintilari, Oneril en
somut birer gercege doénudstiren ni hai perfor
perspektif Uzerinden detaylandiri I mistir. B
akisini nasi | di zginledigini, i sraf nasi |

katti g1 zekay!r net bir bic¢cimde ortaya koymak

Smart Optimization: Hourly € ion Pattern Energy Savings by Building Type

—e— Before Optimization 574 kwn
24 —m— After Optimizetion

Average Energy (kWh)
5 N

&
Energy Savings (kWh)
=

1o 12
Hour of Day

Percentage Energy Reduction Overall System Performance

Reduction (%)
~ w
Total Energy (kWh)
1

kekilGe3.i3tirilen Sistemin Nihai Per f orn

Sekil deki gor sel analizler, sistemin dijita
grafi kteki Kirmi zi (ham veri) ve yesi|l (op
6zellikle 06: 00 il e 18: 00 saatl eri arasi nd
kanitl amaktadir. Enerji tiuoketi mi gun ic¢inde
diozeye c¢clr karit I mistiuir

Bu akit | | miudahale ile fabrika sektord 874
sektordl ise 141 kWh tasarruf elde etti. Ev sektoriindeki verimlilik 4,5% ile en yiksek orana

ul ast, bu da evsel yasam konforunu koruyar :
tuoketim 44,782 kWh den 43,559 kWh ye diustaud
uygul amal arinin enerj.i arz guvenligine biuy?usk
ve karar agaci model i kull anarak verilerin y

3.4 Tartékma

Elde edilen bulgul ar, l iteratiardeki di ger ¢
ortaya koymaktadir. Mevcu92%rhandr mdbharkabe:
calir smada wulasilan 99% | uk skor dikkat ¢ ekme
yerde et kil yonetil ebilecegini gosteriyor.
ortamlarda yapitldi dgirndan daha temiz veril e
hassasiyeti ve geci kmel er g iergybnesnani av,ioihaave ol ab
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fabrika gibi ¢ al ani kapsayan bir sistem o

ol ust ur mauyormk a n i

4. SONU¢ VE GELECEK ¢ALI kMALAR

Bu calitsmanin somut bir etkiye doénismesi i ci

aki L1 sayaclar ve |1 OT cihazlarityla entegre

ve meteorolojik verilerle zenginlestiril mesi

tasarrufunun bireysel bir farkindali dga donis

Gel ecek arastirmalar i ¢cin yol i se daha da

6grenme teknikleri, sistemin enerji dal gal an

sagl ayacaktir. Gunes ve riudzgéar gibi yenil ence

si st emi doganin ritmiyle uyumlu hale getire

teknolojisiyle Dbinalar arasi nda me-tofeen i ol m

kapit |l arini aral amak

Bu c¢al i1 sma, buyuk bir devrimin degil; ama f a

vV e umut dol!l u bir adi min hi kayesidir. Teknc

bulustugunda arti k soguk bir arac¢ ol maktan ¢

arkadasina doénusdar. Enerji i srafina son vV e

sorumlul uktur. | OT ve yapay zeka, teknol oj i

dondstiaruagyor. Bu adi min daha buoayuk vyeniliKkl

yaklasim, daha suardurdl ebilir bir gelecege i
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Finite Element Determination of the Stress Concentration Factor in a Perforated Plate
Under Tensile Loading and Comparison with Analytical Solutions
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Department of Mechanical Engineering, Kar an
Tarkiye

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 norductile 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 huled 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
(omax) occurring at the hole edge to the nonmnm
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 thdidll 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 fin@th 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 & Deghboud,
2022). Howland (1930) examined the stresses around a circular hole in-avidifestrip 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 classicaldineensional 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
closedform 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 Workbdraged 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 = dmax / 0@nom (1)

The nominal stress is calculated on the basis of the grosssacssn. For a tensile force F
applied to a plate of width W and thickness t:

dnom = F [/ (W A t) (2)

Two analytical relations widely used in the literature for a fimitdth isotropic plate are
given below. The Heywood relation:

Kt = | 2 + (1 1 d/ W) j ] / (1 7 d/ \
The Howland relation:
Kt = 0,284 + 2/ (1 1 d/ W) 1 O,6(1 1 d/ W)

The net stress concentration factor Ktn, defined with respect to the neseotiss, is related
to the global stress concentration factor Ktg, defined with respect to the grofisldjar
stress, as follows:

Ktn = Ktg (8 1 d/ W)

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 infplii¢e 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

pl ate thickness to its width is smal.|l (t/ W
which makes comparison with the tlomensional 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 Y 0,3
Applied tensile stress o 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 Saienant'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. Secowdder 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 @(direction) and equivalent velises 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
maxi mum value was read as omax = 343.8 MPa.
perpendicular to the |l oad axis (omaMises 343.
value is provided for comparison purposes.

Figure 3. Baseline case normal stressi(X r ect i on) di stri buti on;

L
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Figure 4. Baseline case equivalent\Wm s es) stress distribution;

For this case, the net nominal stress i s aon(
MP a , whil e the gross nominal stress is ononm
From these, the net stress concentration fa
343.8/142.9 = 2.41, and the global (gross) stress concentration factor as Ktg =
omax/ onom,gross = 343.8/100 = 3.44. This val
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 tHeotemadse (d/W

= 0.1) for which the infinitp | at e t heoretical value (Kt = 3)
calculated using the following relation:
e( %) = | (Analytical 1T FEM) [/ Analyti

The convergence results are presented in Table 2 and Figure 5. As the number of elements
increases, the gl obal Kt value stabilizes a
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-dimemsional

edge effect in this coarse eddiwision 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 s

Table 2. Mesh convergence study results (d/W = 0.1).

Hole-edge divisions Number of dmax ( MF Global Kt
elements
20 43 344 315,43 3,15
50 45 708 318,68 3,19
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Hole-edge divisions Number of dmax ( MF Global Kt

elements
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 finemesh model to which Face Sizing was applied around the hole.

330 Mesh convergence study (d/W = 0.1)

3.25 1

3.20 1

—— Analytical (K = 3.03)
—8— ANSYS (FEM)

3.15 1

3.10 1

3.05 1

Global stress concentration factor Ky

3.00

20 50 100 200 350 500
Number of divisions along hole edge

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
6 0,1
12 0,2
18 0,3
24 0,4
30 0,5
36 0,6

dmax Gnom,
(MPa) (MPa)
306,7 1111
324,7 125,0
343,8 1429
380,6 166,7
440,9 200,0
538,4 250,0

(ANSYS) (Heywood) (Howland)

Ktg

3,07
3,25
3,44
3,81
4,41

5,38

Kt

3,03

3,14

3,35

3,69

4,25

5,16

Kt

3,04

3,15

3,37

3,73

4,31

5,26

Error
(%)

0,9
3,1
2,0
2,0
2,3

2,4

The Ktgvalues in the table are defined with respect to the gross&ress t i o n:

[F/(W-1)]. 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.

w & & v
w [w] w o
. .

Global stress concentration factor Ky

w
(=]
:

—&— Heywood (analytical) o
=%- Howland (analytical) //’
® ANSYS (FEM) —

0.1 0.2 0.3 0.4 0.5 0.6

Hole diameter to plate width ratio (d/W)

Kt g

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.
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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 esession 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 thilimensional 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 Workbaset
threedimensional 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-@¥%, 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 smwale case (d/W = 0.1), for which the infinipdate

theoretical val ue (Kt = 3) is wvalid, t he |
progressively increased; it was observed that, as the number of elements increased, the global
Kt value stabilized around the analytical \

becomes independent of the mesh size and that the selected mesh-¢wnsitylarly 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 loadbearing net crossection 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
crosssection, 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(1l - d/ W) and emphasi zes
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 thremensional 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 thewidite 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 planepdtesstrain
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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Ozet

Bu c¢al i1 smada, ceviz kabugu dol g)kbmpozitgesnr i don
enjeksiyon kali1plama siurecindeki davrani sl al
Autodesk Mol dflow 2019 vyazi !l 1 mi kull ani |l ara
orijinal polipropilen (PP) ve geri donidstaar
Yol luk konumu anali zi sonucunda, dairesel ge
bél ge ol dugu belirlenmistir. Dol um sidresi %
benzer aki s davrani sl ar. ortaya koymus ve d
tarafindan kontrol edi |l di gi ni gostermi stir.
ve kali1p ici basin¢g sonuc¢lari, ceviz kabugeu
degerl er go6stermistir. Bu dur um, dogal dol g
aki skanl 1 k il e iliskilendirilmistir. Ayri1 c
belirlenmis ol up, bu durum mal zemenin ter mal
iyil esme, dol gu mal zemesinin rijitligi art.
iliskilendirilmistir. Sonug ol ar ak, cevi z k
kompozitlerin, islem sirasinda daha yuksek b
daha duousiuk c¢carpi Il ma ve daha yiuksek boyut sal
s0z konusu kompozi't mal zemel erin enjeksiyon
yuksek performansli1 bir alternatif ol arak de

Anahtar kelimeler: Geri d 6 n U spoplmer kompozit, surdurdlebilir Gretim, say 1 s al
analiz.

Abstract

In this study, the behaviour of walnut shiglied recycled polypropylene (rBReomposites
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-shaplked

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,-amaldin
pressure showed higher values for the walnut ditlei 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 shefilled 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 higberformance alternative for injection moulding applications.
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1.GKRKKk

Tar i1 msal at i1 kl ar dan bigokidlemin d@olgu rhaeldesi dlarag potinsee | U1 o
kompozitlerde kull ani mi surddaral ebi |l ir ma |
l ignosel Gl ozi k doldu vyapi1 si yakl asi1 mi hem ¢
ekonomi k dedgerli yeni surddaral ebilir mal zem
hemen hemen tim alaninda petroki myasal kay
bi yobazl alternatif surddaral ebilir mal z e me
emi syonl arityla micadel ede Kkritik oneme sahi
dedgerl endiril mesi, atir k yoneti mi siurecl erini
yakl asi1 mi beni mseyerek surdurdlebilir kaynak
yapit | atir kl aritn polimer matri-lsdmpad=zi thloemro,j ed
maliyetli, yenilenebilir ve ¢cevre dostu mal z
Tar 1 msal atir kl ardan; misir sapi, celtik kabt
matrislerle entegrasyonu, atir kl ari1n kat ma de
olusturulan kompozit mal zemel erin mekani k, 1
potansiyel. sunmaktadir [ 1, 3] . Bu tar surdd
bircok alanda suarddarulebilir alternatif pl a
bul maktadir [ 4]. Dogal dol gul u plastik kompc
takviyeli plastik kompozitlerin formilasyonunda-iiiatris uyumu ve hidrofilikhidrofobik
etkilesimleri gibi dezavantajlarit bulunmakt a
yapl! s il e pol i mer matrislerin hidrofobik
kompozitlerin mekani k performansl ar i1 ni bel i
nedenl e, yuzey modifikasyon teknikIleri, dogr
gibi yontemler, lifmat r i s arayuzey bagl anmasi ni gucl e
performansi ni gelistirmek ic¢cin yaygin ol ar a
cal 1 smal ar da, derin Ot ektik cozuacul er ( DES)
sistemlerinin, ' ignosel Gl ozik yapi |l bi yokiut
ve surdoardalebilir yakl asi mlar 1 n gelistirilmn
Ayri1 ca, diosiuk toksik etkisinin, ger i donuidst
etkileri DES sisteminin surdurulebilir biyorafineri suregleri igin uygun ve c¢evre dostu
alternatifler oldugu bildirilmektedir [9].
Pl asti k matrisl:i kompozitlerin endiustriyel [
geometrilerin kolayli kla Uretilebil mesinden
cok alaninda yaygin olarak kullani I maktadir
[ i f takviyel./ kompozitlerin enjeksiyon kal i
yaplinin homoj en dagi !l 1 mi, dretil en pl astik
meydana gelen tutarsi zlpitkilmarz epreodsie smegsa ma meztc
[ 10, 11]. Bu bagl amda, Mol dfl ow gi bi sayl
kal i1 plama sudrecinde eriyik akisi, basi ng¢g da
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gi bi kKritik parametrel erin anal i z edi |l mesir

edi |l mesinde etkin bicimde kullani |l di g1 bi |
dol gul ar i¢ceren termoplastik matrisli kompoz
aracl ar ile il eri hesapl amal | yonteml er S a
mal zeme davranit s i liskilerini analiz ederek
dretim hatalari ni ve maliyetlerini azal t mak
sistemleri, enj eksiyon kal 1 pl amada dretim
dogrulukta tahminler sunarak UGretim verimlil/l
yapl si, t er mal stabilite sinirlamal ar. Ve

mal zemel erin ¢gcevresel ve ekonomi k avantajl ar
[14].

Bu cal 1 smada, tari1 msal at 1 k kat kil ari1 ndan

enjeksiyon kali1rplama sudarecindeki mal zeme da:
yazil 1 mi ile inceleyerek proses parametrele
ortaya koymakt i r. Bu dogrul tuda, pl asti k ma
uygunl ugunun artiri |l mas:] amacl anmaktadir. Ce
PP matri sl kompozitlerin enjeksiyon kal i1 pl
anal i z eder ek hem sdardardal ebilir mal z e me g
optimizasyonu ac¢cisindan | iteratiordeki Oneml. i

2. MALZEME VE YONTEM

Bu c¢al i1 smada, denizcilik sektoridnde guverte
pl astik parcanin enjeksiyon kaliplama sidreci
(kat ki si1z) PP, ger i dondstuar ol mios PP ve <ce
kompozit i ncelenmistir. Karsilastirma amac.]
mal zeme ger. donastuar ol mas PP, dcunci mal zei
cevi z kabugu parti kollerinin il ave edi | mes
malzemedir.

2.1. Parca Geometrisi

Bu c¢al i1 smada; analiz edilen parc¢a, deni zcil i
guverte kapag:!i dir . Par ¢a geometrisi, mer k e :
bagl ant del i kIl er i vV e degi sken cidar kal 1 n
Anali zl erde kull ani | an uc boyutl u model , e
olusturul mus ol up, akisin mer kezden basl ay
incel emeye yoneli k olarak tani mkadmtgaylar , P.
yoénl enmesi , basing dagi | 1 mi ve dolum davr an
olusturmaktadir. Bu nedenl e model , s0z kon
simialasyon ortamina aktarit |l mistir. Sekil 1
gosteril mistir.
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kekiAlnal.i z edilen guverte kapag! parcasi

2.2. A] Yapesée ve Mesh Kalitesi

Sayl sal anali z 6ncesinde parca geometri si

geometri si kar masi k ol madi g1 i ¢cin Adapti f

yaplsinin yeterliligi, el eman sayl s, bagl art
di kkate alinarak bu mesh yapisinda parca ge
adet el eman ve 6015 didgium noktasi kullani |
detaylarin bulundugu bo6él gelerde ¢6zUm hassas
yapl s olusturul mustur . Mesh kalitesi cesitl
el emanl ar i¢in ortalama aspect ratio degeri
13,67 olarak saptanmistir. Ag uyumlulugu yu
ol arak belirlenmigstir. Bu degerl er, ol ustur
uygun ol dugunu gb6stermektedir. Model in topl e
113,99 cm® ol arak hesaplanmistir. El de edi |
yeter |l ol dugu degerlendirilmis ve analizle
geometrisinin mesh yapisit goésterilmistir
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keki(la)2 . Mode] ogeometrisine ait genel mesh vy

yogunlugunun detayl mesh gdorananm
2.3. Analiz Parametreleri
Bu analizl erde enj eksiyon kal 1 pl ama prosesi
Boyl ece farkl: mal zemel erin ayni proses kosu
getiril mistir. Simul asyonl aréPaacht osaemsal par am
zerinden tani mlanmi stir. Analizl erde eriyil
olarak belirlenmistir. Enjeksiyon dolum Kkon
dolum siUresi 2 saniye olarak tanimlanmistir
%99 a ul asmas.| il e gerceklestirilmistir. Dol
olarak tani mlandi ve paketl eme silresi 10 sa
suresi 20 saniye olarak atanmistir. Maki ne
basi nci 180 MPa, maksi mum enjeksiyon debi si
st cakl 1 g 25 °C ol arak kabul edi Il mi stir. Mo
ol up, akis bu noktadan baslati |l acak sekil de
parametreleri Tablo 1"de gb6sterilmistir.
Tablol.Si midl asyon analizlerinde kullanilan pros

Parametre Dej er

Enjeksiyonk al 1 p 2,0s

dolumsduresi

Ka lyiizpys 1 ¢ a k50°C

Polimereriyik 210 °C

st cakl 1 g

Utlilemeb a s 1 n ¢ 80 MPa

Utlilemestiresi 10s

Parcas 0 g udiiresa 20 s

Toplamdiretim 30s

cevrimsuiresi
2.4. Séneéer kartl are
Simidl asyonl ara ai¢t sitnir k@a9abl ayraiz, | Amit o keud
belirl enmigstir. Similasyon modelinde plastil
yapltsindan dol ayl enjeksiyon dol ayl enj eksi
st cakl 1 g1 50 °C olarak atanmistir. Analiz e
otomati k ol arak d4tduleme (velolp ) asamasi! na
kal 1 p duvar. boyunca kaymadan akti1 gi var sa
yuzeyleri sabit sicakli kta tutulup yerceki mi
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2.5. Malzeme Ozellikleri

Kull ani |l an mal zemel ere ait temel fiziksel V €
6zellikler, Autodesk Mol dflow I nsight 2019
similasyon modeline tanimlanmistir. Ger i do
kompozi't mal zeme O6zelli gi (Sengul ,2025) vyazi
tim mal zemel er i ¢in ayni proses parametrel e
parametreleri altinda gerceklestirilmisgstir.
Tablo2Si mul asyonl arda Kullani | an. Mal zemel erin
Malzeme Orijinal PP rPP PP + Ceviz

Geri
Malzeme taru Polipropilen (PP) dontustur PP + dogal

PP
Yapl Kristalin Kristalin Kristalin
Dolgu Yok Yok Dogal dol g
MFR (g/10 min) 12 5 6,3
Eriyik yo€qz7 0.73 0,73
(g/cmsd)
Kat 1l yogunggg 0.93 0,93
(g/cmsd)
Eriyi k s1 c210 210 210
Kal i1 p si1 cabho 50 50

3.SonuglarveT ar t € Kk ma
3.1.Yolluk (Gate) Konumu Analizi

Bu c¢al i1 smada, dai resel geometrrildii guverte
Aut odesk Mol dflow Insight 2019 vyazi |l 1 mi k ul
sonucl ar 1, parca yluzeyi Gzerindeki far k1l b (
gostermektedir. Sekil 3'"te goérulduogu uUzere,
aclsindan en uygun alanl ar. t emsi | et mektedi
ve kali1 p geometrisine gordolhgebuk okanakubptE
Sekil 3'te, gate |l ocation anali zi sonucundze
gosteril mistir.
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k ek iGateldcatiomnal i zi sonucunda O6nerilen merk

Sekil 3'te goéralduagu gi bi mav i renk ile go6:
gostermektedir. Mer kezden uygul anan vyoll uk
sirasinda eriyen mal zemenin kali1p icerisind
bicimde gerceklesti gi gozlemlenmistir. Bu vy
genelinde homojen dolum saglandi gi g6zl enmi
dolum sidresini daha dengeli hale geldigi g0z

3.2. Dolum Sdresi (Fill Time) Analizi

Bu cal 1 smada orijinal PP, ger i dondstar ol
doniustiurdal mis kompozit mal zemel er i i ¢in dol
yazi Il 1t m kullanil arak yapt I mistir.

Tuom analizler ayni proses parametrel er.i al
gerceklestirilmistir. Elde edilen sonuc¢l ar,
karsilastirmal. ol arak degerlendirmeye ol an
dol um sidresi dagrl i mlarirnin karsilastirmal.

T Pe Oy » @b 0o
;]mwgs o 1 153 Fiime
=2415[s) 2417s) =2417]s]

[s) s Is)

I?d!'l

n813

1207 1.209 1.209

06037 D 6044

0.000 0.000 0.000

a) b) c)

kekiFlara.l 1 mal zemel er cin dolum sidresi (fil
Orijinal PP, (b) Komp02|t PP ve (c) rPP
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Enjeksiyon kal 1 pl ama surecinde, mal zemenin

mer kezden basl ayarak radyal yonde il erledigi
ol dugu gozl emlenmi stir. Maksi mum dol um sur
kompozit mal zemenin ve rPP yaklasi k 2.417 s
Anal iz bulgulari, ceviz kabugu dol gul u komg
tdr 0dndn dol um suresi zerindeki et kisinin
mal zemenin akis davranisinin parca geometri:
etkilendi gini goéstermektedir.
PP, rPP ve rPP + ceviz kabugu kompozi't mal z
karsilastiril abil mesi amaciyla dolum suresi
5"te farkli1 malzemelere ait dolum sidresi kon
“Fitime “Filtme “Fil time

=2.415(s) =2417[s) =2417[s)

a) b) c)

kekiFlar%.l 1 mal zemel ere ait dolum siuaresi kont

(a) PP, (b) rPP + ceviz kabugu komp
Enjeksiyon dolum sidaresi dagir l 1 mlarinin dah.
(i zohat) cizgileri anal i z edi |l mi stir. Sekil
mal zemel erde akisin merkezden di s bodl gel ere
goral mektedir. Kontur <¢izgilerinin es merke:
karar | bicimde gerceklestigini goster mekte
b6l gel erinde si1 klasmasiyla akis ilerl eme hiz:
e farkli mal zeme arasinda kontur ci zgiler
gozl eml enmemi stir. Bu dur um, dolum davrani s
konumundan etkilendi gini gobstermektedir.
3. 3. Enjeksiyon ve | t¢gleme Baséncé Anali zi
Bu cal 1 smada, enj eksiyon vV e gt al eme basi ng
incelenmistir. Sekil 6’ da enjeksiyon vV e u
gosteril mistir.
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kekiFlar&.l 1 mal ze i i n ¢

PP, (b) rPP + cev
Sekil 6’ da gbvamenilgermaf bkRkenic incelendi ginde
basing degisim egilimleri gdézlenmistir. Kal./
artir s go6stermistir. Mal zemenin kal i1 ptaki dol
seviyelerde dengel enmel er ol dugu belirl enmi
sitrasityla orijinal PP i¢in 7.30 MPa, rPP ic¢i
icin 9.30 MPa olarak el de edil mistir. Dogal
yuksek enjeksiyon basincinin gerektirdigi sa

3.4. Kapama Kuvveti (Clamp Force) Analizi
Bu cal 1 smada, orijinal (PP), (r PP) vV e (r Pl
kal 1 plama sidrecinde gdésterdigi kal 1 p kapama

incelenmistir. Sekil 7' de bu mal zemel er i ci-t
grafikleri gosteril mistir

1250 T Clamp force:XY Plot 17.50 Clamp force:XY Plot
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a) b) c)

kekiPIP,7.r PP + ceviz kabugu kompozit ve r PP
siurecinde kali1 p kapama Kkuvvetinin zan

Sekil 7 de gosteri-teamakaédmpi kapiamamkluzemel er
egi | i mi ol dugunu godéstermektedir. Kal i1 p dol u
sekil de artti gl gor gl mektedir ve bu durum Kk
maksi mum deger e ul asti1 gi vV e ut 0l eme asam;
dengel enmesiyle kalip kapama Kkuvvet. daha ¢
kapama kuvvet. degerl eri; orijinal PP ic¢cin vy
kompoziti icin ise yaklasi k 16 ton ol dugu sa
kompozit mal zemenin eriyik viskozitesini ve
kapama kuvvet. gerektirdigini go6tstermektedir
3.5. Par-a |zerindeki Basén- Dajél émeé
Cal i sma kapsaminda, far k11 mal zemel er i c¢cin
parca Uzerinde olusan basin¢g dagit !l 1 mlari1 ana
asamal arir nda mal zemenin kal i1 p ic¢cerisindeki
gerceklestirilmistir.

Sekil 3.6 da goéruldugu dzere, ¢ farkl. ma |
genel ol arak benzer bir geometrik dagirl i1 m se
aclisindan belirgin farklilirklar g6zl emlenmis

Time = 12.41[s] = Time = 12.41s] Time = 12.41]s]

(MPa) | imPa) [MPa)

I7 306 IB 308 I9 308

5479 6.981 6981

Ias53 4654 e I '4554 e mmA.
0.000 < 0.000 < 0.000
a) b) c)
keki MaBzeémelerin t = 12,41 s aninda ar ca
arstlastirri Il masi: (a) PP, (b) rP + C
Bu c¢ali smada, 0zellikle ceviz kabugu dol gul
kal 1 p I cerisindeki basi ng davrani s, di ger
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edi |l mi stir. Anali zl er, dol um sidrecinin beli.

basing dagil i mlaritnin degerlendiril mesi amac
Seki l 3.6 da goéralduogu uUzere, ¢ farkl ma |l z
desen sergilemekle birlikte, basing seviyele
Ay ni 0l ¢cim noktalaritndan el de edilen sonucgl
yakl as3i.k8 3MPra arali1 girnda ol dugu, buna kar si
kompoziti i ¢cin bubdeg®MPhearal ygkhasyukdeBdi ¢
Basing dagtit !l 1 mlar. incelendi dginde, enj eksiyc
basing degerlerinin olustugu, akis yonid boyu
gozl emlenmi stir. Bu dur um, aki s sirasinda me
El de edilen bulgul ar, ceviz kabugu dol gulu
yuksek basing seviyeleri olusturdugunu gdst
artan eriyik viskozitesi ve azalan akiskanl

4.Sonucg, T ar t &@aOmeiler

Bu c¢cal i1 smada, ceviz kabugu dolgulu ger.i don
enjeksiyon kali plama davrari0dl9aryiazAul t ond e skku |
incel enmi s vV e sonucgl ar orijinal PP Il e
karsilastirril mistir.

EIl de edil en sonucl ar, dolum davranisinin l
tasarit mindan etkilendi gini gostermistir. TU
dagi |l 1 ml ar el de edi |l mistir. Buna karsi 1|1 k,
enjeksiyon basinci ve kapama kuvvet. ger ekt
ilavesiyle artan eriyik viskozitesine bagl an
Kati |l asma analizl eri kompozit mal zemenin dah
koyar ken, duvar kesme geril mesi deger |l eri nde
analizlerinde ise ceviz kabugu dol gulu kompo
Bu sonuc, dogal dol gu kat ki si1 nin bazudl meyi
gOstermektedir.

Genel ol ar ak, cevi z kabugu dol gul u ger i d
kal i1 plama uygul amal ar | Il ¢cin cevre dostu ve j
belirl enmistir. Ancak artan proses yukl eri r
Onem tasi maktadir.

Gel ecek cal i1 smal arda far kIl dol gu oranl ar
0zellikler ve enerji tuketi mi zerindeki etk
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BiphenyleneNetwork 2D Materials: A First -Principles Perspective
Ol cay | ZENGK AKT] RK

Electrical Electronics Engineeriridepartment, Aydin Adnan Menderes University, Aydin,
09100, Turkiye, ouzengi@adu.edu.tr

Abstract

Two-dimensional materials continue to provide a fertile platform for discovering novel
physical phenomena and enabling ngeberation 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, | will present a comprehensive fmshciples investigation of BPiased
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
Ga: x Al x N |Mb]Seand 2BPMNonol ayer s. Our Fesul t
Ga: x Al x N enables systematic tuning of | atti
a pronounced blue shift in optical absorption from the visible to ultraviolet region. In contrast,

the BPNMo Se, monol ayer exhibits strong structur
ring topology, leading to directiedependent mechanical properties and anisotropic optical
absorption spanning the visible and riedirared regimes.

These findings highlight biphenylemetwork architectures as a promising destyategy for
nextgeneration twalimensional 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: BiphenyleneNetwork, two dimensional material, firptinciple
calculations
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TEMPORAL CONTAMINATION IN RETRIEVAL -AUGMENTED GENERATION: A
FIVE-LAYER ARCHITECTURE FOR COMPLIANCE -SAFE Al IN REGULATED
AND MANUFACTURING INDUSTRIES

Himanshu Goel
Al Researcher, Independent Al Researcher, Delhi, India
E-mail: himanshu997goel@gmail.com

ABSTRACT

Retrievalaugmented 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
termstemporal contaminatianconfident, fluent, fullycited answers grounded in withdrawn

law. Conventional evaluation metriekeyword coverage, fluency, readability, and even
human plausibility checksrate 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 adeoument Reserve Bank of India
regulatory corpus that quantifies the problem and tests a structural fix. Naivesitoeed
chunking produced 13,161 chunks averaging eight words—et@ch small to contain a
complete regulatory obligation. Structuaeare semantic segmentation of the same corpus
produced 142 chunks averaging 371 words: a 98.9 percent reduction with substantially
improved answer coverage. On a dsd@sitive query, standard retrieval was dominated by a
circular superseded more than a year earlier, yielding 100 percent keyword coverage and zero
legal validity. With pregeneration temporal filtering enabled, contamination dropped to zero.

The proposed fiwdayer architecture operationalizes temporal validity as a safety constraint
rather than a quality metric: (LO) structumevare chunking; (L1) temporal metadata at
ingestion; (L2) pregeneration validity filtering; (L3) temporal correctness elevated to the
same level as access control, aligned with the NIST Al Risk Management Framework; and
(L4) operational monitoring with safe refusal when no valid source exists. The architecture
transfers directly to Abupported 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 Al; it is the next necessary one.

Keywords: RetrievalAugmented Generation; Temporal Contamination; Regulatory
Compliance Al; Trustworthy Al Architecture; Aupported Manufacturing Systems.
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Mitigating The High Temperature Acid Corrosion of Steel and NiResist Industrial
Process Equipment Using a Mixture of Pyrazine Dicarboxylic Acid and Potassium
lodide

lkenna B. OnyeachuUgur Kokt
ICollege of Science and Computing, Wigwe University, Isiokpo, Rivers State, Nigeria.
Department of Mechanical E n gniversitg, Turkeyg , Kar a
Email: ikenna.onyeachu@wigweuniversity.edu.ng
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 acithduced industrial corrosion constitutes a serious material challenge. The
inclusion of Nickel to obtain Nresist, an austenitic cast iron, can significantly improve the
acid corrosion resistance of steel. However, fieghperature industrial operations diminish
the alloy’s acid corrosion resistance. I n
inhibitors to the acid solution can mitigate such material damage. In addition, identifying a
low-cost, environmentally safe duaiirpose inhibitor with high protection efficiency for both

steel and Nresist materials is financially sustainable for the industry. In this report, we
present a pyrazine dicarboxylic acid + Kl inhibitor system capable of simultaneously
protecting C1020 carbon steel andrissist with>80 % and>90 %, respectively, during acid
corrosion in 1 M HCI at 60C. By augmenting detailed weiglolss 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 Nresist. The inhibitor system also minimized grboundary 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 substri¢or interaction.

Keywords: Carbon Steel; NResist; Acid Corrosion; Corrosion Inhibitor; Electrochemistry;
Materials Science.
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DESIGN AND MECHANICAL PERFORMANCE OF FDM-PRINTED ABS WITH
RE-ENTRANT AND HONEYCOMB CORE STRUCTURES

Gozde ZORMANL Hur ki t SN\, fChan KABDJ LU, Deniz UZUNSOY,,
!Deparment of Metallurgy and Material Science Er&gineeﬂngsa Technical University,

Bursa, Turkeygozdezormanl0@gmail.conursit.aydin@btu.edu,tr
cihan.kaboglu@btu.edu,eniz.uzunsoy@btu.edu.tr

Abstract

The conducted researcdemonstrate 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 aewtr@nt were produced. To
characterize the mechanical behavior of the ABS sandwich composites produced via FDM
and featuring these honeycomb aneknérant cores, compressive and three point bending
tests were applied. Experimental results have demonstrated that traditional honeycomb
sandwich structures showed lelearing capacity, reaching a maximum compressive load of
11.105 kN and a maximum bending load of 1.265 kN. The strength valaesled by the
honeycomb structure indicate that it can show as an ideal engineering solution for applications
requiring high structural rigidity and direct lodh@aring capacity. In response to this; re
entrant coresdemonstrated significantly higher ductility and increased energy absorption
characteristics under the applied loading conditiinge 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 prodess.
summarize, the experimental results showed that honeycomb core structures deliver excellent
performance in applications where high stiffness is required, whereamsramt 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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Influence of Machining-Induced Variability on Low -Cycle FatiguePerformance of Tk
6Al-4V Micro-Scale Specimens

Victor Sodjé-?, Brennen Mulling?, Julius School?,

1 Department of Mechanical and Aerospace Engineering, University of Kentucky, Lexington,
KY 40506, USA

2 Institute for SustainabManufacturing, University of Kentucky, Lexington, KY 40506,
USA

Abstract

The lowcycle fatigue (LCF) performance of-BAl-4V is sensitive to its prior machining
history, which alters the surface and subsurface conditions of the material bgdtoe
loading. This study examines how machinrindguced variability influences the strain
controlled LCF response of orthogonally machineebAi-4V samples and introduces a
force-signatbased methodology to identify crack initiation points from cyclic test data. Ti
6AIl-4V samples with external dimensions of 51 mm x 6 mm X% 4.3 mm were machined at a
cutting speed of 60 m/min using uncut chip thicknesses of 30, 50, and 100 um under sharp
(Ro= 7 um) and worn (VB = 130 pum) t ool con¢
machining severity. Micralogbone fatigue specimens (gauge length = 6 mm, width = 3 mm,
thickness = 0.5 mm) were subsequently extracted using wire electrical discharge machining
(EDM). PostEDM preparation included removal of side burrs and recast layers while
preserving the machinirgffected subsurface condition. Surface roughness was characterized
using a Sensofar optical profilometer, yielding arithmetic mean roughngsga(&es ranging

from 0.119 to 0.1988 um. Baseline straiontrolled LCF tests were first conducted on bulk
specimens to establish reference fatigue behavior. Stommmolled fatigue testing of
machined specimens was then performed under teasimion 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 througkcleer

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
steadystate cyclic response, and a subsequent amplitude decay marking the crack initiation
transition — analogous to resonantequencybased initiation detection reported in the
literature. Cyclic stresstrain 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 plastidayninated LCF behavior.
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This study provides direct experimental evidence that machindwgced 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 @AIFAV 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 machiningensitive aerospace and biomedical applications. The-émeelope

based crack initiation detection methodology presented here further offers a practieal, non

interruptive approach for identifying initiation events in micro fatigue specimens.

Keywords Low-cycle fatigue; Machiningnduced variability; Hysteresis loop; Crack
initiation; Surface integrity; Force signal analysisGHI-4V.
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KOMPOZKT YAPI SAL SAJLI K KZLEME KC¢KN 2D MAL
PKEZODKREN¢ SENSY¥RLERKN GELKKTKRKLMES

NurayKIZIL 've Ayke BEDELOJLU

'Pol i mer Mal zeme Muhendisligi, Bursa Tekn
23435016006 @ogr.btu.edu.tr
Pol i mer Mal zeme Muhendisligi, Bursa Tekn

ayse.bedeloglu@btu.edu.tr

Ozet

El yaf takviyeld pol i mer kompozitlerin hava
el eneksel mal zemel erin yerini hirzIl a al mas:
al ani haline gelmistir. Kull anirm kosull arin
mi kroyapi! sal hasarl arin henitz olusum safhas
bakim maliyetlerinin optimize edil mesi ve ki
gereksini mdir. S0z konusu operasyonel zorunl
yapl!l sal tepkil eri di nami k ol ar ak izl eyebil e
artirrmistir.

Yap1! sal Sagli k izleme sireclerinde simdiye

piezodirencl.i sensorl er, mekani k deformasyor
donusturerek c¢ali1si1r; geril me ve hasar gel i
Basit c¢alisma prensipleri, yaplya ek yuk ge
proseslerine yatkinli1i klar: sayesinde c¢ok fo
Nanomal zemel er deki son gelismeler de piezod
yeni firrsatlar yaratmistir. Ozellikle ki b o
genis spesifik yuzey alanlari ve esnek alt t
kabiliyetl eri nedeniyle yeni nesi | al gr I ama
Bu cal i1 smada, MXene (TiszsC,Tx), i ki farkl k
Gzerine uygulanmis ve elde edilen iletken

el emanl ar ol ar ak cam el yaf takviyel./ epok
yonteminin iletken ag ol usumu, sensdér davr a
Uzerindeki et ki sini dedgerl endirmek amaci yl a
karakterizasyonlar gerceklestirilmistir. Son
zamanli1 mekani k yuUukleme profillerine dogruda
Ol cualebilir kesirli direnc¢c tepkiler:i dretti g

Anahtar kelimeler: Ya p 1 s a l S pigdodiréngs ienls@me e r MXene, aki |
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DEMKR OKSKT NANOPARTKK! LLERKNKN FAZ GELKKK
YAPISINI DUZENLEMEDE PVA KAPLAMANIN ROLU

Tacettin ERGEN¢T, G¢lten SADULLAHOJI
1 stanbul Health and Technology University, Faculty of Engineering and Natural Sciences,
Department oMechanical Engineering, Istanbul, Turkiye, taciergenc@hotmail.com

2 Istanbul Health and Technology University, Faculty of Engineering and Natural Sciences,
Department of Mechanical Engineering, Istanbul, Turkiye, gulten.sadullahoglu@istun.edu.tr

OZET

Demir oksit nanopartikdall eri; Ustidn manyetil
yluzey karakteristi kI eri sayesinde biyomedi ke
kull anim al ani bul maktadir. Ancak Dbu nanopa
sentez asamasinda hizla topaklanma (agl omer &
oksit nanoparti kalleri, polivimni/l al kol (P
6zellikleri Uzerindeki -jetlkiysdinntie miryd eel esneenkt ea
analizi, her 4l Onuimmpbhetae OO ( maghyemi t) fazl
bulundugunu ortaya koymustur. PVA il avesi, I
azal maya vyol acar ak, poli mer Kkaplamanin 1 s
davrani sini etkiledi gini gostermistir. TEM ¢
mor f ol ojisini dogrul ar ken, Ol cul en diuozl eml
tanit ml anan kristalografik dozlemlerle uyuml
ilavesinden sonra yuzey ve go6zenek yapltisind
Kapl amagi ;mufimesi 9.2199 m2 g ' spesifik yi
hac mi ve 41.1081 nm ortalama g6zenek <c¢capil S
17.6760 m2 g * wve 0.127737 cm?® g ' ile arta
ortal ama gdzenek cap!l azal dRaksp24&«ts5 Unl ami' y
hemati t/ maghemi tO ytaiptirl easriiimm amaoddzlgair 1Fnel daha da
iliskili fonksiyonel gruplaritn varl i1 g1 ni or f
°C'"de kalsine edilen demir oksit nanopart.i
gbzenek mi mari si ni vV e yluzey 6zell i klerini
gostermektedir. Gelistirilen bu polimer des:
gbzenekliligin hayat:. Onem tasi di g1 il eri t e
sunmaktadir.

Anahtar Kelimeler: Demir oksit nanopartikilleri, PVA kaplama, §el yontemi, XRD,
TEM
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