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Abstract: This study aims to optimize the recycling of
Ti6AI4V machining waste by investigating mechanical
milling as a novel approach for producing nanopowders.
Ti6Al4V chips were subjected to planetary ball milling. The
effect of varying the weight ratio of milling balls of two
different sizes (14 and 10 mm) on the morphology, crystallite
size, and phase composition of the resulting powders, while
keeping the total ball weight constant at 25-75, 50-50, and 75-
25 ratios, was examined. XRD results revealed that the
milled powders contained titanium oxide phases, along with
minor iron impurities, and had crystallite sizes of less than
100 nm. Furthermore, the quantitative phase fractions and
crystallite sizes of the powders were determined by the
Rietveld refinement method. An increased proportion of
smaller balls in the milling media resulted in a reduction of
crystallite size and an improved particle size distribution.
This study highlights the feasibility of producing TiO,
nanopowders via a cost-effective mechanical milling method
while optimizing the controlling parameters, making it
suitable for potential applications in industries such as paints
and construction.

Keywords: Mechanical Alloying, Nanopowder, Recycling,

Chips, Ti6Al4V

1- Introduction

Titanium alloys, especially Ti6Al4V, are widely used in
the aerospace, biomedical, and automotive industries due
to their excellent strength-to-weight ratio, good
formability, and superior corrosion resistance [1].
However, machining these alloys generates a significant
amount of waste in the form of chips. Finding an
appropriate method for recycling and reusing these chips
is of high economic, strategic, and environmental

importance. Among various recycling techniques,
mechanical alloying has emerged as an efficient, cost-
effective, and scalable method to convert machining chips
directly into nanostructured powders [2]. This technique
involves repeated cold welding, fracturing, and re-welding
powder particles, resulting in the formation of
nanocrystalline structures. While several studies have
investigated the effects of milling time, speed, and ball
size, a systematic examination of the ball-size distribution
under a constant total ball weight remains lacking [3, 4].
This study provides a comprehensive analysis of how the
size ratio of balls influences the morphology, crystallite
size, and chemical composition of Ti6Al4V-derived
nanopowders.

2- Experimental Procedure

Ti6Al4V machining chips from medical implant
production were used as the starting material. The chips
were cleaned by washing with water, immersion in an
acetone solution, and ultrasonic treatment in a mixed
solution of 2 wt% HCl and 8 wt% H, SO, for 20 minutes,
followed by drying at 60°C for 4 hours. Mechanical
milling was performed using a planetary ball mill with a
hardened chromium steel vial. The milling conditions are
summarized in Table 1.
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Table 1. Milling parameters used in the experimental design

. Ball-to-Powder Ball Weight Ratio
Experiment Ratio (BPR) (B1 14 mm: B2
10mm)
1 20:1 25:75
20:1 50:50
20:1 75:25

The structural and phase evolution of the powders
during milling was analyzed using XRD (Bruker D8-
Advanced) with CuKa radiation. Crystallite size,
microstrain, and phase weight fractions were determined
by Rietveld refinement using MAUD software and the
Williamson-Hall method. Morphology and chemical
composition were examined using SEM (Leica
Cambridge, Stereoscan S360) and EDS, respectively.

3- Results and Discussion

3-1- Structural and Phase Analysis

The XRD patterns of the powders milled for 10 hours
under different ball weight ratios are shown in Fig. 1. All
samples exhibited peaks corresponding to the TiO phase,
with minor iron impurities. The sample with a 25-75 ratio
showed broader peaks with lower intensity, indicating a
smaller crystallite size and higher lattice strain [5]. In
contrast, the 75-25 sample showed sharper peaks with
higher intensity, suggesting a larger crystallite size.

TiOY

(111
(200)
0

o
1
)

—
a )
<

20:1(25-75) wie

20:1(75-25) wi%

Intensity (a.u.)

20:1(50-50) wit%s

10 20 30 40 50 60 70 80 90
20 (degree)
Fig 1. XRD patterns of powders milled with a constant BPR

of 20:1 and different ball weight ratios (B1:14mm,
B2:10mm)

The lattice strain, crystallite size, and weight percent of
TiO2 and Fe were determined based on Rietveld analysis.
These findings were shown in Fig. 2. The smallest
crystallite size of 57 nm was observed in the 25-75 sample,
which is in agreement with the XRD patterns and the
lowest peak intensity. By increasing the ratio of the larger
balls (75-25), the crystallite size increased to 61 nm. The
results are in total agreement with previous studies on the
dependence of the crystallite size on using different balls
in milling [6].

0.006

0.003

Intermal stramm (26)

25.75 50-50 7525
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70

Crystallite Size (mmn)
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BI(14 mm)-B2(10 mm) wt.%

Tio (wt.2s)

2575 50-50 75-25

B1(14 mm)-B2(10 mm) wt.%
Fig 2. The effects of different ball weight ratios using the
Rietveld method on (A): internal strain, (B): crystallite size,
(C): Fe weight ratio, and (D): TiO weight ratio

Fig. 3 shows Williamson-Hall graphs of three different
weight ratios of the balls. In these graphs, the slope of the
line shows the lattice strain, and the y-intercept indicates
the crystallite size. As can be seen, the sample 75-25 has
the lowest slope and highest y-intercept, which indicates
the lowest lattice strain and highest crystallite size among
the samples.
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Fig 3. Williamon-Hall graphs of nanopowders. (A): 25-75,

(B): 50-50, and (C): 75-25.

3-2- Morphology

SEM images of the milled powders (Fig. 4) revealed
spherical and highly agglomerated particles, which are
typical in high-energy ball milling. The use of smaller balls
resulted in a more uniform particle-size distribution [7].

Fig 4. SEM images of milled powders: (a) 25-75, (b) 50-50,
(c) 75-25.

4-  Conclusion

Nanopowders were successfully produced from Ti6Al4V
machining chips via mechanical milling. The ball size ratio
significantly influenced the crystallite size, particle
distribution, and chemical purity of the powders. A higher
proportion of small balls (25-75) resulted in finer
crystallites, lower iron contamination, and improved
powder purity. This approach offers a sustainable and
economical pathway for recycling titanium alloy waste
into valuable nanomaterials for industrial applications
such as paints and construction.
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Nanopowder Produced from Machining Chips of Ti6Al4V: Effect of Ball-to-Powder Weight Ratio in
the Mechanical Alloying Process

Seyyed Amirreza Alavizadeh ~ Sevda Teimoorpour ~ Mehrdad Shahbaz ~ Majid Kavanlouei ~ Hossein Abdollahi

Abstract This study aims to optimize the recycling process of Ti6Al4V machining waste by investigating mechanical
milling as a novel approach for producing nanopowders. The Ti6Al4V chips were subjected to planetary ball milling. The
effect of varying the weight ratio of milling balls with two different sizes (14 and 10 mm) on the morphology, crystallite
size, and phase composition of the resulting powders, while keeping the total ball weight constant at 25-75, 50-50, and
75-25 ratios, was examined. The produced powders were characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDAX). XRD results revealed that the milled powders
contained titanium oxide phases, along with minor iron impurities, and had crystallite sizes of less than 100 nm.
Furthermore, the quantitative phase fractions and crystallite sizes of the powders were determined by the Rietveld
refinement method. An increased proportion of smaller balls in the milling media resulted in a reduction of crystallite size
and an improved particle size distribution. EDS analysis demonstrated that the milling parameters influenced the purity
of the powders, with the sample produced under the 25-75 ball ratio exhibiting a titanium content of 69.9 wt%. This study
highlights the feasibility of producing TiO, nanopowders via a cost-effective mechanical milling method while optimizing
the controlling parameters, making it suitable for potential applications in industries such as paints and construction.
Keywords Mechanical Alloying, Nanopowder, Recycling, Chips, Ti6Al4V.
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Abstract: Today, due to the increasing advances in industry
and technology, the demand for energy consumption by
various industries has also increased. One of the most
important energy sources is electricity. Batteries or portable
power sources are one of the most important energy sources
and play a very important role in energy transfer. One of the
most important batteries in the industry, from the subgroup
of rechargeable (secondary) batteries, is called lithium
(lithium-ion) batteries. These types of batteries have wide
applications in various fields. In the near future, it is
predicted that the use of these technologies for energy
storage in vehicles and renewable energy sources will
significantly increase the consumption of lithium batteries.
With the advancement of scientific level and continuous
progress of human society, mobile phones, computers,
electric vehicles have become daily necessities, and the
problems of energy reduction and environmental pollution
are becoming more and more prominent. Considering the
shortage of natural resources for the production of lithium
and other important elements that make up batteries, the
issue of recovering the elements used in batteries and
recycling used batteries is very important. Generally,
conventional methods for recycling lithium batteries include
two types: physical and chemical. In this study, chemical
methods including hydrometallurgical and
pyrometallurgical processes have been investigated. By
studying reliable articles and sources, an attempt has been
made to analyze the recycling and recovery processes of
lithium batteries in addition to introducing the types of
batteries.

Keywords: Recycling, Lithium-ion Battery,
Hydrometallurgy, Pyrometallurgy, Spent Lithium-ion
Battery

1- Introduction
The rapid advancement of modern technologies and the
widespread use of electronic devices and energy storage

systems have led lithium-ion batteries to become one of
the most important energy sources worldwide. Alongside
the growing consumption of these batteries, a substantial
quantity of spent lithium-ion batteries is generated, raising
serious environmental and economic concerns regarding
their disposal. Due to the presence of valuable metals and
the adverse consequences of improper waste management,
recycling and resource recovery have become essential.
Consequently, the development of safe, cost-effective, and
sustainable recycling strategies has emerged as a critical
research focus in recent years [1-3].

2- Structure Lithium-lon

Batteries

Lithium-ion batteries consist of several key components,
including the anode, cathode, electrolyte, separator, and
metallic casing. Each component plays a specific role in
the electrochemical performance of the battery, while the
material composition significantly affects its stability,
capacity, and lifespan. Although the structural diversity of
lithium-ion batteries contributes to their high performance,
it also increases the complexity of recycling processes.
Since each component contains different materials and
metals, diverse and tailored recycling approaches are
required [3,4] .

and Composition of

3- Importance and Obijectives of Recycling

The increasing demand for critical metals such as lithium,
nickel, and cobalt, combined with the limitations of natural
resources, has further emphasized the importance of
battery recycling. Spent lithium-ion batteries are not only
classified as hazardous waste but also represent a valuable
secondary resource [1,2]. The primary objectives of
recycling include minimizing environmental impacts,
preventing pollution, reducing dependence on primary
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mining, and reintegrating valuable materials into the
production cycle [2,3]. Previous studies demonstrate that
battery recycling plays a vital role in sustainable
development and efficient resource management [1,3].

4- Methodology

This study adopts a review-based analytical approach
founded on a systematic examination of reliable scientific
literature. Selected studies were screened and categorized
based on thematic relevance, scientific credibility, and
innovation in recycling techniques. The collected data
were organized into three main analytical domains:
recycling methods, metal extraction technologies, and
environmental and industrial challenges. This framework
enables a comprehensive and comparative analysis of
current research trends.

4-1- Pre-treatment and Preparation of Spent Batteries
Pre-treatment is a crucial step in the recycling process,
directly influencing safety and overall efficiency. In this
stage, batteries undergo controlled discharge followed by
dismantling and separation of internal components.
Processes such as crushing, physical separation,
component detachment, and binder removal are essential
for preparing materials for subsequent recycling stages.
The effectiveness of pre-treatment significantly
determines the performance of downstream processes.

4-2- Pyrometallurgical Recycling Methods
Pyrometallurgical processes involve treating batteries at
high temperatures to separate valuable metals from other
compounds. These methods are widely adopted in
industrial applications due to their operational simplicity
and scalability [3,5]. However, high energy consumption
and gaseous emissions present notable environmental
challenges. Industrial experience indicates that while
pyrometallurgical methods are effective for recovering
heavy metals, they show limited efficiency for lighter
elements.

4-3- Hydrometallurgical Recycling Methods
Hydrometallurgical processes utilize chemical solutions to
dissolve, separate, and precipitate metals. Their primary
advantages include high selectivity and efficiency in metal
recovery [3,4]. These processes generally operate at lower
temperatures and are considered more environmentally
favorable. Nonetheless, operational complexity and
wastewater management remain significant challenges.
Recent studies suggest that the adoption of greener
reagents and sustainable technologies can enhance the
environmental performance of hydrometallurgical
approaches [4,6] .

4-4- Comparative Analysis of Recycling Methods

The reviewed literature indicates that no single recycling
method can fully address industrial and environmental
requirements. Pyrometallurgical approaches are suitable
for large-scale applications but suffer from environmental
drawbacks, whereas hydrometallurgical methods offer
higher precision and recovery efficiency at the expense of

increased complexity and cost. As a result, recent research
trends increasingly emphasize hybrid recycling strategies
that integrate the advantages of both methods [1,4,5,6].
This shift highlights the future directions of battery
recycling toward improved efficiency, cost reduction, and
environmental sustainability.

5- Conclusion

The findings of this review underscore the critical role of
lithium-ion battery recycling in resource management,
pollution mitigation, and the advancement of circular
economy principles. To achieve more efficient recycling
processes, future developments should focus on reducing
energy consumption, employing environmentally friendly
reagents, and improving waste control. The expansion of
hybrid recycling technologies and industrial infrastructure
is expected to play a decisive role in integrating recycling
as a core component of the battery supply chain.
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An Overview of Lithium Batteries and Their Recycling by Hydrometallurgical and Pyrometallurgical
Methods

Neda Emami Davod Moradkhani Milad Ghorbanzadeh

Abstract Today, due to the increasing advances in industry and technology, the demand for energy consumption by
various industries has also increased. One of the most important energy sources is electricity. Batteries or portable power
sources are one of the most important energy sources and play a very important role in energy transfer. One of the most
important batteries in the industry, from the subgroup of rechargeable (secondary) batteries, is called lithium (lithium-
ion) batteries. These types of batteries have wide applications in various fields. In the near future, it is predicted that the
use of these technologies for energy storage in vehicles and renewable energy sources will significantly increase the
consumption of lithium batteries.With the advancement of scientific level and continuous progress of human society,
mobile phones, computers, electric vehicles have become daily necessities, and the problems of energy reduction and
environmental pollution are becoming more and more prominent. Considering the shortage of natural resources for the
production of lithium and other important elements that make up batteries, the issue of recovering the elements used in
batteries and recycling used batteries is very important. Generally, conventional methods for recycling lithium batteries
include two types: physical and chemical. In this study, chemical methods including hydrometallurgical and
pyrometallurgical processes have been investigated. By studying reliable articles and sources, an attempt has been made
to analyze the recycling and recovery processes of lithium batteries in addition to introducing the types of batteries.

Key words Recycling, lithium-ion battery, hydrometallurgy, pyrometallurgy, spent lithium-ion
battery.
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Abstract: This study evaluates red mud, a waste by-product
of alumina production process, as a low-cost and stable
heterogeneous catalyst for biodiesel production. In order to
improve the structure and catalytic performance, the red
mud was pretreated by water washing method.
Comprehensive characterization of the sample was carried
out using XRF, XRD, BET-BJH, FTIR and FESEM analyses
and its catalytic activity in the conversion of oleic acid to
biodiesel was assessed. The results showed that pretreatment
significantly improves the physicochemical properties of the
red mud by removing excess surface ions such as Na+ as well
as metal oxides such as Fe, Si and Al. This process causes a
larger surface area available for catalytic reactions and
consequently increases the catalytic activity. In the
esterification reaction activity test, the conversion rate of
oleic acid to biodiesel increased from 62.7% to 74.6% after
pretreatment. Based on these results, red mud, after
improving its properties, can be used as an attractive and
efficient catalyst for subsequent chemical processes.

Keywords: water-washing, pretreatment,
catalyst, biodiesel, esterification, oleic acid

heterogeneous

1- Introduction

In the past century, the global economy has expanded at an
unprecedented pace. This rapid growth has driven up
fossil-fuel use and, as a result, sharply increased
environmental pollution [1-3]. Its biodegradability,
enhanced lubricity, lower particulate emissions, and
seamless compatibility with existing diesel engines have
driven widespread interest in its use as an alternative fuel.
Two key factors drive the cost of biodiesel production: the
price of the feedstock and the expenses associated with
processing. Feedstock typically represents 60-80% of the
total cost, so choosing a low-cost oil source is essential.
Switching to non-edible or waste oils can slash feedstock
expenses by two to three times, while maintaining fuel

quality.

On the processing side, catalyst development has been a
major focus. Traditional homogeneous catalysts (KOH,
NaOH) are highly sensitive to feedstock purity and
generate soap and alkaline wastewater, which complicate
separation and purification steps. Heterogeneous catalysts,
in contrast, simplify downstream operations by
eliminating neutralization, reducing wastewater, and
easing biodiesel glycerol separation [5-9]. They can also
be recovered and reused.

However, their complex synthesis often increases
production time and cost. As a result, creating catalysts
that combine high efficiency, low cost, and
straightforward preparation remains a central goal in
biodiesel research.

Red mud is the highly alkaline residue generated when
bauxite ore is refined into aluminum. Its strong alkalinity
and the vast volumes produced make safe storage and
disposal a major environmental challenge, and current
containment methods often remain inadequate.

Despite these issues, red mud harbors valuable
elements such as titanium and scandium, along with metal
oxides like iron oxide, silica, and alumina. These
constituents have attracted interest for turning red mud into
a resource for applications including pyrolysis and bio-oil
upgrading, water purification, and hydrogenation. Red
mud can be useful in this process because it has the metal
oxides that can act as catalysts [10].

However, red mud may not effectively act as a catalyst
without pre-treatment. This is because the particles stick
together and the pores get blocked. The surface area of the
mud is also not very accessible, which can be related to a
huge amount of sodium compounds. The red mud has
limited activity because of all these issues, with the
particles, the pores, and the surface area.
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Consequently, this study examined the effect of
pre- treatment of red mud by a simple water- washing
method as an inexpensive, low- cost, and environmentally
friendly approach. The catalyst produced was evaluated
through XRD and FESEM analyses, and its activity was
ultimately assessed in the biodiesel production process
from oleic acid and compared to untreated red mud.

2- Experimental

This study used red mud from the Iran Alumina Company.
The red mud was dried in an oven at 110 °Cfor 24 h. Then
the dried red mud was mixed with water at 80 °Cand stirred
for 4 h. After separation, the washed red mud was dried
again in the oven at 110 °Cfor 24 h.

3- Results and Discussion

FESEM images of the red- mud sample are presented in
Fig. 1. The red- mud specimen appears as large
agglomerates with dimensions of approximately 5 pm
and a non- porous surface. The non- porous surface and
agglomerated morphology are likely due to high surface
charges arising from the presence of alkaline ions such
as Na+, Ca2+, and van der Waals forces between
particles. This factor, attributable to the high number of
silicate groups, hinders the formation of pores and cavities
that would provide an appropriate substrate and surface for
chemical reactions. It can be concluded that

water- washing pretreatment can remove interfering ions,
open pores, and improve particle dispersion, thereby
reducing the agglomerated particles.

Fig. 1. The FESEM images of the synthesized samples

The XRD patterns of raw and treated red mud are
illustrated in Fig. 2. In the water- washing process, no
significant changes in the XRD peaks were observed,
indicating that the washing step does not alter the
material’s structure. The only effect is a reduction in peak
intensity, which is attributed to the removal of excess ions
and the disruption of the aggregated particle structure,
potentially leading to a decrease in particle size.

Elemental composition analysis of the red- mud
matrix showed the presence of iron oxide, silicon oxide,
aluminum oxide, and calcium oxide phases. The result
showed a decrease in the aluminum- rich groups (from
50% to 42%), an increase in iron (29% to 33%) and
calcium oxides (4% to 9%), and no change in silicon
dioxide (~16%). These alterations are, as previously
mentioned, due to internal structural changes, particle
penetration, and the separation of inappropriate
compounds during the washing step. This behavior reflects

the ion- exchange nature of red mud, where interlayer
cations such as Na+ and Ca2+ are readily leached into the
solvent.
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Fig. 2. The XRD plot of raw and treated red mud

Crystallite size, calculated using the Scherrer equation
from the peak at 20 = 29.6°, decreased from 63.7 nm
for the raw red mud to 55.9 nm for the treated sample.
This reduction indicates a favorable influence of the
pre- treatment on crystallite size and, probably, on the
catalytic activity of the red mud.

The activity of red mud was evaluated in the
esterification reaction of oleic acid to its ester under
conditions of an alcohol- to- oil ratio of 1:12, a catalyst
loading of 6 wt %, a temperature of 120 °C, and a
reaction time of 4 h. The esterification conversion was
increased from 62.7% to 74.6% when red mud was treated
with water. It can be referred to improvement the porosity
and the reduction of agglomerated particles of the catalyst,
which facilitates greater penetration of reactants into the
pores and enhances surface contact, thereby promoting
higher conversion of oleic acid to biodiesel.

4-  Conclusion

In this study, red mud was employed as a heterogeneous
catalyst for the esterification of oleic acid to produce
biodiesel, and the effect of water- washing pretreatment
on its structural properties and catalytic performance was
investigated. The analytical results indicated that the
structural changes in the crystal lattices were negligible,
and water washing had no detrimental effect on the overall
structure. On the other hand, the washing process affects
the porosity and surface functional bonds, which causes
the catalytic activity to increase from 62.7 %to 74.6 %
after the pre-treatment process with water. Therefore, it
can be concluded that simple and low- cost pre-treatment
methods, such as water-washing, represent an effective
strategy for optimizing industrial waste- derived catalysts,
such as red mud, for biofuel production. Further
investigations into structural modification, surface
bonding, and thermal stability of these catalysts could aid
in scaling up this class of materials for industrial
applications.
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Investigating the effect of red mud pretreatment by water on its activity in biodiesel
production

Arash Badri Hamed Nayebzadeh Behgam Rahmanivahid

Abstract This study evaluates red mud, a waste by-product of alumina production process, as a low-cost and stable
heterogeneous catalyst for biodiesel production. In order to improve the structure and catalytic performance, the red mud
was pretreated by water washing method. Comprehensive characterization of the sample was carried out using XRF,
XRD, BET-BJH, FTIR and FESEM analyses and its catalytic activity in the conversion of oleic acid to biodiesel was
assessed. The results showed that pretreatment significantly improves the physicochemical properties of the red mud by
removing excess surface ions such as Na* as well as metal oxides such as Fe, Si and Al. This process causes a larger
surface area available for catalytic reactions and consequently increases the catalytic activity. In the esterification reaction
activity test, the conversion rate of oleic acid to biodiesel increased from 62.7% to 74.6% after pretreatment. Based on
these results, red mud, after improving its properties, can be used as an attractive and efficient catalyst for subsequent

chemical processes.

Key words Red mud, Pretreatment of red mud, Heterogeneous catalyst, Biodiesel, Esterification reaction.
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Abstract: This study aimed to investigate the effect of two-
step electrochemical anodization on the physical and
chemical properties of titanium dioxide nanotubes grown on
a titanium substrate. For this purpose, a two-step
electrochemical anodization process was conducted in an
electrolyte solution containing fluoride ions. Raman results
of the coating showed characteristic peaks of titanium oxide.
X-ray diffraction (XRD) analysis also indicated that
nanocrystalline nanotubes were formed as the primary
crystalline the anatase phase. Field emission scanning
electron microscopy (FESEM) revealed that the two-step
anodization process, compared to the one-step process,
improved the microstructural orientation. Moreover,
according to the results of the contact angle test, the
hydrophilicity of the oxide nanotubes after the two-step
anodizing route was significantly increased compared with
that of the Ti substrate. This could be due to the increase in
surface roughness in the presence of regular oxide
nanotubes. The results of atomic force microscopy (AFM)
analysis also confirmed that the roughness of the Ti substrate
surface increased from 69.8 to 2853 nm after the
electrochemical process. Therefore, it can be concluded that
the two-step anodization process is a key process in the
surface engineering of titanium nanostructures.

Keywords: Titanium Oxide Nanotubes, Electrochemical

Anodization Process, Nucleation Mechanism

1- Introduction

Titanium and its alloys are used in various fields such as
medical implants, aerospace equipment, energy
technologies, and chemical industries due to their superior
properties, such as a high strength-to-weight ratio,
corrosion resistance, and excellent biocompatibility.

However, the surface properties of titanium play a crucial
role in the final performance of the metal [1]. In recent
years, titanium surface engineering has become
increasingly important to improve features such as
bioactivity, antibacterial properties, photocatalytic
capacity, and efficiency in chemical sensors. One of the
key strategies to improve the physical, mechanical, and
chemical properties of the Ti substrate is the
electrochemical anodization process that promotes the
formation of the nanostructured oxide layers on the surface
of titanium [2], [3]. Among different structures of titanium
oxide, nanotubes have attracted special attention in
advanced applications due to their high specific surface
area, permeability to fluids and ions, as well as unique
electrical and optical properties [4]-[6]. The formation of
the titanium dioxide nanotubes during the electrochemical
process occurs in the presence of an electrolyte containing
fluoride (F-) ions. By applying a voltage, the surface of
titanium is simultaneously affected by two key
phenomena: (1) anodic oxidation and (2) chemical oxide
film dissolution [7]. While one-step anodization is capable
of producing titanium oxide nanotubes, there are some
limitations, such as low structural order, lack of uniform
tube diameter, and the presence of structural defects [8].
For this reason, researchers have investigated a novel and
innovative method called two-step anodization, which is
derived from successful techniques in the formation of
completely ordered nanotube structures [9].

The main aim of this study is to synthesize titanium
oxide nanotubes using a two-step electrochemical
anodization process. Furthermore, the physical and
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chemical properties of the created oxide layer have been
thoroughly discussed.

2- Materials and Methods

To perform the electrochemical anodization process,
platinum foil was used as a cathode, and pure titanium
grade 2 with 99.99 % purity and 0.1 mm thickness was
utilized as an anode with dimensions of 15 x 15 mm. The
electrolyte solution contained ammonium fluoride,
ethylene glycol, and deionized water. Before starting the
anodization process, the surface of Ti foils as substrates
was completely polished. Chemical etching was carried
out using an etchant solution containing HNO3-H20-HF.
The distance between the cathode and the anode electrodes
was considered 20 mm. Both electrodes were connected to
a DC voltage source, and the anodization voltage was
applied as shown in Fig.1. The anodization process was
done for 4 h under a voltage of 60 V. During the
experiment, the electrolyte was stirred continuously using
a magnetic stirrer.

After the first-step anodization process, the samples
were placed in the ultrasonic bath for 30 minutes in order
to separate the primary coating from the surface. Then,
after removing the primary layer, the second step of the
anodizing process was repeated under the same conditions
as the first step. To characterize the created anodized
structures, various metallurgical analyses such as field
emission scanning electron microscopy (FESEM), x-ray
diffraction patterns (XRD), Raman spectroscopy analysis,
contact angle test, and atomic force microscopy (AFM)
were used.

Fig 1. The schematic illustration of the electrochemical
anodization process

3- Results and Discussion

The formation mechanism of nanotubes on the titanium
substrate during the initial stage of anodization is assisted
by an electric field. The F" ions are the main cause of pore
formation. These pores are transformed into cylindrical
nanotubes during the process. Fig. 2 (a and b) shows the
obtained morphology of nanotubes after a one and two-
step anodizing process. Although a tubular structure has
been successfully formed after the one-step anodization,
the nonuniform and irregular formation of nanotubes is
observed (Fig.2a). Moreover, in some areas, breakage of
nanotubes due to their growth in different directions has

been observed. The aim of synthesizing nanotubes via a
two-step anodizing process is to modify the disordered
structure. Therefore, in the second step, the creation and
growth of nanotubes in two-step anodization start from the
remaining pattern of the nanotubes after the first step. The
above-mentioned procedure causes a higher degree of
order and formation of completely parallel nanotubes. The
morphology of the created nanotubes after the two-step
anodizing process is depicted in Fig.2(b).

The morphology of nanotubes after one and two steps
of the process via the cross-section view is also illustrated
in Fig.3 (a and b), respectively. As is clearly seen, the
process of two-step electrochemical anodization has an
impressive effect in creating a noticeable order in the
morphology of the nanotubes.

(a)

One-step
anodization process

(b)

Two-step
anodization process

Fig 2. The FESEM images of the samples after (a) one-step
and (b) two-step anodizing process

Two-step
anodization process

One-step
anodization process

Fig 3. The cross-section FESEM images of the formed
nanotubes after (a) one-step and (b) two-step anodizing
process.

The results of Raman spectroscopy of the formed
nanotubes after a two-step anodizing process are shown in
Fig.4. The presence of the titanium oxide structure is
confirmed by the appearance of sharp bands at 144, 197,
399, 513, and 639 cm™? regions. The mentioned bands are
acceptable evidence for the presence of the TiO; film in
the form of the anatase phase. The main band at 144 cm?
has a high intensity and has a low width, which could
imply high crystallinity and a suitable network
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arrangement for nanotubular structure [10]-[15].
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Fig.4. The Raman spectroscopy of the sample after a two-
step anodizing process.

Fig.5 shows the plot of X-ray diffraction analysis of the
two- step anodized sample. As depicted in the diffraction
pattern, a relatively wide and low intensity peak was
observed at the angle 26 equal to 25.3 degrees, which
corresponds to the formation of the anatase TiO, phase
(PDF#21-1272). In addition, a relatively low peak was
found at 28 equal to 35.3°, which was consistent with the
(100) titanium metal (Ti) substrate (PDF # 44 — 1294).
Generally, the XRD results indicate that TiO, nanotubes
are created as a nanocrystalline structure with the
dominant anatase phase. However, the crystallinity of the
coating is at the initial stage due to the low intensity of the
TiOz peaks. Indeed, the final structure remains between an
amorphous and a crystalline state.

Intensity (a.u.)
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Fig 5. The XRD pattern of the sample after the two-step
anodization process

In order to investigate the effect of the anodization process
on Ti substrate, contact angle analysis was performed. For
this purpose, two samples were studied. The first sample
was the Ti substrate before the anodizing process, Fig.6(a).

The second sample is the sample that was subjected to a
two-step anodization process, Fig.6(b). As compared to
the obtained results, the contact angle decreased from 98
to 60 degrees after synthesizing TiO, nanotubes via a two-
step anodizing process. It could be due to the presence of
nanoscale roughness and the uniformity created during the
electrochemical process.

Fig 6. The contact angle test of the samples: (a) Ti substrate,
(b) two-step anodized sample

To estimate the surface roughness of the samples, AFM
was performed. Fig.7 (a and b) depicts the obtained results
of the pure titanium substrate and the surface of the sample
after a two-step anodizing process. The increase in surface
roughness from 69.8 to 285.3 nm during electrochemical
anodization is a reason for the observed increase in the
hydrophilicity of the anodized surface covered by the
oxide nanotubes. The results also shows that the
electrochemical anodization process increased the amount
of surface roughness significantly. This phenomenon is
also well correlated with the results of the contact angle
test.

(a)
Ti substrate

Roughness(Ra)
69.87 nm

Two-step
anodized sample

Roughness(Ra)
285.32 nm

[——

Fig 7. AFM microscopy results of the samples (a) Ti
substrate, (b) the sample after the two-step anodization
process

4-  Conclusion

e In the present study, titanium dioxide was coated on
Ti substrate via an electrochemical anodization
process. This study aimed to investigate the effect of
a two-step electrochemical anodizing route on the
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physical and chemical properties of titanium dioxide
nanotubes.

e FESEM analysis depicted that the two-step
anodization process has a significant effect on
microstructural evolution and nanotubular orientation
and growth as compared with the one-step process.
This means that the nanotubes after the completion of
the two-step anodization process are fully parallel and
ordered in comparison with the one-step anodized
sample.

e The results of the Raman analysis of the coating
revealed the bands of TiO; in anatase phase, which
shows the crystallinity and good network order in the
structure of nanotubes. X-ray diffraction (XRD)
analysis also revealed that nano-crystalline nanotubes
were formed as the primary crystalline anatase phase.

e Based on the investigation through microscopic
analysis of AFM and contact angle test, the process of
electrochemical anodization has increased both
roughness and surface hydrophilicity significantly.

e In conclusion, it can be claimed that the two-step
anodization process can be considered as a key
process in the surface engineering of the Ti substrate,
especially for the surface modification of the titanium
implants.
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Surface Engineering of Titanium via a Two-Step Electrochemical Anodization Process: Mechanism of
Nucleation and Growth of Titanium Oxide Nanotubes
Faezeh Darvishian Haghighi Nazanin Yazdanparast Sahar Mollazadeh Beidokhti Mohsen Haddad Sabzevar*

Abstract In recent years, titanium oxide nanotubes (TiO, NTs) grown on titanium metallic substrates have attracted
significant attention due to their wide applications in biomedical and energy-related fields. Electrochemical anodization
is considered one of the most effective methods for producing these nanotubular structures. The present study aims to
investigate the influence of a two-step electrochemical anodization process on the physicochemical properties of titanium
oxide nanotubes. Following anodization, the fabricated coatings were characterized using various metallurgical
techniques. Raman spectroscopy confirmed the presence of characteristic peaks of titanium oxide in the developed layer.
Phase analysis using X-ray diffraction (XRD) revealed that the formed nanotubes consisted of TiO, nanocrystallites with
anatase as the dominant phase. Moreover, field-emission scanning electron microscopy (FESEM) observations
demonstrated that two-step anodization remarkably improves the nanotube structural order compared to single-step
anodization, as the nanotubes grow during the second stage based on a pre-formed template, resulting in highly parallel
and well-aligned structures. Contact angle measurements indicated a 38.78% reduction in wettability angle, signifying
enhanced surface hydrophilicity after two-step anodization. Additionally, atomic force microscopy (AFM) analyses
revealed an increase in surface roughness from 69.8 to 285.3 nm, which improves the specific surface area. Such
enhancement in surface roughness is considered beneficial for biomedical applications, particularly in implant
technology. Therefore, it can be concluded that two-step anodization is a key process for engineering and optimizing
titanium-based nanotubular structures.

Keywords Titanium Oxide Nanotubes, Electrochemical Anodization Process, Nucleation Mechanism.
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Abstract: This study investigates the effect of annealing
temperature and time on the structural and magnetic
properties of melt-spun Nd—Fe-B alloy ribbons. Annealing
was carried out at 550 °C for 30 min, while heat
treatments at 650 °C and 700 °C were performed for 30,
60, and 90 min. Phase evolution, microstructure, and
magnetic behavior were characterized using XRD, FE-SEM,
EDS, DSC, and VSM analyses. The as-spun ribbons
exhibited an amorphous structure with weak magnetic
properties. Annealing at 650 °C led to the formation of the
hard magnetic Nd,Fe;4B phase and promoted the
development of a uniform nanocrystalline structure. The
best magnetic performance was obtained at 650 °C for 90
minutes, where the coercivity reached 8710 Oe, and the
squareness ratio was 0.781. In contrast, annealing at 700 °C
resulted in the formation of soft magnetic phases and
significant grain coarsening, which reduced the magnetic
performance. These results indicate that annealing at 650 °C
for 90 minutes provides the most suitable condition for
obtaining a stable nanocrystalline structure and improved
magnetic properties in Nd—Fe—B alloy ribbons.

Keywords: Annealing treatment, Magnetic properties,
Melt-spun ribbons, Microstructure, NdyFe;4B phase,
Nd-Fe-B alloy

1- Introduction

Nd-Fe-B permanent magnets owe their strong
performance to the tetragonal Nd, Fe; , B phase, whose
magnetic behavior is highly sensitive to microstructure [1],
[2], [3]- Melt spinning is an effective technique for
producing amorphous ribbons that can transform into fine
nanocrystalline structures through controlled annealing.
When grain sizes remain in the nanoscale range, coercivity
and remanence improve due to restricted domain wall
motion and strong grain boundary pinning [4].

Heat treatment, therefore, plays a central role in
optimizing these magnets. Proper annealing stabilizes the
Nd rich boundary phase and promotes full formation of
Nd, Fe; 4 B [6], while excessive temperatures can cause

grain coarsening and create soft magnetic phases such as a
Fe, which degrade performance [5], [6], [7]. Despite
previous research, a clear understanding of how both
annealing temperature and time jointly affect
crystallization and magnetic behavior is still incomplete.

In this study, melt spun Nd; 5 Fe; ; Bg ribbons were
annealed at 550, 650, and 700 °C for 30, 60,and 90 min.
Using DSC, XRD, FE SEM, EDS, mapping, and VSM
analyses, we identify how microstructure evolves at each
condition and determine the heat treatment window that
preserves the nanocrystalline structure and maximizes
magnetic performance.

2- Method

An Nd-Fe-B alloy with the nominal composition
Nd; 5 Fe; ; Bg (99.5% purity) was prepared and melt
spun to produce amorphous ribbons. The alloy was melted
in an induction furnace under high purity argon and rapidly
guenched onto a 25 cm copper wheel rotating at 25 m/s.
The melt spinning chamber operated at 5-10 mbar, and
the ejection pressure was 450 mbar. This rapid
solidification (~10° KI/s) produced uniform amorphous
ribbons.

To avoid oxidation, all heat treatments were carried out
in a quartz tube furnace under 99.999% pure argon. The
ribbons were annealed at 550, 650, and 700 °C for 30, 60,
and 90 minutes, using a heating rate of 10 °C/min,
followed by furnace cooling.

3- Results and Discussion

The phase evolution of melt-spun Nd—Fe-B ribbons was
investigated by X-ray diffraction after annealing at
650 °Cand 700 °C for different durations, as shown in
Fig. landFig. 2.
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Fig 1. X-ray diffraction (XRD) patterns of the Nd—Fe-B
melt-spun ribbons annealed at 650 °C for (a) 30 min, (b)
60 min, and (c) 90 min

At 650 °C, the XRD patterns in Fig. 1(a-c) clearly
demonstrate the progressive crystallization of the hard
magnetic Nd, Fe; , B phase from the initially amorphous
structure [6], [8], [9]. After 30 minutes of annealing
(Fig. la), weak diffraction peaks corresponding to
tetragonal Nd, Fe; , B (P4, /mnm) appear,
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Fig 2. X-ray diffraction (XRD) patterns of the Nd—Fe-B
melt-spun ribbons annealed at 700 °C for (a) 30 min, (b)
60 min, and (c) 90 min

indicating the onset of crystallization within a partially
amorphous matrix [2]. Increasing the annealing time to 60
and 90 minutes (Fig. 1b, c) leads to a significant
increase in peak intensity and a reduction in peak
broadening, confirming improved crystallinity and grain
growth [5], [4]. Importantly, no secondary phases such as
a-Fe are detected even after 90 minutes, indicating that
annealing at 650 °C results in the formation of a nearly
single-phase nanocrystalline Nd, Fe; , B structure. These
observations are consistent with the DSC results, where
exothermic peaks at ~535 °C and ~640 °C correspond
to Nd, Fe, ; B; formation and its transformation to
Nd, Fe; 4 B, respectively [8], [9].

In contrast, annealing at 700 °C induces significant
structural changes. Even after 30 min, diffraction peaks
of soft magnetic a-Fe (Im3m) appear alongside
Nd, Fe; 4 B [6], [7]. With longer times, a-Fe intensities
increase, peaks sharpen, and secondary NdFe, B,
appears after 90 min, indicating phase decomposition at
elevated temperatures [8].

Thus, 650 °C is identified as the optimal temperature
for producing single-phase nanocrystalline Nd, Fe, , B
without phase degradation.

The microstructural evolution of the Nd—Fe—B ribbons
after annealing at different temperatures was examined
using FE-SEM, as shown in Figures 3 and 4. At650 °C
(Figure 3), the fractured cross-section images reveal the
gradual development of a uniform nanocrystalline
structure. After 30 minutes (Figures 3(ab)), the

microstructure still contains a partially amorphous matrix
with the initial formation of nanosized Nd, Fe; , B
grains, having an average size of about 90 nm. With
increasing annealing time to 60 minutes (Figure 3c),
grain growth becomes more evident and the grain
boundaries appear clearer, while the average grain size
increases to approximately 104 nm [2], [4].

Fig 3. FE- SEM fracture- surface micrographs of the Nd—
Fe—B melt- spun ribbons annealed at 650 °C for (a and b)
30 min, (¢) 60 min, and (d) 90 min

After 90 minutes (Figure 3(d)), a relatively
homogeneous nanocrystalline structure is formed with an
average grain size of about 156 nm. No abnormal grain
growth or phase segregation is observed, indicating a
stable nanostructure consistent with the single-phase
Nd, Fe; , B formation confirmed by XRD.

In contrast, the FE-SEM images of samples annealed
at 700 °C (Figure 4) show significant grain coarsening
and microstructural instability. After 30 minutes
(Figure 4(b)), the average grain size increases to about
175 nm, and the presence of brighter regions suggests the
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onset of phase segregation and possible formation of a-Fe,
which is consistent with the XRD results (Figure 2(a)).
With further annealing for 60 minutes (Figure 4c),
abnormal grain growth becomes more pronounced, with
some grains exceeding 250 nm. After 90 minutes
(Figure 4(d)), several grains grew beyond 300 nm,
resulting in a heterogeneous microstructure with coarse
grains and bright regions associated with phase separation
[8]. These features are consistent with the formation of
a-Fe and NdFe, B, phases detected in the corresponding
XRD patterns (Figure 2c). The magnetic behavior of the
melt-spun Nd—Fe—B ribbons after annealing at different
temperatures and durations was analyzed using VSM
measurements, as shown in Figures 5 and 6. At
650 °C (Figure 5), the hysteresis loops exhibit a steady
improvement in magnetic hardness with increasing
annealing time from 30 to 90 minutes.

Fig 4. FE- SEM fracture- surface micrographs of the Nd—
Fe-B melt- spun ribbons annealed at 700 °C for (a and b)
30 min, (c) 60 min, and (d) 90 min

After 30 minutes (Figure 5(a)), the sample showed a
coercivity (Hc) of about 8150 Oe, saturation
magnetization (Ms)~ 108.8 emu/g, and squareness ratio
(M/Ms) =~ 0.76, indicating the emergence of nanosized
hard-magnetic Nd, Fe; , B grains. With longer annealing
times (Figures 5(b,c)), the values of Hc and Mr/Ms
continued to increase, reaching 8710 Oe and 0.78,
respectively, after 90 minutes. The corresponding
increase in anisotropy energy (K = 3.67 x 10° J/m?
for 90 min) reflects enhanced crystal orientation and
magnetic  alignment  within  the  nanocrystalline
Nd, Fe; 4 B phase [2], [10]. The steady rise in coercivity
and squareness ratio confirmed that prolonged annealing
at 650 °C promotes optimum grain  coupling,
single-domain behavior, and magnetic stability [4].
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Fig 5. Magnetic hysteresis loops of the Nd—Fe—B melt- spun
ribbon annealed at 650 °C for (a) 30 min, (b) 60 min, and
()90 min

By contrast, samples annealed at 700 °C (Figure 6)
exhibit significant variations in magnetic performance due

to phase decomposition and grain  growth.
After 30 minutes (Figure 6(a)), the  sample
demonstrated high Ms (= 126 emu/g) but

reduced M/Ms (= 0.60) and Hc; (= 6307 Oe),
attributed to the presence of soft magnetic a-Fe, as
confirmed by XRD (Figure 2(a)). After 60 minutes,
coercivity rose moderately (= 6529 Oe) and squareness
improves (M/Ms = 0.71), suggesting partial
reorganization toward the hard Nd, Fe, , B phase [6], [7].
However, after 90 minutes (Figure 6c), excessive grain
growth and the appearance of secondary NdFe, B, phase
(see Figure 2c¢) lead to a sharp decrease
in He (= 4213 Oe) and Mr/Ms (= 0.56). These
changes indicated structural heterogeneity and weakened
exchange coupling between magnetic grains, consistent
with the FE-SEM observations [11].
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Fig 6. Magnetic hysteresis loops of the Nd—Fe—B melt- spun
ribbon annealed at 700 °C for (a) 30 min, (b) 60 min, and
(c)90 min

4-  Conclusions

The results of this study demonstrate that the annealing
process plays a decisive role in developing the
hard-magnetic properties of melt-spun Nd—Fe—B ribbons.
Annealing at 650 °C enabled the controlled formation of
a uniform nanocrystalline Nd, Fe; 4, B phase, resulting in
progressive improvement of coercivity and magnetic
squareness with increasing time. The highest performance
was achieved after 90 minutes, where optimized grain
size and strong exchange coupling produced stable and
enhanced magnetic behavior. In contrast, annealing at
700 °C led to excessive grain growth and the emergence
of soft magnetic phases such as a-Fe and NdFe, B, ,
which substantially reduced coercivity and magnetic
stability. Overall, the findings confirm that 650 °C
represents the optimal annealing temperature for
preserving nanocrystallinity, maximizing coercivity, and
ensuring desirable hard-magnetic performance in Nd—Fe—
B melt-spun ribbons.
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Effect of Annealing Temperature and Time on The Magnetic Behavior of Nd-Fe-B Alloy Ribbons
Produced by Melt Spinning Method

Ghader Ahmadpour Farzad Nasirpouri

Abstract In this study, the effects of annealing temperature and time on the magnetic properties, microstructure, and phase
composition of Nd-Fe-B alloy ribbons produced by melt-spinning were investigated. The samples were annealed at
temperatures of 550, 650, and 700 °C for durations of 30, 60, and 90 minutes. Characterization was carried out using X-
ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), energy-dispersive X-ray spectroscopy
(EDS), elemental mapping, and vibrating sample magnetometry (VSM). Annealing at 650 °C for 90 minutes led to the
complete crystallization of the hard magnetic Nd,Fe,,B phase with a nanocrystalline structure. At 700 °C, in addition to
the Nd,Fe,4B phase, soft a-Fe and secondary NdFe,B, phases also appeared. FE-SEM images confirmed the gradual
grain growth with increasing temperature and time. Elemental mapping and EDS analysis showed a uniform distribution
of elements in the annealed samples. The maximum coercivity (8710 Oe) and squareness ratio (0.781) were achieved for
the sample annealed at 650 °C for 90 minutes, which is attributed to the stable nanocrystalline structure and effective
pinning of domain walls. In contrast, annealing at 700 °C led to a reduction in coercivity and squareness ratio due to
excessive grain growth and the formation of soft phases. The annealing condition of 650 °C for 90 minutes was determined
as the optimal condition for achieving desirable magnetic properties while preserving the nanocrystalline structure.

Keywords: Nd-Fe-B alloy, Melt-spun ribbons, Annealing treatment, Nd,Fe,,B phase, Microstructure, Magnetic
properties
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Abstract: Nickel-zinc ferrite (NZF) thin films grown on
single-crystal silicon and glass substrates were produced
using RF magnetron sputtering. XRD, FE-SEM, AFM, UV-
vis, and VSM tests were performed to determine the phase
composition and surface topography, along with the optical
and magnetic properties of the NZF ferrite thin films. All
samples had a spinel structure. Optical investigations using
UV-visible spectroscopy showed that light transmittance in
the visible range increased with increasing annealing
temperature. Also, FE-SEM images showed an increasing
trend in grain size (from 32 to 42 nm) with increasing
annealing temperature and a decrease in surface roughness,
both of which can affect the optical properties of the films.
These structural changes were consistent with the optical
behavior of the films and were effective in reducing light
scattering and improving transparency. Magnetic evaluation
of the NZF/Si thin films showed an increase in Ms values
from 42 to 59 emu/g with increasing annealing temperature,
from 700 to 900 °C. These results indicate that by optimizing
the annealing temperature, NZF films not only improve their
soft magnetic properties but also develop suitable optical
characteristics, facilitating their application in magneto-
optical devices and high-frequency technologies.
Keywords: Nickel-zinc ferrite, Magnetron
Microstructure, Optical properties, Thin film

sputtering,

1- Introduction

Nickel-zinc ferrite (NZF) has long attracted significant
research interest as a soft magnetic material characterized
by high electrical resistivity, suitable saturation
magnetization, low coercivity, and excellent chemical
stability. Particularly in thin film form, NZF enables the
integration of magnetic and optical functionalities into
microelectronic chips [1]. In recent years, the growing
trend toward miniaturization and integration of electronic
devices has intensified efforts to develop ferrite thin films,
as they not only exhibit process compatibility with the

semiconductor industry but also demonstrate promising
optical properties in the ultraviolet and visible spectral
ranges [2]. RF magnetron sputtering stands out as an ideal
method for fabricating high-quality ferrite thin films with
uniformity, density, and controlled stoichiometry,
attributes essential for achieving desirable optical
performance [3]. The optimal selection of post-deposition
annealing temperature and atmosphere critically
influences not only the crystalline phase and grain size but
also directly affects key optical parameters such as
direct/indirect bandgap energy, light absorption, and
transmittance spectra. Despite recent advancements, a
comprehensive and systematic understanding of the
interrelationship among thermal processing conditions,
resultant microstructural evolution (including grain size,
crystallographic orientation, and defect density), and the
consequent modifications in the optical response of
nickel-zinc ferrite thin films remain incomplete [4]. This
research gap underscores the necessity for concurrent
investigations of structural, magnetic, and particularly
optical properties of these films under varying annealing
conditions. In the present study, in addition to extending
the annealing temperature range for NZF films deposited
on Si substrates, the optical properties of NZF films on
glass substrates annealed at 200 and 250 °C are also
investigated [5]. The findings of this work are expected to
provide deeper insights into the structure property
relationships in ferrite thin films and facilitate the
optimized design of high-frequency and photonic devices
based on these materials.

2- Materials and Methods

The sputtering target used in the magnetron sputtering
process was fabricated via a standard ceramic processing
route from iron, nickel, and zinc oxide precursors [6].
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Fig 2. XRD of NZF/Si thin films after annealing at 700 to 1000 °C

The composition ratios and fabrication steps are illustrated
in Fig. 1. Thin films of NiosZno sFe>O4 were deposited under
identical deposition conditions onto two types of substrates:
single-crystal silicon wafers with (111) orientation, and
glass slides measuring 0.5 cm x 0.5 cm, to investigate their
optical properties. Deposition was carried out using radio-
frequency magnetron sputtering in a gaseous atmosphere
composed of argon and oxygen.

3- Results and Discussion

Fig. 2 presents the XRD patterns of NZF thin films annealed
at temperatures ranging from 700 to 1000 °C. All annealed
samples exhibit a crystalline spinel structure. This structural
consistency confirms the formation of a uniform crystalline
phase, which is a prerequisite for predictable and
reproducible optical behavior. Notably, none of the samples
exhibit any preferred crystallographic orientation. This
structural feature holds particular significance from an
optical standpoint.

Fig. 3 shows a cross-sectional FE-SEM image of the
NZF/Si thin films. The cross-sectional view reveals a film
thickness of approximately 195 nm, which is further
corroborated by profilometry measurements. This accuracy
in thickness determination is crucial for the quantitative
analysis of optical data, such as the calculation of the
absorption coefficient and optical bandgap. The NZF thin
films exhibit a dense, crack-free microstructure composed

of spherical grains with a relatively uniform distribution.
This morphological homogeneity plays a key role in
minimizing light scattering at grain boundaries, thereby
enhancing spectral transparency and enabling a more
predictable optical response. EDS spectra acquired from
representative regions, including both central and peripheral
areas of the NZF/Si thin film surface, are presented in Fig.
3.

Fig. 4, shows the plot of (chv)? as a function of photon
energy (hv) for the sample annealed at 250 °C [7]. The
observed reduction in optical bandgap with increasing
annealing temperature can be attributed to grain growth and
the consequent weakening of surface-related quantum
confinement effects. As the annealing temperature rises,
grain size increases, thereby diminishing quantum
confinement effects at grain boundaries a phenomenon
typically associated with a narrowing of the bandgap.
Increasing the annealing temperature from 700 °C to
900 °C led to a significant enhancement in Ms and a
concurrent reduction in Hc for the NZF/Si (111) thin film
samples. This behavior is attributed to improved
crystallinity combined with grain growth. These factors
enhance the net magnetic spin moment, thereby increasing
Mes.
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4-  Conclusion

NZF thin films were successfully deposited via RF
magnetron sputtering without substrate heating onto single-
crystal Si and glass substrates. Post-deposition annealing
was carried out in an oxygen atmosphere: NZF/Si films
were annealed at 700 to 1000 °C, while NZF/glass films
were annealed at 200 and 250 °C. XRD results confirmed
the formation of a pure spinel phase. The film thickness was
determined to be approximately 195 nm using cross-
sectional imaging by FE-SEM. UV-Vis spectroscopy
analysis revealed that light absorption in the visible and
ultraviolet regions significantly increased with higher
annealing temperatures. This behavior is accompanied by a
reduction in the optical bandgap (Eg) from 1.3 eV for the
sample annealed at 200 °C to 0.9 eV for the sample annealed
at 250 °C. Although magnetic properties also exhibited a
favorable trend namely, increased Ms and reduced Hc field
with improved microstructure, the optical findings of this
study clearly highlight that the annealing temperature is a
key parameter governing both structural and optical
characteristics of NZF thin films simultaneously. These
results pave the way for the rational design of ferrite based
thin films with tunable optical properties, enabling their
potential application in future magneto-optical devices,
high-frequency optical filters, and integrated photonic
systems.
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Investigation of the Effect of Annealing Temperature on the Optical Properties and Microstructure of
Nickel-Zinc Ferrite Thin Films Grown by Magnetron Sputtering

Mohsen Abdollahi Mohammad Hossein Shams Mohammad Hossein Hosseini

Abstract Nickel-zinc ferrite (NZF) thin films grown on single-crystal silicon and glass substrates were produced using
RF magnetron sputtering. XRD, FE-SEM, AFM, UV-vis, and VSM tests were performed to determine the phase
composition and surface topography, along with the optical and magnetic properties of the NZF ferrite thin films. All
samples had a spinel structure, and the average crystallite sizes, which showed growth with increasing annealing
temperature, ranged from 19-31 nm. Optical investigations using UV-visible spectroscopy showed that light
transmittance in the visible range increased with increasing annealing temperature. Also, FE-SEM and AFM images
showed an increasing trend in grain size (from 32 to 42nm) with increasing annealing temperature and a decrease in
surface roughness, both of which can affect the optical properties of the films. These structural changes were consistent
with the optical behavior of the films and were effective in reducing light scattering and improving transparency. Atomic
force microscopy evaluation of the annealed thin films, according to profilometry tests, showed a deposition height of
198 nm, confirming the FE-SEM data. Magnetic evaluation of the NZF/Si thin films showed an increase in Mg values
from 42 to 59 emu/g and a decrease in Hc values from 98 to 50 Oe with increasing annealing temperature, from 700 to
900 °C. These results indicate that by optimizing the annealing temperature, NZF films not only improve their soft
magnetic properties but also acquire suitable optical characteristics, facilitating their application in magneto-optical
devices and high-frequency technologies.

Keywords Nickel-zinc ferrite, Thin film, Magnetron sputtering, Microstructure, Optical properties.

AL VFOENNY OF Gy ol 5 VEOP Y i il s

il Sl s oS0 ¢ uslie 5 2SI @Lﬁ;\;@@‘yu Sosbds e (585 il (V)

Email: shams@mut-es.ac.ir il Sl s o2l ¢ udlian 5 2SI 2200 e Ll o s S 55 (V)
il Sl s ol uabline s 21 AN e obalid (1)

AR


https://jmme.um.ac.ir/article_47853.html?lang=fa
https://jmme.um.ac.ir/article_47853.html?lang=en
https://jmme.um.ac.ir/article_47853.html?lang=en
mailto:shams@mut-es.ac.ir
https://orcid.org/0000-0003-4522-0640

Gl Slax Y ety 5 Szl ol ot il slos il e

A

203 e b Gl s S it 5 S
Atomic ) o3l SLasl JhiEl Lo csil cwbe glales
s lad g Al Can g5k i 55 5 (diffusion
ok a Bl ) S L SN 5L S sl
WS o G0 Y Ll Sl 5 OB g sl e
t e ol S YU a1 i slales ¢ Llis 3 [11-15]
2 oedle &S Lpd mhu olseal b pb el LSS
sl sb by e ik Wl e (SASTy Rl
LS 5 gl

Loyl oy aly bl BLSSE Gl glacd iy s s
@ls ol b)) goltlay, SN pw (ol Ollas
53 013l (20 Sk 5 (e J& 5 sk S
Coge w S Sa - 59 b SHU sl (Kol sl
L N I S ST e S
bl (bl sla S Olojan andlls p53) a3
Consb il bl g s 1 baptee cpl (Sl oy s
NZF/Si bline ol [16] 55 08 s 5 .35l o HISKET
Pl a3 5 NS pw) p AL sl sls L
ool S o5l coil gles o 1S I L e dle
slos 53 3 aded N5 g, 2 NZF S3U oY S
ed @S 3 ey 25se 58 YOO 5 Yo Syl
ol s 5l 6 S Gmes Sy LiKaly Ll 5 e andllas ool slaasily
b e 5 p SHU by s ol okl
e 3 slas )8 sl slse cnl 2 (e Slaol B Sege
Al S5

sl S,
by (S K ALokS s esliud 3y S L oSG
M5 555 IS5 (ol heSTslpe 3l s bl b,
A8 LSS0 A e ren 5 slse s [17] A2
.w‘ami(\)ﬁ)>ﬂ&ﬁ@@w‘j@ja%

A sl y b

Sgen bl gy wp®

4o dle
osle K Olge 4 (NiZnFez Os @ NZF) (g5, - K5 oo )b
clis pltl il Vb S S0 gl b p i bt
s s ol (o pled Ol s oS Ll
el e W Gl 5 S SN slaes 53 Ol
03 7S (slas )18
eblae g S G G gl A e gl pall S
B 3 ohs 4 ob Olg e nasSele il 5 (BMD
S 5 blin slas Slas plisl OISl &S S5 slanY
53 [13] wS e el p Sy iUl Sn slaadl s s |y
3 SIS S G ow ekl s Ol sladle
St 1) o S50 s ann s dao )l (glear )L

¢Lb@v.:.w 3 A 3y QT

Coo b sl 3 85l s S baaY ol aS | o sl o3 S
03 3,8 esly 50 (Sl b, s 51 asy (s (galaaes
S JA-T] das oo OLES 395 311y S e 5 adul b (slaes g
il e G mSe AlsaS (GleY sl Ol
=bls s 4 (Radio Frequency Magnetron Sputtering)
SresS el S5 L oS (LS sl M5
Lo 3L sl cle sl JUnl sleey S ol J 8
gl L L7-10] 5 [5] s5d 00 wsmims ol Sl CaS
Gy gl Sl Y gane b (gles 53 0l gy saaY (-
P g e B e S Ll s Sosk L L
o Sl e Al 555 GV SUS1 w0 e arbliae
i) SliaY Sl e Sl Slkes sds
Ll Sl Cleo s 55 53 S 28 ((Annealing)
Pl Jeeed bzl sl LI 15 S s
o 4 golerle la i ils As;, 5 (Recrystallization)
en o 5 s e JalS ) b gla iS5 Ladils e
i e Bl S e A 5 o Sl
SB S el 0T Lheadl 5 ol sles g
ile Sl gl b 5 esites 36 cails 631060 5 g4k

* 0-Fe,05: 54.46 %
+NiO  :21.04%
*Zn0  :2451%

UL.AJ}_{ Q‘i‘)b oslaial b)}ANiZHFCZO4 A:Ai)ﬁ c,f)L: uf;}aﬁjufhéc_}“;\“; M._JJ‘ J‘y c.,\.:]}; J:-lf}g_,.:;;)\ Lﬁl'w \J.i&

’f'o‘jJ;JMLMJ‘;JJLﬂ

o s Sipllee ndign 20



'Y

e M—MMM—J&U/MM

DLES 5 Ve a0 B Ve slabos s o sl 65, - S
sdalie Kol () Jise ys oS 45 Olea NUSY
SB L Bl glaals Jals s <S6 3l 68 @ e
sled (ICDD) sl <ylS L belS las L5
Al LS S5 s & asl ol el ST A
S5 a pam pde il &S o b 1 S50 3 el U
SAS el s & Jole AS e S 55 1, b B
o S50l Sl anl s b (Sal mol ssp s 5
3yl gl

NZF S50 sbaa¥ XRD sla S (Y) I3 (0) oo
slales 55 Lol Sl ey e 5wl L) o0 LIl s s
Dbl by sdd oy 5L (slads g ana das 0 OLES Cilisis
ol ez OT 55 YN s s en g el (g 5k

Sosk SL K e 0L ol Bl
5 eota MBSyl ks sl esY bt S el e 5
Bsai o 85 ol a5 b 335 (0 e IS
S5 g e ple d0’Cogles s eld sl
Lol S, ol s o 0L e 5 (6,5 Cgm
Sl [18-22] iy Sldllas 53 ol 318 slaasl
PR O S TPV AP B PR S S P
o2 s Y e s S Sl el 4 e 65k U
(Gl 5 CSls o 15L) (o5 ol e Sl
ok Sl 5o 5 (36 oot AT ol gl 3 e
e 8l (658 Sl (3l ples o3 gdme sl o
(S35 BE Dl eis dom 51 NZF slaaY Sl s, J ol
S el el AS s el ol muly 5 Ab Cdls
iyl s a5 el Sl eslizal b 3l Slmies
a=dvhZ+kZ+12 )

Lok dh 5 Glamio o dobd @S cuba ol 3 o
el J&s 23] dmes 65k Slmio ke gla axls
donlen 5k o Aty 5o plral bk Jsb o po 4 a8
b5 (Sl oIl sdoe o S )y il sl e
23] s g, Sesl Ll 5 adal
§=— )

g o o3lial plral & 0315 OLiS (5158 ol 5o
CaaS el S5 o3 o Sils sdas LS D oS Jb= s

« (NigsZnosFerx04) 55, - JS6 o p S5L slaay
Ol N5 75 33 S0 p oSl ol s n sk
Sl b i 5 YO em as L (1) (5 St b b5
A esls iy (Sl Y 0L Ll & 55 +/0 cm X+ /Oem
S S S LS ) Sl eslinal b Gl aul s
plmil 0581 5 051 51 i 3 Saall L3 g3l
Lim 5 ) X V05l kS AL 5l Jd al slis s S
Ll Slisa syl s dob s @S Ll o e s i
Ui (P O/ P (Ar+02)) 05mS] ipr SLE5 55 555 V)
e Ol s (aids 5o gL YIY) oL oY S do s
Slles Cod ladgad iy 31 ey A (,.Jm ols Ve RF
W S 8 cele 5 Sl a4 OS] sl s s~
SVt B Ve ples eagdons 53 O5Shew (555 Sladised
Sldas ol YOOC 5 Vor slales 53 aind 55) Slakipus
2 LS S sk Dl s s ede Sl
o A SE dex I (Sal e Shs goleane
S e Ll oY ib coilid 5 Ol

Vo i S aslisd U Sl ool G sl
Yo s Jsb o594 ;5 (AVANTES AvaSpec-2048)Vis
o5k 4 SOk 5 e sab Glaesls A bl e gliN e U
5(0) e s e 31 IS Sl (sla el ]
G2 e Gl A S 1E e sy (By) 550 S
Slresls oS Lo 5o Sl (6 il Ol e 4 b Culbis
L eslinad 51, 0S8 bl olKns Sl S

(Sl ool s ol el Jeelr S ¢l
Soeslinad b b 5 bl LaSS Sbessits
(XRD: Tongda TD-3700) I &, cw;u.d\j
FESEM: FEI QUANTA ) 15, s, Sl o s San
(AFM: OPTO-EDU) _asl (5.3 5 w553 Sn 5 (FEG-450
S Sns sy 3l Olebl Gln (izmer 23S el
313 Gl wblise_sul glas IS 55 a5 O glae o bliss
St 300 i boliin 31 o3l b Uai pud bliin Ll
A s (VSM) ik

Cou g @L‘S
Sl ppeai 5 ol sla fons

SezS 5 Normal) ey oSGl 555 ol ik (1) IS
Co b SHU sl 5o ale 8,6 4 by e (Grazing)

o s Sipllee ndige 20

TFe0 oo éplast et 5 oo Jlus



Gl Slax Y ety 5 Szl ol ot il slos il e

\YY

Sldas Ar°C 5 Ve L;LALA;);«S&LAVL}A{W Sre
3 sk peasd 4 oS (Glody isls DL (s 55l >~
ol 2als 5sd e esls s YL S5l Olles oo
54 g Sl L Ul e b plral JEs 5 S
S S Sk e
slas @58 Qlan V200 %C & g5l > Sllas los [ilsal sls
Y ol 3 ol aiie WSOl G A b
Sl sl s s 5l S Yl & cl sld S5
NZF/Si glaaN s NZF o8 ,b g bl gla pame il o
Qvv Avr Ve glabes ;5 45 FE-SEM 5 XRD 5l ~ st
ol Slles VeerC o

Lledls

o Sl Sl (gles

&:,-.wj.éﬁ <\) djb"" DL cJu‘aJ\..;'

1000 °C

ain
(220)
@1

(222)
(400)
(422)
(511)
(440)
(533)

900 °C

800 °C

"

Intensity (a.u.)

700 °C

J;;s depusm
1 |

IJLDJJ 00-008-0234
I T | T T

10 20 30 40 50 60 70 80 90
20 (deg.)

Intensity

12000

8000 -

4000

CehS 5l ol Olge 4 los 2S5 4 el JS
Slles 5 Ly dul b dsb oo e dldll e Ol 5 o4k
b o3Il Sl b alie [23] 5550 S & SOl
5 S NZF S0 sbaa¥ sly abral K 5 o
S ol Slles s (10009 B Vo) Cilie slales
WHINw 6))13; (V) dsdr 53 S
Lsde FSOLXRD glacsey eoa sl sles Sl L
LasY gl & el S5k Jansie o310 Ay skias 0L oS
Scherrer ) ;& alal, 31 aS D yislie .ol ol oals QLD L
Sl el gl S of Jlsl 5l . (equation
ey s 5 e gh ¥ 510 65 sdoe chilekd arcilons
Sk $ 18 ol Slles G 400°C gles 3 S

@11

(511)
(440)

0

1CDD: 00-008-0234
T T T T T T
10 20 30 40 50 60 70 80

20 (deg.)

53 edd o3l Sl 5l o NZF/ST S50 slaaY 51 Ko S (0) 5 NiZnFexOs <y b <856 51 Jb 5 (i) 1 oS0l 55, 3l cad ¥ IS

SN S Son 5 oSl S Al

Vo ®%C B Ve

sbales

wib Sl Jol- V0 B Ve sl glales 53 NZF S50 slaaY 5 oS50 golsle gla S5y \ Jsdr

L;:*iﬁ)
il JEs FE- 31 &l slal :50Ls S5k sl Sile S zalyl el sles
(10" lines/m?) (mm)SEM (mm)XRD A) 0o
Y4/AQA0 NS A Wer©C ps bty | &S0
f/VE YY/ OV VA/NE A AVEY s Ves NZF
¥/44 YO/AY YV/AYYY WVARR Ave NZF
/%Y \DIALZ YV/£000 AEA Qe NZF
V/YY fY/0Y YV/AAY Y Nadals Yoo NZF
’f'04j.34‘)w‘m¢4‘;.44,/[..4 )[}Aj‘jjjj/bdww%f@



\YY

‘-’.J:....}'" M—MMM—L;&U/MM

th.:vj b )tP-Lw DL &‘ )t.é) éﬂjﬁﬁ LSL&‘Q_\& ‘C‘}w
.JC.AJ@

)

&

UNZF/Si S50 0¥ o 5 shais () FE-SEM , slas ¥ IS5
53 Sk 3l e SH6 sy ke (2) 5 () )40 nm oY Culs
Q449C 4 Arr glales

FE-) (s oS @sSas Sen uslas (1) ISS 55
8505 3| 5,5 ghaie &0 4 NZFISi 36 slaeY (SEM
s A glales el Casl s SOl Slles S LS
ol 5 OLE i gad o550 ahae gl ol sel 400 °C
ooy s b SHLaN gl sl VA0 ssas s
B s S sloesls 5 (s skl aminialins
S 6l Glosn s Caal (b pans 53 S35 ) L AS
(351 BB 5 Sldor 2 s i) (Sl glaosls o8
L S5 0sk s oL skle NZF S56 slawY 3l
s o OIS 3 Sl G S bl 55 5 655 slaals
o i, Ses ol (2T 5 oo Y gle IS2)
53 5 kS oo Ll Lakils 50 5 58 Sty JhalS s guls
Y ot BB SR el 5 b Sl s 4 s
L (FE-SEM bl ) Lasls o3l ke .S o SaS
VYOV 51 idas e 0L (63 5m0 digy Sl slos il
Fo/85 A OC s e U YOAY 4 5 aVer©C s el
Lgy oplidany o V000 %C s e gL YY/OY 5404°C 55 e 5l
(XRD) Sl andl (5l 51 sl s 4 5 b o5 @
Gy alaly olul ) XRD ppslie oS 4 S os)ls jlsen
sl LB sl sl S e il |y (6 5 sS (slae 310l
S o 6 ,Sell 1y acS b sl 1 Kile XRD |5 e
5 b glaSl lls) «ls S FE-SEM & b= s
sdalie |y (el 5U 05y A8l sden 3, glaaals
[15] &5
3 Kl e baails 555 IS5 bl Sea
Ay dsb s ablae il glay o 5 e 551 Dol
sl sl s 6 ST skl ol Al Sl
A Al ezl Csllas Vb sla 5 s S bl
wls glaj e o a8 il Sl plaiis B (SR
carls S GRIBl s L8 SASly el 4
b s ens el S ol o s eV el s oSS
Sopp 5 Sos sl gl ¢l S3U slagY
I 5o & by e oS (slaesls [24] Lls Sl Coanl
Sluper (V) dsdr 53 bl S 5 ad ot il
ebdsn s sl B sl bl e dasly ot a5 Ll
58S alse s 0L | LY kel s

lse s S iylls pkige 4l

’f'o:j.};)u;m_;wdb



Gl Slax Y ety 5 Szl ol ot il slos il e

\YY

4 aby sl 5 CUsW e Cdd alS 4 e Al e s
Shdsd (Sl slacib s il b 5 e easdee 3 ek
Sas 2 lgeal i blie 03 53 s e
Jos bliis slaoyl s &S > gl il g Olgie 4
S d ol bdigs Subsly i Sl e e 5 S
U s 5 ol 0ds 5518 5 gLl (tblie O
o [8,25,26] ol o 318 55 55 ad e DUl )
b Sl 5 San 4) Sy bl 3 g s b b ot 1S5
Shre Bl b (Wl by Y 55 ol b sy Lyl
55w Yasl a5 (Kl Ol ol el s w0 VYT
s Y py ol Keab b g il S Sk
W) Calis 4 e eblie ol Llg e
33 Sk e Sl e sl b (Sl
JH1 S bz Sl s 4 meie Sl (S Cslies
[26] spi aY b sl 5o MLE s 53 5 o5
o oplies glp Sl bl leane nl b
(mblite 3 Shes 3 g 10 S € alis i (A
23 2SS s Olaabl LB (Sal k) 4 olaes sl SL
Ll S5 ,8 SE 555 sl

WY 25 6 e p S3E AN mske SIARM sl
Voo Sl coasl glales 5 ooslin gl sWiS 5 s Si
Slles 5 el sdalie LB (P) I3 45 VeeeoC b
WSpe slaslirleg; o i S3E sbaY ()~
b ol gl 53 (SaSE L S5 gole 5 S
2 ol a5 (SGBG (So S Al S L
alie Slalllas 53 oS oSG by cpl ool &Y o
i oy s (5585 SLaSL a e sdues S @
S el Gl Caeal Sal 5l ol
b SHSIn Al 4 i bt 5 (mba sla St
by [27] 358 o0 4N Ak el g 5 05 3L
L opeen oS ol glls S5 bl baY b
L NZF 56 65k Coals siS al XRD glaasl

(EDS) Sl 5 S35 SASLy (ormcih s
o)l paseie 4l 5l el I NZF/SE 36 &Y sl
U’L‘ C,‘.w‘ [ 43‘)‘ (Y) Jg..i L Lf'jﬁ‘ﬁ 9 L;jsj“ j—‘f )‘
Ll bl 5 S5 Ses bl s 4 L
ol o 45 S o b 1, Fe 5Zn Ni jole jasis sl
Lipie ml a5 4 by (1) ke 65 Sy L
b s 4o b S50 oY 53 ok ol il glacans
Q‘.".‘.".}d UJJLLJJ.S Js.q”‘jﬁ BL) oalau! 20 Chaa w‘ V.QSJS
o (5 Sl sl (S 5 oS Aias e OLIS Laasily s S
gl ol G LS 5L sy s sl SHU LY 5
GUJ}&L;JQ}IJ%\;&B:JJ:SeMJQL:thSJJQS)bb}
Sl (gly 5> 38 o 5t (Sl ol begis oS
S RGNWARESR- SR RGN PR S RGIC PR SN E
sl SolS slie LS3L Y 3 NitZniFe (gl ol sdalive
Sl &S w8 e ol 5 ol S5 55 7] e b 3
g;.w‘ ol M)UG.D| J)jé &w g_;.:SJJ LJNZF W‘
Sl ol Gl paY ey ot Gla i 3 edd 1S
a5l el SHU ey cnl s 1SS BB 5 Sl
Lo (AFM) (o3 6508 @ Ss S et (0) 52
Slles O3) SlaaY 51w 1) NZF/Si S50 oY
(step edge) Jilo aly o G sbwl L aS das o 0L (51~
22 Y Calhs s ) OBGl e gy A3l 3 e 2
5}UQY@M§MJ@&L&JQC&)\M.W\3H
mTww@wpw} S35 L aS Cl za 6 VAA 5
Sh s plssls Slgseens FE-SEM 5 0 C)a.?u rolas 3l
6&”‘: L;QS M 6‘;: r)y UL":“’L‘ Sl szsoﬂ.,b\
ﬁ‘f‘)d)‘f‘JlfJUJ"';‘:’J*pwl’“)b°ﬂ)4-";;<::‘i|
S36 Y Gla i 53 sl 625 SObe Cpimen 35l 8
AE Sl el SO s sl s S w eY 5 s
LB e b 5 e sl ke 3 e (525
(Sl B 5lasl il Y (S5b ol St

”"04}}4‘)M‘C,‘.@jwd/‘4

o s Sisllee ndign 20



YO s e M—MMM—#U/MM

2.80K] y
Si

252K
224K eZAF Smart Quant Results
1.96K]

Element Weight % Atomic %  Net Int.
168K SiK 89.67 94.78 222549
140K

NiK 176 089 13.25
0.84K
0.56K
Ni
0.28K
si FeZn Fe FeNi Nizn Zn

0.0065 17 34 51 68 85 102 119 136 153

Lsec: 94 0Cnts 0.000 keV Det: Octane Elite Plus

53 okl jaseie a5l eds ISINZF/Si S350 4N 4 bgy e o adl glacons ol jon & (EDS) Sl 555 6550 SAS|, b 7 > ¥ IS

Bl ans

P s e g 5 P8 HM2 slal) S50 4N Cwulbs o sk o NZF/ST S50 4Y 55 ol sl 4 5IAFM Gdaan 5 5ad 0 IS
¥ 55ty
A--°C

slate slal 93 53 Ve PC U Ve lales 53 gyl > Sldes 31 NZF/Si S50 AJ_YCE..:)‘I SHass AFM las £ S

Jbﬂj&jjﬂkﬂww@j& ’f'ﬁ:j)gju;ijdu



Gl Slax Y ety 5 Szl ol ot il slos il e

\Y#

s Oy (sl glos LIl b ol o dl YO4OC
S5 3 v ) 550 L e 5 b e GRIP S
0o = 055 Jolad Rl 555 (SAS1 a8 2
Y o5 b g baaly 0l [29,30] 35 5 o 55k a5l o
L e Sl ooeda slagisu 53 el 1S goltlen
gy )LM\:M;-J.: 5 Sl fg]a..v 6&0.4.54 ul.nls 5 4l el
Sl s olstle ol Oloses Colds s ol gles

Ll o 3 S0 sy

100
—=—200°C
[—— 250 °C
80 -

60

401

Transmittance (%)

20

t T T T T T T T
300 400 500 600 700 800 900 1000
Wavelength A (nm)

Yoo ooyl slales 53 NZF/glass S50 aY 5l sy 5e ik Vv S

sV e BT 2 Ik 5310 °C

F—200°C
4.04 —250°C

Absorbance (a.u.)
= g I g
i =] i >
1 1 L L

=
I

bt
n
L

S
=

T T T T T T T T
300 400 500 600 700 800 900 1000
Wavelength X (nm)

Yoo coil slales 3 NZF/glass S50 Y 5l cder cab A S
Ses Ve B e Ik 5310 °C
lad gos Cd cab (glaesls (g9, 3l Ll (o b s

Wl 6311 55 e s B A w3l slos Ll |
slales o ails udy el 3 pl.u slas OLLS a8 555 e sdalis
Al RIPl 5 plae g 65 Olepes el VL
a6 A A e °C (el V) Ave °C a5l O/ Ve +9C)
L 51 Bl Bkes 605 Lial 3l ol Gan s A/A e °C
Shcelal e Sates 5 slag IS 5 5855 sladls
A L5 e e (6550 o SRl el (Sl oS
oalS a4 e Ladls A e SO 1AL azsls slilS ss
05 SAS Al e 53 5 em=05,5 4ils gla e slia
Tl Golsenl Rl s g Sl apde Y Ges o
D3 ey A 5 &S LA | yg e SASl, LlS e
i 5 A5 ol a8 el (i 5 1 e e sdons
Jols S s ol ply 250 U5l e gl s b5
4 gl LIS Llg e e 65 5wl ol s ae
(oltle Wyl L ASUNZF ey s ang Sl s Shas
K38 oSS S| el s 53 EDS 5 XRD glaasily LS 55
Sl eV s 5 das oo Sl 3L dsb oo Y ol
1855 S e (Sl ol Silateen oS
[28] &5 e w3 |y ik 6l 5

S sl o
S U B SSL e (Sl sl Sy oo sk 4
sl el plad a8 J= s dd eslinal wlnd Y 55 5l s,
Aol 5 gy Olo3 G 5LES Ol ASL RF 35S iyl 5
Sladi sl gl 4, )8 4 Ll b alie SlS N 5o oSG
385005 ol s B B OSN3 ss) a8l LS
Sl Lol s et etalie Sl sl S LS e oprand
5 biiay (abis alie 5 o Y5 S0 1 b
i S rman Sl e Y s S5 L
Fool 5B 355 ab e sladi o3 XRD) S 55 A n
sl 63,51 sl s lantl gl aS s S b1, el
sba¥ (Sal et i ) 5 (V) b S8 ol
O gl Veee B ¥er zae b essdows L3 |, NZF
<l 5 (Transmittance) se lacab |old a5 L o

Yoo glabes j3 cousl 51 e &S ol (Absorbance)

”"04}.}4‘Ju‘ijd/‘4

o s Sisllee ndign 20



YV

WMM—MMM—J&U/MM

T ST T

T
15 240 25 3.0 3.5 4.0
Photon Energy (eV)

> 5 NZF/glass S50 Y Sl Gl al o s 4 IS

YOO Yoo cousl slabes 5 05598 (55

3.5x10°

Direct Energy Bndgap = 3.1 eV
3.0%10° 4

2.5%10° +
2.0x10° 4

1.5%10°% -

(ahv)*(eV/em)?

1.0x10° -

5.0%10* A

0.0

T T T r‘ T T
15 20 25 30 35 4.0
Photon Energy (eV)

sl ;3 NZF/glass S50 4N (hv) w5 (0hv)? oove Ve IS
Yool gl

4.5x10°

Direct Energy Bndgap =2.9 eV

4.0x10° -
3.5x10° 4
3.0x10° 4
2,5%10°

2.0x10° A

(ahv)y(eViem)?

1.5%10° -
1.0x10° 4

5.0x10" -

0.0

115 210 215 310 315 410
Photon Energy (eV)

sles ;3 NZF/glass S50 N (hv) o s (ahv)? o VY S
Yo°C L

e Lin sla iz
S5 Ay ladised 4 bye wblas sla S5y asdlas
Voo Glales 53 03mS| pimal ol sl 1 e NZF/Si

a= (2303 xA)/t ()

Culst (oder b ool Cowd 4 ,uolis A ol ysas
() IS s a8 658 Olea sl Cdr oo a5 SHL Y
o3 gdme 53 Sy — JS5 b SHU slaeY o5 e sdalia
3P RIPI LS den VL Sl w5 sl G e b
Ol bl ul ke e Ol (g3 L, (hy) O
S5 odkas Ol 5 el olan e ib 1Al L L
wnl g oesdhe ol &Y S, Skl b g el 05
S o o GL gl 5o sl o lad sel
S ks o OLAS 55 5l addlas 5,50 i edgde IS 0 1
A il oS R (Kask s 5 U LS
G3A BB s s 4 il bl sla el oS5
2 (V) gowie ey 5 5 adaly 5l sk gas 3 (By) (o)l
(IR e il e i pLis s s (V) e
12831] ol Jyam LG Lasi yoi (5515 G

ahv = A (hv - Eg)r D)

Ty ol 0558 S5 (V) 5 Sl gy 0 T s
O aile sl S il Coale s anas oS ol Sl
e (12 5122) G55 & it 18 s SOl 5
25t
b Olse 4 (ahv)? Gla oo (V) 5 (V0) sla IS
YOu 5 ¥Vor los s edd sl sladigas (gl 15 (hy) 3l
okl Cowsd 4 S5 BB slie . tas e 0L 3 S Sl a5y
L iyl O rals aes Y4V 5YNeV L ol s i 5
5 Ladls o3Il iy 51 B0 Wlg e cusl sles Ll
Lassls clas 21530 L oS | o sl dawe o 55158 <l 31 j2alS
Sl Lakils e 55 e sl S s pdome 3L 5 a8 e A,
spher Slp OB 0 K w e Ygens oS il s
[28,32]

o s Sipllee ndige 20

TFe0 oo éplast et 5 oo Jlus



Gl Slax Y ety 5 Szl ol ot il slos il e

Y YA

Slenls S cll- 5lesle oS das o & Js ol Sahsls
s (Multidomain) (glawlsdk = 4 (Single-domain)
ssle &S Ay o 555l Sl 4 ley S lsls LS
Lol 03151 35 Lol (b e L YY/OV L3 L slaails (sl,ls
S e LB sk 4 e e U F/FF g e )
S Al s (S S glaesllil ladils s Al s
He Sltie Jgl s 55 45 &S s bl bslaas Ol 31 5l ~
als S5 pmbliie 3l Sl 6550 s e ialS |
bliae ML 5 S A8 o o omlad Jule G Ol @
Cins S o Sl L kil o311 2alS |5 5,108 o b
sl ) el (6 S g DUl s L5 e 5255 00 Sl
G glacgr 53 DL 5L SRl 4 e a3 uS
ooalS ol Yzl (63 Slanl ol Cj.kaﬂ oAl sl e
olad (63 S0leaal s Jsol Gb SWslsly a5 LG
5 8L g odd plnil ARGLGT Slidss s e
K13 831060 il 530 Lagdites He 48 das o L2 [37] O1,San
o e sSae alaily Oals L (gl l ple il o 88D
S [15,38,39] 355 o eslizel He < 1/D 5L Jge b 0T
sl sdaline J{G dlas oyl \\Y) Jﬁw D15 505 53
3 2508 Sl 3 Llewy glaadl> Coylins glady,
Soldie shyls NZF oo b S50 Y o5 s o 0L (5314
Ol blins amis (S50 Y amio 5 ol (63, lonesl
bbby oo Sleal Jie bl 5 kb L
&) Ha sHar g3 Klaaal olis 55 (Bianisotropy model)
S 62 Sleenl Lilds &S Wjls 35y wablie sl
5 S i 3 Ol e 5l Gibliae s | S15 o
Slos g Sl 53 oy =SS5 b sl [40] daes Ol
O bl 5 el L3, Ha = Hao = Hi aha,
Sy sl 303 3 5m s nSa 55k b lite (63 Siloanl
io Sl zob pla5peblian Ol (g5, - JS5 2y B SOL
Sl Js a4 dHa = Ms) a1 plsl Jiblaa U L8
obliie s gome 5 bl Oll amin S3U Y amin
(S0 Y amio 55 Cd SEE Y amis o5 ges (S
Ghls a8 das e 5 sosbsl Db e Jols Sad i
Do G cnl by cdts (So5k = ombline (63 Siloanl
3 pb g Sl (amins 3) Hay 3 a8 bl S50 (53 SSloanl
bbb sy codd bl malor (gla o) b Gl [40-43]
By S spd e sdalie Ll sl Al A3 Olalas

Loy ladils 5 b udy bl VSM Lawg Vee°C 6
slal (VY) S )3 (ammis T 3 s 3) bl
oablie s 5 5, 5 0L ebliie Llewn gladil> oo
IS 2 sl Y 3l S5 Y slak sal eles )
Y5 ONY) sk amin 53 a8 38 IS 5 sa)- SO
cals walpt Y ale 3l 1 S o S il S
L awslio 3 NZF/Si(111) a5 Lles S culs Oliime [33]
Ms) gLl iblae S allsl slasl NZF/Si(100)
53 [20,34] 505 5wt (He) Sabsls Ole 5 5V
4 e A0 Ve Sl esuil sles (il sl 5158
Oldes 3lie Olajon 2alS 5 gLl iblse (o seme 5531
S ol o2 NZF/Si(111) S50 0¥ slad yas 55 S Il
sl @13 0310 Bl LS 55 &gl Sy (a5l s«
245 255 gl gl SIS Rl 4 e el 0
Pl ess ey els o)l S5 28 e 2l Ms uslis
o A 4 e 5 dmse by Al Sl FCS Y
FS o 0y bl L ablias gladly s o SW5ll
orblas 5 (Ms) gLl jthlse s @ e 5 Aisd o0
LVees®C los 53 odd ol dges Ligd o (M) Llany
ool ol o He Sltis 53 Sl s Ms Jldie 53 o a8
FE- Sl sSas Sor 5 oSol 55 iln Sl ol mls &S
6 03 S o Aol 1y Y 53 CoiS S5l 55 AFM 5 SEM
VU gLl iblie S 5l oS 5 0 2 NZF-900 36 &Y
O 655 48 s o 0LE3 1) Ssb mnblie Ll adl> L
S o Aol VL el b g eeblie las S sl
sabbire— gl e 51aS 558 55 00 g 0 0l 51015
Dl s ot S5 L S5k Js 4 dsad nl
Ol (Sl glamaly led Gl b Jomily o155
S [35] 2ol pwblas Ol s8> 55 J s LU
5k SU Y sladsed o Hol glasmis 0555 (S50l
SFS o5 polas s He 1 (63508 (Sisbls 4 s ol
L He 5lde cilomy slaail 5l Jol mls & a5 b ool
oAl dadils L ge sl Gl cal ey Al
Slis Sl ls Jelse ol Ol (655 abaly 5l OLis oS b 0
GS o3Il e gL FY/OV o311 L _slaails 5l QA S lsl
Slas (OISl ps edd (6, Seslul Sl lade s
315 [36] LsLKan 5 5 g old o glaesls L Sy
Sals s S 5,18 Ve Oe b Ye o | He o3 sdoee oS

”"04}}4‘)M‘C,‘.@jwd/‘4

o s Sisllee ndign 20



\v4

WMM_MMM_WU/MM

- sl gbible gl 1 Lol el oL S e b
b4 s el S plr AS e CusE bl
14,7,36,38] ol wiesly bl 5, Sgr 4wl

el

bl 5 el Si(100) L Si(111) 5 5bSS s Y 5

4J...al:- JAJE}J ol LSJ.‘s‘J."U‘HCJMS cC,.w‘J.:.Aj}U\G"

Ll Lf"é o u;:)bf ))‘jﬁ )‘ J;wl.w

VU sladaloy b p 53 bline slas )18 6l 1 0T 55 S

65 50
o0l [ @ In < 5] 9 In il
55 *— Out
g00922933a0aee9
35
B S 30-
= 3
5 E 25 4
= = 20
800 °C 15 700 °C
H_ : 88 Oe 10 - H : 98 Oe
Mg: 53 emu/g < i Mg : 42 emu/g
0 T T T T T 0 T T T T T
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
H (Oe) H (Oe)
40 70
15 @ In S 65 @ In c
T % Out 60 - K Out
L= 009000000
0 08000000000 s FL A 2930
8.3—030 50
25 KK =SS Suke 45 1
R KT K =0 g0 WK *
g e E e
s 20 3K e g 35 =
= = 30
15 25
° 20
] ;?O?SfOe is 4 900°C
M"' 3 y 0 H,. : 50 Oe
5 s il emug 53 Mg: 59 emu/g
0 = T T T T T 0 = T T T T T
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
H (Oe) H (O¢)

Ve B Ve Cail glabes 53 250140 Cslbes LNZEF/ST S350 4N (6l camion 3l C);‘-}J;‘-\; oebliae Loy laaidl> \Y IS5

.,\.‘Lw)}‘ )ljﬁ\ . JL@.{«‘ ;)L,\._w BE c()) (i (g..l”) J“<";' BE) g.,.:;J:

65 T T T T
- 100
o
604 98 R P
N P 90
/ AY
55 88/5\ - \
‘N ¥ - 80
—_ 5258 \
g 50+ s \\ \ ™
g 4 \ \ F70 Q
5 - ’ N e g
= 45 - ' \ :('
= 7 \ \ I 60
N
2% . \a
40 = -\ 54 L s0
50/55 © \
\
35 . L 40
335
30 T T T T 30
700 800 900 1000

Annealing temperature ("C)

Ve BV lise Sl slales 53 NZF/SE S50 Y (S50s0s 65 5 gLl Sibliae ol ad W7 IS

Mg g sk s 4;)“":"

VFe0 on ot i 5 s JLun



Gl Slax Y ety 5 Szl ol ot il slos il e

Lolar 5yl b oo SRl S i psb 4 il 8
sl S b gl 53 YV I (Ey) suls 655 B8 rals
S mals cpl ol Y00°C wiged 3 Y46V w4 YeroC s
Sl et JEs als dadls o3l A, 5l 8l LS e
AL adls g e 55 e sl S Cus g O il 5 e
R B
D5 055 Jales o 5 5 (SAST SalS 4 s
L 5o bl ol o STl add g5k Slle s
oral B sl OLad s 5l sllae L, Gl 5 0 s
Sl slaasly bl (((Salsly Oldee (2alS 5 gLl bl
So ool gles & 23le s a5 msds 4 Sl ol
Sl 5 ol ol Oljen Colta 3 S mll
sy cg b 0l s ) S NZF 36 slaay
dial (slas 1lS (s s i BB Sl sl S5 b a3
3L SIS 5 e sl il (Sl o bl slas I 51 s

sl el b (S 4zl Gl

S g g A

S S 4o
31 eslizad L (NiZnFez O ) s55— K5 b 36 slany
oo 2 ea¥ s Gl S 0ok s RE 05 286 2lsas s,
4 LA el gy el g et 5 ST LSS (gl e
wY b Sis Sl bl SE en sk
sles J3NZF/Si glaas¥ (sl 5 §50aS1 jeal| Cowd iy 5L
2 NZF slaa¥ (gl cpooman 5 1000°C 500 Ave Vi
Sl gl 38 sl 10020 5 Yo slales s adid (s
oIl 555 b 1 el el 56 S (Sl 5,
Calies 35 oS e sBTY 610 o3 sdmme 53 | bS5k
SFE-SEM 3 o, slais (5)ls 5 0 s 5l oslinl | oY
S8l as xs 20 50140 Lo i AFM s (6 e sld s
3 S5 aY oy A 3l e SOU Y w6 05
el Slawa g el 5 SO S5 a5
Sz 3 Bal3 301 s stins OLE AFM a5 o
3 AFM 5 L FE-SEM b5 318 5 5 0051 il a0l
Dol b baails o3l S S e asl 5 sl s XRD
@ e YY lal S sleamyn Yoy wVer 5l eyl gles
Ol UV-Vis glacab |l ool 4l (5l58) e gl ¥Y

5 S edeme )3 H g Ol (il gles 2l L aS sls

e

[1] R.Kumar, M. Singh, D. Gupta, and S. Yadav, "Application of Nanomaterials for Smart Devices," in Nanotechnology:
A Quick Guide to Materials and Technologies: Bentham Science Publishers, 2024, pp. 1-25.
https://doi.org/10.2174/97898152567721240101

[2] V. Veeraraghavan and A. Vickram, "Revolutionizing Material Science: Unravelling novel insights and innovations
in nanomaterials," International Journal of Mechanical Engineering, vol. 10, no. 10, pp. 38-46, 2023.
https://doi.org/10.14445/23488360/IJME-V10110P104

[3] T. Long, X. Song, B. Han, Y. Suo, and L. Jia, "In Situ Magnetic Field Compensation Method for Optically Pumped
Magnetometers Under Three-Axis Nonorthogonality," /EEE Transactions on Instrumentation and Measurement, vol.
73, pp. 1-12,2023. https://doi.org/10.1109/TIM.2023.3331425

[4] L. Guzman, L. Sanchez, J. G. Monsalve, C. Ostos, and O. Arnache, "Growth, magnetic, and electronic properties of

Ni-Zn ferrites thin films," Materials Research Express, vol. 11, no. 9, p. 096403, 2024. https://doi.org/10.1088/2053-
1591/ad78ae

’f'o‘jJ;JMLMJ‘;JJLﬂ )[}Aj‘jjjj/bdww%f@


https://doi.org/10.2174/97898152567721240101
https://doi.org/10.2174/97898152567721240101
https://doi.org/10.2174/97898152567721240101
https://doi.org/10.1109/TIM.2023.3331425
https://doi.org/10.1109/TIM.2023.3331425
https://doi.org/10.1109/TIM.2023.3331425
https://doi.org/10.1109/TIM.2023.3331425
https://doi.org/10.1088/2053-1591/ad78ae
https://doi.org/10.1088/2053-1591/ad78ae
https://doi.org/10.1088/2053-1591/ad78ae
https://doi.org/10.1088/2053-1591/ad78ae

'Y s e M_MMM_WU/MM

[5] R.Paul, S. Kotru, and J. A. Abu Qahougq, "Structural and magnetic properties of NiCuZn ferrite films deposited using
sputtering," Journal of Materials Science: Materials in Electronics, vol. 34, no. 5, p. 391, 2023.
https://doi.org/10.1007/s10854-022-09803-4

[6] V.Y.Popova, V. V. Petrov, A. P. Ivanishcheva, and E. M. Bayan, "Effect of Zn addition on electrophysical properties
of nickel ferrite thin films," Functional Materials Letters, vol. 17, no. 02, p. 2440005, 2024.
https://doi.org/10.1142/S1793604724400058

[7] Z. Zhou and J. He, "Study on Crystallinity and Magnetic Properties of NiCuZn Ferrite Films Deposited by RF
Sputtering," in Journal of Physics: Conference Series, 2024, vol. 2706, no. 1: IOP Publishing, p. 012070.
https://doi.org/10.1088/1742-6596/2706/1/012070

[8] R. Basumatary, H. Basumatary, M. M. Raja, R. Brahma, and S. Srivastava, "Influence of surface roughness on
magnetic property of magnetron sputter deposited FePtCo films," Materials Research Innovations, vol. 28, no. 6, pp.
421-432, 2024. https://doi.org/10.1080/14328917.2024.2304944

[9] R. Garg et al., "Sputtering thin films: Materials, applications, challenges and future directions," Advances in Colloid
and Interface Science, p. 103203, 2024. https://doi.org/10.1016/].cis.2024.103203

[10]A. Behera, S. Aich, and T. Theivasanthi, "Magnetron sputtering for development of nanostructured materials," in
Design, Fabrication, and Characterization of Multifunctional Nanomaterials: Elsevier, 2022, pp. 177-199.
https://doi.org/10.1016/B978-0-12-820558-7.00002-9

[11]P.J. Kelly and R. D. Arnell, "Magnetron sputtering: a review of recent developments and applications," Vacuum, vol.
56, no. 3, pp. 159-172, 2000. https://doi.org/10.1016/S0042-207X(99)00189-X

[12]K. Wasa, M. Kitabatake, and H. Adachi, Thin film materials technology: sputtering of control compound materials.
Springer Science & Business Media, 2004.

[13]G. Bréuer, B. Szyszka, M. Vergohl, and R. Bandorf, "Magnetron sputtering—Milestones of 30 years," Vacuum, vol.
84, no. 12, pp. 1354-1359, 2010. https://doi.org/10.1016/j.vacuum.2009.12.014

[14]M. Kumar, S. Nandy, S. Rani, and K. H. Chae, "Radio frequency sputtering of ferrite thin films," in Ferrite
Nanostructured Magnetic Materials: Elsevier, 2023, pp. 241-250. https://doi.org/10.1016/B978-0-12-823717-
5.00053-X

[15]Y. Yusuf, R. a. S. Azis, S. Kanagesan, and G. Bahmanrokh, "Microstructure and magnetic properties of Ni-Zn ferrite
thin film synthesized using sol-gel and spin-coating technique," Journal of the Australian Ceramic Society, vol. 53,
pp. 767-774, 2017. https://doi.org/10.1007/s41779-017-0090-2

[16]M. Abdollahi, M. H. Shams, and M. H. Hosseini, "Enhanced magnetic properties of Ni—Zn ferrite thin films grown
on single-crystal silicon substrate using magnetron sputtering," Indian Journal of Physics, pp. 1-10, 2025.
https://doi.org/10.1007/s12648-025-03774-y

[17]P. Thakur, S. Taneja, D. Chahar, B .Ravelo, and A. Thakur, "Recent advances on synthesis, characterization and high
frequency applications of Ni-Zn ferrite nanoparticles," Journal of Magnetism and Magnetic Materials, vol. 530, p.
167925, 2021. https://doi.org/10.1016/.jmmm.2021.167925

[18]H. Liu et al., "Effects of Substrates on Thin-Film Growth of Nickel Zinc Ferrite by Spin-Spray Deposition," Coatings,

Spo s iy ollin okige & VFe0 on ot i 5 s JLun


https://doi.org/10.1007/s10854-022-09803-4
https://doi.org/10.1007/s10854-022-09803-4
https://doi.org/10.1007/s10854-022-09803-4
https://doi.org/10.1142/S1793604724400058
https://doi.org/10.1142/S1793604724400058
https://doi.org/10.1142/S1793604724400058
https://doi.org/10.1088/1742-6596/2706/1/012070
https://doi.org/10.1088/1742-6596/2706/1/012070
https://doi.org/10.1088/1742-6596/2706/1/012070
https://doi.org/10.1080/14328917.2024.2304944
https://doi.org/10.1080/14328917.2024.2304944
https://doi.org/10.1080/14328917.2024.2304944
https://doi.org/10.1080/14328917.2024.2304944
https://doi.org/10.1080/14328917.2024.2304944
https://doi.org/10.1080/14328917.2024.2304944
https://doi.org/10.1016/j.cis.2024.103203
https://doi.org/10.1016/j.cis.2024.103203
https://doi.org/10.1016/B978-0-12-820558-7.00002-9
https://doi.org/10.1016/B978-0-12-820558-7.00002-9
https://doi.org/10.1016/B978-0-12-820558-7.00002-9
https://doi.org/10.1016/S0042-207X(99)00189-X
https://doi.org/10.1016/S0042-207X(99)00189-X
https://doi.org/10.1016/S0042-207X(99)00189-X
https://books.google.com/books?hl=en&lr=&id=dTmAsG07D00C&oi=fnd&pg=PA1&dq=K.+Wasa,+M.+Kitabatake,+and+H.+Adachi,+Thin+film+materials+technology:+sputtering+of+control+compound+materials.+Springer+Science+%26+Business+Media,+2004.&ots=ckbS6b6ifU&sig=BI7yNyk4FMUDGja8tNSgBzmtfUg
https://books.google.com/books?hl=en&lr=&id=dTmAsG07D00C&oi=fnd&pg=PA1&dq=K.+Wasa,+M.+Kitabatake,+and+H.+Adachi,+Thin+film+materials+technology:+sputtering+of+control+compound+materials.+Springer+Science+%26+Business+Media,+2004.&ots=ckbS6b6ifU&sig=BI7yNyk4FMUDGja8tNSgBzmtfUg
https://doi.org/10.1016/j.vacuum.2009.12.014
https://doi.org/10.1016/j.vacuum.2009.12.014
https://doi.org/10.1016/j.vacuum.2009.12.014
https://doi.org/10.1016/B978-0-12-823717-5.00053-X
https://doi.org/10.1016/B978-0-12-823717-5.00053-X
https://doi.org/10.1016/B978-0-12-823717-5.00053-X
https://doi.org/10.1016/B978-0-12-823717-5.00053-X
https://doi.org/10.1007/s41779-017-0090-2
https://doi.org/10.1007/s41779-017-0090-2
https://doi.org/10.1007/s41779-017-0090-2
https://doi.org/10.1007/s41779-017-0090-2
https://doi.org/10.1007/s12648-025-03774-y
https://doi.org/10.1007/s12648-025-03774-y
https://doi.org/10.1007/s12648-025-03774-y
https://doi.org/10.1016/j.jmmm.2021.167925
https://doi.org/10.1016/j.jmmm.2021.167925
https://doi.org/10.1016/j.jmmm.2021.167925
https://doi.org/10.1016/j.jmmm.2021.167925
https://doi.org/10.3390/coatings13040690

Gl sloa Y by 5 St olss o ol slos il s Y'Y

vol. 13, no. 4, p. 690, 2023. https://doi.org/10.3390/coatings 13040690

[19]D. Peng, G. Yue, and L. Wang, "The Structure and Magnetic Properties of NiZn-Ferrite Films Deposited by
Magnetron Sputtering at Room Temperature [J]," Advanced Materials Research, vol. 690, pp. 1702-1706, 2013.
https://doi.org/10.4028/www.scientific.net/ AMR.690-693.1702

[20]R. Xu et al., "Influence of substrate temperature on high-frequency soft magnetic properties of [Fe80Ni20—-O/NiZn—
ferrite] n multilayer thin films," Journal of alloys and compounds, vol. 604, pp. 43-49, 2014.
https://doi.org/10.1016/j.jallcom.2014.03.099

[21]D. Guo et al., "High-frequency magnetic properties of Zn ferrite films deposited by magnetron sputtering," Journal
of Applied Physics, vol. 107, no. 4, p. 4, 2010. https://doi.org/10.1063/1.3304837

[22]0. Caltun, "Pulsed laser deposition of Ni-Zn ferrite thin films," Journal of Optoelectronics and Advanced Materials,
vol. 7, no. 2, pp. 739-744, 2005.

[23]S. Kothapally, S. Kotru, R. Paul, and J. A. Abu Qahouq, "Optical studies of pure and (Cu, Co) doped nickel zinc
ferrite films deposited on quartz substrate ",Journal of Vacuum Science & Technology A, vol. 41, no. 2, p. 10, 2023.
https://doi.org/10.1116/6.0002262

[24]F. Li et al., "Fatigue fracture mechanism and life prediction of nickel-based single crystal superalloy with film cooling
holes considering initial manufacturing damage," International Journal of Fatigue, vol. 197, p. 108902, 2025.
https://doi.org/10.1016/j.ijfatigue.2025.108902

[25]A. Al-Qawasmeh, M. H. Badarneh, A. Obeidat, and S. Abedrabbo, "Surface roughness effects on magnetic properties
of thin films: A computational Monte Carlo study," Journal of Magnetism and Magnetic Materials, vol. 562, p.
169734, 2022. https://doi.org/10.1016/j.jmmm.2022.169734

[26]Y. Cao and C. Zhou, "Thickness dependence of surface roughness and magnetic properties of FeNiCr thin films,"
Journal of magnetism and magnetic materials, vol. 333, pp. 1-7, 2013. https://doi.org/10.1016/j jmmm.2012.12.042

[27]B. Lim, J. Chen, and J .Wang, "Thickness dependence of structural and magnetic properties of FePt films," Journal
of  magnetism  and  magnetic — materials, vol. 271, no.  2-3,  pp. 159-164,  2004.
https://doi.org/10.1016/j.jmmm.2003.09.023

[28]N. Bakr, S. Salman, and H. Khudhair, "Structural and optical properties of zinc doped nickel ferrite Ni (1-x) Zn (x)
Fe204 thin films prepared by chemical spray pyrolysis method," Journal of Chemical, Biological and Physical
Sciences, vol. 6, no. 1, pp. 280-293, 2016.

[29]A. Sutka et al., "Properties of Ni—Zn ferrite thin films deposited using spray pyrolysis," Thin Solid Films, vol. 526,
pp. 65-69, 2012. https://doi.org/10.1016/j.ts£.2012.11.017

[30]A. Faramawy and H. El-Sayed, "Optimization of visible photoluminescence emission from Ni-Zn ferrite thin films,"
Nano Express, vol. 4, no. 4, p. 045007, 2023. https://doi.org/10.1088/2632-959X/ad0ecec9

[31]C. Pawar, M. Gujar, and V. Mathe, "Optical properties of spin-deposited nanocrystalline Ni-Zn ferrite thin films
processed by sol-gel," Journal of Superconductivity and Novel Magnetism, vol. 30, no. 3, pp. 615-625, 2017.
https://doi.org/10.1007/s10948-016-3720-y

'r:'o‘j.Ja‘Ju;ijJLu )(}Aj‘jjj_}/mww%ﬁ


https://doi.org/10.3390/coatings13040690
https://doi.org/10.3390/coatings13040690
https://doi.org/10.4028/www.scientific.net/AMR.690-693.1702
https://doi.org/10.4028/www.scientific.net/AMR.690-693.1702
https://doi.org/10.4028/www.scientific.net/AMR.690-693.1702
https://doi.org/10.1016/j.jallcom.2014.03.099
https://doi.org/10.1016/j.jallcom.2014.03.099
https://doi.org/10.1016/j.jallcom.2014.03.099
https://www.academia.edu/27153510/Pulsed_laser_deposition_of_Ni_Zn_ferrite_thin_films
https://www.academia.edu/27153510/Pulsed_laser_deposition_of_Ni_Zn_ferrite_thin_films
https://doi.org/10.1116/6.0002262
https://doi.org/10.1116/6.0002262
https://doi.org/10.1116/6.0002262
https://doi.org/10.1016/j.ijfatigue.2025.108902
https://doi.org/10.1016/j.ijfatigue.2025.108902
https://doi.org/10.1016/j.ijfatigue.2025.108902
https://doi.org/10.1016/j.ijfatigue.2025.108902
https://doi.org/10.1016/j.ijfatigue.2025.108902
https://doi.org/10.1016/j.jmmm.2022.169734
https://doi.org/10.1016/j.jmmm.2022.169734
https://doi.org/10.1016/j.jmmm.2022.169734
https://doi.org/10.1016/j.jmmm.2022.169734
https://doi.org/10.1016/j.jmmm.2012.12.042
https://doi.org/10.1016/j.jmmm.2012.12.042
https://doi.org/10.1016/j.jmmm.2012.12.042
https://doi.org/10.1016/j.jmmm.2003.09.023
https://doi.org/10.1016/j.jmmm.2003.09.023
https://doi.org/10.1016/j.jmmm.2003.09.023
https://www.researchgate.net/publication/290437702_Structural_and_Optical_Properties_of_Zinc_Doped_Nickel_Ferrite_Ni1-xZnxFe2O4_Thin_Films_Prepared_by_Chemical_Spray_Pyrolysis_Method
https://www.researchgate.net/publication/290437702_Structural_and_Optical_Properties_of_Zinc_Doped_Nickel_Ferrite_Ni1-xZnxFe2O4_Thin_Films_Prepared_by_Chemical_Spray_Pyrolysis_Method
https://www.researchgate.net/publication/290437702_Structural_and_Optical_Properties_of_Zinc_Doped_Nickel_Ferrite_Ni1-xZnxFe2O4_Thin_Films_Prepared_by_Chemical_Spray_Pyrolysis_Method
https://doi.org/10.1016/j.tsf.2012.11.017
https://doi.org/10.1016/j.tsf.2012.11.017
https://doi.org/10.1016/j.tsf.2012.11.017
https://doi.org/10.1088/2632-959X/ad0ee9
https://doi.org/10.1088/2632-959X/ad0ee9
https://doi.org/10.1088/2632-959X/ad0ee9
https://doi.org/10.1007/s10948-016-3720-y
https://doi.org/10.1007/s10948-016-3720-y
https://doi.org/10.1007/s10948-016-3720-y

\YY s e M_MMM_WU/MM

[32]S. Chavan, M. Babrekar, S. More, and K. Jadhav, "Structural and optical properties of nanocrystalline Ni—Zn ferrite
thin  films," Jowrnal of Alloys and Compounds, vol. 507, mno. 1, pp. 21-25, 2010.
https://doi.org/10.1016/j.jallcom.2010.07.171

[33]H. S. Cho, M. H. Kim, and H. J. Kim, "Preferred orientation and microstructure of Ni-Zn-Cu ferrite thin films
deposited by rf magnetron sputtering," Journal of materials research, vol. 9, no. 9, pp. 2425-2433, 1994.
https://doi.org/10.1557/JMR.1994.2425

[34]R. Xu et al., "Soft magnetic properties of [Fe80Ni20-O/NiZn-ferrite] n multilayer thin films for high frequency
application," Applied Mechanics and Materials, vol. 488, pp- 174-177, 2014.
https://doi.org/10.4028/www.scientific.net/ AMM.488-489.174

[35]1Q. Yu, Y. Su, R. Tursun, and J. Zhang, "Synthesis and characterization of low density porous nickel zinc ferrites,"
RSC advances, vol. 9, no. 23, pp. 13173-13181, 2019. https://doi.org/10.1039/CORA01076A

[36]S. J. Nie et al., "The structure and magnetic properties of NiZn-ferrite films deposited by magnetron sputtering at
room  temperature," Advanced  Materials  Research, vol. 690, pp- 1702-1706, 2013.
https://doi.org/10.4028/www.scientific.net/ AMR.690-693.1702

[37]F. J. G. Landgraf, J. R. F. Da Silveira, and D. Rodrigues-Jr, "Determining the effect of grain size and maximum
induction upon coercive field of electrical steels," Journal of Magnetism and Magnetic Materials, vol. 323, no. 18-
19, pp. 2335-2339, 2011. https://doi.org/10.1016/j.jmmm.2011.03.034

[38]T. Tanaka et al., "Fabrication of ultrathin Ni—Zn ferrite films using electron cyclotron resonance sputtering method,"
Journal of applied physics, vol. 99, no. 8, p. 3, 2006.

[39]L. Wang et al., "Effects of annealing temperature on structural and magnetic properties of Ni0. 8Zn0. 2Fe204 thin
films," Ceramics International, vol. 40 .no. 7, pp- 10323-10327, 2014.
https://doi.org/10.1016/j.ceramint.2014.03.004

[40]1D. Guo et al., "Ni—Zn ferrite films with high resonance frequency in the gigahertz range deposited by magnetron
sputtering at room temperature," Journal of Physics D.: Applied Physics, vol. 42, no. 12, p. 125006, 20009.
https://doi.org/10.1088/0022-3727/42/12/125006

[417Y. Liu, Y. Li, H. Zhang, D. Chen, and C. Mu, "Structural and magnetic properties of NiZn—ferrite thin films prepared
by radio frequency magnetron sputtering," Journal of Applied Physics, vol. 109, no. 7, p. 3, 2011.
https://doi.org/10.1063/1.3556775

[42]R. R. Kahmei, R. Sai, S .Arackal, S. Shivashankar, and N. Bhat, "Nanostructured Zn-substituted nickel ferrite thin
films: CMOS-compatible deposition and excellent soft magnetic properties," IEEE Magnetics Letters, vol. 10, pp. 1-
5,2019. https://doi.org/10.1109/LMAG.2019.2941427

[43]N. Gupta, A. Verma, S. C. Kashyap, and D. Dube, "Microstructural, dielectric and magnetic behavior of spin-
deposited nanocrystalline nickel-zinc ferrite thin films for microwave applications," Journal of Magnetism and

Magnetic Materials, vol. 308, no. 1, pp. 137-142, 2007. https://doi.org/10.1016/j.jmmm.2006.05.015

Spo s iy ollin okige & VFe0 on ot i 5 s JLun


https://doi.org/10.1016/j.jallcom.2010.07.171
https://doi.org/10.1016/j.jallcom.2010.07.171
https://doi.org/10.1016/j.jallcom.2010.07.171
https://doi.org/10.1557/JMR.1994.2425
https://doi.org/10.1557/JMR.1994.2425
https://doi.org/10.1557/JMR.1994.2425
https://doi.org/10.4028/www.scientific.net/AMM.488-489.174
https://doi.org/10.4028/www.scientific.net/AMM.488-489.174
https://doi.org/10.4028/www.scientific.net/AMM.488-489.174
https://doi.org/10.1039/C9RA01076A
https://doi.org/10.1039/C9RA01076A
https://doi.org/10.1039/C9RA01076A
https://doi.org/10.4028/www.scientific.net/AMR.690-693.1702
https://doi.org/10.4028/www.scientific.net/AMR.690-693.1702
https://doi.org/10.4028/www.scientific.net/AMR.690-693.1702
https://doi.org/10.1016/j.jmmm.2011.03.034
https://doi.org/10.1016/j.jmmm.2011.03.034
https://doi.org/10.1016/j.jmmm.2011.03.034
https://doi.org/10.1016/j.jmmm.2011.03.034
https://doi.org/10.1063/1.2169538
https://doi.org/10.1063/1.2169538
https://doi.org/10.1016/j.ceramint.2014.03.004
https://doi.org/10.1016/j.ceramint.2014.03.004
https://doi.org/10.1016/j.ceramint.2014.03.004
https://doi.org/10.1088/0022-3727/42/12/125006
https://doi.org/10.1088/0022-3727/42/12/125006
https://doi.org/10.1088/0022-3727/42/12/125006
https://doi.org/10.1063/1.3556775
https://doi.org/10.1063/1.3556775
https://doi.org/10.1063/1.3556775
https://ui.adsabs.harvard.edu/link_gateway/2019IMagL..10L1427K/doi:10.1109/LMAG.2019.2941427
https://ui.adsabs.harvard.edu/link_gateway/2019IMagL..10L1427K/doi:10.1109/LMAG.2019.2941427
https://ui.adsabs.harvard.edu/link_gateway/2019IMagL..10L1427K/doi:10.1109/LMAG.2019.2941427
https://doi.org/10.1109/LMAG.2019.2941427
https://doi.org/10.1016/j.jmmm.2006.05.015
https://doi.org/10.1016/j.jmmm.2006.05.015
https://doi.org/10.1016/j.jmmm.2006.05.015
https://doi.org/10.1016/j.jmmm.2006.05.015

S slaa Y sl 5 Sl polsst o ol slos il s ¥

’F'04JJ;JM‘MJW‘JL4 )[}Aj‘jjjj/bdww%f.&



CONTENTS

A Numerical Investigation on the Stability of Porous Steel Columns under Axial Loading
Javad piri - Ali Mohammad Naserian-Nik - Hamid Sazegaran

Machine Learning-Based Modeling of Metal Additive Manufacturing Processes Using Data
Augmentation and Ensemble Learning

A Brief Review of Mechanical Properties of Metal Sheets processed by Equal Channel
Angular Rolling Process
Asiyeh Habibi

Effect of Solidification Rate on Mechanical and Corrosion Behavior of Zn-xAl

Biodegradable Alloys
Zeynab Ahmadi - Reza Taghiabadi - Morteza Saghafi Yazdi

Synthesis of Graphene-based Photocatalyst Nanocomposites Combined with Nickel Ferrite
and Nickel Oxide in order to Remove the Toxic Dyes of Acid Black and Acid Brown
Kareem Khaleel Ibrahim Jburi - Amir Hoshang Ramezani

Effect of Polydimethylsiloxane (PDMS) on Silica Coating Produced by Sol-gel Method
Najme lari - Shahrokh Ahangarani

13

35

59

83

97



JOURNAL OF METALLORGICAL
AND MATERIALS ENGINEERING

FERDOWSI UNIVERSITY OF MASHHAD

G,

Ferdowsi University of Mashhad

ISSN 2008-7462

General Director: A. Haerian Ardakani
Editor-Chief : J. Vahdati Khaki
Published: Ferdowsi University of Mashhad

Editorial Board:
R. Azari khosroshahi

Associate Professor

Sahand University of Technology

G. R. Ebrahimi Professor Ferdowsi University of Mashhad

R. Bagheri Professor Sharif University of Technology

J. Javadpour Professor Iran University of Science & Technology
G .Barati Darband Assistant Professor Ferdowsi University of Mashhad

A. Haerian Ardakani Professor Sadjad University of Technology

M. Haddad Sabzevar Professor Ferdowsi University of Mashhad

S. M. Zebarjad Professor Shiraz University

S. A. Sajjadi Professor Ferdowsi University of Mashhad

S. Sohrabi Researcher Shenzhen University. China.

M. Salehi Professor Isfahan University of Technology

M. R. Torroghinejad Associate Professor Isfahan University of Technology

H. Arabi Professor Iran University of Science & Technology
A. R. Kiani Rashid Professor Ferdowsi University of Mashhad

J. Vahdati Khaki Professor Ferdowsi University of Mashhad

M. Mirjalili
Jinyang Li

lonela Poenita Birloaga

Associate Professor
Associate Professor

Associate professor

Ferdowsi University of Mashhad

Applied Chemistry, Huazhong University of
Science and Technology (HUST), Wuhan, China
Chemical Engineering at University of L’ Aquila

Postdoctoral Researcher

M. Sakaki University of Duisburg-Essen, Germany

H. Shalchian Postdoctoral Researcher Laboratory of Integrated Treatment of Industrial
Waste and Wastewater, University of L’ Aquila,
Italy

F. Saba Postdoctoral Researcher School of Materials Science and Engineering,

Shanghai Jiao Tong University, Shanghai,China

Text Editor: A. Dehghan - S. Mollazadeh Beidokhti Administrative Director: T. Hooshmand

Typist: A. Noie — T. Hooshmand

Journal of Metallorgical and Materials Engineering

Department of Materials Science and Engineering, Ferdowsi University of Mashhad,
P. O. Box. 91775-1111, Mashhad, I.R.IRAN

Tel: +98 51 38763301; Fax: +98 51 38806024; Email: jmme@um.ac.ir

Web site: http://jmme.um.ac.ir



ISSN 2008 -7462

II‘é

Iron&Steel Society of Iran

Nanopowder Produced from Machining
Chips of Ti6Al4V: Effect of Ball-to-Powder
Weight Ratio in the Mechanical Alloying

Process
Seyyed Amirreza Alavizadeh - Sevda Teimoorpour
Mehrdad Shahbaz - Majid Kavanlouei - Hossein Abdollahi

An Overview of Lithium Batteries and Their
Recycling by Hydrometallurgical and

Pyrometallurgical Methods
Neda Emami - Davod Moradkhani - Milad Ghorbanzadeh

Investigating the Effect of Red Mud
Pretreatment by Water on Its Activity in

Biodiesel Production
Arash Badri - Hamed Nayebzadeh - Behgam
Rahmanivahid

Surface Engineering of Titanium via a Two-
Step Electrochemical Anodization Process:
Mechanism of Nucleation and Growth of

Titanium Oxide Nanotubes
Faezeh Darvishian Haghighi - Nazanin Yazdanparast -
Sahar Mollazadeh Beidokhti - Mohsen Haddad Sabzevar

Effect of Annealing Temperature and Time on
the Magnetic Behavior of Nd-Fe-B Alloy

Ribbons Produced by Melt Spinning Method
Ghader Ahmadpour - Farzad Nasirpouri

Investigation of the Effect of Annealing
Temperature on the Optical Properties and
Microstructure of Nickel-Zinc Ferrite Thin

Films Grown by Magnetron Sputtering
Mohsen Abdollahi - Mohammad Hossein Shams
Mohammad Hossein Hosseini

Vol. 37, No. 2
Summer, 2026

17

S

69

89

iLils



	Metalogical-Recovered.pdf
	jelad.pdf
	contents1.pdf
	Binder1.pdf
	1-(2)+ (2)(2).pdf
	1--(1).pdf

	Binder2.pdf
	2-(1)+.pdf
	2--.pdf

	Binder3.pdf
	3-(1)-revised.pdf
	3-revised.pdf

	Binder4.pdf
	4-(1)+.pdf
	4--.pdf

	Binder5.pdf
	5-(1)+.pdf
	5-- (2).pdf

	Binder6.pdf
	6-(1)+Edited (Recovered).pdf
	6--Edited.pdf

	contents1-1.pdf
	jelad1.pdf
	Metalogical-Recovered - Copy.pdf



