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ABSTRACT

This study presents a comprehensive investigation into the effective atomic numbers (Z,) and
electron densities (N,¢¢) of various copper compounds using the Rayleigh-to-Compton (R/C)
scattering ratio method. Measurements were performed using a high-resolution HPGe detector
and a ?*!Am radioisotope source emitting 59.54 keV gamma rays. The experimental R/C ratios
were utilized to derive Z,¢¢ values, which were then compared with theoretical data obtained
via WinXCOM. A significant correlation was observed between the chemical environment of
the copper compounds and their scattering intensities. One of the main conclusions that can be
drawn from the experimental results is how accurately the effective atomic number is
determined using data obtained from coherent and Compton scattering. As proof of this, it is
clearly seen that the Compton and coherent scattering data obtained from the copper sulfate and
copper iodide samples examined during the experiment are highly sensitive to the effective
atomic number of the sample used and have a significant effect on spectral analyses. In the
experimental results, which also proved this situation experimentally, it is clearly seen that
Compton scattering is dominant in samples with low effective atomic numbers, and conversely,
coherent scattering becomes dominant in environments with high effective atomic numbers.
Thus, our study, with its meaningful results obtained from theoretical calculations and
experimental data, has proven that the effective atomic number can be determined in complex
chemical structures using the R/C ratio, as we used in our experiments.

Rayleigh-to-Compton
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1. Introduction

In today’s electronic devices

and technological

engineering processes (B. Singh et al., 2010). Furthermore, in
semiconductor physics and electronic device development,
copper and industrially important copper compounds are

applications, copper and certain important copper compounds,
preferred due to their atomic structures, form the basis of
research and development studies. Copper and its oxide
structures play a significant role in superconductivity studies
observed at high temperatures and in some critical chemical

® Correspondence
E-mail address: ahmettursucu@sirnak.edu.tr

preferred due to their high electron-carrying capacity. In
addition, the behavior of electronic and industrial devices made
from copper compounds in space environments under high
radiation conditions has been a subject of interest, and research
has been developed in this area. As mentioned, determining the
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shielding or structural change properties of copper and its
compounds under radiation and using them in the improvement
of developed systems is both a necessity and a requirement for
gaining practicality.

The physical response of these compounds to gamma-ray
exposure is primarily dictated by their effective atomic number
(Zesr)- This parameter serves as a crucial bridge between
macroscopic material behavior and microscopic interaction
cross-sections. Copper is described as an essential transition
metal that is frequently used in fundamental sciences, industry,
and electronics applications (Kumar et al., 2007). However,
some significant differences from its general behavior are
observed when copper bonds with different oxide structures and
complex ligand structures (such as sulfates). Its behavior
changes significantly when bonded with ligands. In fact, these
structure shifting create complex electronic structures that
cannot be described by standard atomic tables and require
explanation. Consequently, a precise investigation into the Z,¢¢
of copper compounds offers a unique window into the
electronic density redistributions that occur during chemical
bonding.

Applications of radiation physics and various studies
conducted in this field in recent years clearly demonstrate the
interest in non-destructive testing techniques. Examining these
studies reveals that the mass absorption method has become a
standardized technique. While traditional and standardized
techniques are frequently used, efforts to minimize the direct
effects encountered in calculations using standard methods by
developing alternative methods are evident in literature. The
Rayleigh-Compton (R/C) technique is one of these new
methods and is a good example of improved experimental
methods. Furthermore, this technique eliminates the
fluctuations that are caused by source density and sample
geometry, which are discrepancies observed in data obtained
using traditional absorption techniques.

In this study, we have used different designed experimental
setup compared to other researchers that includes lower-energy
(59.54 keV) radiation source for irradiation. In addition, this
setup includes a high-resolution semiconductor HPGe detector
have used for collecting scattered photons. For atomically
environment, the interaction between Rayleigh to Compton
scattering is highly sensitive at lower radiation source energies.
For this purpose, we have set the scattering angle at 167° to
maximize the energy seperation at Compton and coherent
peaks. This allows for a more precise detection of "chemical
effects”" on Z,z¢, providing a level of detail that surpasses the
generalized approximations found in current radiation
interaction databases.

Many technological and industrial applications, such as
medical physics and nuclear engineering, are based on creating
the most effective radiation shielding design by taking data

collected from the interaction of all types of radiation,
especially gamma radiation, with matter (Hubbell, 1982; Knoll,
2010). A wide understanding of these procedures requires
precise knowledge of Z, ¢, a parameter first conceptualized to
treat composite materials as if they were a single element (Hine,
1952). While the atomic number Z is constant for pure
elements, for compounds, Z.r; varies depending on the
incident photon energy and the specific interaction process
involved (Jackson & Hawkes, 1981).

In recent decades, Z,¢; determination has mostly relied on
the total mass attenuation coefficient (1/p) method. However,
studies conducted using the mass absorption technique facing
significant technical barriers in terms of homogeneity and
thickness accuracy of the samples used in the experiment, as
noted by various researchers (Han & Demir, 2009; M. P. Singh
et al., 2010). Nevertheless, the R/C scattering density ratio has
emerged as a robust alternative because it minimizes the source
fluctuations and systematic errors related to sample density
encountered in other techniques (Duvauchelle et al., 1999;
Tursucu et al.,, 2013). Despite the importance of copper
compounds in modern electronics (Edelstein et al., 1997),
experimental data on their Z,;, especially regarding chemical
environment effects remain scarce. Most available data still rely
on theoretical structures like WinXCOM (Gerward et al.,
2001), which can be able to overlook the fine electronic shifts
at the molecular level. Building on our previous work with rare
earth oxides (Tursucu et al., 2023), this study aims to fill this
gap by providing a high-precision analysis of copper
compounds using the refined R/C scattering technique (Jangir
et al., 2026).

With this goal in mind, we focused our analysis on a specific
set of copper-based materials. These compounds were not
chosen at random; they span a broad range of chemical
environments and are strategically important in modern
technology, where understanding their response to radiation is
a practical necessity. Copper-based materials that are used in
experimental studies have some specifications and are
investigated in three section. In first section, intermetallic and
semiconductor advance compounds mentioned. CusSi (Copper
Silicide) intermetallic compound is critical in silicon-based
microelectronics. The primary purpose of this compound is to
form ohmic contacts, thereby creating diffusion barriers. The
comprehension of the radiation's effect on this circuit contact
element is also crucial. We did these tests with less radiation to
do this. We will learn how it reacts to more radiation by using
this information. CusN (Copper Nitride) is metastable
semiconductor that has gained extensive interest for optical
write-once-read-many (WORM) data storage and as a high-
performance electrode material in rechargeable batteries. In
nanotechnology, this compound is called a smart material
(Demir & Tursucu, 2013). It can stay stable in high
temperatures and break down when hit by lasers that are very
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precise. In second section, chalcogenides and tellurides are
mentioned. CuS (Copper Sulfide): Beyond its natural
occurrence, CusS is a vital p-type semiconductor used in photo
thermal therapy and as a secondary component in thin-film
solar cells (CIGS). CuTe; (Copper Telluride): Known for its
complex phase transitions, it is a key material in thermoelectric
devices which convert waste heat into electricity. Its high Z
components (Tellurium) provide a significant contrast in our
Zess scattering analysis. CuSes5(H.0) and H4CuOsSe:
Selenium is a kind of metalloid that allows for the analysis of
diverse effective atomic number patterns during the transition
from metallic to covalent bonding. These selenium-based
compounds are essential in glass manufacturing and trace
minerals in specialized chemical synthesis. We have mentioned
the halides and ionic matrices copper compounds in last section.
One of these ionic matrices compound is Cul (Copper lodide)
that is a transparent p-type conductor and mandatory
component in perovskite solar cells and organic light-emitting
diodes (OLEDs). It is notable for its elevated iodine
concentration in assessing the R/C sensitivity of substantial
atomic compounds utilized in experiments. The other one is
CuSOs4 (Copper Sulfate) that is a foundational material for
electroplating and agricultural chemistry, serving as our
benchmark for ionic crystal structures in radiation interaction
studies.

In this study, we have studied the copper and its industrial,
technological significance compounds. In addition, we
calculated certain atomic parameters both theoretical and
experimental associated with them. Finally, the experimentally
determined effective atomic numbers have been compared with
the values obtained in theoretical calculations, and the chemical
effects outcomes on the calculated parameters and the
discussions were presented together.

2. Experimental Details
2.1. Instrumentation and Geometry

The experimental setup and the following analysis,
calculations, and measurements of the obtained data were
carried out by using a specifically engineered for high-
resolution spectroscopy investigations at scattering geometry.
At the heart of the setup is a 5 Ci > Am annular radioactive
source, which provides a steady, monoenergetic 59.54 keV
gamma-ray flux. Annular structured radioactive source was
selected deliberately to avoid unexpected background counts
and ensure the monochromatic spectrum that is collected by
highly sensitive detectors. Also, this selection was protecting
the detector from directly counting’s originating from source.

Target

Sample Chamber

Pb shield Pb shield

HPGe detector

Figure 1. Experimental setup.

The dimensions of the sample holder are presented in
Figures 1 and 2. The scattered radiation was measured using a
high-purity germanium (HPGe) semiconductor detector. In this
experiment, an angle of 167° was selected because at this angle,
the difference between the Compton and coherent peaks
becomes distinct. To prevent any radiation interference or
contamination, lead shields were placed around the sample
holder.

Pb shield

Detector Sample holder

Sample chamber
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\ .

e /

—— >
b, % //

A

Ba reference sample

Figure 2. Sample chamber (a=6.5 cm, b=6.3 cm, c=13.5 cm,
d=11 cm, e=5 cm).

2.2. Sample Preparation and Data Acquisition

In this experiment, our main emphasis was on the study of
pure copper and some significant compounds of copper. For
each sample taken, the laboratory-prepared samples were in the
form of cylinders. In order to achieve homogeneity of samples,
the powder samples were first ground in the mortar to become
finely ground. Afterward, these samples were compressed into
cylinders through the hydraulic press.
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Figure 3. Comparison of scattering spectra for pure Cu and
CuSOs (Experimental pulse height spectra of pure metallic
Copper (Z = 29) and Copper Sulfate (CuSO,, Zyrp = 21.6)
recorded at a scattering angle of 167°. The plot highlights the
transition in scattering intensities as a function of the effective
atomic environment.).

The high-resolution detector together with the multi-
channel analyzer was used to collect the photons so that spectral
data can be achieved (Turhan et al., 2020). Time duration in
analysis was set up in such a way that the total number of counts
in each spectrum will be 10.000 counts per peak. In this way,
we could achieve meaningful and computational data from
Rayleigh and Compton spectra. Typical spectra like those
presented in Figures 3 and 4 show the difference between
coherent and incoherent parts of our selected geometry.

2,0x10*
1.8x10° ]
.
1.6x10° o .
1.4x10" 4
'
1,2x10° 4
= 1.0x10° B Cu (pure) ..
g e Cul
O 8,0x10°
6,0x10° o
4,0x10° -
2,0x10° o
0,0
T T

T T T
600 700 800 900 1000 1100
Channel

Figure 4. Comparison of scattering spectra for pure Cu and Cul
(Pulse height spectra for pure Copper (Z = 29) and Copper
lIodide (Cul,Z.ff = 48.8). The comparison demonstrates the
spectral dominance of high—Z constituents within a copper-
based molecular framework.).

2.3. Calibration and Correction Procedures

Accurate Z,¢¢ determination requires more than just raw

counts; it demands careful correction of the experimental data.
It is necessary to consider the following parameters, which

include the efficiency of detector photopeak’s, the most
important of which is considered to be (Zhong et al., 2023). The
photopeak efficiency of the HPGe detector (¢) was measured
quite accurately according to the calibration sources and pure
elements, as shown in the efficiency diagram in Fig. 5. The
second parameter is the influence of the attenuation factor.
Attenuation caused by the layer of air separating the detector
from the sample and by the sample's own absorption was
considered.

Efficiency (g)

1ed ¥ =-8.7905+7,99653x — 3,42096x" +0,36008x
r’ =0,99648
10 100 1000

Energy (keV)

Figure 5. The photopeak efficiency curve for HPGe detector.

Self-absorption correction was handled according to the
established transmission-based methodology to ensure that the
final R/C ratios reflect the true scattering probabilities of the
material. And the last one is the calibration curve that was used
in this experiment. A primary calibration was performed using
elements (4<Z<82). The resulting fit curve (Figure 6) serves as
our reference for interpolating the Z.rr value of copper

compounds.
211 R=0.05441-0.01043Z +3.993710~ 2*
- r°=0.95 ’/((
= /
g
z Ve
3 /
Z /
2 141 W
E /
§ v
2 7
g /
3] : p
] F
2 074 o
$ o
3 >
o
04— e e s
T T T T

0 I 20 I 40 ' 60 ' 80

Atomic number
Figure 6. Rayleigh to Compton scattered intensity as a function
of atomic number.

3. Theoretical Background

In recent years, the characterization of material properties
through the interaction of ionizing radiation has gained
significant importance. Specifically, the determination of
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effective atomic numbers (Z.f¢) and electron densities (Nff)
for both pure elements and complex compounds depend on the
certain measurement of scattering intensity ratios. The above
procedure is grounded on the fact that the process of coherent
and incoherent scatterings is real physically and exists in the
sample itself.

3.1. Coherent (Rayleigh) Scattering

Rayleigh scattering refers to the physical process whereby
the incident photon undergoes an elastic collision with the
electrons bound in the sample. In this process, both the energy
and the wavelength of the photon are conserved, while only the
direction changes. The differential cross-section for this elastic
process is expressed as:

doR _ rg 2 2

—=—"-(1+cos*0)|F(q,2)| (1

a 2

In this expression, F(q, Z) denotes the atomic form factor,
which accounts for the distribution of electrons, while g, 7, and
6 represent the momentum transfer, classical electron radius,
and scattering angle, respectively.

3.2. Incoherent (Compton) Scattering

The process of Compton scattering consists of an inelastic
scattering process of high energy photons on atomic electrons
unlike other processes of elastic scattering. The Compton
scattering phenomenon is used as empirical evidence that the
particles of radiation have properties of momentum transfer and
decrease in frequency (Cinan & Yilmaz, 2021). The differential
cross-section for such inelastic scattering is governed by the
Klein-Nishina formulation:

2

GO =378 (5) Go+ 4 — sin?6) @)

Where E, and E correspond to the incident and scattered
photon energies. The degree of momentum transfer is
significantly influenced by the incoherent scattering function,
S(q,Z) . In high momentum transfer conditions, S(q,Z)

approaches the total number of atomic electrons (Z), whereas it
decreases as the transfer approaches zero.

3.3. The R/C Ratio and Effective Atomic Number

This study was based on a fundamental principle that
namely Rayleigh to Compton scattering cross-section ratio.
This principle (R/C) ensures a unique spectral signature that is
strictly related to the atomic environment of the target material
investigated. The atomic Compton scattering cross-section
(inc,q), occurring from bound electrons, is defined as:

do do IF(q,2)1
R=(5)./ (@)« “ sem ®
EDac = S@.2)CGDxn 4

The parameterization of F(q, Z) and S(q, Z) is based on the
comprehensive data provided by Hubbell (1982). The effective
atomic number, Z.¢¢, is derived from the weighted atomic

percentages of the sample constituents. This parameter directly
reflects the electronic landscape of the target and is calculated
through the following summation:

R=(8),/(%),, <l )

Z}I:l a;-"tS(q,Zj)

at _ _Wi/Ap
J Yiw;/Aj)

(6)

Where W; represents the fractional weight and A;
represents the atomic mass of the jth element within the
molecular structure.

4. Results and Discussion

The experimental R/C ratios, effective atomic numbers
(Zefr), and electron densities(N,f ) determined for the selected
copper compounds are summarized in Table 1. To validate the
experimental findings, theoretical Z,¢¢ values were calculated
using the WinXCOM database, and a high degree of correlation
was observed across the studied energy range.

Table 1. Rayleigh to Compton scattered intensity ratio, experimental and theoretical effective atomic numbers of copper compounds.

Copper Rayleigh to Effective Atomic Other Effective Electron
PP Compton intensity Number . Theoretical Density (Theoretical)
Compounds . . Experimental
ratio Experimental (electrons/g)

CuSOq4 0.0294-+0.002 20.995+0.756 -- 21.6 8.147E+22

CuS 0.0731+0.002 27.045+0.741 - 26.4 1.662E+23

CusSi 0.1023+0.002 30.529+0.807 -- 28.2 4.910E+22

Cul 0.4366+0.002 48.79140.941 -- 473 1.495E+23
CuSes.5(H20) 0.0493+0.003 23.877+0.983 -- 25.8 2.853E+22
H4CuOsSe 0.1253+0.002 32.993+0.864 -- 24.9 6.620E+22

CuTe: 0.3922+0.002 47.941+0.798 -- 49.8 9.413E+22

CusN 0.0823+0.002 28.194+0852 - 24.4 7.185E+22
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The sensitivity of scattering cross-sections to the chemical
environment is visually demonstrated in Figures 3 and 4. Figure
3 compares the pulse height spectra of pure Copper (Z=29) and
CuSO0, (Zosr = 21.6). As expected from the Z™ dependence of
elastic scattering, the coherent (Rayleigh) peak of pure copper
is significantly more intense than that of the sulfate compound.
This reduction in Z.¢; in CuSO, leads to a relative increase in
the Compton profile, confirming that inelastic scattering
becomes more prominent in lower-Z molecular environments.

In contrast, Figure 4 illustrates the effect of a high-Z
constituent by comparing pure Copper with Copper lodide
(Cul, Zsf = 48.8). The presence of lodine (Z = 53) results in
a dramatic enhancement of the Rayleigh peak, which nearly
triples the intensity observed in metallic copper. This sharp
contrast provides a robust experimental verification of the R/C
method’s ability to detect subtle changes in the effective atomic
charge of complex materials.

The slight discrepancies observed in some compounds, such
as H,CuOsSe, between experimental and theoretical Z,zf
values can be attributed to the influence of molecular bonding
effects and the local electronic environment, which are not fully
accounted for in the independent atom model (IAM) used by
WinXCOM. Overall, the consistent agreement between the
measured R /C ratios and the theoretical expectations reinforce
the reliability of using HPGe-based gamma-ray spectrometry
for material characterization.

5. Conclusion

For the analysis of Cu based high electrical value materials,
the present study has been focused on the determination of
effective atomic number and effective electron density of these
compounds via Rayleigh to Compton scattering ratio technique.
The employment of very sensitive HPGe detector helped us
obtain pronounced peaks corresponding to Rayleigh and
Compton effects.

The main focus of this research work lies in demonstrating
the results of the interactions of the radiation through effective
atomic number of composite materials. Moreover, some values
of effective atomic number of certain copper compounds
obtained here constitute previously unknown data, thereby
providing significant input to current literature. It is clear that
the application of R/C ratio method can be considered useful in
radiation protection, materials science, and medicine.
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ABSTRACT

Geomagnetic storms induce significant perturbations in the ionosphere, profoundly affecting Total Electron Content
(TEC) and consequently the performance of Global Navigation Satellite Systems (GNSS). This study characterizes the
positive and negative phases of ionospheric storms over Tiirkiye during 14 geomagnetically disturbed days (maximum
3-hourly Kp > 6, corresponding to G2-G4 storms on the NOAA scale) spanning January 2019 to June 2023. The period
covers the deep minimum of Solar Cycle 24 (SC24) and the ascending phase of Solar Cycle 25 (SC25). High-resolution
IONOLAB-TEC estimates at 2.5-minute intervals are derived from nine continuously operating stations of the Turkish
National Permanent GNSS Network-Active (TNPGN-Active). These stations, distributed across geodetic latitudes
36.59°N-42.01°N and longitudes 26.33°E-44.34°E, provide comprehensive spatial coverage of the mid-latitude
ionosphere over the Eastern Mediterranean and Anatolian region. A single geomagnetically quiet reference day (07 May
2022) is selected and an observation-driven pre-storm scaling procedure is applied to normalize the TEC time series.
This approach effectively accounts for seasonal and solar-cycle differences in background ionization levels without
dependence on empirical models. Analysis of network-averaged normalized TEC deviations (rATEC) reveals that storm
responses are governed by a complex interplay of factors. Storm intensity provides a first-order control on perturbation
magnitude, with G4 events generally producing larger peak positive deviations. However, the local time of storm onset
strongly modulates phase dominance: near-noon onsets favor prolonged negative phases associated with thermospheric
composition changes, while midnight-to-morning onsets promote extended positive phases driven by prompt penetration
and disturbance dynamo electric fields. Seasonal dependence is pronounced, with spring events displaying the most
consistent positive responses, winter conditions amplifying relative enhancements due to lower baseline TEC and
summer suppressing both phases. Pre-storm scaling factors clearly reflect the solar-cycle transition, showing a roughly
twofold increase in background TEC from the SC24 minimum to early SC25. These results establish a regional
observational baseline for mid-latitude ionospheric storm morphology in an underrepresented longitude sector. They
highlight the value of dense GNSS networks and observation-based normalization techniques for advancing space
weather understanding and improving GNSS reliability as Solar Cycle 25 approaches its maximum.

Please cite this paper as follows:

Karatay, S., Arikan, F., & Arikan, O. (2026). Characterization of positive and negative ionospheric storm phases using TNPGN-
Active TEC estimates spanning Solar Cycles 24 and 25 (2019-2023). Journal of Advanced Applied Sciences, 5(1), 8-23.
https://doi.org/10.61326/jaasci.v5i1.481

1. Introduction

The ionosphere, a dynamic layer of Earth's upper
atmosphere extending roughly from 60 to 1000 km altitude,
plays a critical role in modulating the propagation of radio
waves, particularly those used by Global Navigation Satellite

Systems (GNSS) (Hernandez-Pajares, et al., 2011; Jakowski, et
al., 2012; Ren, et al., 2016). Total Electron Content (TEC),
defined as the integrated number of free electrons along a signal
path through the ionosphere (typically expressed in TEC units,
where 1 TECU = 10'¢ electrons/m?), directly influences the
refractive index experienced by L-band GNSS signals (Arikan,

* A supplementary file for this article is available at https://doi.org/10.61326/jaasci.v5i1.481

® Correspondence
E-mail address: skaratay@kastamonu.edu.tr



https://doi.org/10.61326/jaasci.v5i1.481
https://orcid.org/0000-0002-1942-6728
https://orcid.org/0000-0002-6481-1385
https://orcid.org/0000-0002-3698-8888
http://jaasci.com/
https://prensip.gen.tr/
https://doi.org/10.61326/jaasci.v5i1.481

Karatay, Arikan and Arikan (2026). Journal of Advanced Applied Sciences, 5(1), 8-23

et al., 2003; Nayir, et al., 2007). This leads to group delay and
phase advance effects that can introduce positioning errors
ranging from meters to tens of meters if not properly modeled
or corrected (Arikan, et al., 2008). Under geomagnetically quiet
conditions, the ionosphere exhibits predictable diurnal,
seasonal, and solar-cycle variations driven primarily by solar
Extreme Ultra Violet (EUV) radiation (Vaishnav, et al., 2019),
neutral winds (Lu, et al., 1995) and background electric fields
(Pudovkin, 1974). However, during periods of heightened
geomagnetic activity, triggered by Coronal Mass Ejections
(CMEs), high-speed solar wind streams, or other solar wind
structures interacting with Earth's magnetosphere, the
ionosphere undergoes rapid and often dramatic perturbations
known as ionospheric storms (Fuller-Rowell, et al., 1994; Lei,
et al., 2008; Lyon, 2000; Ridley, et al., 2006a).

Geomagnetic storms are quantified through indices such as
the planetary Kp (measuring global geomagnetic disturbance
on a 0-9 scale) (GFZ, 1956), the Disturbance storm time (Dst)
index (reflecting the intensity of the equatorial ring current) and
the high-resolution SYM-H index (a one-minute analogue of
Dst (WDC, 1957) When the Interplanetary Magnetic Field
(IMF) turns southward, efficient magnetic reconnection at the
dayside magnetopause allows solar wind energy to penetrate
the magnetosphere, leading to enhanced convection electric
fields, Joule heating in the high-latitude thermosphere and the
generation of disturbance dynamo electric fields (Maruyama, et
al., 2005; Sojka, et al., 1986; Vasylitinas & Song, 2005; Yu &
Ridley, 2009). These processes cascade downward, altering
thermospheric composition (notably the O/N: ratio), neutral
winds and plasma transport at mid-latitudes (Rishbeth &
Garriott, 1969). The resulting ionospheric responses manifest
as either positive phases (enhancements in electron density and
TEC, often driven by prompt penetration electric fields or
equatorward neutral winds that uplift plasma to altitudes of
reduced recombination) or negative phases (depletions in TEC,
typically linked to changes in thermospheric composition
where molecular-rich air is transported equatorward, increasing
recombination rates) (Fagundes, et al., 2016; Jin, et al., 2017,
Mishin, et al., 2019; Ridley, et al., 2006b). These phases do not
occur uniformly; their dominance, timing, duration and spatial
extent depend on a complex interplay of factors including the
storm's intensity and duration, the local time of onset, season,
longitude and the prevailing level of solar activity. Storms
commencing near local midnight or in the morning sector at
mid-latitudes frequently favor prolonged positive responses
due to favorable electric field configurations (Huang, et al.,
2005; Wang, et al., 2010), whereas daytime-onset events
(especially near local noon) tend to promote composition-
driven negative phases (Akala, et al., 2023; Gulyaeva &
Stanislawska, 2005). Seasonal asymmetries arise from
differences in background thermospheric circulation and
background plasma density: winter conditions often amplify
relative TEC enhancements because of lower baseline densities

(Yasyukevich, et al., 2020), while summer solstice periods can
suppress both positive and negative responses due to less
favorable neutral composition (Gulyaeva, et al., 2014; Karatay,
et al., 2017; Karatay, 2020c). Longitudinal variations further
complicate the picture, as the offset between geographic and
geomagnetic coordinates influences the efficiency of energy
deposition and plasma redistribution (Karatay, 2020a; Karatay,
2020b).

The transition from Solar Cycle 24 (SC24) to Solar Cycle
25 (SC25) offers a particularly valuable observational window
for such studies. SC24 was notably weak, with a prolonged and
deep minimum characterized by unusually low sunspot
numbers, reduced EUV flux and subdued geomagnetic activity
(Richardson, 2013; Watari, 2017). In contrast, the ascending
phase of SC25 has shown a more robust increase in solar
activity, with a higher frequency of intense geomagnetic events
in 2021-2023 compared to the preceding minimum years
(Hajra, et al., 2021; Javaraiah, 2022; Upton & Hathaway,
2023). This progression allows examination of how ionospheric
storm morphology evolves with changing background solar
flux levels, as higher EUV illumination elevates the ambient F-
region plasma density and alters the ionosphere's susceptibility
to external forcing (Yeeram, 2024). Multi-year analyses
spanning this transition thus help disentangle solar-cycle
modulation from pure geomagnetic drivers.

Mid-latitude regions, situated between the Equatorial
Ionization Anomaly (EIA) and auroral zones, serve as sensitive
indicators of these coupled magnetosphere—ionosphere—
thermosphere processes. Unlike equatorial latitudes, where
fountain-effect amplification and plasma bubbles dominate, or
high Ilatitudes dominated by particle precipitation and
convection, mid-latitudes experience a balanced influence from
both prompt penetration fields and longer-lived disturbance
dynamo effects, as well as equatorward-propagating
thermospheric disturbances (Wehmeyer, et al., 2026; Yi Liu, et
al.,, 2021). Over the Eastern Mediterrancan and Anatolian
plateau, the ionosphere lies in a transitional zone influenced by
European, African and Asian longitudinal sectors, making it
responsive to both hemispheric asymmetries and regional
geomagnetic field geometry (Doganalp & Koz, 2024; Ghafar,
et al, 2024). Tirkiye, spanning geodetic latitudes
approximately 36°N to 42°N and longitudes 26°E to 44°E,
provides excellent geographic coverage of this mid-latitude
domain. Its position allows investigation of spatial gradients
across nearly 18° of longitude, capturing variations that may
arise from differences in magnetic declination, local time
sectors and proximity to the mid-latitude trough during
disturbed conditions (Erken, et al., 2019; Karatay, et al., 2017;
Karatay, 2020a; Karatay, 2020b; Karatay, 2020c).

Previous regional studies in the Eastern Mediterranean and
surrounding areas have documented ionospheric storm effects
using various techniques, including ionosondes (Haralambous
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& Makrominas, 2024; Paul, et al., 2025; Pietrella, et al., 2018),
GNSS networks and satellite observations (Campuzano, et al.,
2023; Pica, et al., 2025; Sentiirk, 2020). These works have
highlighted the occurrence of both positive and negative
phases, their dependence on storm onset local time and
occasional preconditioning effects during consecutive storm
sequences. However, comprehensive analyses employing
dense, continuously operating GNSS reference networks, such
as the Turkish National Permanent GNSS Network-Active
(TNPGN-Active), remain relatively limited for the SC24/SC25
transition period, particularly when focusing on events selected
by consistent intensity thresholds (e.g., Kp > 6, corresponding
to G2 or stronger on the National Oceanic and Atmospheric
Administration (NOAA) scale). Such networks enable high-
temporal-resolution (e.g., 2.5-minute) TEC estimation across
multiple stations, facilitating network-averaged
characterizations that reduce local noise and reveal regional
coherence or variability (Arikan, et al., 2016; Koroglu &
Arikan, 2025).

Understanding ionospheric responses over Tiirkiye carries
both scientific and practical significance (Karatay, et al., 2017,
Karatay, 2020a; Karatay, 2020b; Karatay, 2020c).
Scientifically, it contributes to global models of storm-time
ionospheric dynamics by filling a data gap in a longitude sector
underrepresented in many statistical studies. Practically,
reliable TEC characterization is essential for mitigating GNSS
errors in applications ranging from precise point positioning
and real-time kinematic surveying to aviation, maritime
navigation and satellite-based augmentation systems. During
geomagnetic  storms, unmodeled TEC gradients and
scintillations can degrade positioning accuracy, increase cycle
slips and even cause signal loss-of-lock, with economic and
safety implications (Koroglu & Arikan, 2025). Moreover, as
solar activity rises toward the SC25 maximum, the frequency
and intensity of such disturbances are expected to increase,
underscoring the need for observation-based benchmarks
derived from regional GNSS infrastructure.

This study leverages IONOLAB-TEC estimates from nine
TNPGN-Active stations distributed across distinct geographic
zones of Tiirkiye to analyze the ionospheric response during 14
geomagnetically disturbed days (selected on the basis of
maximum 3-hourly Kp > 6) between January 2019 and June
2023. These events encompass a range of intensities (G2 to G4),
seasonal contexts and solar activity backgrounds, spanning the
late minimum of SC24 and the ascending phase of SC25. A
single geomagnetically quiet reference day is employed in
conjunction with an observation-driven pre-storm scaling
procedure to normalize IONOLAB-TEC time series, thereby
isolating storm-induced deviations while accounting for
seasonal and solar-cycle differences in background levels. The
analysis examines absolute and relative TEC deviations,
network-mean responses, peak positive/negative excursions,

phase durations and statistical distributions stratified by storm
class and season. By integrating supporting geomagnetic
indices (Kp, Dst, SYM-H) (GFZ, 1956; WDC, 1957) and
focusing on spatial averaging across the Anatolian network, the
work aims to elucidate the dominant controlling factors, storm
intensity, onset timing, season and solar background, on mid-
latitude ionospheric storm morphology in this region.

2. Materials and Methods

This study analyzes the ionospheric response over Tiirkiye
during geomagnetically disturbed periods using TEC estimates
derived from nine continuously operating GNSS reference
stations of the TNPGN-Active. The stations are distributed
across nine distinct geographic zones of Tiirkiye, spanning
geodetic latitudes from 36.59°N to 42.01°N and longitudes
from 26.33°E to 44.34°E (Table 1), thereby providing spatial
coverage of the mid-latitude ionosphere over the Eastern
Mediterranean and Anatolian region. The geographic locations
of the selected stations are shown in Figure 1.

The study period covers January 2019 to June 2023,
encompassing the deep minimum of Solar Cycle 24 (SC24) and
the ascending phase of Solar Cycle 25 (SC25).
Geomagnetically disturbed days are selected based on the
planetary Kp index, provided by the German Research Centre
for Geosciences (GFZ Potsdam) (GFZ, 1956). Days on which
the maximum 3-hourly Kp value exceeded 6, corresponding to
at least a G2-class geomagnetic storm on the NOAA scale, are
included in the analysis. This criterion yielded 14 disturbed
days ranging from G2 to G4 in storm intensity, as listed in Table
2. The selected events include storms occurring across all four
seasons and under varying solar activity levels, enabling an
assessment of seasonal and solar-cycle effects on the
ionospheric storm response (Matzka, et al., 2021). The
disturbance storm time (Dst) index and the SYM-H index were
obtained from the World Data Center for Geomagnetism,
Kyoto (WDC Kyoto) (WDC, 1957).

Table 1. Chosen TNPGN-Active stations located in nine
different zones across Tilirkiye.

Station Name/ID Latitude (°N) Longitude (°E)
Adana/ADN2 36.59 35.19
Ardahan/ARDH 41.06 42.41
Bogazliyan/BOG1 39.11 35.15
Edirne/EDIR 41.40 26.33
Kirkagag/KIKA 39.06 27.40
Mugla/MUGI 37.12 28.21
Muradiye/MUR1 38.59 43.45
Semdinli/SEM1 37.18 44.34
Sinop/SINP 42.01 35.09
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Figure 1. Geographic locations of the TNPGN-Active stations used in the study.
Table 2. Chosen geomagnetically disturbed days and quiet day between 2019-2023.

Geomagnetic Condition Day Kp maks. Class Season Onset (UT)
14 May 2019 6.3 G2 Spring 05:00
12 May 2021 7.0 G3 Spring 13:00
12 October 2021 6.3 G2 Autumn 00:00*
03 November 2021 6.3 QG2 Autumn 22:00
04 November 2021 7.7 G3 Autumn 05:00
13 March 2022 6.3 G2 Spring 15:00

. 10 April 2022 6.6 G2 Spring 06:00

Disturbed days
17 August 2022 6.6 QG2 Summer 20:00
04 September 2022 6.3 QG2 Autumn 05:00
27 February 2023 6.6 G2 Winter 00:00*
23 March 2023 7.0 G3 Spring 12:00
24 March 2023 8.0 G4 Spring 00:00
23 April 2023 8.3 G4 Spring 12:00
24 April 2023 8.0 G4 Spring 00:00*

Quiet Day 07 May 2022 1.6 — Spring 05:00

The Class column refers to the NOAA geomagnetic storm scale (G1-G5, Kp > 5); dash indicates no storm condition. Asterisk (*) denotes events for
which the storm onset preceded the start of the observational window; a one-hour fallback scaling window was applied as described in Section 2.1.

Dst is a hourly index that quantifies the globally symmetric
disturbance of the horizontal geomagnetic field component at
equatorial latitudes and is widely used to characterize the
intensity and phase of geomagnetic storms (Sugiura, 1964).
SYM-H is the one-minute equivalent of Dst, providing higher
temporal resolution suitable for identifying the precise onset
timing of each storm event (Nakano & Iyemori, 2005). The Kp
and Dst time series for all 14 disturbed days, together with the
quiet reference day, are presented in Figure 2. The
corresponding SYM-H time series are shown in Figure 3. A
single geomagnetically quiet day (07 May 2022, Kpmax =

1.33, Dstynin, = —10 nT) is selected as the reference baseline
for the normalization procedure described in Section 2.1.

2.1. Normalization of IONOLAB-TEC Time Series
and Derivation of Ionospheric Storm Response

The IONOLAB-TEC algorithm computes VTEC from dual-
frequency GPS observations by forming the geometry-free
linear combination of the L1 (1575.42 MHz) and L2 (1227.60
MHz) carrier phase and pseudorange measurements, which
eliminates the first-order ionospheric delay while retaining the
TEC signal. Differential Code Biases (DCBs) for both satellites
and receivers are estimated simultaneously within the
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regularization framework of the algorithm, following the
approach described in Arikan et al. (2003, 2008), thereby
avoiding reliance on externally provided DCB products. The
2.5-minute output cadence corresponds to the highest temporal
resolution achievable from standard 30-second RINEX
observation files through the smoothed carrier-phase leveling
procedure implemented in the algorithm and is particularly
advantageous for resolving the rapid onset and recovery
dynamics of ionospheric storm phases, which can evolve on
timescales of tens of minutes.

IONOLAB-TEC provides TEC estimates at 2.5-minute
intervals for each station and day. For station u, storm d and
quiet reference day d,, the IONOLAB-TEC time series is
represented as the column vector:

T
Xudsdqg = [xu;ds,dq(l) e Xuaga, (M) ---xu;ds,dq(N)] €]

where N = 576 is the total number of samples per day (24
h x 60 min / 2.5 min) and n = 1,2, ..., N denotes the sample
index.

Since the 14 storm events span multiple years and seasons,
the absolute IONOLAB-TEC level of the single quiet reference
day (07 May 2022) differs from the pre-storm background of
each event due to seasonal variation and solar activity changes
across Solar Cycle 25. To account for these differences without
relying on empirical models, a pre-storm window scaling factor
is computed from observations alone.

For each storm event dg and station u, the storm onset
sample index N, is determined as the first hourly interval at
which the Dst index falls below -30 nT. For events where Dst
already satisfies this criterion at n =1 (i.e,, the storm
commenced on the preceding day), a one-hour window
(Monser = 24 samples) s used instead. The scaling factor is then

defined as:
1 Nonset
2 Xy.d.(n
k — Nonset Zn=1 u;ds (M) (2)
u;dg 1 ymonset

- Xu: n
Nonset “N=1 u,dq( )

where the numerator and denominator are the pre-storm
means of the storm day and quiet reference day, respectively,
computed over the same time window. The one-hour fallback
window is a deliberate conservative choice: it retains the largest
possible pre-storm sample while remaining strictly prior to any
storm-driven TEC perturbation. However, its application to
four events (12 October 2021, 27 February 2023, 24 March
2023, 24 April 2023), in which geomagnetic activity had
already commenced before the start of the observational
window, introduces a potential source of scaling uncertainty. If
storm-driven TEC enhancements are already present within this
one-hour window, the computed k will be slightly
overestimated relative to the true quiet background, leading to
a marginally higher TEC,.; and consequently a modest
underestimation of the positive rATEC for those events.

Conversely, if a negative phase is already underway, k will be
slightly underestimated, amplifying the apparent positive
deviation. The direction and magnitude of this effect are event-
dependent and cannot be fully quantified without multi-day pre-
storm TEC data. Nevertheless, the impact on the primary
conclusions of this study, storm phase polarity, duration and the
relative ordering of events by intensity class and season, is
expected to be minor, as the one-hour window captures the
diurnal TEC shape sufficiently to constrain the scaling ratio.

The scaled quiet-day reference vector for station u and
storm event d; is then:

ref __
xu;ds = ku;ds ) xu;dq (3)

The absolute IONOLAB-TEC deviation is computed as:

— ref
AXyyq, = Xy, — Xy, 4)

and the normalized relative deviation, expressed as a

percentage, is:
ref
Xu;dg ) _xu;ds m) x

ref
w;dg n

rAxy,q,(n) = 100 (5)

Values of rAx,,4,(n) > 0 indicate a positive ionospheric
storm phase (IONOLAB-TEC enhancement), while
TAxy;q.(n) < 0 indicate a negative phase (IONOLAB-TEC
depletion).

To characterize the spatially averaged ionospheric response
over Tiirkiye, the network mean and standard deviation of the
relative deviation are computed across all U = 9 stations at
each time sample:

T8xg,(n) = Th_1 X0, (M) (©)

Grangy ) = [E5U [t () B ()

For each storm event and station, the peak positive and peak
negative deviations are defined as:

rAx;';ds = mrzzlx[rAxu;ds (n)], TAXyq, = mnin[rAxu;ds (n)] ®)

These peak values are subsequently used to compare storm
responses across geomagnetic storm intensity classes (G2, G3,
G4) and seasons.

3. Results and Discussion

This section presents the analysis of ionospheric TEC
response over Tirkiye during the 14 geomagnetically disturbed
days identified in Table 2. The geomagnetic conditions
characterizing each event are first examined through the Kp,
Dst and SYM-H indices (Figures 2 and 3). The storm-time
IONOLAB-TEC estimates and the scaled quiet-day reference
are then compared for the most intense event of the study period
(Figure 4), followed by a network-wide characterization of the
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normalized TEC deviation rATEC (%) across all 14 events
(Figure 5). The pre-storm scaling factors, which quantify the
seasonal and solar activity differences between each storm day
and the quiet reference day, are presented in Figure 6. Finally,
the statistical distribution of peak positive and negative
ionospheric responses is assessed as a function of storm
intensity class and season (Figure 7).

Figure 2 presents the Kp and Dst indices for the 14 selected
geomagnetically disturbed days alongside the quiet reference
day (07 May 2022) over the period 2019-2023. The selected
events span the deep minimum of Solar Cycle 24 and the
ascending phase of Solar Cycle 25, with only one event
recorded in 2019 (14 May 2019, G2) and no events meeting the
Kp > 6 criterion in 2020, reflecting the historically low
geomagnetic activity level during the SC24/SC25 transition
minimum. Activity progressively increased from 2021 onward,
consistent with the rising phase of SC25, with the most intense
events concentrated in early 2023.

Of the 14 events, eight are classified as G2 (Kpax = 6.3 —
6.6), three as G3 (Kpgax = 7.0 —7.7) and three as G4
( Kpmax =8.0—8.3 ). The Dst index reinforces this
classification: the G2 storms produce minimum Dst values
ranging from -18 nT to -85 nT, while the G3 and G4 events
yield substantially deeper depressions, with the most intense
event, 23 April 2023 (Kpmax = 8.3, G4), reaching a Dst
minimum of -165 nT and the consecutive event on 24 April
2023 attaining the deepest depression of the entire study period

at -213 nT. The March—April 2023 sequence is particularly
noteworthy, as four G3—G4 class storms occurred within a span
of 32 days, indicative of a period of elevated solar activity near
the SC25 maximum.

A notable exception is the 03 November 2021 event, which
satisfies the Kp > 6 criterion (Kp,,q, = 6.3, G2) yet the Dst
index does not drop below -30 nT throughout the day, with a
minimum of only -18 nT. This discrepancy suggests that the
ring current enhancement associated with this event was
relatively weak despite the elevated Kp, likely reflecting a
storm driven primarily by substorm-related auroral currents
rather than a sustained ring current injection. Accordingly,
storm onset for this event is defined by the Dst minimum hour
rather than the standard -30 nT threshold, as described in
Section 2.1. The seasonal distribution of events, with seven
occurring in spring, two in autumn, two in summer, one in
winter and two spanning the summer/autumn transition, reflects
the well-known Russell-McPherron effect, whereby the
southward component of the interplanetary magnetic field is
statistically enhanced near the equinoxes, increasing the
geoeffectiveness of solar wind structures (Russell &
McPherron, 1973). The quiet reference day (07 May 2022)
exhibits Kp values not exceeding 1.66 throughout the day and
Dst values remaining within the range -10 to -1 nT, confirming
its suitability as a geomagnetically undisturbed baseline for the
normalization procedure.

Geomagnetic Kp Index (2019-2023)

Geomagnetic Dst Index (2019-2023)
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Figure 2. Kp (top panel) and Dst (bottom panel) indices for the geomagnetically disturbed days and one quiet day between 2019 and 2023.

Figure 3 presents the SYM-H index at 1-minute resolution
for the same 14 disturbed days and the quiet reference day.

Compared to the hourly Dst shown in Figure 2, the SYM-H
index reveals finer temporal structure in the storm
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development, particularly during the sudden storm
commencement (SSC) and the main phase onset. For the G4
events of March—April 2023, the SYM-H time series shows
rapid main phase deepening rates, with the 23 April 2023 event
exhibiting a decrease of approximately 130 nT within a few
hours following onset near 12:00 UT and the 24 April 2023
event reaching a minimum SYM-H of -213 nT, the deepest
value recorded in the study period. The high cadence of SYM-
H also captures brief positive excursions during the initial phase
of several events, most notably in the 12 May 2021 and 10 April

2022 storms, reflecting sudden commencement signatures
associated with interplanetary shock arrival. For the 03
November 2021 event, consistent with the Dst analysis, the
SYM-H trace remains close to baseline throughout the day,
with only a modest perturbation in the late evening hours,
further supporting the interpretation that this event represents a
weak ring current response. The quiet reference day SYM-H
values fluctuate within £10 nT, confirming the absence of any
significant geomagnetic disturbance.
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Figure 3. SYM-H index for the geomagnetically disturbed days and one quiet day between 2019 and 2023.

Figure 4 compares the storm-time IONOLAB-TEC (x4,
solid blue) with the scaled quiet-day reference (xref dashed

u;dg?
red) for all nine stations during the 23 April 2023 geomagnetic
storm (G4, Kppae =8.3 ). Prior to storm onset at
approximately 12:00 UT, the two curves are in close agreement
across the entire network, validating the pre-storm scaling
approach. Following onset, a network-wide positive deviation
is initially observed, followed by a transition to predominantly
negative values in the post-onset hours, yielding a peak positive
rATEC of +20.5% and a peak negative of —30.9% (Table 3).
The negative phase dominates the remainder of the day, with a
total negative-phase duration of 13.9 hours compared to only
10.1 hours of positive phase, the most negative-phase-dominant
event in the study period despite its G4 classification. This
apparently paradoxical result, whereby the most intense storm

by Kp does not produce the largest positive TEC enhancement,
is consistent with the well-established dependence of the
ionospheric storm response on the local time of onset. The
storm on 23 April 2023 commenced near local noon over
Tiirkiye (12:00 UT = 14:00-15:00 LT), a timing that favors the
composition-driven negative phase over the electric field-
driven positive phase, since the disturbance dynamo electric
fields that produce TEC enhancements are most effective
during post-midnight and morning hours (Fejer & Scherliess,
1997). In contrast, the consecutive event of 24 April 2023,
which commenced near midnight (onset h =~ 00:00 UT),
produced a peak positive TATEC of +167.6% and a positive
phase duration of 19.3 hours, directly illustrating the onset
local-time control on storm phase dominance. The
supplementary figures for the remaining 13 events confirm this
pattern across the full event set.
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Figure 4. Comparison of storm-time IONOLAB-TEC (TE Cgtorm, solid blue) and scaled quiet-day reference IONOLAB-TEC (TEC,y,
dashed red) for the nine GNSS stations during two consecutive G4 geomagnetic storms illustrating contrasting storm phase dominance.
Upper panels: 23 April 2023 (G4, Kpmax = 8.3), a negative-phase-dominant event with storm onset near local noon (~12:00 UT). Lower
panels: 24 April 2023 (G4, Kpmax = 8.0), a positive-phase-dominant event with storm onset near local midnight (~00:00 UT). Grey
shading indicates the post-onset period and the vertical grey line marks the storm onset in each panel. The contrasting behaviors of these
consecutive events, which differ only in onset local time, directly illustrate the dominant role of onset timing in controlling ionospheric
storm phase dominance.

Table 3. Summary statistics of the ionospheric storm response for each event.

Date Class  Season Peak rATEC* (%) Peak rATEC™ (%) Dur*(h) Dur (h) Kk (mean=*o0o)
14 May 2019 G2 Spring +28.9 -26.1 13.2 10.8 0.469 + 0.044
12 May 2021 G3 Spring +64.6 -19.8 11.1 12.9 0.533 £ 0.048
12 Oct 2021 G2 Autumn  +41.0 -25.6 12.3 11.7 0.526 + 0.051
03 Nov 2021 G2 Autumn  +34.8 -31.2 14.1 9.9 0.465+0.034
04 Nov 2021 G3 Autumn  +118.7 -21.7 20.0 4.0 0.504 + 0.052
13 Mar 2022 G2 Spring +31.6 -33.7 12.9 11.1 0.717 £ 0.062
10 Apr 2022 G2 Spring +41.3 -33.6 12.6 11.4 0.913 +0.080
17 Aug 2022 G2 Summer  +27.7 -16.4 13.4 10.6 0.857 +0.070
04 Sep 2022 G2 Autumn  +30.3 -15.7 18.8 5.2 0.757 £ 0.086
27 Feb 2023 G2 Winter +197.4 -32.8 21.0 3.0 0.644 + 0.079
23 Mar 2023 G3 Spring +42.4 —41.8 10.2 13.8 1.372+£0.119
24 Mar 2023 G4 Spring +140.9 —55.3 12.7 11.3 0.762 +£0.103
23 Apr 2023 G4 Spring +20.5 -30.9 10.1 13.9 1.184 £0.126
24 Apr 2023 G4 Spring +167.6 -25.2 19.3 4.7 0.560 + 0.071

Peak positive and peak negative rATEC values represent network-mean maxima and minima, respectively. Phase durations are computed as the total
time (hours) for which the network-mean rATEC remains positive or negative. The pre-storm scaling factor k is reported as the mean + standard
deviation across the nine stations.

Figure 5 presents the network-averaged normalized TEC panels. First, positive storm phases dominate the daytime hours
in the majority of events, but the magnitude varies by more than

an order of magnitude across the study period. The most

deviation rAxy (n) with 16 envelope for all 14 storm events.
Several key features emerge from a systematic inspection of the
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extreme positive deviations are recorded on 27 February 2023
(G2, Winter; peak +197.4%) and 24 April 2023 (G4, Spring;
peak +167.6%), while the weakest positive response is
observed on 17 August 2022 (G2, Summer; peak +27.7%) and
23 April 2023 (G4, Spring; peak +20.5%). This range illustrates
that storm intensity class alone is a poor predictor of TEC
enhancement magnitude and that onset timing, season and solar
activity level all contribute substantially to the observed
response. The anomalously large positive deviation of +197.4%
on 27 February 2023 warrants particular attention. This event,
despite being classified as G2 (Kpyqax = 6.6), occurred in
winter with a storm that was already in progress at 00:00 UT
(Dst < -30 nT from the start of the observational window),
yielding a k-scale factor of 0.644. The low k value reflects the
depressed winter ionosphere over Tiirkiye relative to the May
quiet reference day, so that even a moderate positive TEC
perturbation appears amplified when expressed as a percentage
relative to the scaled reference. This result highlights both the
physical role of seasonal background TEC in modulating the
apparent storm response magnitude and a methodological
sensitivity of the rATEC metric to events where the storm onset
precedes the observational window, a limitation acknowledged
for the four events (12 October 2021, 27 February 2023, 24
March 2023, 24 April 2023) for which the one-hour fallback
scaling window was applied.

Second, the negative storm phase is most prominent and
sustained in the March—April 2023 G3-G4 sequence. The 24
March 2023 event (G4) produces the deepest network-mean
negative deviation of the entire study period at -55.3%, with a
negative-phase duration of 11.3 hours. The 23 March 2023
event (G3), which preceded it by one day, also exhibits a
pronounced negative phase (-41.8%, 13.8 hours), suggesting
that residual thermospheric composition changes from the 23
March event may have preconditioned the ionosphere for a
deeper negative response on 24 March. Such storm-on-storm
compositional conditioning has been documented in previous
multi-day storm sequences (Prolss, 1995).

Third, the 04 November 2021 event (G3, Autumn) stands
out with an exceptionally long positive phase duration of 20.0
hours and a peak rATEC of +118.7%, with a correspondingly
short negative phase of only 4.0 hours. The storm onset
occurred at approximately 05:00 UT (= 07:00-08:00 LT over
Tiirkiye), placing it in the early morning sector where prompt
penetration electric fields are known to produce sustained
daytime positive phases over mid-latitudes (Tsurutani, et al.,
2004). The +loc envelope is notably narrow for this event
compared to the G4 storms, suggesting a spatially coherent
positive response across the Anatolian network.

Fourth, the 03 November 2021 event (G2, Autumn; panel
d) is the only event in the study period for which the Dst index
did not reach the -30 nT threshold, with a minimum Dst of only
-18 nT. Despite this weak ring current signature, the

ionospheric TEC response is non-negligible at the network
level, with a peak positive deviation of +34.8% and a peak
negative deviation of -31.2%. The positive phase (14.1 h)
dominates, suggesting that magnetospheric energy input via
mechanisms other than the symmetric ring current, such as
substorm-driven prompt penetration electric fields, may have
contributed to the observed TEC enhancement even in the
absence of a pronounced main-phase Dst depression. The
retention of this event in the analysis is justified on three
grounds. First, the event selection criterion adopted in this study
is based exclusively on the maximum 3-hourly Kp index
exceeding 6, a threshold that this event satisfies (Kpmax = 6.3).
Excluding it post hoc on the basis of the Dst threshold would
introduce an inconsistency in the selection procedure and
constitute a form of confirmation bias toward events with
strong ring current signatures. Second, the Kp-Dst decoupling
observed here is a well-documented phenomenon in the
literature: intense substorm activity can drive Kp to high values
through auroral electrojet enhancement without necessarily
producing a sustained symmetric ring current injection
sufficient to depress Dst below -30 nT (Gonzalez, et al., 1994;
Matzka, et al., 2021). This event therefore represents a
physically distinct class of geomagnetic disturbance that is
legitimately captured by the Kp-based selection criterion.
Third, the ionospheric TEC response to this event is non-
negligible, with a network-mean peak positive deviation of
+34.8% and a peak negative deviation of -31.2%, confirming
that magnetospheric energy input, likely via substorm-driven
prompt penetration electric fields, did reach the mid-latitude
ionosphere over Tiirkiye despite the weak ring current
signature.

Figure 6 presents the pre-storm scaling factor k,;;q_ for all
station—event pairs. The heatmap reveals two distinct and
physically interpretable patterns: a solar cycle trend along the
horizontal axis and a seasonal modulation within each year.
Regarding the solar cycle trend, all events from 2019 to mid-
2021 yield k values in the range 0.46—0.53, well below unity,
indicating that the pre-storm TEC background during these
SC24-minimum years was roughly half that of the May 2022
quiet reference day. This is consistent with the substantially
reduced solar EUV flux during the SC24/SC25 transition
minimum, which suppressed photo-ionization rates and
depressed the background ionospheric plasma density (Huang,
et al., 2016; Liu, et al., 2006). By 2022, k values rise to 0.72—
0.91, reflecting the increasing solar flux during the ascending
phase of SC25. In early 2023, two events (23 March 2023, k =
1.372; 23 April 2023, k = 1.184) yield k values exceeding
unity, meaning that the pre-storm TEC on those days was
already higher than the May 2022 quiet reference, a
consequence of the elevated solar activity near the SC25
maximum, which had surpassed the activity level of the
reference day by early 2023.
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The inter-station spread of k within a given event is small 23 March 2023 event (0, = 0.126) and 23 April 2023 (0} =
(0, = 0.036 — 0.134, Table 3), confirming spatial coherence 0.134), both during the late-storm-sequence period when the
of the background TEC across the Anatolian network at the pre- ionosphere may have been spatially non-uniform due to
storm timescale. The largest inter-station spread occurs for the preceding geomagnetic activity.
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Figure 6. Pre-storm scaling factor k for each station—event pair. Values greater than 1 indicate higher TEC background during the storm
day relative to the quiet reference day (07 May 2022), reflecting seasonal and solar activity differences.
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The robustness of the single quiet reference day approach is
further supported by the pre-storm agreement observed across
the supplementary figures (Figures S1-S13). In each event, the
storm-time IONOLAB-TEC and the scaled quiet-day reference
converge closely during the pre-onset window, confirming that
the scaling factor k effectively absorbs the seasonal and solar-
cycle differences in background TEC regardless of the
reference day chosen. While a formal sensitivity analysis using
alternative quiet days would require additional IONOLAB-
TEC retrievals beyond the scope of the present study, the
physical consistency of k with independently known solar EUV
trends across SC24-SC25 (Huang, et al., 2016; Liu, et al., 2006)
provides implicit validation of the normalization procedure.
The acknowledged limitation of the percentage-based rATEC
metric for low-k events (2019-2021) does not affect the
qualitative characterization of storm phase polarity or duration,
which are the primary observational quantities reported herein.

The systematic underestimation of k for the 2019-2021
events has a direct implication for the rATEC metric: since
TEC,er = k- Xy, is scaled to a low baseline for these early

events, any given absolute TEC perturbation translates into a
larger percentage deviation than it would for a 2022-2023 event
with a higher background. This cross-cycle asymmetry should
be borne in mind when interpreting peak rATEC values across
events from different phases of the solar cycle and underscores
the utility of the pre-storm scaling approach adopted in Section
2.1, which anchors the normalization to the observed pre-storm
TEC level rather than to a fixed solar activity proxy.

Figure 7 presents the statistical distribution of the peak
positive and peak negative deviations across all nine stations,
stratified by storm intensity class (panels a—b) and season
(panels c¢—d). Storm intensity dependence (panels a—b): A
statistically meaningful progression with storm class is
observed for the positive phase: the median peak positive
rATEC increases from +37.1% for G2 events to +66.8% for G3
and +140.1% for G4 and the mean values follow the same
ordering (+59.1%, +78.8%, +114.7%). The interquartile range
widens substantially from G2 to G4, reflecting the greater
event-to-event and station-to-station variability during intense
storms. For the negative phase (panel b), the class ordering is
less monotonic: G2 events yield a median peak of -31.4%, G3
events -26.0% and G4 events -34.9%. The comparatively
shallow G3 negative median is influenced by the 04 November
2021 event, which had an exceptionally dominant positive

phase and a very short negative phase (4.0 h), pulling the G3
distribution upward. The wide spread of the G4 box reflects the
contrasting behavior of the three G4 events: 24 March 2023
produced the deepest negative phase (-55.3%), while 24 April
2023 produced only -25.2%, with 23 April 2023 intermediate
at -30.9%.

It should be noted that the seasonal groups are unequally
sampled: spring comprises seven events (n=63 station-event
pairs), while summer and autumn each comprise two events
(n=18) and winter only one event (n=9). Accordingly, seasonal
interpretations for the summer, autumn and winter groups
should be treated as indicative rather than statistically definitive
and the spring group provides the most robust seasonal
characterization. Seasonal dependence (panels c—d): The
positive phase analysis (panel c) reveals that winter events
exhibit the highest median positive peak (+189.2%), followed
by spring (+46.1%), autumn (+41.6%) and summer (+29.6%).
However, the winter median is dominated by the single 27
February 2023 event (+197.4%), and the associated box spans
an exceptionally wide range due to the combination of the large
percentage deviation and the low background TEC discussed in
the context of Figure 6. Spring events, by contrast, show the
broadest seasonal sample (seven events) and a more
representative median. The relatively weak positive response in
summer is consistent with the lower occurrence probability of
positive ionospheric storms during solstitial periods over mid-
latitudes, where the thermospheric composition is less
favorable for density enhancements driven by equatorward
neutral winds (Mendillo, 2006; Prolss, 1993).

For the negative phase (panel d), spring produces the
deepest median (-33.9%) and winter the deepest mean (-
38.2%), while summer shows the weakest negative response
(median -19.7%). This seasonal ordering is consistent with the
greater susceptibility of the spring and winter ionosphere to
negative-phase composition changes, where the increased O/N2
depletion driven by storm-time Joule heating and Lorentz
forcing at high latitudes propagates equatorward more
efficiently during winter and spring due to the prevailing
thermospheric circulation patterns (Fuller-Rowell, et al., 1994).
The summer suppression of both phases is in agreement with
findings from previous studies of mid-latitude ionospheric
storms in the Eastern Mediterranean and Balkan region
(Karatay, et al., 2017; Karatay, 2020a; Karatay, 2020b;
Karatay, 2020c).
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Collectively, the results presented in this section
demonstrate that the ionospheric response over Tiirkiye during
geomagnetic storms is governed by a complex interplay of
storm intensity, onset local time, season and background solar
activity level, none of which acts independently. While storm
intensity class provides a first-order indicator of the expected
TEC perturbation magnitude, with G4 events producing median
peak positive deviations approximately four times larger than
G2 events, the wide intra-class variability observed in both the
positive and negative phases confirms that Kp or storm class
alone is insufficient to characterize the ionospheric storm
response at a specific location. The onset local time emerges as
a particularly critical modulator, as illustrated by the
contrasting behavior of the consecutive 23 and 24 April 2023
G4 events, where a difference of approximately 12 hours in
onset timing reversed the dominant storm phase from negative
to positive. Seasonal effects further modulate the response
through changes in thermospheric composition, background
plasma density and the efficiency of prompt penetration electric
fields, with spring events producing the most pronounced and
consistent positive phases over the Anatolian network. The pre-
storm scaling analysis reveals a clear solar cycle imprint on the
background TEC, with k values increasing from approximately
0.47 during the SC24 minimum to above 1.3 during the SC25
ascending phase, a factor that directly influences the apparent
magnitude of normalized TEC deviations and must be
accounted for in any multi-year comparative study. Taken
together, these findings provide a comprehensive observational
baseline for mid-latitude ionospheric storm morphology over
Tiirkiye during the SC24-SC25 transition period and highlight

the value of spatially distributed GNSS networks combined
with observation-based normalization for characterizing storm-
time ionospheric variability.

4. Conclusion

This study provides a detailed characterization of the
ionospheric storm response Tirkiye during 14
geomagnetically disturbed days (G2-G4 class) between
January 2019 and June 2023, using high-resolution [ONOLAB-
TEC estimates derived from nine TNPGN-Active GNSS
stations. By applying an observation-driven pre-storm scaling

over

procedure anchored to a single quiet reference day (07 May
2022), the analysis successfully isolated storm-induced TEC
deviations while effectively accounting for seasonal and solar-
cycle differences in background ionization levels across the
SC24 minimum to SC25 ascending phase transition.

The results demonstrate that the mid-latitude ionosphere
over the Anatolian region exhibits highly variable responses
governed by a complex interplay of multiple drivers. Storm
intensity (Kp/Dst) offers a first-order control on the magnitude
of perturbations, with G4 events generally producing larger
peak positive deviations than G2 events. However, intra-class
variability is substantial, underscoring that geomagnetic indices
alone are insufficient predictors. The local time of storm onset
emerges as a dominant modulator: events commencing near
local noon favor composition-driven negative phases, whereas
midnight-to-morning onsets promote prolonged electric field-
driven positive phases, as clearly illustrated by the contrasting
behaviors of the consecutive 23 and 24 April 2023 G4 storms.
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Seasonal effects further shape the response, with spring events
showing the most consistent and pronounced positive phases,
winter conditions amplifying relative enhancements due to
lower background TEC and summer periods suppressing both
phases due to unfavorable thermospheric composition.

The pre-storm scaling factor analysis reveals a clear solar-
cycle imprint, with background TEC roughly doubling from the
deep SC24 minimum (2019-mid-2021) to the more active early
SC25 period (2022-2023). This background modulation
directly influences the apparent percentage deviations
(rATEC), highlighting the importance of observation-based
normalization over reliance on fixed solar proxies in multi-year
studies. Network-averaged statistics and phase-duration
metrics further confirm spatial coherence across the nine
stations while capturing regional gradients over nearly 18° of
longitude in the Eastern Mediterranean sector. These findings
contribute to a better understanding of mid-latitude ionospheric
dynamics in a longitude sector that has been relatively
underrepresented in global storm-time statistics. Practically, the
observed TEC perturbations and their dependence on onset
timing and season have direct implications for GNSS error
mitigation, precise positioning and space weather forecasting
services in Tiirkiye and surrounding regions. As Solar Cycle 25
progresses toward its maximum, the frequency of intense
geomagnetic events is expected to rise, increasing the
operational relevance of such regional benchmarks.

Future work could extend this analysis by incorporating
additional TNPGN-Active stations for finer spatial resolution,
integrating ionosonde and satellite data for multi-instrument
validation, or developing empirical models that incorporate
onset local time and pre-storm background as explicit inputs.
Overall, this study demonstrates the value of dense,
continuously operating GNSS networks combined with robust
normalization techniques for advancing both scientific insight
and practical space weather applications in mid-latitude
regions.
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In this study, the influence of sintering time on the structural, microstructural and magneto-transport
properties of bulk Bi>Sr2CaCu20s+5 (Bi-2212) HT. superconductors synthesized by the solid-state
reaction method was investigated using Two-Component Exponential Model. The samples prepared
were heat treated at 840 °C for two different sintering durations: 60 h (S60) and 120 h (S120). XRD
analyses showed that both samples have tetragonal symmetry and increasing the sintering duration
to 120 h markedly reduced secondary impurity phases, such as BiSr3O0s.4 and BixCaxOs, thereby
enhancing phase purity and crystallographic order. Furthermore, thermally activated oxygen
desorption during prolonged heat treatment caused an expansion of the c-axis lattice parameter (from
30.62 A t0 30.68 A), indicating a transition from the overdoped regime to the optimally doped region.
The average crystallite size, estimated using the Scherrer method, increased from 38 nm to 45 nm,
while Williamson—Hall analysis revealed a significant reduction in internal strain and defect density.
SEM micrographs demonstrated the formation of characteristic platelet-like grain morphology and
improved grain interlocking resulting from anisotropic grain growth. Analysis of the transport
mechanism based on a semi empirical Two-Component Exponential Model showed that the 120 h
sintering protocol not only enhanced the Josephson current transport capability (]CWI) at the
macroscopic level through grain-boundary purification, but also improved the stability of flux
pinning centers (Hj,¢) at the microscopic level by optimizing nanoscale intragrain defects and oxygen
stoichiometry, thereby yielding a dual improvement in high-field magnetic performance.

Please cite this paper as follows:
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superconductors: A two-component exponential model approach. Journal of Advanced Applied Sciences, 5(1), 24-33.
https://doi.org/10.61326/jaasci.v5i1.495

1. Introduction

Although its critical transition temperature (T, = 80 K) is lower
than that of several other cuprate systems, its superior

The discovery of high-temperature (HT.) superconductivity
in 1986 became a milestone in scientific world. Subsequently,
the discovery of superconductivity in the rare-earth-free Bi—Sr—
Ca—Cu—O (BSCCO) system attracted considerable interest
(Maeda et al., 1988). Among the various phases of the BSCCO
system, BixSr,CaCu,Os+5 (Bi-2212) system has emerged as one
of the most technologically important cuprate superconductors.

® Correspondence
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thermodynamic phase stability, relatively broad synthesis
window, ease of processing into bulk, wire and ribbon forms,
and remarkable performance under high external magnetic
fields have made it a key material for both fundamental
quantum-mechanical studies and industrial high-field magnet
applications.
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The applicability of bulk polycrystalline Bi-2212
superconductors in high-current engineering applications is
critically constrained by the granular nature of the material,
weak mechanical properties and pronounced crystallographic
anisotropy. In such polycrystalline systems, grain boundaries
formed between randomly oriented adjacent grains, along with
amorphous secondary phases preferentially segregated at these
interfaces  during  synthesis, markedly degrade the
superconducting transport characteristics (Hilgenkamp &
Mannhart, 2002). Such grain boundaries act as Josephson
weak-link barriers that hinder the continuous circulation of
macroscopic supercurrent and limit quantum-mechanical
tunneling between adjacent grains. Under an external magnetic
field, superconducting phase coherence across the weak-link
structures rapidly deteriorates, resulting in a pronounced
suppression of the critical current density (].) even at low
magnetic fields (Peterson & Ekin, 1988). In this regard, precise
control of heat-treatment (sintering) parameters to optimize
solid-state diffusion kinetics and grain-boundary migration
(Ostwald ripening) plays a crucial role in promoting
morphological grain interlocking, enhancing crystallographic
texturing and narrowing the effective thickness of Josephson
weak-link barriers.

Beyond the structural and microstructural morphology, the
interstitial oxygen content within the Bi-2212 crystal lattice
plays a critical role in determining the electronic properties of
the system. Bi-2212 systems prepared by conventional routes
in an ambient air atmosphere inherently tend to stay in an
overdoped regime, where the hole concentration in the CuO,
planes deviates from its optimal level, leading to a suppression
of Cooper pair density and consequently a reduction in the
superconducting transition temperature (T.) (Ross, 2005).
Extended sintering duration facilitates controlled oxygen
desorption from the crystal lattice via thermally activated
processes. The accompanying expansion of the c-axis shifts the
system from the overdoped regime to the optimally doped state,
consequently improving both the intrinsic (intra-grain)
superconducting characteristics of the material and the
macroscopic Meissner shielding fraction.

The layered crystal structure of Bi-2212 gives rise to highly
complex magnetic vortex (flux-line) dynamics. Due to the large
anisotropy parameter, independent two-dimensional (2D)
pancake vortex structures confined within individual CuO»
planes dominate instead of continuous three-dimensional (3D)
flux lines throughout the material (Clem, 1991). At high-
temperatures and high-magnetic-fields, these 2D pancake
vortices readily decouple due to thermal fluctuations and
Lorentz-force-driven dynamics, resulting in significant flux
creep and consequently strong energy dissipation within the
superconducting matrix (Blatter et al., 1994). Maintaining the
current-carrying capability of the system requires a transition of
the vortex matter from a weakly pinned, ordered Bragg glass
phase into a disordered but collectively pinned vortex glass

phase with strong flux-pinning centers (Fisher et al., 1991).
This transition and stability are directly governed by the
optimization of homogeneously distributed nanoscale point
defects and oxygen vacancies within the crystal lattice.

In the literature, numerous studies have qualitatively
investigated the influence of sintering time on the structural
properties of Bi-2212 superconductors (Yang et al., 2016;
Zhang et al., 2010), however, the quantitative decoupling of
macroscopic weak-link transport and microscopic flux-pinning
dynamics in relation to time-dependent thermal processing
kinetics remains limited (Kametani et al., 2011; Wang et al.,
2018). To elucidate this complex transport mechanism, the
experimental magnetic-field dependence of the critical current
density (J. — H) can be analyzed with a semi-empirical double-
exponential model that simultaneously accounts for
intergranular (weak-link) and intragranular contributions. This
model enables the quantitative decoupling of the Josephson
coherence field (Hyi), which characterizes the magnetic-field
sensitivity of weak links and the intragranular flux-pinning
parameter (Hin), which represents the high-field pinning
strength within grains.

In this study, bulk Bi-2212 superconducting samples were
sintered at a constant temperature of 840 °C for two different
durations, 60 h (S60) and 120 h (S120). The primary objective
of the work is not only to investigate the effects of extended
solid-state diffusion time on crystallographic lattice parameters,
microstructural  grain-boundary evolution and magnetic
shielding capability, but also to quantitatively elucidate the
corresponding variations in the model parameters Hwi and Hiy.
In this way, the multi-scale impact of sintering time on quantum
mechanical phase locking and vortex glass stability is presented
within an integrated modeling framework, providing a new
physical perspective for predicting the high-field performance
limits of bulk cuprate superconductors.

2. Experimental

In this work, the BixSrnCaCuOs:5 (Bi-2212)
superconducting system was prepared by the conventional
solid-state reaction route using high-purity Bi,Os3, SrCOs,
CaCOs3 and CuO precursor powders (99.99%). After weighing
according to the desired stoichiometric ratios and thorough
mixing in an agate mortar, the powders were subjected to
calcination at 800 °C for 24 h. The calcined powders were then
finely ground, followed by a second calcination treatment at
820 °C for 24 h. The calcined powders were pelletized into
circular disk-shaped pellets. Finally, the samples were placed
inside a quartz tube and the pellets were subsequently sintered
at a constant temperature of 840 °C for two different durations,
60 h and 120 h, to investigate the influence of thermal
processing time on structural, magnetic and critical current
density properties. It should be emphasized that a pressure of
10 tons was applied during the pelleting process.
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The crystallographic structure of the sintered samples was
analyzed by X-ray diffraction (XRD) using a Rigaku Miniflex
600 diffractometer equipped with Cu-K, radiation (A = 1.5406
A). The surface morphology, anisotropic grain formations and
microstructural characteristics were investigated using a Leo-
Evo 40 scanning electron microscope (SEM). Superconducting
properties were evaluated by temperature-dependent
magnetization (M—T) under a constant external magnetic field
of 50 Oe following the Zero-Field-Cooled (ZFC) protocol and
magnetic-field-dependent magnetization (M—H) measurements
performed with a vibrating sample magnetometer (VSM)
integrated into a 9 T Quantum Design Physical Property
Measurement System (PPMS).

The magnetic-field dependence of the critical current
density (Jo — H), obtained from the magnetic hysteresis loops,
was analyzed with a semi-empirical Two-Component

Exponential Model to elucidate the complex transport behavior
of the superconducting matrix. The applied modeling approach
made it possible to quantitatively decouple the multi-scale
effects of prolonged heat treatment on macroscopic weak-link
transport and microscopic flux-pinning dynamics.

3. Results and Discussion

Figure 1 shows the XRD patterns of Bi»Sro,CaCuyOgs:s5 (Bi-
2212) superconducting samples sintered at 840 °C for 60 h
(S60) and 120 h (S120). Diffraction peak indexing was
performed using the standard JCPDS card for the Bi-2212
phase (No. 80-0396), confirming that all major reflections
correspond to a tetragonal crystal structure in agreement with
previous studies (Maeda et al., 1988; Tarascon et al., 1988). Bi-
2212 crystallizes in a body-centered tetragonal sub-cell with the
space group I4/mmm (No. 139) (Liang et al., 1988).
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(115) (0012)

(b)

Intensity (a.u.)

(006)

* Bi-2212
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@ BiSr,0;
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Figure 1. XRD patterns of Bi-2212 samples sintered at 840 °C for (a) 60 h (S60) and (b) 120 h (S120).

Using the least-squares refinement method, the unit cell
parameters of the S60 sample were calculated to be a = b =
3.814 A and ¢ = 30.62 A (c/a = 8.03), consistent with the ideal
tetragonal unit-cell structure of Bi-2212 (Tarascon et al., 1988).
For the S120 sample, the lattice parameters were determined to
be a =h ~3.816 A and ¢ ~ 30.68 A (c/a ~ 8.04). The slight
expansion of the c-axis obtained in S120 sample is attributed to
thermally induced oxygen desorption during prolonged heat
treatment. A decrease in the interstitial oxygen concentration in
the Bi-O layers weakens the interlayer electrostatic
interactions, thereby leading to c-axis expansion and shifting
the system from the overdoped regime to the optimally doped
superconducting regime (Argyriou et al., 1996; Ross, 2005).
The optimization of oxygen stoichiometry shifts the hole
concentration in the CuO; planes toward its optimal level in the
superconducting phase diagram, thereby increasing both the
density of states at the Fermi level and the Cooper pair density.
This electronically stabilized lattice state is the main reason for

the enhancements in superconducting transition temperature
(T.) and critical current density (J.), which will be discussed in
later sections. The unit-cell volumes were found to be
approximately 445.42 A3 for the S60 sample and 446.76 A3 for
the S120 sample. These results obviously show that prolonged
sintering does not lead to any significant structural degradation
or lattice distortion.

The strongest reflections indexed to the (0 0 2), (00 6), (00
8), (0 0 10), (0 0 12) and (1 1 5) planes are characteristic
signatures of the layered perovskite structure of Bi-2212.
Compared with the S60 sample, the S120 sample exhibits
noticeably increased peak intensities, reflecting improved
phase purity and a higher degree of crystallographic ordering
achieved due to prolonged sintering. This behavior is consistent
with the kinetic framework in which prolonged sintering
promotes solid-state diffusion and reaction kinetics, resulting in
the gradual reduction of residual intermediate and secondary
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phases and consequently enhancing the crystallographic
ordering of the system (Heeb et al., 1993).

In the S60 sample, the diffraction peaks attributed to
secondary impurity phases such as BiSr;Os4 and BiCayOs
were obtained, arising from incomplete reactions. However, in
the S120 sample, the volume fraction of these secondary phases
is significantly suppressed. This suggests that Bi-2212 phase
formation at 840 °C is governed by slow reaction kinetics and
that a prolonged sintering protocol of 120 h is essential to drive
the system toward a thermodynamically more stable, nearly
single-phase Bi-2212 state.

The average crystallite size (D) was calculated using the
Scherrer equation (Scherrer, 1918):

D = KA/Bpr:Cosb (1)

where K is a dimensionless shape factor, with a value close
to unity in general, A is the wavelength of the incident X-ray
radiation (1.5406 A), B, is the line broadening at half the
maximum intensity (FWHM) and 0 is the Bragg angle.
Considering the anisotropic crystal structure, the (0 0 10)
reflection was selected to estimate the crystallite size along the
c-axis (i.e., perpendicular to the CuO; planes). The resulting
values were D = 38 nm for the S60 sample and D =~ 45 nm for
the S120 sample. The increase in crystallite size confirms grain
growth during prolonged sintering, which enhances

I8
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intergranular connectivity. To systematically distinguish the
individual contributions of crystallite size and lattice
microstrain to the diffraction peak broadening, Williamson—
Hall (W-H) analysis was implemented according to the uniform
deformation model (UDM) framework. The mathematical
formulation is expressed as:

BriaCos® = —- + 4£Sin@ @)

where € is the lattice microstrain. The calculated
microstrain (€) values obtained from Williamson—Hall analysis
decrease from e = 2.1 x 1073 for S60 to € = 1.6 x 1073 for S120.
This substantial reduction directly reflects the relaxation of
internal stresses and lattice defects generated during the solid-
state synthesis, confirming a significant enhancement in the
long-range crystallographic order and overall crystallinity with
prolonged sintering time.

The surface morphology and microstructural characteristics
of both Bi-2212 samples were examined using the SEM
micrographs presented in Figure 2. The images clearly reveal
characteristic platelet-like grain morphology, which is a well-
known feature of Bi-based cuprate superconductors. This
morphology originates from the highly anisotropic crystal
structure of the Bi-2212 phase, in which strong covalent
bonding within the CuO; planes promotes preferential and
faster growth along the ab-plane.

Msg= 2000KX  EHT=2000kV SigmA=SEI WO = 10mm
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Mag =
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Figure 2. SEM micrographs of Bi-2212 samples sintered at 840 °C for 60 h (a—c) and 120 h (d—f), recorded at magnifications of 5000x,

10000x and 20000x, respectively.
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The SEM micrographs of the S60 sample (Figure 2a—c)
show a microstructure consisting of thin platelet-like grains
with lateral dimensions in the range of approximately 0.5-2
pm. The grains exhibit a highly random orientation, while
uniformly distributed micro-porosities are observed on the
sample surface. Although sintering of 60 h is sufficient for the
formation of the Bi-2212 phase, mass transport, densification
and grain growth processes remain incomplete. Moreover, the
irregular nanoscale inclusions which are generally observed at
grain boundaries are associated with secondary impurity phases
such as BiSr30s4 and Bi,Ca,0s, detected in the XRD analyses
(Garnier et al., 1999).

In the S120 sample sintered for 120 h, a pronounced
microstructural evolution is observed (Figure 2d—f). The grains
grow along the ab-plane, reaching lateral dimensions of
approximately 1-4 pum. This morphological improvement
directly confirms the increase in crystallite size along the c-axis
calculated using the Scherrer equation. The prolonged sintering
promotes solid-state diffusion kinetics and grain-boundary
migration, leading to enhanced intergranular interlocking and
the formation of a larger effective contact area, thereby
reducing weak-link effects in superconducting transport
(Garnier et al., 1999). The improved crystallographic texturing
and the reduction of secondary phases effectively decrease the
thickness of the Josephson tunneling barrier. This

0.0005

microstructural improvement hinders the rapid decrease of the
critical current density, ]J. , at low magnetic fields and
constitutes a key factor responsible for the increase in the
intergranular weak-link characteristic field (Hwi), as given in
the model parameters.

On the other hand, prolonged sintering leads to the
coalescence of small pores into larger, localized macropores
(Figure 2f). Despite the presence of such macropores in the
S120 sample, the significantly enhanced diamagnetic signal
observed in the M—T measurements indicates a higher shielding
volume, which can be attributed to the increased grain size,
stronger intergranular mechanical interlocking and higher
phase purity. The localization of pores within the
microstructure, without interrupting continuous current
percolation paths, together with the improved grain quality,
ultimately leads to an overall improvement in superconducting
performance.

The temperature-dependent DC magnetization (M-T)
results are showed in Figure 3. Both samples exhibit a
pronounced  diamagnetic  transition characteristic  of
superconductivity; however, notable differences are observed
between the S60 and S120 samples with respect to the
superconducting transition temperature (Tc) and the Meissner
shielding fraction.

M (emu)

-0.0005

-0.001

Figure 3. Temperature-dependent magnetization (M—T) curves of the samples sintered at 840 °C for (a) 60 h (red curve) and (b) 120 h

(blue curve).

As shown in the inset of Figure 3, which shows the reduced
temperature range between 69 and 84 K, the onset
superconducting transition temperature (Tconser) for the S60
sample (red curve) is found to be ~75 K. This value is below
the maximum T, value (~85 K) reported for optimally doped
Bi-2212 compounds. For the S120 sample (blue curve),
however, Tconset increases to approximately 80 K upon
prolonging the sintering duration to 120 h.

The observed increase in T, is directly associated with the
lattice parameter variations obtained from the XRD analysis.

Bi-2212 system synthesized in ambient air typically exhibits an
overdoped oxygen state, which suppresses the T. temperature.
Prolonged heat treatment of 120 h facilitates controlled oxygen
desorption from the crystal lattice, consistent with the c-axis
expansion observed in the XRD results. As a consequence, the
system shifts from the overdoped regime toward the optimally
doped regime, leading to an increase in the T onset Value (Ross,
2005). Moreover, the sharper and steeper diamagnetic
transition exhibited by the S120 sample, characterized by a
narrower transition width (AT,), indicates a closer convergence
between the intrinsic intra-grain superconducting transition

28



Aksan and Kirat (2026). Journal of Advanced Applied Sciences, 5(1), 24-33

temperature and the intergranular Josephson phase-locking
temperature, suggesting the formation of a more homogeneous
superconducting matrix. This result provides strong
experimental evidence that grain-boundary purification
enhances macroscopic quantum coherence and allows it to
remain robust against external magnetic fields even at elevated
temperatures.

In addition, the low-temperature diamagnetic response of
the S120 sample is larger than that of the S60 sample. This
behavior provides clear evidence of a significant increase in the
effective superconducting volume fraction (shielding fraction)
in the S120 sample. The pronounced difference in diamagnetic
response between the S60 and S120 samples is fully consistent
with the microstructural evolution observed in the SEM
analysis. In granular superconductors, the magnitude of the
ZFC signal strongly depends on the quality of intergranular
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The magnetic-field dependence of magnetization, M(H), for
both S60 and S120 samples was measured at 50 K and 10 K in
an applied magnetic-field range of £60,000 Oe (6 T) and the
corresponding hysteresis loops are shown in Figures 4 and 5.
These measurements provide key information regarding the
flux-pinning properties and critical current densities (J.) of the
samples.

M-H loops at 50 K clearly reveal the differences in
superconducting behavior between the samples. As shown in
the M—H loop of the S60 sample (Figure 4a), the magnetization
is small and the high-field response becomes nearly linear with
a positive slope, indicating a dominant paramagnetic
contribution. At this temperature, thermal fluctuations strongly

connectivity and on the ability of macroscopic shielding
currents to establish continuous current loops throughout the
structure (Malozemoff, 1989). As shown in the SEM
micrographs, the fine-grained morphology and microporosity
in the S60 sample hinder the macroscopic circulation of
shielding currents, thereby restricting the diamagnetic response
predominantly to individual intragranular contributions. By
contrast, in the S120 sample, prolonged sintering promotes the
growth of platelet-like grains, resulting in enlarged
intergranular contact regions and strengthened weak-link
coupling, despite the presence of localized macropores in the
microstructure. The enhanced intergranular connectivity allows
the induced superconducting currents to establish continuous
closed-loop over larger effective volumes, thereby substantially
improving the overall diamagnetic response and Meissner
shielding capability of the S120 sample.
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Figure 4. M—H loops measured at (a) 50 K and (b) 10 K for the sample (S60) sintered at 840 °C for 60 h.

increases due to the pronounced anisotropy of Bi-2212. The low
superconducting volume fraction and weak pinning behavior in
the S60 sample lead to a suppressed diamagnetic response, such
that the measured signal is largely governed by background
contributions arising from non-superconducting paramagnetic
impurities and/or unreacted secondary phases.

In the M—H loop of the S120 sample at 50 K (Figure 5a),
paramagnetic contribution to magnetization is still dominant.
However, the magnetization magnitude is approximately two
orders of magnitude higher than that of the S60 sample. This
result shows that although the sintering process of 120 h
significantly improves intergranular links, thermal fluctuations
at 50 K suppress the superconducting fraction.
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Figure 5. M—H loops measured at (a) 50 K and (b) 10 K for the sample (S120) sintered at 840 °C for 120 h.

At 10 K, thermal activation is strongly suppressed and the
superconducting diamagnetic response in both samples
completely dominates the paramagnetic background, giving
rise to the characteristic symmetric “butterfly-shaped”
hysteresis loops which are typical for type-II superconductors
(Figures 4b and 5b). The non-closure of the loops up to 60000
Oe (6 T) indicates that the irreversibility field (Hir) at 10 K is
well above 6 T for both samples.

The critical current density (]J.) values were calculated
according to the Bean formula (Bean, 1964; Gyorgy et al.,
1989) and the variation of ]J.with the applied magnetic field
(Jc — H) is shown in Figure 6.

20AM
Je =—F—ay A3)
< alig)
where AM = M* — M, a and b are sample dimensions. The
a and b dimensions are 3.8 mm and 2.65 mm for S60 sample

and 4.1 mm and 2.3 mm for S120 sample, respectively.

According to the Bean critical state model (J. « AM), AM
is directly proportional to both the flux-pinning strength and the
critical current-carrying capability. It was found that the AM
value of the S120 sample near H=0 in the M—H loop at 10 K is
larger than that of the S60 sample. The increase in AM at 10 K
clearly indicates an increase in the critical current density (J.)
in the S120 sample. This trend is in excellent agreement with
SEM results, where grain growth and the development of a
denser, better-connected microstructure induced by prolonged
sintering significantly enhance vortex pinning efficiency.

In polycrystalline HT. cuprate superconductors, the
magnetic-field dependence of J. can be modeled as the linear
superposition of two distinct transport regimes, represented by
exponential functions (Peterson & Ekin, 1988): At low
magnetic fields, superconducting transport is predominantly
governed by the weak-link behavior of intergranular Josephson
junctions. At higher fields, however, the phase coherence
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across these junctions is progressively destroyed, causing the
transport mechanism to become dominated by intragranular
flux-pinning processes (Hilgenkamp & Mannhart, 2002). To
mathematically simulate this complex transport behavior and
quantitatively separate individual contributions, the Two-
Component Exponential Model is employed (Miller &
Matthews, 1993; Peterson & Ekin, 1988). The equation of the
model is given by

Je =) @exp (~5-) +1M@exp (- 5-) @

where ]."'(0) and J.'"*(0) are the zero-field intergranular
and intragranular critical current density components,
respectively, while H,; and H;,; denote the characteristic
decay fields associated with weak-link coupling and
intragranular flux pinning (Ekin et al., 1989; Huang et al.,
1998).
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Figure 6. Magnetic-field dependence of the critical current
density (J. — H) for Bi-2212 samples sintered at 840 °C for 60
h (S60) and 120 h (S120).

When this semi-empirical model is applied to the
experimental J. — H curves, the resulting parametric data for
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the S60 and S120 samples clearly elucidate the microstructural
and chemical evolution of the fabricated materials (see Table

1.

Table 1. Semi-empirical fitting parameters obtained from the J. — H analysis of the S60 and S120 samples at 10 K.

Material J*'(0) (Aem?) J<"(0) (Aem?) Hy (Oe) Hint (O¢)
S60 1.6 x 10* 4.1 x 10* 1200 38000
S120 2.3 x10* 5.6 x10* 1850 47000

3.1. Low-Field Region (0 <H <5000 Oe) and Weak-
Link Characteristics

As shown in Figure 6, both samples exhibit an extremely
sharp and dramatic decrease in J. with increasing the magnetic
field from H = 0. This behavior can be successfully explained
within the framework of the first term of the model, namely the
Jo"! component, which represents intergranular weak-link
transport. In the S60 sample, the grain boundaries formed after
a sintering of 60 h are not yet fully optimized in terms of
crystallographic coherence and chemical homogeneity. During
shorter sintering treatments, the accumulation of secondary
phases at grain boundaries suppresses the superconducting
order parameter in these regions (Hilgenkamp & Mannbhart,
2002). The low Hyi value (~1200 Oe) obtained from the model
indicates that even relatively small applied magnetic fields
rapidly destroy the intergranular Josephson phase coherence,
thereby blocking the macroscopic supercurrent flowing through
the weak-link network.

Upon prolonging the sintering to 120 h (S120), the total
theoretical zero-field critical current J. (0) increases from ~5.7
x 10* Acm™ to 7.9 x 10* Acm?. Notably, both the weak-link
term J."1(0) and the characteristic field Hyi (~1850 Oe) show
a pronounced increase. This behavior indicates that the solid-
state diffusion occurring during prolonged sintering effectively
reduces intergranular voids, suppresses grain-boundary
impurity phases and enhances c-axis texturing. The consequent
reduction in grain misorientation angle strengthens Josephson
tunneling across grain boundaries, thereby improving the low-
field robustness of the superconducting state (Hilgenkamp &
Mannhart, 2002).

3.2. High-Field Region (H > 10000 Oe) and Flux-
Pinning Mechanism

In contrast to the sharp degradation observed at low
magnetic fields, ]J. exhibits a gradual and slower suppression
rate in the high magnetic field region (H > 1000 Oe). In high-
field region, the intergranular weak-link network becomes
effectively dephased, exp(—H/H,;) » 0 and
superconducting current transport is dominated entirely by the
second term of the model, the intragranular current-carrying
component (J.™) (Ekin et al., 1989). The slower decreasing
trend implies a strong resistance of effective vortex-pinning

centers in the microstructure against applied magnetic fields.
The superior ]. performance of the S120 sample in the high-
field region indicates an enhanced flux pinning capability.
According to the semi-empirical model, the higher Hi value
obtained for the S120 sample (47000 Oe) compared to the S60
sample (38000 Oe) provides strong evidence that prolonged
sintering not only enhances grain-boundary quality but also
substantially improves the intragranular crystal matrix.

The results derived from the semi-empirical modeling are
closely linked to the solid-state reaction kinetics and vortices in
Bi-2212 superconductors. Due to the extremely large
anisotropy of the Bi-2212 phase (y>50), magnetic flux lines do
not form continuous 3D-vortex structures in the material;
instead, they become confined as quasi-2D “pancake vortices”
localized in the CuO, planes (Blatter et al., 1994). At low
temperatures such as 10 K, thermal fluctuations are insufficient
to mobilize these pancake vortices, causing them to remain
trapped at point-like defects in the superconducting matrix. If
these vortices are not effectively pinned, the Lorentz force
generated by the macroscopic transport current drives vortex
motion (flux flow), resulting in dissipative energy losses and
the local destruction of the superconducting state (Blatter et al.,
1994; Fisher et al., 1991).

The higher ], "*(0) and Hiy values obtained for the S120
sample indicate that prolonged sintering leads to an optimized
and spatially homogeneous distribution of cationic disorder and
oxygen vacancies (0) in the crystal lattice. Point-like lattice
defects and microscopic dislocations with characteristic
dimensions comparable to the extremely short coherence length
of Bi-2212 (&b ~2 nm) act as strong potential wells (pinning
centers) for pancake vortices. The stable and slowly decreasing
behavior observed in the high-field region of Figure 6 suggests
that the vortex system is not in a weakly pinned and ordered
Bragg glass phase, but rather becomes in a strongly disordered
vortex glass phase capable of maintaining superconducting
integrity under high magnetic fields (Fisher et al., 1991). The
high intragranular flux-pinning field (Hin) extracted from the
semi-empirical model shows that the point-like defects
optimized with a sintering of 120 h reinforce the Josephson
coupling between 2D pancake vortices, thereby stabilizing
coherent 3D vortex-line formations. This strong collective
pinning substantially enhances the resistance of the vortex
system against the Lorentz force under high magnetic fields,
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while significantly suppressing thermally and current-activated
vortex creep. As a result, the locking of the system into the
vortex glass phase directly guarantees superior current-carrying
stability under the high magnetic fields.

3.3. Vortex Glass Phase and the Role of Point
Defects

Semi-empirical analysis of the . — H characteristics of the
S60 and S120 samples at 10 K indicates that prolonged
sintering improves superconducting performance through a
dual mechanism:

Macroscopic Level: Chemical purification of grain
boundaries and improved structural texturing enhance the
Josephson weak-link current-carrying capacity Jc'"h, leading
to an increase in zero-field critical current density and an
improvement in stability in the low-field region (Hilgenkamp
& Mannhart, 2002).

Microscopic Level: The optimization of intragranular
defect structures and oxygen stoichiometry enhances the
stability of pinning centers (Hin;). In the high-field region, it
strengthens the resistance of 2D pancake vortices against the
Lorentz force, resulting in a significantly reduced critical
current decreasing rate (Blatter et al., 1994; Fisher et al., 1991).

These results provide semi-empirical and theoretical
evidence that prolonged sintering is a critical processing
parameter for Bi-2212 bulk superconductors in practical high-
field magnet applications, as it simultaneously enhances
intergranular ~ weak-link  connectivity and  stabilizes
intragranular vortex dynamics.

4. Conclusion

In this study, the effects of sintering time (60 h and 120 h)
on the structural, microstructural and magneto-transport
properties of bulk BiSrnCaCuOgis (Bi-2212) HT.
superconductors ~ were investigated by  experimental
characterization and a semi-empirical Two-Component
Exponential Model in detail. The results clearly show that the
sintering of 120 h at 840 °C optimizes the superconducting
properties of the material through a dual-scale improvement,
affecting both macroscopic and microscopic levels. Structural
analyses revealed that prolonging the sintering duration from
60 h to 120 h largely eliminates performance-limiting
secondary impurity phases, such as BiSr;Os4 and Bi,Ca;Os,
thereby improving phase purity. The thermally activated and
controlled oxygen desorption occurring during the heat
treatment expands the c-axis, shifting the system from the
overdoped regime to the optimally doped regime associated
with  enhanced superconducting performance. This
optimization balances the carrier concentration in the CuO;
planes, thereby establishing a microscopic origin for the
enhancement of the critical current density. Furthermore, the

increase in crystallite size accompanied by the decrease in
microstrain indicates the reduction of lattice defects and the
improvement of crystalline quality. SEM micrographs
confirmed that prolonged sintering develops the anisotropic
platelet-like grain morphology characteristic of the Bi-2212
system, while simultaneously promoting stronger mechanical
interlocking between adjacent grains. Two-component
exponential modelling analysis of the transport mechanism
further revealed that the 120 h sintering treatment improves
low-field stability and enhances the Josephson weak-link
current-carrying capacity ( ]CW1 ) through effective grain-
boundary purification at the macroscopic level. At the
microscopic scale, the optimization of intragranular nanoscale
defects and oxygen vacancies increases the stability of flux-
pinning centers (Hin), thereby providing strong resistance
against the field-induced motion of 2D pancake vortices under
high magnetic fields. In conclusion, the optimization of the
solid-state reaction duration has been identified as a critical
processing parameter for enhancing the application potential of
Bi-2212-based bulk superconductors in large-scale engineering
applications, including practical  high-field magnet
technologies, superconducting wires and tape industries.
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ABSTRACT

This study investigates the effects of blast furnace slag (BFS) reinforcement on the microstructural,
physical, mechanical, and tribological properties of pure aluminum matrix composites. Composite samples
containing 0.125, 0.25, 0.5, 1, 2, 4, 8, 12, and 16 wt.% BFS were fabricated by powder metallurgy.
Theoretical and experimental densities were determined, relative density and porosity values were
calculated, and the samples were characterized using optical microscopy, hardness measurements, and pin-
on-disk wear tests. The results showed that the addition of BFS had a limited influence on the theoretical
density due to the similar densities of aluminum and BFS. However, experimental and relative density
values decreased at higher reinforcement levels, while porosity increased noticeably. Although all
composites exhibited relative densities above 95%, increasing BFS content adversely affected densification
behavior. Optical microscopy revealed a relatively homogeneous microstructure at BFS contents of 2—4
wt.%, whereas particle agglomeration and pore formation became more pronounced at higher
reinforcement levels. Hardness results indicated that the effect of BFS reinforcement was not linear.
Hardness values remained comparable to those of unreinforced aluminum at BFS contents of 2—4 wt.% but
decreased significantly at higher reinforcement levels due to increased porosity and particle agglomeration.
A similar trend was observed in the wear tests. The unreinforced aluminum sample exhibited the lowest
weight loss, while wear loss increased with increasing BFS content. In particular, composites containing
8-16 wt.% BFS showed considerably higher weight loss, which was associated with increased porosity,
microstructural heterogeneity, and reduced hardness. The findings demonstrate that blast furnace slag can
be used as a low-cost, environmentally friendly reinforcement material in aluminum matrix composites.
However, excessive BFS additions promote porosity and agglomeration, which adversely affect
densification, hardness, and wear performance. Considering the combined results of density,
microstructure, hardness, and wear behavior, BFS contents of 2—4 wt.% provided the most balanced overall
performance among the investigated composites.

Please cite this paper as follows:

Ada, H., & Yazir, S. (2026). Influence of blast furnace slag content on the density, microstructure, hardness, and wear behavior of
pure aluminum matrix composites fabricated by powder metallurgy. Journal of Advanced Applied Sciences, 5(1), 34-44.
https://doi.org/10.61326/jaasci.v5i1.501

1. Introduction

energy consumption, reduced material waste, and cost-
effectiveness, PM has become one of the most widely adopted

Powder metallurgy (PM) is an advanced manufacturing
technique that enables the production of components with
simple or complex geometries while maintaining dimensional
accuracy and tight tolerances. Owing to its relatively low
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processing routes for fabricating metal matrix composites
(MMCs). In recent years, PM-produced ceramic-reinforced
composites have demonstrated significant advantages over
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conventionally cast materials, particularly in microstructural
control and mechanical performance (Chintada et al., 2022;
Kok, 2005; Nayak et al, 2022; Usca et al., 2021).
Consequently, numerous composite components employed in
aerospace, automotive, defense, and electronics industries are
currently manufactured using PM techniques (Kumar et al.,
2011). Furthermore, the rapid development of additive
manufacturing technologies has further increased the
importance of powder-based processing methods in modern
manufacturing systems (Gréabner et al., 2022).

Metal matrix composites fabricated by PM generally exhibit
lower densities and higher hardness values than their cast
counterparts. However, residual porosity is a characteristic
feature of the PM process. Despite this limitation, PM offers a
significant advantage by facilitating a more homogeneous
distribution of reinforcement particles within the matrix
(Abdizadeh et al., 2014). In conventional casting methods,
reinforcement particles often agglomerate and settle, leading to
local variations in physical and mechanical properties. In
particular, the agglomeration of ceramic particles in cast
aluminum matrix composites may weaken matrix—
reinforcement interfacial bonding and adversely affect the
composite's overall mechanical performance (Chen & Zhang,
1993).

Aluminum and its alloys are among the most widely used
matrix materials for MMCs because of their low density, high
specific strength, excellent corrosion resistance, good ductility,
and economic availability. Nevertheless, the relatively poor
hardness and wear resistance of aluminum limit its use in
demanding engineering applications. To overcome these
shortcomings, various ceramic reinforcements have been
incorporated into aluminum matrices. Silicon carbide (SiC) and
alumina (Al:Os) are among the most commonly employed
reinforcements owing to their high elastic modulus, excellent
high-temperature stability, superior strength, and thermal shock
resistance (Hull, 1998; Sap et al., 2021a; Sap et al., 2021b; Usca
et al., 2022). In addition, their ability to form strong interfacial
bonds with aluminum and provide enhanced wear resistance
significantly improves the mechanical and tribological
properties of aluminum-based composites.

Blast furnace slag (BFS) is an industrial by-product
generated during iron production in blast furnaces and consists
primarily of CaO, SiO:, and Al2Os compounds (Dorum et al.,
2009; Erdogdu & Kurbetgi, 2003; Tokyay & Erdogdu, 2002;
Yal¢m & Giirii, 2006). Its chemical composition and crystalline
structure largely govern the performance of BFS. Depending on
the cooling conditions, BFS may exhibit different
microstructural characteristics. Rapid cooling of molten slag
produces granulated blast furnace slag with a predominantly
amorphous (glassy) structure, which exhibits pozzolanic
activity when finely ground (Bilim & Atis, 2011; Erdogan,
1995). Owing to these characteristics, BFS has been widely

used in the construction industry for decades as an additive that
improves strength, durability, and long-term service
performance (Babu & Kumar, 2000; Douglas & Brvestetr,
1990; Malolepszy & Petri, 1986; Ozkan, 2007; Shi & Day,
1992).

The high contents of SiO:, Al:Os, and CaO make BFS a
promising low-cost and environmentally friendly ceramic-
based reinforcement material. With the growing emphasis on
sustainable manufacturing, the utilization of industrial waste
products as reinforcements in MMCs has attracted considerable
attention from both economic and environmental perspectives.
Nevertheless, studies concerning the use of BFS as a
reinforcement material in metal matrix composites remain
extremely limited. In particular, the effects of BFS on the
microstructural evolution, densification behavior, hardness,
and wear performance of aluminum matrix composites have not
yet been comprehensively investigated.

Dorum et al. (2009) examined the physical, chemical, and
mineralogical characteristics of ground granulated blast-
furnace slag-blended cements and reported that BFS
significantly influenced the hydration behavior and
microstructural development. Similarly, Binici et al. (2016)
demonstrated that incorporating BFS improved the wear
resistance and impermeability of concrete. Saran (2007)
reported that ground granulated blast-furnace slag enhanced the
durability of concrete and contributed positively to corrosion
resistance. These studies collectively indicate that BFS can
serve as a performance-enhancing constituent in engineering
materials.

Despite these promising findings, research focusing on
BFS-reinforced metal matrix composites remains scarce. One
of the few studies directly related to MMCs was conducted by
Sanlt (2017), who employed Al6061 alloy as the matrix
material and investigated the use of blast furnace slag alongside
conventional ceramic reinforcements such as SiC and ALOs.
The composites were fabricated using a two-stage stir casting
process, and their porosity, hardness, microstructure, and
fatigue behavior were evaluated. The results revealed that BFS
significantly improved hardness and enhanced fatigue strength
up to certain reinforcement levels. However, BFS-reinforced
composites exhibited higher porosity than composites
reinforced with conventional SiC and ALOs particles.
Furthermore, the study focused on an Al6061 alloy matrix,
leaving the interaction between BFS and pure aluminum, as
well as its influence on microstructural and mechanical
properties, largely unexplored.

To the best of the authors’ knowledge, studies investigating
BFS as the sole reinforcement in pure aluminum matrix
composites fabricated by powder metallurgy are not available
in the open literature. In addition, the combined influence of
BFS content on densification behavior, microstructural
evolution, hardness, and wear performance has not been
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systematically evaluated. Therefore, a significant knowledge
gap remains regarding the effectiveness of BFS as a sustainable
reinforcement material for pure aluminum-based composites.

In addition, numerous studies have investigated the effects
of ceramic reinforcements on aluminum matrix composites.
Senel (2020) produced aluminum matrix composites reinforced
with varying amounts of B+C and Al.Os via powder metallurgy
and reported significant increases in hardness and compressive
strength with increasing reinforcement content. In particular,
B4C-reinforced composites exhibited a denser microstructure
and superior mechanical performance. These findings confirm
the effectiveness of ceramic reinforcements in enhancing the
properties of aluminum-based composites.

Similarly, Ozer et al. (2024) investigated the influence of
different sintering techniques on the density, hardness, and
wear behavior of Al-158i-2.5Cu-0.5Mg/B4«C composites
produced by powder metallurgy. The authors reported that
porosity was critical to the mechanical and tribological
performance of the composites and demonstrated that increased
porosity adversely affected both hardness and wear resistance.
Their findings highlighted the strong relationship between
densification behavior, microstructural integrity, and wear
performance in particle-reinforced aluminum  matrix
composites.

Based on the available literature, although blast furnace slag
has been extensively used in construction materials, its
application as a reinforcement in metal matrix composites has
received limited attention. The microstructural modifications
induced by BFS and their effects on the density, hardness, and
wear behavior of aluminum matrix composites remain poorly
understood. Moreover, most existing studies have focused on
aluminum alloys rather than pure aluminum matrices.

Unlike the limited number of available studies that mainly
employed aluminum alloys and casting-based production

routes, the present work focuses on pure aluminum matrix
composites produced by powder metallurgy and reinforced
exclusively with varying BFS contents. This approach enables
a systematic evaluation of the relationship between BFS
addition,  densification  characteristics, = microstructural
development, hardness, and wear resistance.

Therefore, investigating the behavior of BFS in pure
aluminum matrix composites is of both scientific and practical
significance. In the present study, pure aluminum matrix
composites with varying BFS contents were fabricated via
powder metallurgy. The effects of BFS content on relative
density, microstructure, hardness, and wear behavior were
systematically investigated. The novelty of this study lies in the
use of blast furnace slag, an industrial waste material, as a low-
cost, environmentally sustainable reinforcement in pure
aluminum matrix composites, and in the comprehensive
assessment of its effects on both physical and tribological
properties. Furthermore, the feasibility of using blast-furnace
slag as a low-cost, sustainable reinforcement material for
aluminum matrix composites was evaluated, and the optimal
reinforcement level was determined.

2. Experimental Studies
2.1. Material

In this study, aluminum (Al) powder was used as the matrix
material, and blast-furnace slag (BFS) was employed as the
reinforcement for the fabrication of aluminum matrix
composites. The Al powder used as the matrix material had a
purity of 99.9%, a particle size smaller than 75 um, and was
supplied by Nanokar. The BFS used as the reinforcement
material had a particle size smaller than 45 pm, a density of
2.80 g/cm?, and was obtained from Eregli Iron and Steel Works
(ERDEMIR). The chemical composition of the blast furnace
slag used as the reinforcement material is presented in Table 1.

Table 1. Chemical composition of the BFS used as reinforcement material.

Compound SiO2 Fe203 ALO3 CaO

MgO Na20 K20 SOs TiO2 P20s

Wt. % 38.26 1.07 16.44 33.9

7.29 0.58 1.1 0.35 1.01 -

2.2. Fabrication of Composite Samples

Different reinforcement contents were selected to
investigate the effect of blast furnace slag (BFS) on the
properties of pure aluminum matrix composites over a wide
composition range. Accordingly, composite samples containing
0.125,0.25,0.50, 1, 2,4, 8, 12, and 16 wt.% BFS was prepared
by powder metallurgy. The composition ratios of the fabricated
AI-BFS composite samples are presented in Table 2.

The Al and BFS powders were weighed according to the
predetermined compositions and mixed in a Retsch PM100
planetary ball mill at a rotational speed of 300 rpm for 90 min

using a powder-to-ball weight ratio of 1:10. Following the
mixing process, the powder mixtures were compacted into
cylindrical specimens with a diameter of 10 mm and a height of
15 mm. Compaction was performed by uniaxial cold pressing
under a pressure of 600 MPa.

The green compacts obtained after pressing were
subsequently sintered at 600 °C for 90 min under an argon
atmosphere. The processing parameters employed for the
fabrication of the composite materials are summarized in Table
3.
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Table 2. Composition ratios of the AI-BFS composite samples.

Specimens Al % BFS %
S0 100 -

S1 99.875 0.125
S2 99.750 0.250
S3 99.500 0.500
S4 99.000 1.000
SS 98.000 2.000
Sé 96.000 4.000
S7 92.000 8.000
S8 88.000 12.000
S9 84.000 16.000

Table 3. Processing parameters used for the fabrication of Al—
BFS composite samples.

Parameter Value
Powder-to-ball ratio 1/10
Mixing speed 300 rpm
Mixing time 90 min

600 MPa
Argon atmosphere

Compaction pressure
Sintering atmosphere
Sintering temperature 600°C
Sintering time 90 min

Wi b
' FEEEEEEE R

'R R R 22
S S bW VPP

Figure 1. Macroscopic appearance of the AI-BFS composite samples produced with different BFS reinforcement contents.

Figure 1 shows the macroscopic appearance of the AI-BFS
composite samples produced using the processing parameters
given in Table 3. Visual examination revealed no evidence of
macroscopic defects, including cracks, fractures, or shape
distortions, indicating that the selected powder metallurgy
processing parameters were sufficient to produce sound
composite specimens across the entire composition range.

2.3. Microstructural and Mechanical

Characterization

Prior to microstructural and mechanical characterization,
the fabricated composite samples were prepared in accordance
with standard metallographic procedures. The samples were
mounted using an APM Opal 460 mounting machine and
subsequently ground on an APM Saphir 330 grinding and
polishing system with SiC abrasive papers of grit sizes 120,
240, 400, 800, 1200, and 2500. Final polishing was performed
using 6 pm and 3 um monocrystalline diamond suspensions.
To reveal the microstructure, the polished surfaces were etched

using a reagent consisting of S mL HNOs, 3 mL HCI, 2 mL HF,
and 190 mL distilled water.

The theoretical densities of the AI-BFS composite samples
were calculated using the rule of mixtures. In contrast, the
experimental densities were determined using the liquid
displacement method, in accordance with Archimedes'
principle. Relative density and porosity values were
subsequently calculated from the theoretical and experimental
density results. The equations used to determine the theoretical
density, experimental density, relative density, and porosity are
presented in Egs. (1)—(4), respectively.

p1= [(%Wm.pm)+ (%oWr.pr)] (M
pe=[mp/(ms-msiw)]pw 2
pr=(pe/pr) X 100 3)
%P=[1 - (pe/pr)] X 100 )

In these equations, pr, pg, pr, and P represent the theoretical
density, experimental density, relative density, and porosity,
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respectively. The terms pm and pr denote the densities of the
matrix and reinforcement materials, while wn, and w; represent
the weight fractions of the matrix and reinforcement,
respectively. Furthermore, mp, ms, and msw correspond to the
dry mass, saturated mass, and suspended mass in water of the
composite specimen, respectively, whereas pw represents the
density of water.

Microstructural examinations were carried out using a Leica
DMIS000M optical microscope equipped with a Leica DFC
320 digital camera. Optical micrographs were obtained at a
magnification of 100x.

The macrohardness values of the composite samples were
determined using an Emcotest DuraVision 200 hardness tester.
For each sample, measurements were taken from five different
locations, and the average values were reported. Hardness tests
were performed according to the Brinell method using a 2.5-
mm-diameter ball indenter under an applied load of 31.25 kg.

The wear behavior of the composite samples was evaluated
using a UTS T10/20 tribometer operating in a pin-on-disk
configuration. A Hardox 450 steel disk with a diameter of 120
mm and a thickness of 10 mm was used as the counterface

material. Wear tests were conducted under an applied load of
10 N, a sliding speed of 1 m/s, and a sliding distance of 1000
m.

3. Results and Discussion

The effects of blast furnace slag (BFS) reinforcement on the
physical, microstructural, mechanical, and tribological
properties of aluminum matrix composites were systematically
investigated. Relative density, optical microscopy, hardness,
and wear test results were analyzed to evaluate the influence of
reinforcement content on composite performance. The
experimental findings are presented and discussed in the
following sections with reference to relevant literature.

3.1. Density Measurements

The theoretical and experimental densities of the AI-BFS
composite samples were determined using Eqs. (1) and (2),
respectively, and the corresponding results are presented in
Figure 2. Based on these density values, the relative density and
porosity of the composites were calculated according to Egs.
(3) and (4). The calculated relative density and porosity values
are shown in Figure 3.

Density (gr/cm?)
[
2

Theoretical and Experimental Density Values of
AIVBFS Composite Materials

2,70
2,65
2,55
2,50
2,45
50 51 52 83 54 S5 56 87 58 59

Specimens

® Theoretical Density ™ Experimental Density

Figure 2. Variation of theoretical and experimental densities of AI-BFS composites as a function of BFS reinforcement content.

100,0
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AVBFS Composite Materials
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v B
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Specimens

B Relative Density (%) ™ Porosity (%)

Figure 3. Relative density and porosity values of the AI-BFS composite samples.
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Figure 2 shows the theoretical and experimental density
values of the AI-BFS composites. As shown, the theoretical
and experimental densities exhibited similar trends across the
investigated composition range. Since the density of BFS (2.80
g/cm?) is very close to that of the aluminum matrix (2.71 g/cm?),
increasing the BFS content resulted in only a slight increase in
the theoretical density. Accordingly, the theoretical density
values varied within a narrow range of approximately 2.71—
2.73 g/cm? for all compositions.

Examination of the experimental density results revealed
that the density values remained relatively close to the
theoretical values at BFS contents of 2—4 wt.%. However, a
noticeable decrease in experimental density was observed as the
BFS content increased beyond this range. In particular,
composites containing 8, 12, and 16 wt.% BFS exhibited lower
experimental density values, indicating a deterioration in
densification behavior as reinforcement content increased. This
behavior can be attributed to intensified particle—particle
interactions, the formation of interfacial voids between the
aluminum matrix and BFS particles, and restricted diffusion
during sintering. Consequently, higher BFS contents hindered
effective particle bonding and reduced the overall densification
efficiency of the composites.

Furthermore, the experimental density values were lower
than the corresponding theoretical values for all compositions.
This difference indicates residual porosity that could not be
eliminated despite the compaction and sintering inherent to
powder metallurgy. The increasing discrepancy between
theoretical and experimental density values at higher BFS
contents suggests increased porosity in the composite structure.
These findings are consistent with the relative density, porosity,
and optical microscopy results presented in the subsequent
sections and indicate that increasing BFS content adversely
affects densification and microstructural integrity.

The relative density and porosity values of the AI-BFS
composites are presented in Figure 3. The results show that all
samples exhibited relatively high relative density values,
ranging from approximately 95% to 98%. The high relative
density of the unreinforced aluminum sample indicates that the
selected compaction and sintering parameters achieved
effective densification. In addition, the relative density values
remained largely low to moderate for BFS contents (%2—4), and
some compositions exhibited values comparable to those of the
unreinforced sample. This behavior suggests that BFS particles
were successfully incorporated into the aluminum matrix
without significantly impairing densification.

Nevertheless, a gradual decrease in relative density,
accompanied by an increase in porosity, was observed as BFS
content increased. This trend became more pronounced in
composites containing 8-16 wt—% BFS. The increase in
porosity can be attributed to enhanced particle—particle
interactions, the formation of interfacial voids, and the partial

restriction of densification mechanisms during sintering.
Moreover, the reduction in matrix continuity and the tendency
of reinforcement particles to agglomerate at high BFS contents
may further promote pore formation.

Overall, the relative density values exceeding 95%
demonstrate the effectiveness of the selected powder
metallurgy processing parameters. However, the increase in
porosity and the reduction in relative density observed at high
BFS contents are consistent with the agglomeration tendencies
identified in the optical microscopy analysis. They are expected
to play a significant role in the subsequent hardness and wear
behavior of the composites. These findings indicate that the
addition of BFS does not significantly affect densification up to
a certain reinforcement level. In contrast, excessive BFS
content leads to a partial deterioration in the microstructural
integrity of the composites.

3.2.  Microstructural Analysis of Al-BFS
Composite Materials

Figure 4 presents optical microscopy (OM) images at 100x
magnification of the AI-BFS composite materials. These
micrographs were used to evaluate the effect of BFS
reinforcement content on the microstructural evolution of the
composites.

Examination of the optical micrographs presented in Figure
4 reveals that BFS reinforcement significantly influenced the
microstructure of the aluminum matrix. The unreinforced Al
sample (S0) exhibited a relatively homogeneous microstructure
with well-defined grain boundaries and high matrix continuity.
With the addition of BFS, dark-colored regions corresponding
to the reinforcement phase became visible within the matrix,
and their volume fraction gradually increased as BFS content
increased. At low reinforcement levels (0.125—-1 wt.% BFS),
the BFS particles appeared to be generally well distributed
throughout the matrix, while matrix continuity was largely
preserved, and no significant agglomeration tendency was
observed. These observations indicate that the BFS particles
were effectively surrounded by the aluminum matrix at low
reinforcement contents, resulting in good microstructural
integrity.

With increasing BFS content (2—4 wt.% BFS), the
reinforcement phase became more pronounced within the
microstructure, and localized particle accumulations began to
appear as a result of the higher reinforcement concentration. In
these samples, the interaction between the matrix and
reinforcement phases appeared to increase, while the overall
microstructural homogeneity was largely maintained.
Nevertheless, the increase in reinforcement content made
densification during sintering more challenging, resulting in the
formation of small, isolated pores in certain regions of the
microstructure.
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A more pronounced change in the microstructure was
observed in the composites containing high BFS contents (8-
16 wt.% BFS). In particular, samples S7, S8, and S9 exhibited
a substantial increase in the volume fraction of the dark
reinforcement regions. In addition, the reinforcement particles
tended to cluster in certain areas, leading to agglomerates and a
partial reduction in matrix continuity. The decrease in the
interparticle spacing at high reinforcement levels, together with

insufficient diffusion during sintering, is believed to promote
pore formation within the composite structure. The irregular
voids and dark, clustered regions observed in the micrographs
indicate that densification was adversely affected at high BFS
contents. This interpretation is further supported by the
experimental density and porosity results presented in the
previous section.

Figure 4. Optical microscopy (OM) images of the AI-BFS composite materials at 100x magnification.

Another noteworthy feature observed in the micrographs is
a morphological change in the matrix structure as BFS content
increases. The unreinforced aluminum sample exhibited

relatively coarse and elongated grains, whereas the
microstructure became progressively finer and more
fragmented as the BFS content increased. This behavior may be
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attributed to the ability of BFS particles to partially restrict
grain growth during sintering by acting as grain-boundary
barriers. However, this interpretation should be supported by
quantitative  grain size measurements for definitive
confirmation.

Overall, the optical microscopy results demonstrate that
BFS reinforcement significantly influences the microstructural
characteristics of the aluminum matrix composites. While low-
and moderate-BFS contents resulted in a relatively
homogeneous particle distribution and good microstructural
integrity, higher reinforcement levels promoted particle
agglomeration and pore formation. Consequently, BFS has the
potential to enhance the performance of aluminum matrix
composites; however, the beneficial effects may be limited at

high reinforcement levels due to increased agglomeration and
porosity. When considered together with the density, hardness,
and wear results, the present findings indicate that not only the
reinforcement content but also the homogeneity of the
reinforcement particle distribution and the porosity level play
critical roles in determining the overall performance of AI-BFS
composites.

3.3. Hardness Measurements

The hardness behavior of the Al-BFS composites was
investigated to evaluate the influence of BFS reinforcement on
the materials' resistance to plastic deformation. Figure 5
illustrates the variation in macrohardness values with
increasing BFS content.
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Figure 5. Variation of macrohardness values of AI-BFS composites with BFS reinforcement content.

Figure 5 shows the variation in the macrohardness values of
the AI-BFS composites. The unreinforced aluminum sample
(S0) exhibited the highest hardness value, approximately 27.8
HB. A slight decrease in hardness was observed at low BFS
contents (0.125-0.5 wt.%). However, the hardness values
increased again for the composites containing 1-4 wt.% BFS
(S4-S6), reaching levels comparable to those of the
unreinforced sample. In particular, the hardness values obtained
for the composites containing 2 and 4 wt.% BFS can be
attributed to the relatively homogeneous distribution of the
reinforcement particles within the matrix and their contribution
to the load-transfer mechanism. Moreover, the high relative
density and low porosity values observed in these samples
contributed to the preservation of hardness.

Nevertheless, a pronounced decrease in hardness was
observed when the BFS content exceeded 8 wt.%. The lowest
hardness value, approximately 22 HB, was recorded for the
composite containing 16 wt.% BFS (S9). This reduction can
primarily be attributed to the decrease in relative density and
the increase in porosity identified in the density measurements,

as well as the microstructural changes observed in the optical
micrographs. In particular, the tendency of reinforcement
particles to agglomerate, the reduction in matrix continuity, and
the increase in pore content at high BFS levels promoted stress
concentration under the applied load, thereby reducing
resistance to plastic deformation. Since increased porosity
reduces the effective load-bearing cross-sectional area in
powder metallurgy composites, it directly contributes to the
deterioration of hardness.

Optical microscopy observations revealed a relatively
homogeneous microstructure at BFS contents of 2—4 wt.%,
whereas particle agglomeration and irregular pore formation
became increasingly evident at higher reinforcement levels.
These findings are consistent with the increase in porosity
determined from the density measurements and support the
observed reduction in hardness. Although BFS is a ceramic-rich
reinforcement containing hard oxide phases that would be
expected to improve hardness, the potential strengthening
effect was counteracted by the formation of microstructural
defects and the deterioration of densification behavior at BFS
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contents exceeding 4 wt.%. Consequently, the adverse effects
of porosity and particle agglomeration became dominant at
higher reinforcement levels, leading to a reduction in the overall
mechanical performance of the composites.

Overall, the results indicate that the effect of BFS
reinforcement on hardness is not linear. The hardness behavior
of the composites is governed not only by the reinforcement
content but also by the degree of densification, porosity level,
and distribution homogeneity of the reinforcement particles
within the matrix. While the relatively homogeneous
microstructure and high relative density values obtained at BFS
contents of 2—4 wt.% contributed to maintaining hardness

performance, increased porosity and particle agglomeration at
BFS contents above 4 wt.% resulted in a significant reduction
in hardness. Considering the combined effects of densification
behavior, microstructural integrity, and hardness performance,
BFS contents of 2-4 wt.% provided the most favorable
mechanical performance among the investigated composites.

3.4. Wear Tests

Pin-on-disk wear tests were conducted to evaluate the
tribological behavior of the AI-BFS composite materials. The
wear performance of the composites was assessed using
weight-loss measurements obtained after testing, and the
corresponding results are presented in Figure 6.
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Figure 6. Weight loss values of the AI-BFS composite materials after wear testing.

Figure 6 illustrates the wear behavior of the AI-BFS
composites in terms of weight loss after wear testing. The
results indicate that the BFS reinforcement content significantly
influenced the wear performance of the composites. The lowest
weight loss, approximately 0.014 g, was obtained for the
unreinforced aluminum sample (S0). In general, weight loss
increased with increasing BFS content, indicating a gradual
deterioration in wear resistance. This trend became particularly
pronounced in the composites containing 8—16 wt.% BFS, with
the highest weight loss value of approximately 0.033 g recorded
for the S9 sample containing 16 wt.% BFS.

The wear results are more meaningful when evaluated
alongside the density and porosity measurements. As discussed
in the previous sections, increasing BFS content resulted in
lower experimental and relative density values, accompanied
by a noticeable increase in porosity. In powder metallurgy
composites, porosity reduces the effective load-bearing area
and facilitates material removal from the surface during sliding
contact. Therefore, the increase in wear loss observed at high
BFS contents can be largely attributed to the increased porosity
within the composite structure.

The optical microscopy observations further support this
interpretation. At low reinforcement levels, the BFS particles
were relatively homogeneously distributed throughout the
matrix. In contrast, higher reinforcement contents resulted in
particle agglomeration and the formation of irregular pores. In
particular, the agglomerated regions observed in samples S7,
S8, and S9 may have acted as stress concentration sites during
wear, thereby accelerating particle pull-out and surface
damage. As a result, more material was removed from the worn
surface, leading to higher weight-loss values.

A similar trend was observed when the wear behavior was
compared with the hardness results. While the hardness values
of the composites containing 2-4 wt.% BFS remained
comparable to those of the unreinforced aluminum sample, a
significant reduction in hardness was observed at higher
reinforcement levels (=8 wt.% BFS). Since wear resistance is
generally correlated with hardness, the reduction in hardness
contributed to the increased wear loss. Furthermore, the
increased porosity and particle agglomeration observed at
higher BFS contents promoted microstructural heterogeneity,
thereby accelerating material removal during sliding. Notably,
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samples S7-S9, which exhibited the lowest hardness values,
also showed the highest weight loss values, indicating a strong
relationship between hardness degradation and wear
performance.

Overall, the results demonstrate that the effect of BFS
reinforcement on wear behavior is not governed solely by
reinforcement content. Instead, the tribological performance of
the composites is strongly influenced by microstructural
homogeneity, porosity level, and densification behavior. The
composites containing 2—4 wt.% BFS exhibited the most
favorable wear performance among the reinforced samples,
whereas BFS contents of 8§ wt.% and above adversely affected
wear resistance because of increased porosity, particle
agglomeration, and reduced hardness. Consequently,
increasing the BFS content beyond 4 wt.% did not improve the
tribological performance of the AI-BFS composites; rather, it
led to a progressive deterioration in wear resistance despite the
ceramic-rich nature of the reinforcement phase.

4. Conclusion

In this study, pure aluminum matrix composites reinforced
with varying amounts of blast-furnace slag (BFS) were
successfully fabricated via powder metallurgy, and the effects
of BFS addition on density, microstructure, hardness, and wear
behavior were systematically investigated. The results
demonstrated that BFS reinforcement significantly influences
the microstructural, mechanical, and tribological properties of
aluminum matrix composites, and that these effects strongly
depend on the reinforcement content.

Density measurements revealed that the addition of BFS
had only a minor influence on the theoretical density of the
composites. However, increasing the BFS content resulted in
lower experimental and relative density values and higher
porosity levels. Although all composites exhibited relative
densities above 95%, the increase in porosity observed at BFS
contents of 8-16 wt.% indicated a gradual deterioration in
densification behavior. Optical microscopy observations
supported these findings, showing relatively homogeneous
microstructures at BFS contents of 2-4 wt.%. In contrast,
particle agglomeration, irregular pore formation, and reduced
matrix continuity became increasingly evident at BFS contents
of 8 wt.% and above.

The mechanical and tribological properties were found to be
closely related to these microstructural changes. While the
hardness values of the composites containing 2—4 wt.% BFS
remained comparable to those of the unreinforced aluminum
sample, a significant reduction in hardness was observed at BFS
contents of 8 wt.% and above due to increased porosity and
particle agglomeration. Similarly, wear tests revealed a
progressive increase in weight loss with increasing BFS
content. The deterioration in wear resistance was associated
with increased porosity, reduced matrix continuity, and

microstructural heterogeneity, all of which contributed to the
observed reduction in hardness and accelerated material
removal during sliding.

Overall, the results indicate that the performance of AI-BFS
composites is governed not only by the amount of
reinforcement but also by the degree of densification, the
porosity level, and the homogeneity of the distribution of
reinforcement particles within the matrix. The findings
demonstrate that blast furnace slag can be used as a low-cost,
environmentally sustainable reinforcement material in
aluminum matrix composites. However, excessive BFS
additions promote microstructural defects that adversely affect
the mechanical and tribological performance of the composites.
Considering all experimental results together, optimum
performance was achieved at low to moderate BFS contents. In
contrast, high reinforcement levels should be avoided due to
their detrimental effects on densification, hardness, and wear
resistance.
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ABSTRACT

This study investigates the development and mechanical performance of environmentally friendly
polylactic acid (PLA)-based biocomposites reinforced with turkey feather fibers (TFFs) at different
weight fractions (1, 3, 5, 7, and 10 wt.%). The primary aim is to evaluate the potential of poultry
waste-derived keratin fibers as sustainable reinforcements for lightweight engineering materials.
TFFs were extracted, purified, and incorporated into the PLA matrix via melt mixing followed by
injection molding. The mechanical behavior of the resulting composites was assessed through tensile
testing, focusing on maximum load, elongation at break, and maximum displacement. The results
obtained revealed that the incorporation of TFFs significantly influenced the mechanical properties
of PLA matrix. While pure PLA exhibited the highest tensile strength and deformation capability,
the addition of fibers generally reduced mechanical performance. Among all the samples, the 3 wt.%-
reinforced TFF composite displayed the best balance of mechanical properties, exhibiting the highest
tensile load and relatively improved ductility compared to other fiber loadings. However, further
increases in fiber content led to a progressive deterioration in tensile properties due to fiber
agglomeration, insufficient fiber-matrix adhesion, and increased microstructural defects such as void
formation and interfacial debonding. In conclusion, the experimental findings indicate that turkey
feather fibers can be effectively utilized as low-cost, renewable reinforcement agents for PLA-based
composites, contributing to waste valorization and sustainable material development. The study
identifies an optimal fiber loading of approximately 3 wt.% for achieving a balance between
mechanical performance and structural integrity, providing useful information for the design of green
composite materials for lightweight engineering applications.

Please cite this paper as follows:

Alihuseyinov, M., Soykan, U., Akkoyunlu, T., & Yildirim, G. (2026). Tensile behavior of injection-molded PLA composites
reinforced with turkey feather fibers at different loadings. Journal of Advanced Applied Sciences, 5(1), 45-54.
https://doi.org/10.61326/jaasci.v5i1.505

1. Introduction

automotive, aerospace, construction, packaging, and consumer
products, where the reduction of structural weight while

In recent years, the development of lightweight and
sustainable engineering materials has become a major research
priority in mechanical engineering due to increasing demands
for energy efficiency, resource conservation, and
environmental responsibility. Composite materials play a
critical role in numerous engineering sectors, including

® Correspondence
E-mail address: turkerakkoyunlu@kku.edu.tr

maintaining adequate mechanical performance is highly
desirable. Lightweight materials contribute directly to reduced
fuel consumption, lower greenhouse gas emissions, and
improved overall system efficiency throughout the product life
cycle. Consequently, the replacement of conventional
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petroleum-based materials with renewable and biodegradable
alternatives has emerged as a key strategy for achieving
sustainable manufacturing and circular economy objectives
(Ghorbal et al., 2019).

Among biodegradable polymers, PLA has attracted
considerable attention because of its renewable origin,
biodegradability, biocompatibility, and relatively favorable
processing characteristics (Trivedi et al., 2023). Nevertheless,
its inherent brittleness, limited impact resistance, and moderate
thermal stability restrict its broader engineering applications
(Akdogan & Soykan, 2025; Mrajji et al.,, 2022; Shankar &
Netravali, 2025). Reinforcement with natural fibers has
therefore become one of the most effective approaches to
improve the mechanical performance of PLA-based materials
while maintaining their environmental advantages (Murariu &
Dubois, 2016). In addition to conventional lignocellulosic
fibers, animal-derived fibers have recently gained attention
because they provide an opportunity to transform agricultural
and food-industry wastes into value-added engineering
materials (Mann et al., 2023; Soykan, 2022).

Poultry feathers represent one of the most abundant animal-
derived wastes worldwide, with annual generation exceeding
two million tonnes (Reddy et al., 2021). Disposal of these
residues poses environmental and economic challenges,
whereas their utilization as reinforcement materials offers an
attractive route for waste valorization and resource recovery
(Dutta et al., 2024; Shankar & Netravali, 2025). Owing to their
keratin-rich structure and low density, feather fibers possess a
unique combination of lightweight characteristics, flexibility,
and mechanical stability that can be advantageous for the
fabrication of bio-based composites (Akdogan & Soykan,
2024; Mrajji et al., 2022). Furthermore, the incorporation of
feather fibers into PLA matrices has been reported to improve
mechanical performance, reduce environmental impacts, and
lower the density of the resulting composites, making them
attractive candidates for sustainable lightweight engineering
applications (Aranberri et al., 2017; Baba 6 Ozmen, 2017).

Despite the growing interest in feather-reinforced PLA
composites, the majority of previous studies have focused on
chicken feather fibers, while the potential of turkey feather
fibers remains largely unexplored (Khan et al., 2022). Turkey
feather barbs are characterized by longer fiber lengths and
relatively high strength compared with conventional contour
feathers, suggesting their suitability as reinforcement materials
for biodegradable polymer matrices 32. Moreover, their
distinctive double-sided comb-like morphology and the
presence of polar functional groups may promote improved
interfacial interactions with PLA, potentially leading to
enhanced load transfer and mechanical performance.

Therefore, the present study aims to develop a novel series
of PLA-based biocomposites reinforced with different contents
of turkey feather fibers and to evaluate their mechanical

behavior through tensile testing. By establishing the
relationship between turkey feather fiber content and the
resulting mechanical properties, this work seeks to contribute
to the development of sustainable, lightweight, and high-
performance composite materials. From a sustainability
perspective, the study promotes the valorization of poultry-
processing waste and supports circular economy principles.
From a mechanical engineering perspective, it provides insights
into the design of environmentally friendly structural materials
with potential applications in lightweight components and
sustainable product development.

2. Materials and Methods

Commercial polylactic acid materials with a density of 1.24
g/cm® and a relative viscosity of 3.1 were supplied by
NatureWorks LLC under the trade name Ingeo Biopolymer
6100D. Besides, turkey feathers were used as the primary
source of reinforcement fibers. A non-ionic surfactant, Setawet
ANY-R2205 was employed as a detergent during the cleaning
process when ethanol was used for the disinfection and
purification of the fibers. All other chemicals and solvents used
in this study were of analytical grade and utilized as received
without further purification. As for the preparation of turkey
feather fibers (TFFs), the procedure described in our previous
studies was followed (Abdur Rahman et al., 2023; Rajendran et
al., 2025). Briefly, raw turkey feathers were washed with
distilled water and subsequently cleaned using Setawet ANY -
R2205 detergent at 40 °C for 1 h to remove contaminants while
preserving the fiber microstructure. The cleaned feathers were
then disinfected by immersion in ethanol for a duration of 24 h,
a process repeated 3 times, and subsequently dried in a vacuum
oven at 30 °C for a duration of 24 h. After drying, the barb
sections were mechanically separated from the quills according
to the method reported by Baron and Schmidt (Barone &
Schmidt, 2005), cut into smaller pieces, and sieved through a
400 pm mesh to obtain fibers with a more uniform size
distribution. Finally, the TFF-Reinforced PLA composites were
prepared by the following procedure. Prior to processing, PLA
pellets and TFF compounds were dried under vacuum at 40 °C
for the time of 1 h. The composites containing 1, 3, 5, 7, and 10
wt.% TFFs were prepared by melt mixing in a Brabender W50
EHT+ Plastograph EC Plus mixer at 175 °C for 20 min, while
neat PLA served as the reference. The samples prepared are
accordingly labeled as 1 wt.% PLA-1, 3 wt.% PLA-3, 5 wt.%
PLA-5, 7 wt.% PLA-7, and 10 wt.% PLA-10. A reference
sample is prepared under identical conditions without turkey
feather fibers and was named as pure. The resulting blends were
granulated using a Retsch SM-100 knife mill and subsequently
injection molded using a Thermo Scientific Haake MiniJet II
machine. Molding was performed at a mold temperature of 105
°C and an injector temperature of 175 °C under injection and
holding pressures of 650 and 400 bar, respectively. For each
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composition, at least five dog-bone specimens (75x12.5x2
mm?) were produced.

3. Results and Discussion
3.1. Variation of Maximum Load Values

The tensile behavior of the PLA/turkey feather fiber
composites was evaluated by analyzing the maximum load
(Fmax) sustained by each specimen during tensile testing. The
maximum load represents the highest force that a material can
withstand before the onset of catastrophic failure and provides
an important indication of the reinforcing efficiency of the
incorporated fibers. The obtained results are provided in Table
1. The obtained results were also presented graphically in
Figure 1 to enhance the impact of turkey feather fibers on the
maximum load parameters. It is seen from the table that the neat
PLA (pure reference sample) specimens exhibited the highest
tensile performance among all tested materials, with a
maximum load of 0.8267 kN, which is higher than those of all
fiber-reinforced composites. The result obtained indicated that
the unreinforced PLA matrix possesses superior tensile load-
bearing capability under the present processing conditions.

Table 1 Change of the maximum load (Fmax) parameters of
turkey feather-reinforced fibers at different weight fractions.

Samples Fmax (KN)
Pure 0.8267
%1 PLA-1 0.5304
%3 PLA-3 0.5863
%35 PLA-5 0.548

%7 PLA-7 0.4903
%10 PLA-10 0.4884

The incorporation of turkey feather fibers generally resulted
in a reduction in the maximum tensile load. The 1 wt.% TFF
composite exhibited Fmax value of 0.5304 kN, representing a
noticeable decrease compared with neat PLA. Increasing the
fiber content to 3 wt.% improved the tensile response, with
maximum load of 0.5863 kN. This composition exhibited the
highest tensile performance among all reinforced specimens,
revealing that a moderate amount of turkey feather fibers can
contribute positively to load transfer while maintaining
sufficient continuity of the PLA matrix. Further increases in
fiber content resulted in a gradual deterioration of tensile
performance. The 5 wt.% composite exhibited Fmax value of
0.5480 kN, while the 7 wt.% composite showed a value of
0.4903 kN. The lowest maximum load was obtained for the 10
wt.% composite, which fractured under a load of 0.4498 kN, as
provided in Table 1. These results recorded indicted that
increasing the turkey feather fiber content beyond the optimum
level progressively reduces the tensile load-bearing capacity of
the composites.

The relatively superior performance of the 3 wt.% TFF
composite displays that this reinforcement level provides the
most effective balance between fiber reinforcement and matrix
integrity. At low fiber concentrations, the feather fibers are
more likely to be uniformly dispersed throughout the PLA
matrix, allowing more efficient stress transfer across the fiber-
matrix interface. Under these conditions, the fibers can partially
impede crack propagation and contribute to load sharing
without severely disrupting the continuity of the polymer phase.
Consequently, the composite exhibits improved mechanical
performance compared with the other reinforced formulations.
However, as can be seen from the numerical data obtained, the
tensile performance of the composite with a 3% weight ratio
remained lower than that of pure PLA, as seen in Figure 1. The
relatively limited improvement in tensile performance indicates
that the reinforcing potential of the untreated turkey feather
fibers was not fully exploited. This behavior is most likely
attributable to the weak interfacial adhesion between the
hydrophilic keratin-based feather fibers and the relatively
hydrophobic PLA matrix. Such inadequate interfacial bonding
hinders efficient stress transfer from the matrix to the
reinforcing fibers, accordingly limiting their ability to function
as effective load-bearing constituents during tensile
deformation.
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Figure 1. Variation of Fiax values depending on turkey feather
fiber-reinforced composites. Lines represent the general trend
to guide the eye.

The gradual decrease in Fna.x observed at fiber contents
above 3% can be explained by various microstructural
mechanisms. As fiber concentration increases, achieving
homogeneous distribution within the polymer matrix becomes
increasingly difficult. Fibers tend to clump together, resulting
in localized regions of high fiber density surrounded by matrix-
deficient areas. These clumped regions act as stress
concentration points where cracks can more easily form under
applied tensile loads. In addition, higher fiber loadings increase
the likelihood of void formation during composite fabrication.
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The presence of voids reduces the effective cross-sectional area
available to carry tensile loads and promotes premature fracture
by facilitating crack nucleation. Furthermore, insufficient
wetting of the feather fibers by the molten PLA matrix can
produce interfacial defects and micro-gaps around the fibers,
further reducing stress transfer efficiency.

Another important factor contributing to the reduction in
tensile strength is the increased frequency of fiber pull-out and
interfacial debonding during loading. Instead of transferring the
applied stress efficiently, weakly bonded fibers may separate
from the surrounding matrix, consuming only a limited amount
of fracture energy before complete failure occurs. This
phenomenon becomes more pronounced at higher fiber
contents due to the larger total interfacial area and the increased
probability of fiber—fiber interactions.

The observed tensile behavior is consistent with numerous
studies on natural fiber-reinforced PLA composites (Dhaou &
Mnif, 2026; Hinchcliffe, 2015; Yiga et al., 2023), where
moderate fiber contents often provide slight improvements in
mechanical performance, whereas excessive fiber loading leads
to reduced tensile strength because of poor dispersion,
inadequate fiber-matrix adhesion, and increased structural
defects (Kilinc, 2025; Morabiya & Joshi, 2026; Singhal et al.,
2016). Similar trends have been reported for composites
reinforced with cellulose (Ljungberg et al., 2006; Rahman et al.,
2026; Siqueira et al., 2011), flax (Kesentini et al., 2022; Radkar
et al., 2019; Yan et al., 2025), hemp (Hernandez-Diaz et al.,
2020; Masirek et al., 2007), bamboo (Bautista et al., 2025;
Sayed et al., 2022), and poultry feather fibers (Soykan et al.,
2022), where an optimum reinforcement content typically
exists before mechanical properties begin to deteriorate.

All in all, the Fiax parameters deduced from tensile strength
results obtained showed that the incorporation of turkey feather
fibers influences the mechanical performance of PLA in a
concentration-dependent manner. While the addition of 3 wt.%
TFF provides the most favorable tensile response among the
reinforced composites, higher fiber loadings gradually reduce
the maximum load-carrying capacity due to weaker interfacial
bonding, fiber agglomeration, increased porosity, and
premature crack initiation. The findings obtained indicate that
further improvements in the Fax parameters may be achieved
through fiber surface modification, chemical treatments, or the
use of compatibilizing agents to enhance the interfacial
adhesion between turkey feather fibers and the PLA matrix,
accordingly enabling more efficient stress transfer and
improved reinforcement efficiency.

3.2. Change of Elongation at Break

Secondly, the tensile strength findings enable us to
determine the change of elongation of PLA matrix. Table 2
including the elongation at break results clearly displays that
the incorporation of turkey feather fibers significantly

influenced the ductility of the PLA composites. To illustrate the
dramatic change of the elongation at break, we used Figure 2.
The pure PLA specimen exhibited elongation value of 2.58%,
indicating the characteristic deformation behavior of
unreinforced PLA. Although PLA is generally regarded as a
relatively brittle thermoplastic compared with conventional
engineering polymers, the pure specimen retained a measurable
capacity for plastic deformation prior to fracture. The addition
of turkey feather fibers resulted in a substantial reduction in
elongation at break, indicating that fiber reinforcement
restricted the deformation capability of the polymer matrix. In
more detail, the 1 wt.% TFF composite exhibited an elongation
of approximately 0.80%, corresponding to a considerable
decrease compared with pure PLA material. This reduction
indicates that even a small amount of feather fiber limits
polymer chain mobility and promotes earlier crack initiation
during tensile loading. However, it is interesting that, the 3
wt.% TFF composites exhibited an elongation value of 1.75%,
representing the highest ductility among all reinforced
specimens, as shown in Table 2. The recorded value approach
those of the pure PLA sample, indicating that a moderate fiber
content provides a relatively balanced microstructure in which
the fibers are sufficiently dispersed to reinforce the matrix
without excessively restricting its deformation. This
observation is consistent with the maximum load results, where
the 3 wt.%-reinforced composite also exhibited the best tensile
performance among the reinforced materials, as given in Figure
2.

Table 2 Differentiation of the elongation at break of prepared
samples.

Samples Elongation at Break (%)
Pure 2.58

%1 PLA-1 0.80

%3 PLA-3 1.75

%35 PLA-5 -

%7 PLA-7 0.86

%10 PLA-10 0.65

As the fiber loading increased beyond 3 wt.%, the
elongation at break decreased continuously. The 7 wt.%
composites exhibited an elongation value of 0.86%, while the
10 wt.% composite showed the lowest value of 0.65%. This is
attributed to the fact that increasing the fiber content transforms
the composite from a relatively ductile material into one
exhibiting increasingly brittle fracture behavior. Although no
elongation value is recorded for the 5 wt.%-reinforced
specimen (Table 2), the corresponding reduction in maximum
load and displacement indicates that the prepared composite
structure would likely follow the same decreasing trend.
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Figure 2. Variation of elongation at break with turkey feather
fiber reinforcement of PLA matrix. Lines represent the general
trend to guide the eye.

The reduction in elongation at break can be explained by
several interacting mechanisms associated with the presence of
natural fibers in the polymer matrix. Turkey feather fibers
possess a significantly higher stiffness than PLA (Nur Ainin et
al., 2022; Srinara et al., 2020; Talimi, 2011; Zhang et al., 2019)
and therefore act as physical constraints that restrict the
mobility of polymer chains during tensile deformation (Nur
Ainin et al., 2022). As the fiber concentration increases, the
continuous polymer phase becomes interrupted by a greater
number of reinforcing fibers, reducing the matrix's ability to
undergo plastic deformation before fracture (Chen & Turng,
2024; Khakalo et al., 2017; Sandeep et al., 2026; Zheng, 2000).

In addition to restricting polymer chain movement, higher
fiber loadings increase the likelihood of fiber agglomeration,
non-uniform fiber dispersion, and void formation within the
composite structure. The microstructural defects reported may
form localized stress concentration sites where cracks can
initiate more easily under applied tensile loads. Once initiated,
the cracks occurred propagate rapidly through the matrix,
resulting in premature failure and lower elongation values. The
quality of the fiber-matrix interface also plays a crucial role in
determining the ductility of composites. Since untreated turkey
feather fibers exhibit limited chemical compatibility with the
hydrophobic PLA matrix, interfacial adhesion is relatively
poor. The similar discussion is also performed for Fuax values.
Consequently, tensile loading typically leads to interfacial
separation and fiber rupture instead of effective stress transfer
from the matrix to the fibers. These interfacial failures reduce
the composite's ability to absorb deformation energy and
accelerate crack propagation, ultimately leading to reduced
elongation at break.

To sum up, the elongation results deduced from the tensile
strength experiments indicate that turkey feather fiber
reinforcement decreases the ductility of PLA composites, with

the extent of reduction becoming more pronounced as the fiber
content increases. Among the reinforced specimens, the 3
wt.%-reinforced TFF composite exhibited the most favorable
balance between tensile strength and ductility, revealing that
this fiber loading provides the most effective compromise
between reinforcement and deformation capability. In contrast,
composites containing 7 wt.% and 10 wt.%-reinforced TFF
compounds displayed significantly reduced elongation at break,
confirming that the presence of excess fiber incorporation
promotes brittle fracture due to restricted polymer chain
mobility, increased stress concentrations, and insufficient fiber-
matrix interfacial bonding. These findings are in good
agreement with previous studies on natural fiber-reinforced
PLA composites (Sandeep et al., 2026; Soykan et al., 2022;
Zheng, 2000), where increasing fiber content generally leads to
reduced ductility unless fiber surface modification or
compatibilization techniques are employed to improve
interfacial adhesion and stress transfer efficiency.

3.3. Effect of Turkey Feather Fiber Reinforcement
on Maximum Displacement of PLA Matrix

We also determined the effect of turkey feather fiber on the
maximum displacement of PLA matrix with the tensile strength
experiments. We depicted the experimental findings in Table 3
and used Figure 3 to clearly illustrate the dramatic changes. One
can see from the table that the maximum displacement at
fracture exhibited a clear decreasing trend with increasing
turkey feather fiber content in the PLA matrix, indicating a
progressive reduction in the deformation capacity of the
composites. The pure PLA matrix showed the highest
displacement value of 2.305 mm, indicating the inherent
ductility of the unreinforced polymer and its ability to sustain
relatively large deformations before failure. Following the
incorporation of turkey feather fibers, the displacement values
decreased noticeably (Figure 3).

Table 3 Differentiation of the maximum displacement of
prepared samples.

Samples Maximum displacement
Pure 2.305

%1 PLA-1 1.025

%3 PLA-3 1.085

%35 PLA-5 1.05

%7 PLA-7 0.895

%10 PLA-10 0.959

The 1 wt.% TFF composite exhibited a maximum
displacement of approximately 1.025 mm, representing a
considerable reduction compared with the pure PLA specimen
prepared. The 3 wt.% composite showed a displacement value
of 1.085 mm, revealing that although the fibers limited the
deformation capacity of the matrix, the reduction was relatively
moderate at this reinforcement level. Similarly, the 5 wt.%
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composite displayed a fracture displacement of 1.05 mm (Table
3), indicating that the addition of more fibers did not provide
any improvement in deformation behavior. Increasing the fiber
loading led to decreasing in the maximum displacement. In this
context, as the fiber loading increased to 10 wt.%, the
maximum displacement further decreased to 0.959 mm, while
the 7 wt.% composites exhibited the lowest displacement value
of 0.895 mm. The reported results clearly indicated that
increasing the turkey feather fiber content progressively
reduces the ability of the PLA matrix to undergo deformation
prior to fracture.
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Figure 3. Influence of turkey feather fiber reinforcements on
maximum displacement of PLA matrix. Lines represent the
general trend to guide the eye.

The reduction in maximum displacement can be attributed
to several microstructural factors associated with fiber
reinforcement (Majdzadeh et al., 2006; Muhammad et al., 2018;
Rapoport et al., 2002; Rashid et al., 2023; Run-ke et al., 2018;
Trinh-Duc et al., 2021). Turkey feather fibers are considerably
stiffer than the PLA matrix and therefore restrict the mobility
of polymer chains during tensile loading. As the fiber
concentration increases, the polymer matrix becomes
increasingly constrained, limiting its ability to deform
plastically. Furthermore, higher fiber loadings often lead to
non-uniform fiber dispersion, fiber agglomeration, and the
formation of voids or micro-defects within the composite (Chen
& Turng, 2024; Muhammad et al., 2018; Rashid et al., 2023;
Trinh-Duc et al.,, 2021; Zheng, 2000). These structural
imperfections serve as stress concentration sites that promote
premature crack initiation and accelerate crack propagation
under tensile loading. Another important factor influencing the
displacement behavior is the fiber-matrix interfacial adhesion,
having already been discussed above. Since untreated natural
fibers generally exhibit limited compatibility with hydrophobic
PLA, the efficiency of stress transfer across the interface is
restricted. Under tensile loading, weak interfacial bonding
facilitates fiber pull-out and interfacial debonding instead of

allowing the matrix to undergo significant deformation.
Consequently, fracture occurs at lower displacement values,
particularly at higher fiber contents where the total interfacial
area increases substantially.

The observed decrease in displacement is also closely
associated with the reduction in elongation at break obtained
from the tensile tests. Both parameters consistently indicate that
increasing turkey feather fiber content changes the mechanical
response of the composite from relatively ductile to
increasingly  brittle. While low fiber concentrations
(particularly 3 wt.%) still allow limited deformation before
failure, higher reinforcement levels significantly reduce the
composite's toughness and energy absorption capability.

Correspondingly, the maximum displacement results
indicate that although turkey feather fibers can reinforce PLA,
excessive fiber loading compromises the composite's
deformation capability. The 3 wt.% TFF composite provides
the most balanced mechanical response among the reinforced
samples, whereas composites containing 7 wt.% and 10 wt.%
TFF exhibit the greatest loss in ductility due to restricted
polymer chain mobility, increased stress concentrations, and
weaker fiber-matrix interactions. The recorded findings are
consistent with previous studies on natural fiber-reinforced
PLA composites (Bautista et al., 2025; Majdzadeh et al., 2006;
Muhammad et al,, 2018), where increasing fiber content
generally leads to reduced fracture displacement and increased
brittleness unless appropriate fiber surface treatments or
compatibilizers are employed to improve interfacial adhesion.

3.4. Effect of Fiber Content on Maximum
Displacement and Tensile Behavior

All the results recorded clearly present that turkey feather
fiber content has a significant influence on the tensile response
of PLA-based composites, particularly in terms of maximum
displacement and deformation behavior. A systematic
reduction in deformation capacity is observed as the fiber
loading increases, indicating a transition from a more ductile
polymer-dominated response toward a more brittle composite
structure.

At low fiber contents (1-3 wt.%), the composites exhibit a
balanced mechanical response, where moderate reinforcement
is achieved without severely compromising ductility. In
particular, the 3 wt.%-reinforced TFF composite stands out as
the most favorable composition, showing the highest maximum
load and comparatively higher elongation among all reinforced
samples. This shows that at low loadings, turkey feather fibers
are more effectively embedded within the PLA matrix, enabling
relatively efficient stress transfer while still allowing limited
polymer chain mobility. However, when the fiber content is
increased beyond 3 wt.%, a clear deterioration in tensile
performance is observed. Both maximum load and maximum
displacement decrease progressively, indicating reduced load-
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carrying capacity and diminished deformation capability. This
degradation is primarily attributed to the increasing likelihood
of fiber agglomeration, non-uniform dispersion, and
insufficient interfacial bonding between the hydrophobic PLA
matrix and hydrophilic feather fibers. On the other hand, at
higher fiber concentrations, the probability of fiber-fiber
contact increases, leading to incomplete encapsulation of fibers
by the polymer matrix. This results in inefficient stress transfer
across the interface and promotes localized stress concentration
zones. Consequently, microcrack initiation occurs at lower
strain levels, and crack propagation becomes more rapid,
ultimately leading to premature failure. The mechanisms
discussed collectively explain the observed reduction in
ductility and maximum displacement at higher fiber loadings.

All in all, the findings observed reveal that while turkey
feather fibers can act as effective natural reinforcements for
PLA at low concentrations, excessive fiber incorporation
adversely affects the structural integrity of the composite.
Therefore, an optimal fiber content of 3 wt.% is identified,
where a favorable balance between reinforcement efficiency
and mechanical integrity is achieved.

3.5. Change of Mechanical Behavior Belonging to
Turkey Feather Fiber-Reinforced PLA

The tensile test results obtained clearly show that the
incorporation of turkey feather fibers significantly influences
the mechanical behavior of PLA composites. The addition of
TFF altered not only the tensile strength but also the
deformation characteristics of the material, resulting in a
gradual transition from relatively ductile behavior toward
increasingly brittle fracture with increasing fiber content. This
trend is evident from the simultaneous reductions in maximum
load Fmax, elongation at break, and maximum displacement
observed as the fiber loading increased. The pure PLA
specimens exhibited the highest tensile strength related
parameters, such as Fnax, elongation, and fracture displacement,
confirming the superior mechanical integrity and deformation
capability of the unreinforced polymer. Although PLA is
generally considered a brittle thermoplastic, its continuous
polymer matrix allows a relatively uniform distribution of
applied stresses and enables limited plastic deformation before
fracture. In contrast, the introduction of turkey feather fibers
disrupted the continuity of the matrix and introduced additional
interfaces that influenced crack initiation and propagation.

Among all reinforced composites, the 3 wt.% TFF
formulation consistently exhibited the most favorable
mechanical performance. This composition produced the
highest maximum load, the greatest elongation at break, and
one of the highest displacement values among the reinforced
specimens, indicating that this fiber concentration provides the
most effective balance between reinforcement and matrix
continuity. At this relatively low fiber loading, the feather fibers
appear to be sufficiently dispersed within the PLA matrix,

allowing more efficient stress transfer while minimizing the
formation of structural defects such as fiber agglomerates and
voids. Consequently, the composite retains a reasonable degree
of ductility while benefiting from the reinforcing effect of the
fibers.

However, increasing the fiber content beyond 3 wt.%
resulted in a progressive deterioration of tensile properties.
Composites containing 5 wt.%, 7 wt.%, and particularly 10
wt.%-reinforced TFF exhibited lower maximum loads, reduced
elongation at break, and smaller fracture displacements,
indicating diminished tensile performance and reduced
toughness. The findings obtained reveal that excessive fiber
incorporation exceeds the reinforcing capability of the matrix
and instead promotes defect formation within the composite.
Several mechanisms may explain this behavior. Higher fiber
contents increase the probability of fiber agglomeration,
producing localized regions where stress is concentrated during
tensile loading. In addition, insufficient wetting of closely
packed fibers by the molten PLA matrix can generate voids,
microcracks, and interfacial defects, all of which serve as
preferential sites for crack initiation. Furthermore, the inherent
incompatibility between the hydrophilic keratin structure of
turkey feather fibers and the relatively hydrophobic PLA matrix
limits the effectiveness of stress transfer across the interface.
Under tensile loading, weak interfacial adhesion facilitates
fiber pull-out and interfacial debonding, reducing the
reinforcing contribution of the fibers and accelerating
catastrophic failure.

The combined reductions in tensile strength, Fmax,
elongation, and displacement indicate that increasing fiber
loading restricts polymer chain mobility and limits the ability
of the matrix to undergo plastic deformation. Consequently,
fracture occurs at lower strains and lower displacement values,
showing a transition toward increasingly brittle mechanical
behavior. This phenomenon is commonly observed in natural
fiber-reinforced thermoplastic composites when the fiber
content exceeds the optimum reinforcement level.

Accordingly, the experimental findings indicate that turkey
feather fibers can function as an environmentally friendly
reinforcement for PLA; however, their reinforcing efficiency is
highly dependent on achieving an appropriate fiber
concentration and adequate fiber-matrix interfacial bonding.
The present results suggest that approximately 3 wt.%
reinforcement represents the optimum reinforcement level for
the composites produced in this study.

4. Conclusion

The tensile properties of PLA composites reinforced with
turkey feather fibers were systematically investigated as a
function of fiber loading. The results indicated that the
mechanical performance of the composites is strongly
influenced by the amount of fiber incorporated into the polymer
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matrix. It is found that the pure PLA sample exhibited the
highest tensile strength, Fmax, elongation at break, and
maximum displacement, revealing the superior mechanical
integrity and deformation capability of the unreinforced
polymer. The addition of turkey feather fibers generally
reduced these tensile properties; however, the extent of
deterioration depended on the fiber concentration. Among all
reinforced specimens, the 3 wt.%-reinforced TFF composite
exhibited the best mechanical performance, achieving the
highest maximum load together with relatively high elongation
and displacement values. This indicates that moderate fiber
loading provides the most effective balance between
reinforcement efficiency and preservation of matrix continuity.

In contrast, increasing the fiber content beyond 3 wt.%
resulted in continuous reductions in tensile strength, ductility,
and fracture displacement. These reductions are primarily
attributed to fiber agglomeration, inadequate fiber dispersion,
void formation, restricted polymer chain mobility, and weak
interfacial adhesion between the turkey feather fibers and the
PLA main matrix. These microstructural factors promote stress
concentration, premature crack initiation, and brittle fracture,
thereby limiting the reinforcing efficiency of higher fiber
loadings.

Although untreated turkey feather fibers did not improve the
tensile properties beyond those of neat PLA, the results
demonstrate that they can be successfully incorporated into
PLA to produce lightweight and sustainable biocomposites.
The identification of 3 wt.%-reinforced material as the
optimum fiber content provides valuable guidance for future
material development.

Further improvements in mechanical performance are
expected through fiber surface modification, alkaline or silane
treatments, plasma treatment, or the incorporation of
compatibilizers capable of enhancing the interfacial bonding
between turkey feather fibers and the PLA matrix. Such
approaches can improve strain transfer efficiency, reduce fiber
clumping, and allow for higher fiber loads without
compromising tensile performance. Therefore, the findings of
this study provide an important basis for the development of
environmentally friendly PLA-based biocomposites reinforced
with poultry feather waste, contributing to both sustainable
materials engineering and the valorization of agricultural by-
products.
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