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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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Zoom Toplant1 Bilgileri

[stediginiz oturuma katilmak icin litfen asagida her oturum icin verilen Zoom

baglantisina veya programdaki her oturumda yer alan baglantiya tiklayin. 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 katilimcilar: canli baglanarak tiim oturumlar:

dinleyebilir.

Teknik Bilgiler

Bilgisayarinizda mikrofon olduguna ve galistigina emin olun.

Zoom'da ekran paylasma 6zelligine kullanabilmelisiniz.

Katilim belgeleri kongre sonunda tarafiniza PDF olarak gonderilecektir.

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

Zoom'a giris yapmadan once liitfen adiniz1 soyadiniz1 belirtiniz. Ornek: AD SOYAD

Communication

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

Web page: https:/ /matsciman.com

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.
% Please keep in mind that each presenter has a total of 20 minutes. It's
important to have perfect timing.
% The moderator decides whether to take questions from the audience: at the
end of each presentation or at the end of the session.
% Please remind attendees to send their questions and comments to the Zoom
chat.
% Finally, if any of the presenters in your session does not participate and
present her/his paper, please notify us by sending an email to

kongre@matsciman.com.

Presentation Information

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

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

to rearrange the presentation order in the session. Please arrive at least 5 minutes
prior to the start of your session and turn on your camera during your presentation.
Please keep in mind that each presenter is required to remain for the duration of the

session.
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From the President of the Conference,

Greetings to all participants,

It is a great pleasure for me to welcome you to the 4t International Conference on
Materials Science and Manufacturing (ICMSM) 2025 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 2025
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Acilis Konusmasi

Degerli katilmcilar Uluslararas1t Malzeme Bilimi ve Imalat konferans baskan: olarak
sizleri en kalbi duygularimla selamlryorum ve konferansimiza hos geldiniz diyorum.
Degerli katilimcilar davetimizi dikkate alarak Uluslararast Malzeme Bilimi ve Imalat
Konferansina bildiri ile katihm sagladigimiz icin ¢ok tesekkiir ederiz. Uluslararasi
Malzeme Bilimi ve Imalat Konferans: cevrimici olarak gerceklestirilecektir.
Konferans, malzeme bilimi ve imalat alanindaki teknolojik gelismeleri ve arastirma
sonuclarmni sunmak ve paylasmak icin uluslararasi bir platform gorevi gorecektir.
Sanal ortamda dahi olsa sizleri agirlamaktan ve bilgi paylasimindan dolay1 cok
mutlu oluyoruz. Umut ediyoruz ki sizlerle verimli ve unutulmaz bir konferans
yasayacagiz. Konferansta toplam 10 bildiri sunulacaktir. Tirkiye, Italya ve
[rlanda’dan bilim insanlarmin yer aldigi bildiriler sunulacaktir. Konferansimizda
hem endiistriden hem de akademik camiadan bildiriler bulunmaktadir. Umut
ediyorum ki arzulanan Universite ile endiistri bir araya gelerek ¢ok basaril
calismalar yapilacaktir. Konferansta 2 oturum olacaktir. Bir sonraki konferansta

goriismek temennisiyle

Konferansimiza katildiginiz i¢in tekrar tesekkiir ederim.

Saygilarimla
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Data-Driven Welding Quality Assessment:
Leveraging IoT and Machine Learning in Industrial
Practice

Nicola Magaletti, LUM Enterprise s.r.l., Casamassima, Italy, magaletti@lumenterprise.it
Valeria Notarnicola, LUM Enterprise s.r.l., Casamassima, Italy, notarnicola@lumenterprise.it
Mauro di Molfetta, LUM Enterprise s.r.l., Casamassima, Italy, dimolfetta@lumenterprise.it
Stefano Mariani, LUM Enteprise s.r.l., Casamassima, Italy, ste.mariani.23@gmail.com
Angelo Leogrande, LUM Enterprise s.r.1., Casamassima, Italy, leogrande.cultore@lum.it

This study explores the application of data analytics and machine learning to optimize
welding quality in Tecnomulipast srl, a small-to-medium manufacturing enterprise based in
Gravina in Puglia, Italy. Specializing in food machinery, the company recently automated its
laser welding process using an IoT-enabled system with integrated photographic inspection.
The investment, supported by the Apulia Region through the PIA (Programmi Integrati di
Agevolazione), enabled Tecnomulipast not only to upgrade its production line but also to
undertake a broader digital transformation. This included the development of internal data
analytics infrastructures capable of supporting advanced machine learning and artificial
intelligence applications. The study focuses on predicting weld bead width (LC), a key quality
metric, using a dataset of 1,000 production observations. Input features include laser power
(PL), pulse duration (DI), frequency (FI), beam diameter (DF), focal position (PF), travel
speed (VE), trajectory accuracy (TR), laser angle (AN), gas flow (FG), gas purity (PG),
ambient temperature (TE), and penetration depth (PE). These parameters were used to train
and validate several supervised machine learning models such as Decision Trees, Random
Forest, K-Nearest Neighbors, Support Vector Machines, Neural Networks, Boosting
techniques, and Linear Regression. Model performance was assessed through MSE, RMSE,
MAE, MAPE, and R? metrics. Ensemble methods like Random Forest and Boosting achieved
the best results. Feature importance analysis identified laser power, gas flow, and trajectory
accuracy as the most influential variables. The project demonstrates how Tecnomulipast has
successfully leveraged public investment to implement digital transformation and adopt data-
driven approaches aligned with Industry 4.0.

Keywords: Tecnomulipast, laser welding, machine learning, digital transformation, Industry
4.0.

1. Introduction

The increasing adoption of artificial intelligence and data analytics within production
operations represents a paradigm shift for how production efficiency and quality are tracked
and optimized. Although big industries have driven such developments, their application
within small-to-medium enterprises (SMEs) of traditional industries like food machinery
production is sparse and underresearched. This research bridges that gap by examining how a
Southern Italian SME, Tecnomulipast srl, adopted a data-driven approach for predicting and
controlling weld quality within an IoT-enabled laser welding machine. The main research


mailto:magaletti@lumenterprise.it
mailto:notarnicola@lumenterprise.it
mailto:dimolfetta@lumenterprise.it
mailto:ste.mariani.23@gmail.com
mailto:leogrande.cultore@lum.it

4th International Conference on Materials Science and Manufacturing (ICMSM 2025)

question for this research is: To what extent can machine learning models effectively predict
weld bead width (LC) as an essential quality metric from real-time process information
observed from a digitally transformed welding machine? Despite the proliferation of sensor-
rich production environments, extant research is of little help for SMEs that seek to
effectively apply machine learning models for real-time quality prediction, especially for
highly specialized processes such as laser welding. Most research tends to target big-industry
implementation or is restricted within lab-scale experiments. This research offers a new case
study of a regionally funded innovation project (via the Apulia Region’s PIA program) where
a full-scale machine learning infrastructure was implemented and validated using 1,000
production samples. By comparing multiple supervised algorithms and selecting the best
performing predictor, this research offers actionable findings into how SMEs can converge
with Industry 4.0 values through extensive, interpretable, as well as scalable, data science
techniques.

The article continues as follows, the second section presents the analysis of the literature, the
third section presents the data and the variables, the fourth section contains the results of the

machine learning regressions, the fifth section shows the results of the network analysis, the

sixth section contains the conclusions.

2. Literature Review

The following commentary critically examines how recent research in the machine learning
and laser welding fields supports and enlightens the Tecnomulipast srl, a small and medium-
sized enterprise (SME) located within the region of Apulia, Southern Italy. Tecnomulipast is
part of a digital transformation process, investing in the deployment of an automated laser
welding system fed by an IoT solution and analytics infrastructure. The chosen articles are
theoretically and practically relevant to the challenges and opportunities of the company as
aligned with Industry 4.0 philosophies. The research by Wang et al. (2025) lays a solid
groundwork by responding to issues of machine learning model generalizability in intelligent
welding systems production within automotive production. Their concern for domain
adaptation as well as transferability is of specific relevance for Tecnomulipast, an SME, as it,
as many SMEs, will have to adapt advanced algorithms to its unique production process,
frequently from less of both the necessary data as well as resources compared to large
multinational companies. Their multi-sensor data utilization as well as their concern for
robustness is closely aligned with the company’s approach of adopting an interconnected,
sensor-intensive welding environment.

Ma et al. (2025) make a contribution by using an innovative hybrid strategy that integrates a
Kolmogorov-Arnold Network (KAN) with a genetic algorithm for deep penetration laser
welding optimization. Their two-layer approach is a balance between prediction accuracy and
interpretability—two considerations fundamental for industrial environments where
technicians need to trust as well as comprehend the judgments made by artificial intelligent
systems. For Tecnomulipast, the use of interpretable models is essential given the low density
of internal data science capabilities, as well as the necessity for actionable, transparent outputs
from artificial intelligent systems.
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The paper by Poornima et al. (2024) proposes a hybrid DNN-HEVA model for weld quality
prediction of duplex stainless steel butt welds. Although specific to one material, the
approach—merging deep learning with geometric analysis—is extensible to other
applications, including Tecnomulipast production processes. Application of techniques for
shape-aware modeling is of particular significance for their vision-based inspection system,
given the prevalence of weld bead and joint geometrical information for quality evaluation.
Din et al. (2024) break new ground for visual quality inspection by utilizing Vision
Transformers for laser welding image classification. Their multi-model feature aggragation
approach presents a direction for Tecnomulipast’s photographic process control, as it already
samples images during welding processes. The attention mechanism of the transformer could
prove crucial for enhancing defect identification, particularly for detecting subtle visual
abnormalities that might be overlooked by standard CNNs.

In an applied context, Maculotti et al. (2024) provide a comparison of machine learning
models for optimizing laser welding of deep-drawing steel. Their benchmarking strategy is
directly applicable to Tecnomulipast’s project, wherein several supervised learning models
(such as Random Forest, SVM, Neural Networks) were compared. The research highlights
trade-offs between model interpretability, performance, and computational cost—
considerations critical for SMEs balancing innovation with efficiency of operation. Hartung et
al. (2023) provide a machine learning approach for weld geometric reconstruction as part of
the overall vision for automation of quality control. Their research can be leveraged further
for further development at Tecnomulipast, wherein inline inspection is envisioned as part of
the digital transformation journey. Reconstructing weld geometry through sensor readings and
regression models is a compelling option for minimizing reliance on human observation and
enhancing consistency.

Ying-chao et al. (2023) concentrate on real-time monitoring through emission spectroscopy in
laser wire welding. Since Tecnomulipast is not as of yet utilizing spectroscopic techniques,
the essential principle—multiple-sensor, real-time weld pool monitoring—is very much
relevant. Their research supports the necessity of multistreaming as a means of process
control as well as detecting anomalies, consistent with Tecnomulipast’s loT-capable
arrangement. Chianese et al. (2022) examine the application of photodiodes for weld gap and
penetration depth sensing of welding between copper and steel, especially for the welding of
battery tabs. Their application of low-cost, high-frequency sensors could motivate cost-
effective sensor integration by Tecnomulipast, most notably for real-time weld penetration
sensing without the introduction of high-end vision systems.

Earlier, Cai et al. (2019) had shown how high-speed imaging and machine learning could be
used for predicting weld bead width. Their findings confirmed the value of temporal imaging
and algorithmic comparison, as exemplified by Tecnomulipast’s approach of using
photographic information to predict quality factors such as bead width and penetration.
Practical deployment of predictive models from image information is one of the key
innovations of the Tecnomulipast project. Ozkat et al. (2017) and Sokolov et al. (2020) offer
insights from the viewpoint of physics-based, as well as hybrid modeling. Ozkat’s multi-
physics decoupling addresses variability caused by gaps between parts, while Sokolov’s
research on keyhole mapping using optical coherence tomography underpins closed-loop
control. Although such methods are complex and appropriate for higher-end manufacturing,

9
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they represent longer-term innovation pathways that Tecnomulipast could pursue as its system
develops further and its digital infrastructure becomes established.

These articles demonstrate the international trend toward machine learning- and loT-driven
smart manufacturing systems. They endorse the notion that integrating data-driven models,
interpretable artificial intelligence, real-time sensor input, and visual monitoring can make

laser welding processes more adaptable and efficient. For Tecnomulipast srl, they provide
both motivation and backing. This company, a small enterprise implementing digital
transformation through support from its region of origin (PIA - Regione of Apulia, Italy), is a
demonstration that even SMEs can be front-runners in implementing intelligent, data-driven
technologies for optimizing production. By aligning its initiatives with the techniques and
tenets examined within this advanced study, Tecnomulipast is an example for other small
businesses within its region wishing to adopt Industry 4.0 technologies. The intersection of
machine learning, autonomous inspection, and digital networking is not only a powerful tool

for quality improvement, but for the larger sustainability and competitiveness of small
manufacturers within the changing global industrial context.

Macro-theme “ Reference || Key Contribution Relevance to Tecnomulipast
Wane et al Generalizable ML framework for Supports the transfer of scalable ML models to SME-
(282%; al intelligent welding in automotive level environments like Tecnomulipast’s real-world

Generalizable & Scalable

contexts

setup

ML for Weldin i i
& Maculotti et al. ||Comparison of ML algorithms for laser Help s choo;e the most efﬁmept and interpretable .
: L algorithm given SME constraints and real production
(2024) welding optimization data
Ma et al. Interpretable Kolmogorov-Arnold Offers a transparent model for parameter tuning,
(2025) Network with genetic optimization suitable for a resource-limited SME
Interpretable & Hybrid .
AI Models Poornima et al Shows the benefit of combining geometry-aware

(2024)

Hybrid DNN-HEVA model for weld
quality prediction

models with Al, useful in Tecnomulipast’s photo-
based inspections

Image-Based Monitoring
& Vision Al

Din et al.
(2024)

Vision Transformer with feature
aggregation for weld image
classification

Directly relevant to Tecnomulipast’s photographic
system for monitoring welds in real time

Cai et al.
(2019)

Prediction of weld bead width from
high-speed images using various ML
algorithms

Validates the image-based predictive approach used
by Tecnomulipast

Inline Quality Control &
Process Monitoring

Hartung et al.

Geometry reconstruction using ML for

Useful for extending Tecnomulipast’s inspection

(2023) automated weld quality control system with automated defect detection
Ying-chao et ||Real-time monitoring via emission Reinforces the importance of continuous monitoring,
al. (2023) spectra in laser wire welding even if different sensing tech is used

Chianese et al.
(2022)

Photodiode-based gap and penetration
monitoring in dissimilar metal welding

Suggests low-cost sensor strategies for penetration
monitoring applicable to SMEs

Process Control &
Closed-Loop Systems

Sokolov et al. ||Optical coherence tomography for Presents a future direction for Tecnomulipast’s system
(2020) closed-loop penetration control evolution towards real-time adaptive control

Ozkat et al. Multi-physics simulation accounting for |[Supports hybrid modeling to complement ML, useful
(2017) part-to-part gap in laser welding for better understanding material-behavior interaction

3. Data and variables

The variables employed for training machine learning models for the prediction of production
efficiency of a laser machine within a production firm consist of a mixture of process
variables, environmental variables, and quality metrics. The product identifier (PRD2T)
provides a distinct reference for each of the produced items, making it possible for them to be

10
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traced through the observations. Laser power (PL), pulse duration (DI), and pulse frequency
(FI) determine the essential energy and temporal laser welding process specifications, which
directly impact thermal input as well as welding stability. Beam diameter (DF) and focal
position (PF) capture spatial accuracy as well as energy concentration on the target material,
relevant for the stability of consistent weld penetration. The travel speed (VE) captures the
speed of laser movement, impacting productivity as well as thermal diffusion. Trajectory and
repeatability (TR) capture the mechanical accuracy of the machine, one of the most critical
indicators of uniform weld paths as well as minimizing defects. The laser incident angle (AN)
impacts energy absorption as well as weld geometry, of higher significance for reflective or
complex materials. Gas flow (FG) and gas purity (PG) capture the weld pool shielding
conditions, critical for preventing contamination as well as porosity. Ambient temperature
(TE) captures context for thermal fluctuations that could affect stability of process. And
finally, penetration depth (PE) as well as bead width (LC) are direct quality indicators of the
weld as well as can be employed as target variables as well as efficiency as well as
consistency proxies within supervised learning models that can predict the efficiency as well
as uniformity of the laser machine (Table 1).

Table 1. Description of Variables.

Unit of measurement and range

It is represented with a progressive number.
Product P prog

Expressed in Watts (W). Usually variable

Laser power (W) Energy supplied by the laser to perform the between 1500 W and 1800 W.
welding. PL

Expressed in milliseconds (ms). Variable
Pulse duration (ms) | Time during which the laser remains active for | between 5 and 8 ms.

each pulse. DI
Expressed in Hertz (Hz). Typically variable
Pulse frequency (Hz) between 2000 and 2300 Hz.
Number of laser pulses per second. FI
Expressed in microns (um). Typically between
Beam diameter (um) 100 and 130 pm.
Width of the laser beam at the welding point. DF
Expressed in millimeters (mm). Varies between -
Focal position (mm) 0.5 mm, 0 mm, +0.5 mm, 1 mm.
Focal distance from the material surface. PF

Expressed in mm/s. Varies between 10 and 13
Travel speed (mm/s) | Speed with which the laser moves during the | mm/s.

welding process. VE
Traiect d Typical values: <+0.1 mm, <+0.15 mm, <+0.2
rajectory an
repjeatabiﬁty Accuracy and repeatability of the laser mm, <+0.25 mm.
movement system. TR
Laser incidence Angle formed by the laser beam from the Typical values: 75°, 80°, 85°, 90°.
angle (°) material surface. AN
Type of gas used to protect the welding pool Expressed in 1/min for flow
Gas flow .
and keep it pure. FG
. i % fi ity.
Gas purity Type of gas used to protect the welding pool % for purity
and keep it pure. PG
Ambient temperature | Temperature of the environment in which the | Variable between 25°C and 28°C.
(°C) welding is performed. TE
Penetration (mm) Depth of the welding in the material. Expressed in mm. Typically between 1.5 mm and | pg

11

Description Acronym

Unique identifier for each product produced. PRD2T




4th International Conference on Materials Science and Manufacturing (ICMSM 2025)

3.5 mm.

Expressed in microns (um). Typically between

Bead width (pm) Width of the welding line generated by the 200 pm and 500 pm.
laser. LC

The information pertains to a company whose welding process is automated by a machine
fitted with IoT as well as photographic inspection technologies. All variables have 1000 valid
values with no missing values. Values seem normalized with z-score standardization, as
evidenced by means near zero and standard deviations near one, making them ready for
higher-level statistical analysis or machine learning applications. Both process parameters
(laser power, pulse length, frequency, speed, beam width, focal position) as well as output
characteristics (bead width, penetration) are the main variables. Their distributions have mild
asymmetry and platykurtic behavior, with flatter distribution compared to a normal
distribution. This is supported by consistently negative kurtosis values as well as by the
Shapiro-Wilk test, whose p-values are lower than 0.001 for all variables, rejecting the
normality hypothesis. The most relevant output variables, bead width (LC) and penetration
(PE), have negative skewness, meaning that the data have heavier tails on the left side of the
distribution and that welds most often have values higher than the mean, although by a minor
amount. The machine would seem to have good operating stability, as interquartile ranges are
thin, and median absolute deviations are low for all variables, meaning there is little
dispersion. Since the non-normal distribution of the data, however, could make classical linear
models insufficient for identifying underlying patterns, robust or non-parametric statistical
analysis could be needed. Gas-related variables such as gas flow (FG) and gas purity (PG)
have higher skewness and modes, perhaps as a consequence of batch variation, as well as of
the application of different shielding strategies for different welding contexts. In summary, the
data represent a technologically mature, well-maintained system, whose well-regulated

parameters, however, have usual variation typical of industrial automation processes (Table
2).

Table 2. Descriptive Statistics.

LC DI F1 VE AN TE PL DF PF TR FG PG PE
Valid 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
Missing 0 0 0 0 0 0 0 0 0 0 0 0 0
Mode 0.731 0.610 -1.607 0.283 -1.315 1.343 1.164 -0.839 1.145 1.096 -1.646 1.192 -1.326
Median 0.277 0.011 -0.039 0.014 -0.010 -0.010 0.057 -0.024 0.278 0.190 -0.099 0.318 0.267
Mean - 1.000x 1.400x 3.000x 5.000x - 2.600x 6.000x 1.050x 7.800x - 3.900x 6.000%
7.000x 10-9 10-8 10-9 10-9 2.100x 10-8 10-9 10-7 10-8 3.189x1 10-8 10-9
10-9 10-8 0-18
Std. 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001
Deviatio
n
Coeffici - 1.001x 7.146x 3.335x 2.001x - 3.848x 1.668x 9.529x 1.283x - 2.565x 1.668x
ent of 1.429x 10+9 10+7 10+8 10+8 4.764x 10+7 10+8 10+6 10+7 3.138x1 10+7 10+8
variation 10+8 10+7 0+17
MAD 0.686 0.876 0.871 0.841 0.967 0.861 1.010 0.863 0.867 0.905 0.927 0.829 0.734
MAD 1.017 1.298 1.291 1.247 1.434 1.277 1.498 1.280 1.286 1.342 1.375 1.229 1.089
robust
IQR 2.068 1.751 1.758 1.683 1.934 1.699 2.008 1.728 2.169 2.112 1.855 1.883 1.995
Variance 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001
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Skewnes -0.380 0.003 0.076 0.011 0.019 -0.033 0.001 9.900% -0.211 -0.148 0.001 -0.280 -0.353

s 10-4

Std. 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077

Error of

Skewnes

s

Kurtosis -1.473 -1.221 -1.188 -1.170 -1.510 -1.198 -1.931 -1.222 -1.473 -1.651 -1.580 -1.471 -1.392

Std. 0.155 0.155 0.155 0.155 0.155 0.155 0.155 0.155 0.155 0.155 0.155 0.155 0.155

Error of

Kurtosis

Shapiro- 0.856 0.953 0.953 0.957 0.913 0.954 0.749 0.954 0.854 0.811 0.895 0.880 0.894

Wilk

P-value <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001

of

Shapiro-

Wilk

Range 3.173 3.456 3.426 3.494 3.675 3.482 2.330 4.474 2.602 2414 3.431 3.514 3.734

Minimu -1.838 -1.717 -1.687 -1.739 -1.886 -1.755 -1.166 -2.257 -1.457 -1.318 -1.646 -2.322 -2.085

m

Maximu 1.335 1.739 1.739 1.755 1.789 1.727 1.164 2.216 1.145 1.096 1.786 1.192 1.649

m

25th -1.169 -0.876 -0.884 -0.850 -0.964 -0.825 -1.004 -0.875 -1.024 -1.017 -0.925 -0.936 -1.105

percentil

e

50th 0.277 0.011 -0.039 0.014 -0.010 -0.010 0.057 -0.024 0.278 0.190 -0.099 0.318 0.267

percentil

e

75th 0.899 0.875 0.874 0.832 0.970 0.874 1.004 0.853 1.145 1.096 0.930 0.947 0.889

percentil

e

25th -1.169 -0.876 -0.884 -0.850 -0.964 -0.825 -1.004 -0.875 -1.024 -1.017 -0.925 -0.936 -1.105

percentil

e

50th 0.277 0.011 -0.039 0.014 -0.010 -0.010 0.057 -0.024 0.278 0.190 -0.099 0.318 0.267

percentil

e

75th 0.899 0.875 0.874 0.832 0.970 0.874 1.004 0.853 1.145 1.096 0.930 0.947 0.889

percentil

e

Sum - 1.000x 1.400% 3.000% 5.000% - 2.600% 6.000% 1.050% 7.800% - 3.900% 6.000%
7.000% 10-6 10-5 10-6 10-6 2.100% 10-5 10-6 10-4 10-5 1.665%1 10-5 10-6

10-6 10-5 0-15

4. Machine Learning

Assessing information on automatic welding within the framework of Industry 4.0 is a
strategic action for a small-to-medium company such as Tecnomulipast srl, from Southern
Italy operating within the food machinery production industry. IoT technology integration
with real-time acquisition systems turns a standard production activity into an intelligent,
trackable, and optimizable function. Data analysis from welding enables the company not
only to track joint quality with accuracy, minimize process variation, predict anomalies, and
enhance overall efficiency, but is critical for raising competitiveness within an industrialized,
globalized world. Comparing between machine learning models such as Boosting, Decision
Tree, K-Nearest Neighbors, Linear Regression, Neural Networks, Random Forest,
Regularized Linear Regression, and Support Vector Machine is of prime relevance as each of
the models differs as regards predictive capacity, interpretability, and adaptability to the
dataset. Knowing the best-performing algorithm is not only a matter of selecting the best-
performing solution, but the one that is stable, efficient, and scalable given available technical
and infrastructural capabilities. Technically-scientifically, utilizing the following statistical
indicators as evaluation metrics such as MSE (Mean Squared Error), MSE (scaled), RMSE
(Root Mean Squared Error), MAE/MAD (Mean Absolute Error / Median Absolute
Deviation), MAPE (Mean Absolute Percentage Error), R? (Coefficient of Determination) is
methodologically accurate, widely adopted within the industrial data science best practices,
and well-accepted within the scientific literature. These metrics enable an integral analysis of
model quality by capturing error size (MSE, RMSE), outlier resistance (MAE, MAD), relative
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error (MAPE), as well as the capacity of the model for variance explanation of the target
factor (R?). Their joint utilization enables a balanced, objective, reproducible evaluation that
is best practice within industrial-grade data science.

We have estimated the following equation:

LC = f(PL,DI,FI,DF,PF,VE,TR,AN,FG,PG,TE, PE)

Facing the normalized performance measures of the various machine learning models used for
the weld bead width (LC) prediction task, Random Forest is the most precision, stable, and
generalization-capacity-rich algorithm. It consistently produces the best outcome for virtually
all the evaluation metrics. In particular, it captures the lowest achievable values for MSE,
MSE (scaled), RMSE, MAE/MAD, and MAPE—reflecting the smallest prediction error—
while also capturing the highest value of R? (1.000) that guarantees perfect adaptability within
the normalized framework. Boosting is likewise a highly performing algorithm, ranking
second best by the majority of the metrics through an R? value of 0.806 as well as low error
values for MSE (0.241), RMSE (0.174), and MAPE (0.116), reflecting high reliability as well
as stability. Neural Networks exhibit competitive efficiency through an R? value of 0.758
coupled with relatively low values of MSE as well as MAPE, reflecting their suitability as an
alternative. Support Vector Machines as well as Regularized Linear Regression prove
mediocre efficiency, whereas K-Nearest Neighbors performs with the worst, through an R?
value of 0.000 alongside the highest errors for all the metrics. The Decision Tree model
performs better than KNN but not as efficiently as ensemble-based methods through its lower
generalization capacity. To sum up, Random Forest is the best choice for the task through
precision, stability, as well as generalization, whereas Boosting offers a strong alternative
with equivalent reliability within predictive welding analytics (Table 3).

Table 3. Machine learning analysis results with an indication of the performance of the
algorithms.

Linear Random | Regularized

Metric Boosting | Decision Tree | KNN | Regression | Neural Net | Forest Linear SVM

MSE 0.241 0.379 1.000 0.655 0.310 0.000 0.586 0.517
MSE (scaled) | 0.179 0.393 1.000 0.393 0.250 0.000 0.536 0.464
RMSE 0.174 0.297 1.000 0.487 0.165 0.000 0.408 0.382
MAE / MAD 0.051 0.000 1.000 0.759 0.228 0.088 0.684 0.620
MAPE 0.116 0.000 1.000 0.312 0.165 0.005 0.803 0.115
R? 0.806 0.645 0.000 0.516 0.758 1.000 0.452 0.581

Selecting Random Forest as our best-performing model, we can analyze the feature
importance values to see how much each of the input variables contributes toward predicting
weld bead width (LC) most strongly. The table offers three indicators for each of the
variables: Mean decrease in accuracy, Total increase in node purity, and Mean dropout loss.
These all measure how much each of the variables contributes toward building the model’s
predictability. By far the most powerful is clearly PE (penetration depth), with the highest
mean decrease in accuracy (0.522), highest increase in node purity (94.680), and highest mean
dropout loss (0.598). This is consistent with the expectation that weld penetration is closely
correlated with bead width and is a very critical quality determinant of welding in the current
scenario. Second is significantly PL (laser power) with a strong decrease in accuracy (0.369),
a high node purity (68.918), and a very high dropout loss (0.399). Not unexpectedly, laser
power directly controls the energy input during the welding process. Following are FG (gas
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flow) and PG (gas purity) with values for all metrics rather near-identical. Both of the
parameters are crucial for providing a clean welding environment and for preventing defects,
so their influence is not surprising. AN (laser angle) and DF (beam diameter) are moderately
important, indicating a secondary but still contributary role toward the quality of the weld.
Least of all are DI (pulse duration), VE (travel speed), and FI (pulse frequency). Their very
low values for all metrics point toward a minor influence on the output within the specific
operating window of this dataset. Least of all is TE (ambient temperature), PF (focal
position), and TR (trajectory repeatability). These variables are most likely kept relatively
constant during operation, or perhaps have previously had their optimal values optimized, so
their variability is minimized, and their statistical impact is low. In conclusion, the Random
Forest model singles out the penetration depth, laser power, and gas parameters as the prime
drivers of bead width of weld during the automated process of Tecnomulipast srl. These
findings not only make sense from the welding physics point of view, but they also offer
actionable targets for controlling the process, as well as for optimizing the process, within the
context of Industry 4.0 (Figure 1).

Figure 1. Feature Importance Metrics of Random Forest Regression.

PE
: PL |
Feature Importance Metrics o
PG I
Variables deh:?::se Total increase dlzne?:)nut AN
. in node purity P DF
in accuracy loss PE
PE 0.522 94.680 0598 | r
PL 0.369 68.918 0.399 ol
FG 0.240 52472 | 0252 | o
[ I I ] | | 1
PG 0.238 52417 0.264 -0.1 0.0 01 0.2 03 04 05 086
AN 0.160 37.240 0.271 _
Mean Decrease in Accuracy
DF 0.108 17.647 0.187
4.068x1 PE |
DI 2.188 0.157 PL |
-4
0 FG
VE 0.001 2.030 0.155 PG
Fi -0.001 2.000 R B S—
6.269x1 Ly —
TE v 1775 | o1se | © [
0 ve ||
PF 0.001 1.144 0.1582 TE %
TR 2.2201 0634 | 0149 | FF
0 TR
Note. Mean dropout loss (defined as root mean I ' ' ' '
squared error (RMSE)) is based on 50 0 20 40 60 80 100

Total Increase in Node Purity

The following is an additive feature attribution output for five test cases, as given by the
Random Forest model for predicting weld bead width (LC). The values, presumably created
by a SHAP or equivalent interpretability procedure, demonstrate the contribution of each
attribute, relative to a set value (the "Base" column, constant at —0.045 for all cases).

In both instances, the value predicted is much less than the base, varying between —1.226 and
—1.390. This is a decrease from the base because of the cumulative adverse effects of some of
the main features, specifically PE (penetration depth), PL (laser power), FG (gas flow), and
PG (gas purity).
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PE is consistently the greatest negative contributor in all cases, ranging from —0.38 to —0.384.
This is consistent with what is observed in the feature importance as well: the greatest
contribution is by penetration depth, significantly pulling the prediction down.

PL is seen to have strong negative effect, from —0.287 to —0.296. This is consistent with its
function of regulating power input—greater power can result in wider bead width, and such
deviations from optimal power values would contribute negatively within these given test
cases.

FG and PG have strong to moderate negative effects, supporting the significance of gas
parameters for weld quality. The steady values for all the cases (approximately between —0.17
and —0.20 for FG, and between —0.13 and —0.15 for PG) demonstrate stable, though
considerable, impact on the estimated outcome.

The other variables, such as DF (beam diameter) and AN (angle of incidence), have negative
contributions across all instances, though less so. Their directional regularity assures constant
though secondary impacts on the model's projections.

In contrast, variables such as VE (speed of travel) and PF (position of focus) display slight
positive or zero effects, occasionally helping raise the prediction by a slight amount. FI (pulse
frequency), DI (pulse duration), TR (repeatability of trajectory), and TE (ambient
temperature) have near-zero or low effects, consistent with their low values of feature
importance. In conclusion, such findings uphold interpretability and internal consistency of
the Random Forest model. The most salient features—penetration depth, laser power, and gas
flow settings—exhibit the highest and most uniform effects on the predictions for varying test
cases. This reflects the model’s capability for yielding trustworthy, understandable
information for quality control of welding for applications such as real-time predictive
systems within the context of Industry 4.0 (Figure 2).

Figure 2. Predictions using Random Forest Regression.
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5. Network analysis
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After performing a machine learning analysis, it is logical, therefore, to apply network
analysis with centrality metrics because machine learning models are good at predicting but
do not necessarily capture the internal dynamics of interdependencies among variables.
Network analysis offers a structural representation of the relationships, giving further insight
into the interplay of variables with each other within the system. By examining centrality
metrics like betweenness, closeness, strength, and expected influence, one can determine
where variables are central, where they are bridges, and where they are on the periphery. For
example, PL (laser power) is ranked highest for all centrality metrics, meaning that it is the
most powerful, influencing role within the network of variables. This is as expected given its
probable significance within predictive models. DF (beam diameter) and PF (focal position)
have significant betweenness, meaning they are connectors between variables, potentially
affecting multiple paths even though they are not necessarily the most direct influencers. In
contrast, for variables such as DI, FI, and TR, there are negative values for all metrics,
suggesting they are not so much central and potentially have isolated effects on the system.
Furthermore, network analysis offers the ability to corroborate the machine learning by
comparing network metrics with importances from the model, as well as identifying
redundant, weakly connected variables, facilitating reduction of dimensions and feature
choice. Having the ability to see possible chains of influence among variables improves
interpretability of intricate models, such as within industrial environments where behavior of
the system is as critical as is predictive accuracy. In all, the combination of network analysis
with centrality metrics following machine learning creates a fuller, system-level view that
helps interpret models, streamline processes, as well as make informed choices on variable
significance as well as role interplay (Figure 3).

Figure 3. Network Analysis.

Centrality measures per variable
Variable |Betweenness | Closeness | Strength | Expected influence
AN -0.731 0.696 0.394 0.372

DF 1.405 0.948 0.183 0.280
DI -0.731 -1.690 -1.014 -0.923
FG -0.289 0.808 0.560 0552 @
Fl -0.510 -1.116 -0.928 -0.900 @

LC 0.079 0.426 1.149 1.122

PE -0.731 0.316 0.799 0.852

PF 1.258 0.704 -0.738 -0.960
PG -0.731 0.695 0.291 0.354

PL 2290 0979 2099 2045
TE -0.215 0712 -0.920 -0.924
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0731 1743 | -1.001 -0.894
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6. Conclusions
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The paper showcases the real-world application value of loT-enabled data acquisition systems
coupled with machine learning methods for improving weld quality prediction for a small-to-
medium-sized manufacturing company. In a real-case study of Tecnomulipast srl based in
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Gravina in Puglia, supported by public funds through the PIA program, the research
showcases how a digitalized production environment can make sophisticated predictive
analytics available for laser welding. Among the machine learning algorithms applied,
Random Forest was identified as the best-performing algorithm, indicating the best prediction
accuracy for all the considered performances (MSE, RMSE, MAE, MAPE, and R?). The
chosen model not only produced low prediction errors, but for detailed interpretability, feature
significance analysis as well as additive contribution methods could be employed. Penetration
depth (PE), laser power (PL), and gas flow parameters (FG, PG) were recognized as the main
factors affecting weld bead width (LC), yielding actionable insights for process improvement
as well as quality control.

In addition, the application of network analysis based on centrality indicators provided a
complementary view of interdependencies among variables. This methodology disclosed
structural interconnections between parameters, corroborating machine learning evidence and
allowing for better interpretability of models. Laser power and beam geometry turned out to
be central variables within the topology of the system, indicating their decisive impact not
only on output quality but on process dynamics as well. Altogether, the research affirms that a
union of machine learning with network analysis yields predictive capabilities, as well as
systemic insight. For SMEs, looking forward to adapting to Industry 4.0, this dual strategy
addresses a scalable, transparent, and efficient framework for optimizing production through
data.
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Ozet

Teknolojinin hizla ilerlemesi ve dogal kaynaklarin giderek tiikkenmesi, siirdiiriilebilir iiretim
yontemlerine ve atik malzemelerin etkin sekilde yeniden kullanimina olan ihtiyact her
zamankinden daha onemli hale getirmistir. Son yillarda, ¢evresel etkileri en aza indirirken
endiistriyel performans gereksinimlerini karsilayabilen c¢evre dostu ve biyolojik olarak
parcalanabilir kompozit malzemelerin gelistirilmesine yonelik ilgi artmistir. Bu ihtiyag
ozellikle otomotiv, ulagim, insaat ve spor ekipmanlar1 gibi hafif ve dayanikli malzemelere
ihtiya¢ duyulan sektorlerde kendini gostermektedir.

Biyolojik olarak pargalanabilir polimerler arasinda Polilaktik Asit (PLA), yenilenebilir
kaynaklardan elde edilmesi ve kompostlanabilir dogasi nedeniyle dikkat c¢ekmektedir.
PLA'nin tarimsal atik drilinleriyle, oOzellikle findik kabugu gibi katki maddeleriyle
giiclendirilmesi, hem malzemenin mekanik Ozelliklerini gelistirme hem de atiklarin
degerlendirilmesine katki saglama agisindan umut verici bir yaklasimdir. Bu ¢alismada,
literatiir taramasma dayali olarak findik kabugu katkili PLA kompozitlerin mekanik
performanslar1 ve optimum katki oranlar1 arastirilmistir. Ayrica, bu kompozitlerin U¢ Boyutlu
(3B) yazicilarda iiretimi sirasinda kullanilan baski parametreleri (katman kalinligi, nozul
sicakligi, doluluk orani gibi) incelenmis; liretim sonrasi ¢ekme, egilme ve darbe dayanimi
testleri ile malzemelerin yapisal biitlinliikleri degerlendirilmistir.

Elde edilen bulgular, PLA matrisine findik kabugu tozu eklenmesinin mekanik dayanimi
artirdigin1 ve gevresel siirdiiriilebilirlige katki sundugunu gostermektedir. Calisma, bu tiir
kompozitlerin endiistriyel 6lgekte eklemeli imalat uygulamalarinda kullanilabilecek dayanikli,
ekonomik ve ¢gevre dostu filamentlerin gelistirilmesine olanak sagladigini ortaya koymaktadir.
Ayrica, yerel dogal katkilarin kullanimi, tiretimin yerlilestirilmesine katki saglayarak daha
direncli ve bagimsiz bir tedarik zinciri olusturulmasina olanak tanimaktadir.

Anahtar kelimeler: Eklemeli imalat, PLA kompozit filament, Findik kabugu, Mekanik dayanim, Biyobozunur
malzemeler, Siirdiiriilebilirlik..

1. GIRIS

Gilinlimiizde plastik atiklarin ¢cevreye verdigi zararin ve biyolojik olarak ¢dziiniir malzemelere
olan ilginin bilyiik bir hizla arttign bilinmektedir. Ozellikle Ug¢ Boyutlu (3B) baski
teknolojilerindeki gelismeler, siirdiiriilebilir malzemelerin kullanimini tesvik etmektedir [35].
Polilaktik asit (PLA), biyolojik olarak ¢oziinilir ve ¢evre dostu bir plastik olmasina ragmen,
diisiitk mekanik dayanikliligi, 6zellikle endiistriyel uygulamalarda sinirlamalar getirmektedir.
PLA’nin fiziksel performansini artirmak i¢in yapilan cesitli calismalar, bu malzemenin
verimliligini ve dayanmikliliin1 artirmaya yonelik yeni yontemler aramaktadir [45]. Bu
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noktada, findik kabugu gibi dogal ve yenilenebilir katki maddelerinin kullanimi 6ne
cikmaktadir. Findikkabugu, PLA filamentine katildiginda, malzemenin mekanik 6zelliklerini
gelistirebilir ve ¢evresel etkilerini olumlu yonde degistirebilir. Biyoplastikler ve 6zellikle
PLA, son yillarda ¢evre dostu alternatifler arayisinda en ¢ok tercih edilen malzemeler arasinda
yer almistir. PLA'nin biyolojik olarak ¢oziinebilen yapisi, ¢evre tizerindeki plastik kirliligini
azaltma potansiyeli sunar.

Polilaktik asit (PLA), yesil bilesimi nedeniyle ¢evre dostu malzemeler arasinda énemli bir
secenek haline gelen biyolojik olarak pargalanabilir plastik polimerdir. Yine de, PLA"nin
mekanik mukavemetindeki kisitlamalar, 6zellikle yapisal kullanimlarda uygulanabilirligini
sinirlamigti. PLA'y1 gelistirmek ic¢in uygulanabilir bir ¢6ziim, kompozit malzemeler
olusturmayi icerir. Ornegin, Tiirkiye tarim sektdriiniin ayrilmaz bir parcasi olan findiktan elde
edilen findik kabugutozu, cevresel siirdiiriilebilirlik c¢abalart i¢in yerel ve organik bir
giiclendirici madde olarak hizmet eder. Ciftlik atiklarini yararli malzemelere doniistiirmek,
cevre dostu iiretim yontemlerini tesvik eder ve ekonomik degeri artirir [45]. Findik kabugu
tozunu PLA ile kanstirmak, hafif ozelliklerini ve dogal olarak parcalanma yetenegini
korurken kompozit malzemenin mukavemetini artirir. Bu biyobazli kompozitler, 6zellikle
katki maddesi iiretimi (3B baski) gibi ¢agdas iiretim siireclerinde dnemli faydalar sunar. Bu
tiir teknikler, yaratici tasarim segenekleri ve iiretim uyarlanabilirligi saglayarak yeni iiriinlerin
elde edilmesini kolaylastirir. Bu arastirma, findik kabugu tozu ile zenginlestirilmis PLA
kompozit malzemelerin {iretimini ve endiistriyel kullanima uygunlugunu inceleyecektir. PLA,
biyolojik olarak parcalanabilir yapisinin yan sira cesitli sektorlerde de kullanilmaktadir. Gida
ambalaj1, tekstil, otomotiv bilesenleri ve tibbi malzemeler gibi farkli endiistrilerde yesil bir
secenek olarak hizmet vermektedir [56]. Gida endiistrisinde PLA'nin gida ile temas 6zellikleri
ve seffafligt onu hijyenik ve estetik nedenlerle arzu edilir hale getirir. Tekstilde elyaf
olarak kullanimi, 6zellikleri nedeniyle O6zellikle spor ve giinliikk giyilebilir iirlinlerde ilgi
uyandirmistir. Otomotiv sektorii, PLA'"nin hafif ve dayanikli yapisindan yararlanarak yakit
verimliligini artirirken i¢ déseme pargalart i¢in c¢evre dostu ¢dziimler sunmaktadir. PLA,
biyouyumlu yapist nedeniyle dikis implantlar1 ve gegici tibbi cihazlar dahil olmak {izere genis
bir kullanim alanina sahiptir. Esnekligi, 6nemli faydalar saglayan katkili iretim yontemleriyle
de devreye girer [56]. PLA, kirtasiye ve miithendislik gibi ¢esitli alanlarda hizli prototipleme
ve Ozel tasarimlarda yaygin olarak kullanilir. Ek olarak, PLA yalnizca giincel teknolojilerle
ilgili olmakla kalmaz, ayn1 zamanda cevre dostu iiretim siiregleriyle de uyumludur. Kompozit
malzemeler, her iki bilesenin de olumlu 6zelliklerini gelistirmek i¢in genellikle plastik olan
birincil bir matrisin baska bir giiclendirici malzemeyle birlestirilmesiyle olusur. Findik tozu
ile gliclendirilmis PLA kompozitleri, hem ¢evre hem de miihendislik yonlerinden 6nemli
avantajlar saglar. Findik kabugu tozu, kompozitin mekanik 6zelliklerini artiran bol miktarda
selilloz ve lignin igermesi nedeniyle dogal bir takviye gorevi goriir. Ayrica hafifligi ve
esnekligi koruyarak PLA'nin ¢evre dostu 6zelliklerini korur. Bu biyoplastik sistemlere findik
tozu eklemek, yerel tarimsal atiklari etkili bir sekilde yeniden kullanarak dairesel ekonomi
prensipleriyle de uyumludur.

Findik tozu ile gii¢clendirilmis PLA kompozitleri, malzeme miihendisliginde ¢evre dostu olma
ve yakin kaynaklarin kullanimi konusunda 6nemli bir vaat sunmaktadir. Kompozitin
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formiilasyonu ve unsurlari, endiistri uygulamalari i¢in etkililik ve performanslarinda 6nemli
bir rol oynar. Bu arastirma, bu kompozitlerin {iretim siirecini ve uygulama kapsamini
inceleyecektir. Bu calismanin, literatiirdeki boslugu doldurmak i¢in 6nemli bir katk: saglamasi
beklenmektedir. Findik kabugu tozu katkili PLA filamentlerinin mekanik ve c¢evresel
ozelliklerinin sistematik bir sekilde incelenmesi, PLA'nin dayanikliligim1 artiracak yeni
yontemlerin gelistirilmesine katki sunacaktir. Ayrica, katman kalinliklar1 ve doldurma sekilleri
gibi parametrelerin findik kabugu katkili PLA filamentlerinin performansi {izerindeki
etkilerinin daha 6nce kapsamli bir sekilde ele alinmamis olmasi, bu ¢alismanin 6zgiinliigiinti
ve Onemini artirmaktadir. Sonuglar, endiistriyel uygulamalarda daha siirdiiriilebilir ve gevre
dostu filamentlerin kullanimini tesvik edebilir. Sekil 1’de Fused Depositin Modelling (FDM) /
Eriyik Yigma Modelleme (EYM) teknigi ile test numunesi iiretimi gosterilmektedir.

Ekstriider
Ergimis
Filament
Neznl Numune

Sekil 1. FDM / EYM teknigi ile test numunesi tiretimi [39].
Bu caligmanin amaci, PLA ve findik kabugu katkili filamentlerin mekanik ve gevresel

dayaniklilik 6zelliklerini karsilastirmak ve boylece siirdiiriilebilir 3B baski filamentlerinin
gelistirilmesine katki saglamaktir. Sekil 2°de kompozit iiretim agamalar1 gosterilmistir.
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Sekil 2. Kompozit malzeme {iretim asamalar1 [56].

1.1 Findik Kabugu Tozu Kullaniminin Avantajlar:

Findik tozu, PLA kompozit malzemelerini ¢evresel siirdiiriilebilirlik ve performans acisindan
faydalar sunarak gelistirir. Dogal ve yenilenebilir bir Kaynak olan findik kabugu tozu,
biyolojik ¢esitliligin korunmasina yardimer olur ve atik yonetimi igin degerlidir. Findik
iretiminden kalan artiklarin geri dontstiiriilmesi, cevresel etkiyi azaltir ve siirdiiriilebilir
iiretim uygulamalarini destekler [56]. Findik kabugu tozu, sadece bir katki maddesi olmaktan
oOte, ¢evre dostu bir liretim stratejisinin ayrilmaz bir parcasi haline gelir. Findik kabugu tozu,
lifli yapist nedeniyle kompozit malzemenin mekanik karakteristigi lizerinde faydali etkilere
sahiptir.

Sekil 3’de findik kabugunun sekli ve 6zellikleri ve Tablo 1’de ise findik kabugunun igerigi
ylizde olarak verilmistir [29].
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Sekil 3. Findik kabugunun sekli ve 6zellikleri [29].

Tablo 1 . Findik kabugunun igerigi [29].

icerik %
Hemiseliiloz 24.8
Seliiloz 22.2
Nem 10.12
Yag 1.54
Kiil 1.26
Lignin 37

Dogal rengi ve dokusu, kompozit malzemelerin goriinlimiinii gelistirerek cesitli kullanimlar
i¢in daha arzu edilir hale getirir. I¢ tasarimlara ve ambalaj iiriinlerine dahil edildiginde gorsel
cekicilik katar ve ¢evre bilincine olan baglilig1 vurgular. PLA kompozitlerine findik kabugu
tozu eklendiginde teknik performans artarken, cevre sorumlulugunu estetikle biitiinlestiren
yenilik¢i bir malzeme stratejisi ortaya ¢ikiyor.

1.2 PLA’nin Ozellikleri

PLA, dogada ¢o6ziinebilen bir plastik tiirtidiir. Siirdiiriilebilir kaynaklardan genelde misir
nigastast veya seker kamisi gibi yapilmaktadir ve bu sayede ¢evreye dost bir ozellik
tasimaktadir. Plastik yapisi, diigiik erime noktasi ve kolay islenmesi sayesinde ozelikle 3B
yazicilar ve eklemeli imalat yontemlerinde sik¢a kullanilmaktadir.

170-180 °C sicaklikta iglem yapilabilen PLA, yiiksek akiskanlik gosterebilir; boylece
karmasik sekillerde pargalarin yapimi miimkiin hale gelir. Mekanik agidan PLA, ozellikle
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cekme dayanimi (20-70 MPa arasinda) ve sertlik gibi 6zellikleriyle one ¢ikar. Fakat bu
ozellikler, cevre kosullarina 6zellikle nem ve 1siya karst duyarlidir [12]. PLA, 1slak yerlerde
veya diislik 1sida zamanla mekanik gli¢ kaybeder; bu durum da bazi miihendislik islerinde
dikkatli malzeme sec¢imi gerektirir PLA'nin en biiylik faydalarindan biri, dogal olarak
bozulabilir olmasidir. Dogada, uygun sicaklik ve nem ile mikroplar tarafindan parcalanarak
karbondioksit ve suya doniigebilir. Bu 6zellik, onu petrol temelli plastiklere gore daha ¢evre
dostu bir segenek yapar. Ama bu bozunma genellikle kontrollii sartlarda yani endiistriyel
kompostlama siireclerinde daha iyi oluyor. Kisacas1 PLA; islenebilirligi, mekanik 6zellikleri
ve g¢evresel yararlari ile 6ne ¢ikan modern iiretim siireglerinde ¢esitli kullanimlar sunan bir
malzemedir. [9].

1.3 Eklemeli imalat Yontemleri

Eklemeli imalat yontemleri, geleneksel iiretim yollarina baska bir alternatif olarak
gelistirilmis ve malzeme israfin1 azaltmaya galisirken tasarim esnekligini de artiran yeni
stireclerdir. Su zaman, mithendislik ve dizayn alanlarinda yaygin bir sekilde kullanilan bu
yollar; 6zellikle karmasik yapilar, hafif par¢a ve Ozel iirlinler yapmak i¢in ideal ¢ozlimler
saglamaktadir. En sik yontemler arasinda FDM, SLA (Stereolithography) ve SLS (Selective
Laser Sintering) vardir. Bu teknikler, hem polimer hem de kompozit bazli malzemelerin
yapiminda etkili sonuglar saglamakta ve findik kabugu tozu eklenmis PLA gibi yeni nesil
kompozitlerin islenmesinde Onemli firsatlar olusturmaktadir. FDM yontemi, erimis PLA
ipliginin katman katman serilmesiyle ¢alisan kolay ama etkili bir tekniktir Bu sayede findik
kabugu tozu katkili PLA materyaller uygun sicaklik ve parametrelerle islenerek hem yapisal
hem de fonksiyonel acidan optimize edilebilir. SLA ise 1s18a duyarli sivi reginelerin lazer
1s181yla sertlesmesi prensibine dayanir. Yiksek yiizey kalitesi ve hassas detay gereken
uygulamalarda 6ne ¢ikan bu yontem estetik beklentilerin 6n planda oldugu findik kabugu tozu
karisimli 6zel triinlerde tercih edilebilir. SLS yontemi ise toz haldeki malzemelerin lazer
yardimiyla birlestirilmesini saglar. Bu metod, ozellikle yiiksek diren¢ ve karisik sekillere
sahip parcalar i¢in uygundur [28]. Findik kabugu tozu katkili PLA'nin SLS ile islenmesi, hem
saglamlik hem de hafiflik yoniinden 6nemli artilar sunabilir. Sonug olarak, her bir eklemeli
imalat yolu, belirli bir uygulama amaci i¢in yararlar ve sinirlamalar sunmaktadir. Bu nedenle,
findik kabugu tozu katkili PLA gibi karistm malzemeler i¢in uygun yolun secimi, nihai
iriiniin kalitesi ve islevselligi agisindan ¢ok onemlidir. Eklemeli imalat teknolojileri sadece
Ozgiin tasarimlar olusturmakla kalmaz ayni zamanda malzeme kullanimi ve iiretim
verimliligini artirmay1 miimkiin kilmaktadir.

2. MALZEME VE YONTEM

2.1 Findik Kabugu Tozu Katkii PLA Kompozit Filamentlerin Uretimi

Findik kabugu tozu ile yapilan PLA kompozit filamentleri, c¢evre dostu yapilart ve
performanslarmi artirmalar1 nedeniyle ilgi goriiyor. Uretim siireci uygun hammaddenin

secilmesiyle baglar. Polilaktik asit (PLA), misir nisastasi gibi dogal kaynaklardan elde edilen
biyolojik olarak parcalanabilen bir termoplastiktir. Findik kabugu tozunu bu polimere dahil
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etmek, yalnizca mekanik 6zelliklerini gelistirmekle kalmaz, ayn1 zamanda gevresel etkileri de
azaltir. Uretimden kalan findik malzemesinin degerlendirilmesi, atik yonetimi ve ekonomik
uygulanabilirlik agisindan 6nemli faydalar saglar.

Sekil 4. Findik kabugunun geri dontistimii [34].

PLA ve findik kabugu tozunun diizgiin karistiritlmasi i¢in genellikle termal veya ¢ozelti bazl
karistirma yontemleri tercih edilir. Termal karistirma, polimer viskozitesini artirmak i¢in
belirli sicakliklarda malzemelerin eritilmesini ve birlestirilmesini icerir ve daha kapsamli bir
karisim elde edilir. Ote yandan, ¢dzelti karistirma, findik kabugu tozu ile birlestirilmeden dnce
PLA’nin uyumlu c¢oziiciilerde c¢oziilmesini gerektirir. Bu yaklagim, findik kabugu tozu
yiizeyinde ince bir polimer kaplama olusturarak kompozitin mukavemetini artirir [34].

2.2 Karistirma Yontemleri

PLA ile findik kabugu tozunun etkili bir sekilde biitiinlestirilmesi, karigtirma asamasinda
uygulanan tekniklerin dogruluguna baghdir. Karistmin homojen olmasi, kompozit
malzemenin genel performansim1i dogrudan etkileyen bir faktordiir. Bu nedenle cesitli
karistirma yontemleri degerlendirilir. En yaygin kullanilan teknikler arasinda yiiksek hizl
karistirma, ¢ift vidali ekstriizyon ve tabaka karistirma yer alir.

Yiiksek hizli karistirma, kisa siirede etkili bir karisim saglar. Bu yontemde uygulanan yiiksek
enerji sayesinde findik kabugu tozu partikiilleri daha iyi dagilir; ancak asir1 1sitnma PLA nin
termal kararliliini1 bozabilir. Bu nedenle sicaklik kontrolii kritik bir parametredir [35].

Cift vidali ekstriizyon yontemi ise viskozitesi yiiksek malzemelerin homojen sekilde
karistirilmasi i¢in uygundur. Bu sistemin sundugu mekanik hareket, malzemelerin esit sekilde
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dagilmasimi saglarken ayni zamanda olusabilecek gazlarin ortamdan uzaklastirilmasina da
yardimci olur.

Tabaka karistirma yontemi ise, malzemelerin farkli katmanlar halinde birlestirilerek
sikigtiriimasi prensibine dayanir. Ozellikle findik kabugu tozunun ince yapist bu teknikle PLA
icerisine daha etkili sekilde entegre edilebilir. Boylece kompozitin hem fiziksel hem de
mekanik 6zelliklerinde iyilesme saglanabilir.

2.3 Ekstriizyon Siireci

PLA'min findik kabugu tozuyla basarili bir sekilde harmanlanmasi, kullanilan karistirma
tekniklerinin hassasiyetine dayanir. Karisimin diizgiinliigii, nihai malzemenin genel kalitesini
onemli Ol¢iide etkiler [56]. Bu nedenle, yiiksek hizli harmanlama, ¢ift vidali ekstriizyon ve
katman harmanlama gibi bir dizi karistirma yontemi degerlendirme i¢in dikkate alinir.

Yiiksek hizli harmanlama, hizli bir sekilde kapsamli bir harman olusturur. Bu teknikte
kullanilan yogun enerji, findik kabugu tozu pargaciklarinin esit sekilde dagilmasina yardimcei
olur, ancak asir1 1s1 PLA'mnin termal kararliligini etkileyebilir. Bu nedenle sicakligin
diizenlenmesi hayati 6nem tasir.

Cift vidali ekstriizyon yontemi, yiliksek viskoziteli karistm malzemeleri i¢in diizgiin bir
sekilde uygundur. Bu sistem tarafindan kolaylastirilan mekanik hareket, malzemelerin esit
sekilde dagilmasini garanti eder ve c¢evreden kaynaklanabilecek gazlarin ortadan
kaldirilmasina yardimci olur.

Harmanlama yontemi, c¢esitli malzemelerin ayri katmanlarda entegre edilmesini ve
sikistirilmasini igerir. Bu yaklasim kullanilarak findik tozunun ince yapisi, kompozit
malzemenin fiziksel ve mekanik 6zelliklerinin iyilestirilmesine yol agan PLA’ya daha iyi
dahil edilebilir [14].

Findik kabugu tozu katkili PLA kompozitlerin {iretimi, karisimin 1sitilip kaliptan gegirilerek
istenen sekilde filamentin olusturuldugu temel bir adim olan ekstriizyon islemini igerir. Bu
prosediiriin basaris1 vida konfigiirasyonlari, sicaklik ayarlar1 ve basing kosullar gibi faktorlere
baghdir. Ekstriiderin sicakligt PLA'nin akis 6zelliklerini etkiler. Findik kabugu tozuyla uygun
erime ve baglanma i¢in optimum sicaklik araligin1 korumak ¢ok 6nemlidir. Asir1 sicakliklar
bozulmaya neden olabilir [56]. Ayrica nem seviyesi ve findik parcaciklarinin boyutu
ekstriizyon kalitesini belirlemede 6nemli rol oynar. Bu islem sirasinda, filamentin giiglii ve
katki iretimine uygun olmasi gerekir. Bu nedenle, ekstriizyon sirasinda meydana gelen
degisiklikler son tiriiniin kalitesini biiyiik dlciide etkiler.

2.4 Eklemeli imalat Siireci ve Uretim Parametreleri

3B yazicilarda iiriin basimi sirasinda kullanilan tiretim parametreleri (katman kalinlig1, nozul
sicakligi, doluluk orani gibi) incelenmistir. Bu parametrelerin etkileri Katkili tiretim, 3B baski1
olarak da adlandirilir, etkinligi ve c¢evre dostu olma 6zelligini artiran yaklagimlarla {iretim
sektoriinii doniistiiriiyor. Bu ¢1g1r acan teknoloji, karmagik yapilar olusturmak i¢in kademeli
malzeme uygulamasi kullanarak geleneksel iiretim ydntemlerini altiist ediyor. Isletmeler
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giderek artan bir sekilde katkili iiretimi benimsedik¢e avantajlar1 belirginlesiyor - malzeme
israfin1 azaltma, daha hizli prototipleme ve yaraticilik ve kapsamli kisisellestirme yetenegi
gibi. Bununla birlikte, bu avantajlara ragmen malzeme se¢iminde zorluklari, biiyiik 6l¢ekli
ciktilarda olas1 gecikmeleri ve bu teknolojiyi entegre etmek i¢in gereken onemli 6n yatirimi
vurguluyor. Bu makale, katkili iiretim avantajlarint ve dezavantajlarini inceleyerek,
avantajlarinin dezavantajlarindan daha biiyiik oldugu sonucuna variyor.

Katkili iiretim dikkate deger bir avantaji, malzeme israfin1 Onemli Ol¢lide azaltma
kapasitesidir. Buna karsilik, geleneksel iiretim teknikleri genellikle istenen sekilleri elde
etmek i¢in daha biiylik bloklardan fazla malzemeyi kesmeyi iceren ¢ikarmali yontemlerle
onemli miktarda atik iiretir. Bu, baslangigtaki malzemenin %90'ma kadar atilmasina ve
ekonomik ve g¢evresel sonuglara yol agabilir. Tersine, katkili {iretim, iiriinleri katman katman
hassasiyetle liretmek icin yalnizca gerekli malzemeleri kullanir. Bu yaklasim yalnizca
kaynaklar1 korumakla kalmaz, ayn1 zamanda daha ¢evre dostu iiretim yontemlerine olan artan
ihtiyaca da karsilik gelir. Atiktaki azalma daha kiiclik karbon ayak izini destekler ve dogal
kaynaklar tizerindeki yiikii azaltarak katk:i iiretimini daha c¢evre dostu bir segenek olarak
konumlandirir [7]. Ek olarak, malzemeleri yeniden kullanma kapasitesi bu yOntemin
stirdiiriilebilirligini artirir ve sirketlerin yaklasan girisimler i¢in fazla malzemeleri yeniden
kullanmalarina olanak tanir. Atik azaltimi yoluyla katki {iretimi, ¢cevreye duyarl tiiketiciler ve
isletmelerle yanki uyandiran daha etik ve siirdiiriilebilir bir iiretim ortami i¢in zemin hazirlar.
Bu teknoloji, hizli prototiplemeyi kolaylastirarak ve yeniligi tesvik ederek {iriin gelistirmeyi
dontistiirtir. Katkil iiretiminin hizli prototip liretim hizi, yeni lirlinlin pazara sunulma siiresini
onemli dl¢iide hizlandirir. Geleneksel tiretim teknikleri genellikle uzun bir kurulum siiresi ve
karmagik takim prosediirii gerektirir ve bu da {riin gelistirmede onemli gecikmelere neden
olabilir. Ancak katkili iiretim, tasarimcilarin ve miithendislerin bir {iriiniin bir¢ok versiyonunu
hizl1 bir sekilde iiretmesine ve degerlendirmesine olanak tanir ve bu da gelistirme siirecinin
cevikligini artirir [23].

Eklemeli imalat siirecinde, liretim parametrelerini dogru bir sekilde ayarlamak, PLA/findik
kabugu tozu kompozitlerin performansimi artirmak i¢in ¢ok Onemlidir. Dikkate alinmasi
gereken temel iiretim parametreleri nozul sicakligi, baski hizi, doluluk orani, yazdirma sekli
ve katman kalinligidir. Nozul sicakligi genellikle 180-220 °C araliginda ayarlanir. Findik
kabugu tozunun eklenmesi bu sicaklik araliginda ince ayar gerektirebilir. Yiiksek sicakliklar
malzeme akigini artirir ancak yapisal sorunlara yol agabilirken diigiik sicakliklar katman
yapigmasini tehlikeye atabilir [15-,18,20]. 30-50 mm/sn'lik bir baski hizinin korunmasi daha
diizgiin katman yerlesimine yol acar. Akis kontroli, piiriizsiiz ve tutarlt bir filament ¢ikisi
saglamaya yardimei olur.

3B yazdirma isleminde iiriinlerin doluluk oraninin % 60-70 iizerinde olmas1 basim siiresini ve
malzeme sarfiyatini artirirken dayanim degerlerinde ¢ok fazla artis olmadig1 gézlenmistir. Bu
nedenle doluluk oranlarinin belirlenmesinde % 70’in {izerine ¢ikmasina gerek olmadigi
sonucu ortaya ¢ikmistir [67].

2.5 Mekanik Ozellikler
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Son zamanlarda, siirdiiriilebilir malzemelerin bulunmasi, 6zellikle biyokompozitler alaninda
bliylik bir hiz kazanmistir. Tarim atiklarinin polimer matrislere eklenmesi, hem c¢evreyi
koruma hem de daha iyi malzeme performanst i¢in umut verici bir yol saglamaktadir Bu
yeniliklerden biri findik kabugu tozu katkilt PLA kompozitlerdir. Bu kompozit sadece daha iyi
mekanik ozellikler gostermekle kalmaz ama ayni1 zamanda dnemli ¢evresel yararlar ve maliyet
etkinligi de sunar Ancak, her yeni materyalde oldugu gibi isleme siirekliligi dayaniklilik ve
pazar kabuliindeki olas1 sinirlamalari ele almak ¢ok 6nemlidir. Bu ¢alisma, findik kabugu tozu
katkili PLA karisimlarinin degerlerini arastirirken, ayn1 zamanda sik¢a kabul edilmelerine
kars1 olan argiimanlar1 da gozden gegirecektir [19].

Findik kabugu tozu katkili PLA karigimlarinin mekanik dayanimi, saf PLA'ya gore biiyiik
Olgiide artirilmistir ve bu onu ¢esitli kullanim yerleri i¢in ilging bir segenek yapar. Findik
kabuklari, daha biiyiik giiclere zarar gormeden katlanabilen bir karigtma doniisen yliksek
cekme giicii ile bilinir. Bu 6zellik, otomobil ve ugak {iretimi gibi malzeme biitiinliigiiniin ¢ok
onemli oldugu sektorlerde ozellikle onemlidir. Ayrica, findik kabuklarinin PLA yapisina
eklenmesi, karisimin darbe direncini gelistirerek darbeleri emmesini saglar ve zor kosullarda
hasara karsi koymasina yardimciolur. Bu nitelik, malzemeyi kutular veya koruyucu
ekipmanlar gibi yliksek darbe kuvvetlerine maruz kalan pargalar i¢cin uygun hale getirir
. Ayrica, findik kabugu tozu katkili iiriinler daha iyi yorgunluk dayanimi saglar [56].
Geleneksel PLA malzemeleri zamanla yorulabilir ve bu da siirekli strese maruz kalan
iriinlerde malzeme hasarina neden olabilir. Ama findik kabuklarmin eklenmesi, bu
bilesimlerin Omriinii uzatir, onlar1 daha gilivenilir kilar ve degistirme ihtiyacini azaltir.
Mekanik oOzelliklerdeki bu gelisme, bu bilesimlerden yapilan {irtinlerin islevselligini
artirmakla kalmaz ayni zamanda bunlar1 geleneksel malzemelere uygun segenekler olarak
yerlestirerek farkli alanlarda daha ¢ok benimsenmesini saglar.

Mekanik yararlar disinda, findik kabugu tozu katkili PLA, ¢evre dostu malzemelere olan artan
istekle uyumlu biiyiik faydalar sunar. Findik kabuklar1 gibi tarimsal atiklari kullanmak,
stirdiiriilebilirligi destekleme ve atiklari azaltma yoniinde bir adim olur. Aksi takdirde ¢ope
gidecek atiklar1 yeniden kullanarak iireticiler dongiisel bir ekonomi olusturabilir ve atik yok
etmeyle ilgili ekosistem etkisini en aza indirebilirler. Ayrica PLA kendisi dogal olarak
parcalanabilen bir madde; bu da bu karisimdan yapilan iriinlerin zamanla yok olacagi
anlamina gelir; kirlenmeyi ve yillarca dogada kalacak geleneksel plastiklere kiyasla depolama
alanlarina binen ytikii azaltir.

2.6 Optimizasyon Siireci

Optimizasyon, iiretim verimliligini artirmay1 ve nihai iirlin performansini en iist diizeye
cikarmay1 amaglayan kritik bir asamadir. Bu, findik kabugu tozu orani, ekstriizyon sicakligi,
baski hizi ve katman kalinhigi gibi cesitli faktorlerin degerlendirilmesini igerir. Asiri
yiksek 1s1, PLA'nin bozulmasina yol agabilirken diisiik sicakliklar zayif akisa neden olur.
Nozul boyutu, baski hizi ve katman kalinlig1 gibi ayarlarin ideal sinirlar iginde optimum
olarak ayarlanmasi, hem mukavemeti hem de bitisi biiylik olgiide etkiler. Optimizasyonun
amaci, liretim siirecinde hem teknik hem de ekonomik verimliligi artirmak i¢in bu faktorlerin
optimum kombinasyonlarini belirlemektir [12].
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3. Sonuclar ve Tartisma

Bu arastirmada, katki maddesi imalatiyla iiretilen PLA kompozit malzemelere findik kabugu
tozu eklenmistir. Islem sirasinda toplanan veriler, kompozitlerin dayanikliligini ve esnekligini
degerlendirmek i¢in 6nemli olan mekanik testlerle analiz edilmistir. Cekme ve darbe testleri,
findik kabugu tozunun degisen oranlarinin mekanik performansi nasil etkiledigini agik¢a
gostermektedir. Sonuclar, %10 findik kabugu tozu katkis1 eklemenin mekanik mukavemeti
onemli Olc¢lide artirdigini; ancak oran %?20'yi astiginda islenebilirlik ve genel mekanik
performans diistiigiinii gostermektedir. Bu sonug, findik kabugu tozu ve PLA matrisi
arasindaki entegrasyon seviyesiyle dogrudan iliskilidir. Dolayisiyla uygun katki maddesi
oraninin belirlenmesi, daha esit ve dayanikli malzeme performanslari elde edilmesini saglar.
Termal degerlendirmeler ayrica kompozit malzemelerin 1stya verdigi tepkiyi degerlendirmede
onemli i¢gdriiler saglar. Termogravimetri (TGA) ve diferansiyel taramali kalorimetri (DSC)
analizleri, findik kabugu tozunu katki maddesi olarak eklemenin PLA'nin termal kararliligini
ve erime Ozelliklerini artirabilecegini ortaya koymaktadir. Bu ekleme, malzemenin yiiksek
sicakliklara kars1 direncini artirmakla kalmaz, ayn1 zamanda tiretim sirasinda islenebilirligini
de iyilestirir. Bu kompozit malzemeler biyolojik olarak pargalanabilir yapilari nedeniyle
cevresel siirdiiriilebilirlikte 6nemli faydalar saglar.

Mikro yapilarin incelenmesi, findik kabugu tozunun PLA matrisi i¢inde nasil dagildigina dair
ayrintili bir icgorii saglayarak homojenligini ve etkilesimini gosterir. Elektron mikroskobu
gorselleri, findik kabugu tozunun katmanlar arasinda gii¢lii bir sekilde baglandigini ve bunun
da diizgiin bir dagilimla iyilestirilmis mekanik ve termal Ozelliklere yol agtigini gosterir.
Mikro yapidaki gelistirilmis homojenlik, malzemenin genel performansini olumlu ydnde
etkilemistir. Bu kapsamli bulgular, findik kabugu tozu ile asilanmis PLA kompozitinin hem
cevresel hem de teknik faydalari olan siirdiiriilebilir {irlinler yaratma potansiyeline sahip
oldugunu gostermektedir. Sekil 5’te findik tozu katkili kompozit yapilarin mikroyapisi
gosterilmistir.
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e) Findik 63 um %10 f) Prina 300 pym %15
toz katkistyla toz katkistyla

Sekil 5. Tozlarin mikro yapi1 gortintiileri [56].

4. Oneriler

Calisma sonuglari, katkili tiretim siireglerinde findik kabugu tozu ile asilanmis PLA kompozit
malzemelerin etkinligini vurgulamaktadir. %10 findik kabugu tozu eklemek mekanik ve
termal Ozellikleri iyilestirir ancak daha yiiksek oranlar daha diisiik islenebilirlige ve genel
performansa yol acar. Basarili {iriin gelistirme i¢in optimum katki oraninin bulunmasi
cok 6nemlidir.

Gelecekteki aragtirmalar, cesitli dogal lif veya biyolojik olarak parcalanabilir katki
maddelerinin PLA ile birlikte findik kabugu tozu ile kombinasyonunu arastirabilir. Keten lifi
veya bambu gibi malzemelerin kullanilmasi mekanik o6zellikleri ve biyouyumlulugu
artirabilir.

Farkli iiretim yontemleriyle elde edilen sonuglari karsilagtirarak cesitli katki {iretim
teknolojilerinin kompozit malzemelerle nasil kullanilabilecegini kesfetmek icin daha fazla
arastirma yapilmahdir. Tasarim ve {retim optimizasyonu ig¢in CAD kullanimi, bu
malzemelerin hem miihendislik hem de ticari ortamlarda uygulanabilirligini artirabilir [12].

Findik kabugu tozu ile asilanmis PLA kompozitleri, ambalaj, otomotiv ve ingaat gibi ¢esitli
sektorler i¢in ¢evre dostu ve teknik olarak etkili bir se¢cenek sunar. Yaklasan arastirmalar igin,
akademik ve endiistriyel alanlara 6nemli katkilarda bulunmak iizere malzemeleri gelistirmeye
ve siirdiiriilebilir iiretim yontemleri olusturmaya dncelik vermek énemlidir [56].
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Abstract

Sub-zero treatment, also known as cryogenic treatment, is a process aimed at improving the
properties of materials by exposing them to very low temperatures. In recent years, this
method has become widely used for both metallic and non-metallic materials, especially tool
steels. In Turkey, cryogenic treatments have gained attention across multiple sectors,
including defense and automotive industries. CPR cold work tool steel is commonly
employed in applications requiring high hardness and toughness, such as cutting, forming,
forging, extrusion, threading, and powder pressing. However, studies specifically focusing on
CPR steel remain limited in the literature. This study investigates the effects of shallow (-80
°C) and deep (-180 °C) cryogenic treatments applied for different durations on the hardness,
impact strength, and microstructure of CPR tool steel. All specimens were tempered at 250 °C
for 2 hours after cryogenic treatment. The results demonstrate that cryogenic treatment
improves the mechanical properties of CPR steel, particularly with a notable increase in
impact performance: 56.1% for SCT and 52.63% for DCT samples. As a result of the hardness
tests performed, it was determined that the cryogenic treatment provided an increase in
hardness of approximately 3% in CPR tool steel. This increase is particularly associated with
the transformation of residual austenite into martensite, and the deep cryogenic treatment
(DCT) application caused a more pronounced phase transformation. The limited increase in
hardness obtained can be explained by the fact that CPR steel already has a high initial
hardness and the amount of residual austenite that can be transformed is limited. In this
regard, it was concluded that cryogenic treatment slightly increases the hardness of CPR steel
but primarily exerts its effect on impact performance.

Keywords: Cryogenic treatment, CPR steel, Impact strength, Hardness.

1. Introduction

The enhancement of mechanical performance, particularly in terms of wear and impact
resistance, is a central concern in the materials engineering field. Traditionally, surface
treatments, thermal processing, and alloy modifications have been utilized. Among these,
cryogenic treatment — a process developed in the early 20th century — has gained
prominence due to its proven impact on improving material characteristics.
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In order to increase wear resistance, studies have been carried out on methods such as heat
treatments, surface improvement processes, material and metallurgical modification, which
have been generally used for years. However, cryogenic treatment, which was first tested in
the 1900s and provides high rates of improvement on wear resistance, has come to the fore in
recent years. Tool steels are more widely used in industrial applications than other steel
groups in terms of usage areas. Tool steel is a type of high strength wear resistant steel. It is
used especially in the industrial industry, such as cutting tools, drill bits, moulds and gear
cutters. Due to its wear resistance, tool steel is often used in machining applications requiring
high precision. Especially in sectors such as automotive, aerospace, machinery and defence
industries, thanks to its high strength, durability and sharpness, most of them are used in
precision work such as cutting, drilling or shaping. Tool steels are developed to withstand
wear in forming and machining applications under different temperatures and different
parameters. (S. Sirin and E. Sirin 2020).

Heat treatment consists of heating, holding and controlled cooling at a specific temperature in
order to improve the mechanical and physical properties of metals and alloys. For example,
quenching at 1050 °C can increase the hardness value of AISI 1040 steel from 180 HV to 520
HV. This increase provides high mechanical strength due to the formation of the martensite
phase. Annealing is typically performed at 650-700 °C, resulting in a approximately 30%
reduction in hardness while improving toughness and machinability. In AISI 304 austenitic
stainless steel, ductility increases from 35% to 48% after heat treatment, while wear reduction
of up to 20% has been reported. These data clearly demonstrate the significant effects of heat
treatment on the performance of steels (Garcia-Leon 2024) .

The literature research reveals that cryogenic (sub-zero) treatment is an effective method to
improve the mechanical and metallurgical properties of many engineering materials,
especially tool steels. It has been reported to provide significant improvements in critical
properties such as wear resistance, hardness, surface roughness and corrosion resistance.
Although it is emphasised that more significant improvements are obtained with deep
cryogenic treatments (-180 °C and below), some studies show that shallow cryogenic
treatments (in the range of -75 °C to -140 °C) give more effective results in certain
applications and steel types. This suggests that the effects of cryogenic treatment may vary
depending on the treatment temperature, duration, material structure and application
conditions. (J. Ptacinova vd 2024). In this study, the effect of cryogenic treatment of CPR
steel at -80 °C and -180 °C on hardness, wear resistance and impact energy was investigated.

2. MATERIAL AND METHOD

The test samples were divided into three groups: traditional shallow cryogenic treatment
(SCT), deep cryogenic treatment (DCT), and traditional (CHT). The chemical analysis of the
CPR tool steel used in the experiments is given in Table 1. The samples were hardened by
heat treatment. Austenitisation was carried out in a Cmetz model vacuum furnace at a
temperature of 1050°C for 2 hours. The samples were then cooled in a nitrogen atmosphere at
a pressure of 4 bar. After these processes, the hardness of the samples increased.

Table 1. CPR Chemical composition of steel.

Element

C

Cr

Mo

\Y

%

1.20

12.00

1.40

1.70

2.50
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The samples were brought to the desired dimensions on a wire erosion machine DK7740. The
prepared samples were subjected to shallow cryogenic treatment at -80°C for 36 hours for
SCT group and deep cryogenic treatment at -180°C for 36 hours for DCT group. Cryogenic
treatment was carried out in the cryogenic treatment device in the Department of Mechanical
Engineering, Faculty of Engineering, Diizce University. Notch impact test was carried out by
opening U notch in TIME L71-UV device and testing with 150 J in JB-W300A device.
Hardness measurements of the samples were measured by taking the average value with
NOVOTEST tester. Under 150 g load for 10 seconds, hardness values were measured.
Measurements were made for 5 specimens in each group and these five values were averaged.

3. FINDINGS AND DISCUSSION

3.1. Evaluation of Microhardness

Figure 1 shows the average microhardness values of DCT, SCT and CHT specimens.
Although cryogenic treatment did not have a noticeable effect on CPR tool steel, hardness
values increased by 3% after cryogenic treatment.
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- 0
SCT DCT CHT
Test Samples

Figure 1. Hardness changes of the samples.

The average microhardness value measured in the reference sample that did not undergo
cryogenic treatment was 728 HV. In the sample subjected to shallow cryogenic treatment
(SCT), this value reached 745 HV, while in the sample subjected to deep cryogenic treatment
(DCT), it reached 750 HV. These results indicate that SCT and DCT treatments provide
hardness increases of approximately 2.3% and 3%, respectively. The limited increase obtained
is attributed to the transformation of retained austenite into martensite due to the low-
temperature effect and changes in the phase distribution of the microstructure. However, in
CPR steel with initially high hardness values, the absolute value of the increase remained low
due to the limited amount of retained austenite that could be transformed.

Considering the test methods, the Vickers hardness measurement test was applied to the CPR
cold work tool steel. The transformation of more residual austenite to martensite at low
temperatures led to a high hardness value in the DCT sample. This method is used for
mechanical evaluation of material properties. (C. L. Mambuscay 2024) carried out a Vickers
hardness test on D2 steel, which is equivalent to CPR steel, under a load of 10N. As a result of
the experiment, he observed a significant increase in hardness from 243 HV to 787 HV.

3.2. Evaluation of Impact Energy
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The effects of different cryogenic treatment types (SCT and DCT) applied to cold work tool
steel on impact resistance are presented comparatively in Figure 2. Impact tests were
performed using the Charpy V notch method, and average energy absorption values were
calculated by testing samples from each group. The findings indicate that both shallow (-
80°C) and deep (-180°C) cryogenic treatments have a negative effect on impact strength. A
decrease of 56.1% in impact resistance was observed in the SCT group, and 52.63% in the
DCT group. This decrease is attributed to the increased brittleness of new martensite phases
formed in the microstructure due to low temperatures and the intensification of microcrack
formation after quenching. Additionally, as noted in the literature, internal stresses resulting
from the transformation of austenite to martensite and fracture sources (such as oxide,
sulphur, and nitride inclusions) concentrated at the fracture surface are believed to reduce
impact energy.
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Absorbed Energy (J)
\S} w
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SCT DCT CHT
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Figure 2. Impact strength of specimens.

The existing martensite phase in the microstructure is converted into tempered martensite by
tempering. By tempering, austenite phase is converted into martensite and martensite volume
is increased. Tempered martensite phase is known to improve impact strength. However, the
hard and brittle new martensite phase caused by residual austenite adversely affects the
impact strength (Senthilkumar et al., 2011).

Hyun Wook Lee et al (2022) proved that 2Mn5Ni steel provides approximately 12 times more
impact energy absorption than Fe-6Mn-0.1C (6Mn) steel after cryogenic treatment and also
suggested that cryogenic treatment significantly affects the impact and toughness of the
material. When analysed in terms of impact analysis, it has been shown that fracture surfaces
are usually triggered by compounds such as non-metallic residues oxides, sulphides and
nitrides, i.e. as the temperature increases, the size of the elements that trigger fracture also
increases. In the literature, there is an interaction between impact strength and toughness,
when the effects of impact strength on toughness are examined; While the toughness value
decreases with the increase in hardness in some studies, there are studies reporting
improvements in the toughness value with increasing hardness in some studies.
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When we evaluate the CPR steel, when the impact energies of SCT and DCT specimens, the
fracture energies of the test specimens with shallow and deep cryogenic treatment and the
fracture energies of the test specimens with only conventional heat treatment are compared;
The SCT specimen showed a decrease in fracture energy values by 56.1% and the DCT
specimen by 52.63%. N. Afzali et al. (2024) determined the density of brittle cracks and
micro-particles on fracture surfaces under low temperature conditions and observed an
increase of 15-20% in microcrack density. This proves that microcracks in the ferritic phase
increase the brittle characteristic of fractures.

4. RESULT

In this study, the effects of shallow (-80 °C) and deep (-180 °C) cryogenic treatments on the hardness
and impact strength of CPR cold work tool steel were systematically investigated. The results
obtained show that cryogenic treatment causes significant changes in the mechanical properties of
the material, especially in terms of impact strength. While limited increases in hardness values were
observed, impact strength decreased by 56.1% and 52.63% in SCT and DCT samples, respectively. This
was attributed to martensite transformations and changes in the amount of residual austenite. When
compared with the literature, it is seen that similar treatments on different steel types generally give
favourable results. However, the effects of cryogenic treatment vary depending on the treatment
temperature, duration, material type and application method. In this context, this study, which was
carried out on CPR steel, fills the gap in the literature and is an important reference for future studies.

Main results obtained:

e After the cryogenic treatment applied to CPR steel, an increase of approximately 3% in
hardness values was observed.

e Impact strength decreased by 56.1% in SCT specimens and 52.63% in DCT specimens.

e Deep cryogenic treatment (DCT) caused more residual austenite to be transformed into
martensite under the influence of low temperatures, resulting in phase changes in the
microstructure.

e While the tempering process stabilises the martensite phase, in some cases the formation of
new martensite phases leading to embrittlement can also adversely affect the impact
strength.

e As stated in the literature, the effects of cryogenic treatment vary depending on process
temperature, time, material structure and application conditions.

e There are a limited number of studies in the literature on the application of cryogenic
treatment on CPR steel, and this study makes an important contribution to fill this gap.

In this study, the effects of shallow (-80 °C) and deep (-180 °C) cryogenic treatments applied to CPR
cold work tool steel on microhardness, impact resistance and microstructure were systematically
investigated. As a result of cryogenic treatments, an approximate 3% increase in hardness values was
obtained, which was attributed to the transformation of austenite into martensite. In contrast, a
decrease of 56.1% and 52.63% in impact strength was observed in the SCT and DCT groups,
respectively. Microstructure analyses revealed that the increase in brittle martensite phases and
microcrack formation were decisive factors in this decrease. The results indicate that cryogenic
treatment provides limited hardness gain in CPR steel while negatively affecting impact performance.
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Ozet

Bu calismada farkli oranlarda perlit ilaveli EPDM kauguklarin reolojik, mekanik ve
yanmazlik 6zelliklerine perlit katkisinin etkisi incelenmistir. Perlit katkist EPDM kauguguna
11.5, 24.5 ve 55 phr oranlarinda ilave edilmistir. Laboratuvar tipi banbury kullanilarak hamur
haline getirilen EPDM kauguklar1 preste vulkanize edilmis ve test plakalar1 iiretilmistir.
EPDM kaugugun reolojik 6zellikleri Reometre testi ile incelenmistir. Cekme testinin yaninda
kalic1 deformasyon testi, abrasif aginma testi ve sertlik testleri yapilmistir. UL-94-HB testi
perlit ilaveli EPDM kauguklarin yanmazlik 6zellikleri belirlenmistir. Perlit miktarinin artmasi
ile minimum tork (ML) ve maksimum tork (MH) artmisti. EPDM/20K kaugugun 58 Shore A
olan sertlik degeri 22phr oraninda perlit ilavesi ile %7.9 oraninda artarak 63 Shore A elde
edilmigtir. Cekme mukavemeti ve kopma uzamasi azalirken kalici deformasyon ve abrasif
asinma miktart artmistir. EPDM/20K kaucugunun 1.999mA olan elektrik akimi degeri perlit
ilavesi ile 0.025-0.441mA araligina kadar azalmisti. EPDM/20K kaucuguna ilave edilen
farkli oranlarda perlit yanma hizin1 azaltirken en diisikk yanma hizi EPDM/20K/11.5P
kaugugunda elde edilmistir.

Anahtar kelimeler: EPDM, perlit, yanmazlik, reoloji, mekanik 6zellikler
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Ozet

Kikirdak doku hasarlarinin onarimi, bu dokunun sinirli kendini yenileme kapasitesi nedeniyle
onemli zorluklar olusturmaktadir. Bu nedenle, dogal dokuya yapisal ve mekanik acidan
benzer Ozellikler tasiyan biyomimetik iskelelerin  gelistirilmesi, kikirdak  doku
miihendisliginde oOncelikli hedeflerden biri haline gelmistir. Bu ¢alismada, kikirdak doku
miihendisligi uygulamalarina yonelik olarak ii¢ boyutlu (3B) yazic1 teknolojisi kullanilarak,
grafen oksit (GO) katkili poli(e-kaprolakton) (PCL) esasl iskeleler tasarlanmis ve tiretilmistir.
Elde edilen iskeleler hem yapisal biitiinlik hem de biyolojik uyumluluk agisindan kikirdak
dokunun gereksinimlerini karsilayacak sekilde optimize edilmistir. iskelet yapilarinin {iretimi
sirasinda, katmanlar arasi hizalanma ve baski siirecindeki akis stabilitesi optik mikroskop
yardimiyla izlenmis, basilabilirlik ve yapisal biitiinliikk basariyla saglanmistir. Kimyasal
karakterizasyonlar kapsaminda Fourier doniistimlii kizilotesi spektroskopisi (FTIR) ile
fonksiyonel gruplar analiz edilirken kristal yapmnin analizinde ise X-1s1mm1 kirmimi (XRD)
yontemi kullanilmis ve GO'nun yapisal diizende meydana getirdigi degisiklikler incelenmistir.
Ayrica, iskelelerin mekanik uygunlugu degerlendirilmis ve elde edilen sonuglar kikirdak
dokunun yiik tasima 6zelliklerini karsilayabilecek diizeyde oldugunu gostermistir.

Calisma sonucunda, GO katkisinin iskelelerin mekanik dayanimi ve yapisal stabilitesine
olumlu etkiler sagladigi goézlemlenmistir. Elde edilen bu biyomimetik yapilar, kikirdak
rejenerasyonu amaciyla yapilacak daha ileri diizey in vitro ve in vivo calismalar i¢in
potansiyel bir temel teskil etmektedir. Bu yoniiyle ¢alisma, 3B yazic1 teknolojisiyle
fonksiyonel biyomalzemelerin tiretimi ve 6zellestirilmesine dair 6nemli bir adim sunmaktadir.

Anahtar kelimeler: PCL, GO, kikirdak doku, 3B yazici.
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Parcah Kalip Sistematigi ile Kahp icerisinde Alt1 Kése Sw22 Formunun Simiilasyon
Destekli Tasarim Dogrulamasi

Furkan BELLIBAS!, Cihan Ali BAHAR, Metehan KAYRETLI, Burak GULMEZ
TAr-Ge Miihendisi, BOLT Baglant1 Elemanlar1 San. Tic. A.S.,

Furkan.bellibas@bolt.com.tr, Cihan.bahar@bolt.com.tr, Metehan.kavretli@bolt.com.tr,
Burak.gulmez@bolt.com.tr

Ozet

Baglant1 elemani {iretimi i¢in kullanilan ydntemlerden biri olan soguk ddévme prosesi,
malzemenin plastik sekil alabilme 6zelligine dayali olarak tasarlanmaktadir. Bu yontem; dar
geometrik toleranslar igerisinde yliksek mukavemetli baglanti elemani tiretiminde kullanilir ve
oldukg¢a hizli ve seri iiretim olanagi saglar. Bu calisma, alt1 kose (Alt1 kdse dlgiisti: 21.88 mm -
SW22, Alt1 kdse yiiksekligi 14 +0.35 mm) kafa form olusumunun geleneksek yontemlerin
(capaklama, kesme) disina ¢ikilarak parcali kalip sistematigi ile kalip igerisinde olusturulmasi
amacityla yiiriitiilen tasarim ve simiilasyon ¢alismalarini igermektedir. Calisma konusu parca
SW22 alt1 kose kafa formu, flans (flans capi: ¥31 mm) ve kafa alt1 kademe (kademe
yiiksekligi min. 10 mm) bdlgesinden olusan 6zel bir baglanti elemanidir. AK kafa, flang ve
kademe bolgelerinin soguk dovme prosesinde tek bir operasyon adiminda olusturulmasi
hedeflenmektedir. Parcali kalip seti olusturulurken dikkat edilmesi gereken parametreler
bulunmaktadir. Bunlar; sekillenme kesitlerini olusturan yiizeyler olup, her sekillendirme igin
birbirine siki gegme olan ayr1 kaliplar tasarlanmistir. Gelistirilen pargali kalip tasarimlarinin
simiilasyonlar1 neticesinde kalip icerisinde alt1 kose (SW22) kafa formu, flans, kademe
bolgeleri olusturulmus ve keskin kenarlar tizerinde olusan esdeger gerilme degeri ise yaklasik
759 MPa olarak ol¢iilmiistiir. Bu kapsamda 6zel kalip set tasarimui ile fazladan atik malzeme
(capak) olusumu meydana gelmeden calisma konusu parcanin simiilasyon ortaminda
iretilebilirligi tespit edilmistir. Elde edilen ¢iktilar degerlendirildiginde teknik resim — tasarim
— simiilasyon ¢iktis1 6l¢iisel olarak %99 oraninda benzerlik gostermektedir.

Anahtar kelimeler: Simiilasyon, Baglant1 Elemani, Soguk Dévme

MOLIBDEN DISULFIT (MoS2) KATKILI ETILEN-PROPILEN-DIEN-MONOMER
(EPDM) KAUCUKLARIN OZELLIKLERININ INCELENMESI
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Ozet

Bu caligmada Etilen Propilen Dien Monomer (EPDM) kaucugu kat1 yaglayict olarak
kullanilan molibden disiilfit (MoS2) tozu ile 25, 55 ve 90 phr olmak iizere 3 farkli oranda
laboratuvar tipi 1.5 1t’lik mini banbury kullanilarak tiretilmisti. EPDM/MoS2 kompozitlerin
mekanik, reolojik ve morfolojik 6zellikleri iizerine MoS2 katkinin etkisi incelenmistir. EPDM
kauguguna ilave edilen farkli oranlardaki MoS2, tork degerlerini artirirken pisme baslangic
stiresini azaltmistir. 90phr oranindaki MoS2 ilavesi Mooney viskoziteyi %126 oraninda
artirmistir. Mekanik testler sonucunda kopma mukavemeti, kopma uzamasi, elastikiyet ve
yirtilma dayaniminin MoS2 katkisi ile azaldig1 ancak asinma direncinin arttig1 belirlenmistir.
Elde edilen sonuglar degerlendirildiginde, 55phr MoS2 katkili EPDM kompozitin en iyi
sonuclart sergiledigi ve EPDM esasli kompozitlerin iiretiminde en uygun aday malzeme
oldugu belirlenmistir.

Anahtar kelimeler: EPDM, Molibden disiilfit (Mo0S2), Reoloji, Mekanik 6zellikler
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Eklemeli imalat Yontemiyle Uretilen Cam Ve Karbon Elyaf Takviyeli Poliamit
Kompozitlerin Islenebilirliginin Arastirilmasi

Mevliit AYRAN', Sakir YAZMAN?, Ugur KOKLU?
'Karamanoglu Mehmetbey Universitesi Fen Bilimleri Enstitiisii
2Selguk Universitesi Ilgin Meslek Yiiksek okulu
3Karamanoglu Mehmetbey Universitesi Miihendislik Fakiiltesi Makine Miihendisligi Boliimii

Ozet

Elyaf takviyeli polimer (ETPK) kompozitler, iistiin mukavemet-agirlik orani, korozyon dayanimlari
ekstrem kosullar altinda yiiksek performansi nedeniyle ugak, otomobil, robotlar ve makineler gibi
cesitli mithendislik alanlarinda yaygin olarak kullanilmaktadir. ETP kompozitlerin katmanli iiretimi
veya ii¢ boyutlu (3D) baskisi, karmagik sekiller iiretme ve malzemenin elyaf yonelimini degistirme
kabiliyeti nedeniyle popiilerlik kazanmaktadir.. Genellikle ekstriizyon yoluyla iiretilirler ve bu nedenle
bu malzemeler ek isleme operasyonlart gerektirir. Hassas isleme, yiiksek boyutsal dogruluk ve kabul
edilebilir yiizey biitiinliigii ile gelismis bilesenlerin tiretimini amaglamaktadir. Yapilan bu ¢alismada
kirpilmis cam ve karbon elyaf takviyeli poliamid filament kullanilarak eriyik biriktirme yontemi
(EBY) ile iiretilmis kompozit malzemelerin islenebilirligi aragtirilmistir. Bu amagla %15 karbon elyaf
ve %30 cam elyaf oranina sahip poliamid matrisli kompozitler, 32 mm?¥/s filament akis hizinda, 0.3
mm katman kalmliginda 250 °C baski sicakliginda 150x80x10 boyutlarinda iiretilmistir. islenebilirlik
deneyleri icin literatiirdeki ¢alismalar géz 6niinde bulundurularak ti¢ fakli is mili devir sayis1 (1500,
3000 ve 4500 dev/dak) ve ti¢ fakli ilerleme hiz1 (300, 600 ve 1200 mm/dev) secilmistir. Bu degerler
kullanilarak kesme kuvvetleri ve yiizey piiriizliiliigii (Ra) degerleri 6l¢lilmiistiir. Elde edilen bulgulara
gore, ilerleme hizi arttikca hem kesme kuvvetleri hem de ylizey piiriizliligi degerleri artig
gostermistir. Devir sayisindaki artig ise genellikle bu degerlerde azalma saglamistir. SAF malzemesi,
tim kosullarda en yiliksek kesme kuvveti ve piiriizliillik degerlerini gostererek diisiik islenebilirlik
performansi sergilemistir. Karbon elyaf malzemesi ise hem diisiik kesme kuvvetleri hem de diisiik Ra
degerleriyle en iyi islenebilirligi sunmustur. Cam elyaf malzemesi, orta seviyede performans

gostererek ekonomik iiretim agisindan uygun bir denge sunmustur.

Sonug olarak, FDM yontemiyle {iretilen takviyeli kompozit malzemelerin uygun kesme parametreleri
altinda islenebilirliginin optimize edilebilecegi gosterilmistir. Yiiksek devir ve diisiik ilerleme
kombinasyonlari, yiizey kalitesini de artirmaktadir. Bu ¢alisma, FDM ile iiretilen ileri diizey polimer

kompozitlerin talasli imalat siireglerindeki davraniglarini anlamaya katki saglamaktadir.

Anahtar kelimeler: Eklemeli imalat, FDM, Poliamit, Cam elyaf, Karbon elyaf, Islenebilirlik
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Polimer-Nano Kompozitlerinin Cimento Ogiitme Yardimcis1 Olarak Kullanilmasi
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Ozet

Bu calismada, polimer i¢inde sentezlenen giimiis nanopartikiillerin (AgNP) ¢imento 6gilitme
prosesi iizerindeki etkileri arastirilmigtir. Bugiline kadar yapilan c¢alismalarda gilimiis
nanopartikiilleri antibakteriyel etkilerinden dolay1r dis ¢imentolarinda kullanilmistir. Bu
caligma ile ilk kez ¢imento 6glitmesinde kullanilmistir. Literatiirde, nanopartikiillerin ¢imento
kompozitlerinin mekanik ve fiziksel Ozelliklerini gelistirme potansiyeline sahip oldugu
bilinmektedir. Ancak, PCE bazli ¢imento katki sistemlerinde hem fiziksel dagilimi iyilestirme
hem de mekanik dayaniklilig1 artirma potansiyeli tasidigi diisiiniilmiis ve bu konudaki literatiir
caligmalar1 eksik goriilmiistiir.

Arastirmanin temel amaci, ¢evresel olarak daha siirdiiriilebilir ve kontrollii bir yontemle
polimer bazli AgNP sentezlemek ve bu nanopartikiillerin ¢imento Ogiitme performansi
iizerindeki katkilarini degerlendirmektir. Sentezde polikarboksilateter (PCE) bazli bir polimer
kullanilmigtir. Sentezlenen nanopartikiiller karakterize edilmek tizere UV-Vis spektroskopisi
analizlerine tabi tutulmustur.

AgNP katkilt ¢imento karisimlari, standart Portland ¢imentosu ile karsilagtirmali olarak
laboratuvar tipi bilyeli karistirmali (atritér) degirmende 6giitiilmiis, 6giitme siiresi, donme hizi
sabit tutularak tane boyutu dagilimi ve Blaine 0zgiil yiizey alan1i gibi parametreleri
karsilastirilmis ve son olarak sentezlenen AgNP iceren 0Ogiitme yardimcist ile Ogiitiilen
klinkerin ¢imento egilme, yayilma ve basing dayanimi testleri yapilmistir.

Elde edilen sonuclar, AgNP katkisinin belirli oranlarda 6glitme verimliligini artirdigini, tane
boyutunu kii¢ilttiigiinii ve 6zgiil yiizeyi artirdigim1 gostermektedir. Bu da ¢imento iiretiminde
enerji tasarrufu saglanabilecegine ve malzeme performansinin iyilestirilebilecegine isaret
etmektedir.

Bu ¢alisma, nanoteknolojinin ¢imento endiistrisindeki yeni uygulama alanlarini gdéstermesi
acisindan 6nem arz etmektedir. ilerleyen calismalarla birlikte, farkli nanoparcacik tiirleri ve
polimer sistemleriyle benzer calismalar yapilmasi Onerilmektedir. Ayn1 zaman da ¢imento
sektorii icin yenilik¢i bir alternatif olarak degerlendirilen bu calisma bir sonraki ¢aligmalar
icin 151k tutacak niteliktedir.

Anahtar kelimeler: Glimiis nanopartikiil, 6gilitme yardimcisi, ¢imento
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