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Powder metallurgy (PM) is a modern manufacturing method that allows high-tech materials, alloys and complex shaped
parts to be manufactured with precision and almost without the need for finishing operations such as deburring.
PM involves powder production, powder processing, forming operations, pressing and sintering or pressure-assisted hot
consolidation. This paper reports results on NiixZnxFe:Os produced by powder metallurgy at different sintering
temperatures. NiixZnxFe204 is an interesting functional magnetic material due to its special properties such as stability,
very good dielectric properties, electrical resistivity, low dielectric loss, chemical stability, etc. all being important in
cutting-edge technology. The use of Nii-xZnxFe204 in diverse fields such as the biomedical field i.e. drug delivery is
another vibrant research area. SEM imaging was performed for the structural analysis of the produced bulk sample.
EDXREF analyses were performed for elemental composition along with SEM images.
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1. INTRODUCTION

Powder Metallurgy (PM) is one of the modern
manufacturing methods for materials processing of
engineered parts involving powder production and
processing, forming operations, pressing and sintering or
pressure-assisted hot consolidation [1]. PM enables the
production of high-tech materials, alloys and intricately
shaped parts precisely and without the need for finishing
processes such as burrs. This article reports the results
related to the production of NiixZn.Fe,Os with PM at
different sintering temperatures. Ni;xZnxFe;O4 is used in
various fields such as computer technology, electronic
devices, biomedical applications and the automotive
industry. ThThis widespread use is due tots special
properties such as stability, very good dielectric properties,
electrical resistance, low dielectric loss and chemical
stability.

PM aims to combine various thermal and mechanical
deformation principles on various powders (used as raw
material) and transform them into useful engineering pieces.
The PM is specially made from high melting point metal
powders; offering advantages in the production of complex-
shaped parts which are difficult to produce by conventional
production methods [1]. The advantage of powder
metallurgy is that it provides samples with high enough
accuracy and shape of the components which can be crucial
in terms of material properties and production stages [2].
The majority of metallic powders, ceramic materials, alloys,
composites, and compounds have particle sizes ranging
from nanometers to several hundred micrometres; not only
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available commercially but also may be produced in labs
[1].

A powder preparation process in PM involves various
methods such as mechanical methods like milling,
machining, shotting and graining. Mechanical alloying
methods, chemical production methods such as gas
decomposition, thermal decomposition, liquid precipitation,
gas precipitation, and solid-solid reaction synthesis are also
utilized. Production by electrolysis and atomization
methods like gas atomization, water atomization, turbulent
atomization and plasma atomization are also in use [3].

The production process with PM consists of three main
steps: powder mixing, mold compaction and sintering.
In addition, it is suitable for optional pre-preparation
processes (such as adding lubricants to the mold) and
additional production steps (such as surface polishing,
joining, etc.) [4, 5].

The powder as a raw material is homogeneously mixed
followed by a pressing process. The pressing process can be
done as a separate step or can be combined with sintering as
it can be carried out as a pressure-assisted hot consolidation
process.

The pressing step has the following basic functions:
Obtaining the desired shape of the piece with the aid of a
mold. To keep the amount of porosity at the desired level.
To provide sufficient strength for the next stage. Ease of
obtaining a product with close properties to the final product
without the need for further processing steps such as
deburring.

In conventional pressing methods, pressure is usually
applied in one direction where various mechanical or



hydraulic prestige fixed molds are used. After the pressing
process, only the physical binding occurs and the pressed
samples contain a considerable amount of porosity [5].

The pressing step is continued after the sintering step.
Sintering is a technique of obtaining dense materials from
compounds consisting of raw materials such as metals,
ceramics, etc. by applying heat energy.

The sintering processes occur together with some
desired or undesired differentiation in materials. The main
differentiation is in the grain boundaries, their size, shapes
and their size distribution as well as pore size and pore size
distribution. Significant variations also occur not only in
chemical composition, crystal structure, strength, elastic
modulus, hardness, fracture toughness, electrical and
thermal conductivities but also in liquid and gas
permeability. In recent years, microwave and pressureless
spark plasma sintering has gained importance in the
production of materials, in the synthesis of materials and the
emphasis has usually been on production processes [5, 6].
The sintering process basically consists of 4 steps: 1. pre-
sintering; 2. initial period of sintering; onset of neck creation
and contact angle of the grains becoming shallower at this
stage; 3. this stage is the middle part of sintering; further
progression of necks and pores diffuse through and growing
at grain boundaries (GBs); 4. final stage of sintering. The
contact GB area between grains progressively increases and
densification occurs during sintering at this stage [7].

This paper reports results on the characterisation of
nickel ferrites produced through powder metallurgy.
EDXRF was used for the elemental composition along with
SEM images. Successful application of powder metallurgy
in the production of nickel ferrites in a relatively easy way
when compared to more complex and involved techniques
may be a way forward in the mass production of these
samples.

2. MATERIAL AND METHODS

PM process is a versatile and effective route for
producing components with combinations of various
alloying elements. These alloying elements significantly
affect metallurgical, mechanical, optical and electrical
properties. In addition to alloying elements, the sintering
parameters applied are also very effective on the material
properties obtained [8]. This paper reports results on the
production and microstructural imaging of Nickel Zinc
Ferrite (NZF) through powder metallurgy. Ferrite of the
type NiFe2O4 (NF), CoFe 04 (CF) and MnFe;O4 (MF) with
the spinel structure are magnetic ceramics. These ferrites are
of great importance in the production of magnetic and
electronic components.

Ferrites display interesting magnetic and electrical
properties depending on processing conditions, sintering
temperature and time as well as their chemical composition
as such that NF possesses an inverse spinel structure, in
which tetrahedral A-sites are occupied by Fe®* ions and
octahedral B-sites by Fe®* and Ni?* ions. It shows
ferrimagnetism originating from its antiparallel orientation
of spins on A- and B- sites. The particle size increases with
increasing temperature causing a reduction of the spinel [9].
Harris et al. [10] have given schematic representations and
more detailed information for spinel ferrite structures in
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their article. It also has properties that are suitable for
magnetic applications. In this context, the magnetic
properties of the samples of NiixZnxFe;O, (x = 0.15, 0.50
and 0.85) obtained by sintering at 1000 °C for 1 hour were
determined and detailed by Sahin et al. [11] where the
characteristic features are also mentioned.

NZF is an all-around magnetic material with interesting
magnetic and electrical properties strongly dependent on the
purity of ferrite powder, its microstructure, grain boundary
and the chemical preparation [12]. The use of NZF based
materials in diverse fields such as biomedical field such as
in controlled delivery of anticancer drugs is also under
investigation [13]. There are also studies in the literature for
different stoichiometric ratios of NZF and various ferrite
types involving different production techniques besides
powder metallurgy. Some of these several methods are
conventional ceramic processing method [14], wet chemical
method [15], solid state reaction method
[16 — 18], chemical deposition method [19], hydrothermally
synthesized [20-22], solid-phase sintering [23],
co-precipitation [24, 25], reverse micelle [26], sol-gel
combustion [27], a chemical synthesis route called sol-gel
combined metallo-organic decomposition method [9],
auto-combustion synthesis [28], ball milling [29] and
high-energy milling [30]. By considering the characteristics
of the products, comparisons can be made between the
methods. The main considerations when it comes to
production methods are always the low cost and high
performance not to mention an environmentally friendly
process with minimum waste and minimum energy use.

In this study, the effects of sintering temperature on
micro-structural properties of NiixZnxFe,O4 samples by
powder metallurgy have been investigated where NiO, ZnO
and Fe,O3 powders with the purity of > 99.9 % were used as
raw materials. Powders prepared according to the
stoichiometry for; x = 0.15 (Composition 1) and x =0.85
(Composition 2) mol. Mechanical mixing was used to obtain
a homogeneous powder mixture. In the next step,
the powder mixtures are pressed in a hydraulic press making
the samples ready for the sintering process. Dimensional
measurements were taken right after pressing. The samples
were sintered for 1 hour at two different constant sintering
temperatures, one being 1000 °C and the other one being
1400 °C. Dimensional measurements were taken again after
the sintering processes followed by SEM imaging together
with EDXRF for the structural and elemental analysis of the
produced bulk samples. The process steps of the
experimental studies are given in Table 1.

Table 1. Experimental procedure

1%t step
;ua?srlég raw >99.9% purity NiO, ZnO, Fe203 powders
2" step
Sample a) Measurements of weight
preparation b) Mechanical mixings
procedure c) Pressing
d) Sintering
3 step
Characterization | a) Measurements of size and weight
of sample b) EDXRF analysis
properties ¢) SEM analysis




3. RESULTS AND DISCUSSION
3.1. Experimental results

Details of the physical and chemical properties of the
samples are given in Table2 and Table 3. The sample
weight was measured with a precision scale and sample
dimensions were measured with a digital compass.
NiixZnxFe,O4 samples are coined as composition 1 (C1)
(x =0.15) and composition 2 (C2) (x = 0.85), according to
their compounds for the remainder of this paper. Sample
weights were measured with 0.0001 g precision using a
balance-precision scale and dimensions were measured with
a 0.01 cm precision balance digital compass. Mean values
of measurements were taken after repeated measurements
before and after sintering. Table 2 shows the weight and
volume loss values of the samples. While the weight loss
range is between 2.40070-5.02135 % and the volume
decrease of the samples is between
9.9620-5.8270 % after pressing and sintering. The volume
decrease and weight values at 1000 °C are smaller for C1
compared to C2. However, the volume decrease value at
1400 °C is higher for C1 than C2. In contrast, we see that
weight loss is less for C1 than for C2 at 1400 °C.

Table 2. Average volume and weight loss after sintering

Sinteri Average Average weight
intering
Comp. o volume loss loss after
temperature, °C . . . .
after sintering sintering
c1 1000 9.9620 % 2.40070 %
1400 58.8270 % 3.52495 %
c2 1000 28.8059 % 4.79750 %
1400 54.2387 % 5.02135 %

Brim over of the powders may occur due to the mold
and handling prior to sintering. To decrease this overflowing
of powders, extreme care should be taken with the mold
design so that samples could be kept at the surface with
lower adhesion. Handling of measurement devices and use
of protective gear such as proper gloves should be
considered in order not to cause any contamination. These
would prevent unnecessary weight loss and lead to more
efficient use of raw materials.

The EDXREF graphical data of the samples are given in
Fig. 1-Fig. 4 where Ni, Zn, O, Fe peaks are visible and
small unidentified peaks which are usually from impurities
in samples also present. EDXRF measurements were taken
from three different areas for each sample and results are
provided as mean and standard deviation. These impurities
might be due to impurities in raw materials and impurities
from the experimental conditions. However, the results of
the EDXRF confirm that the desired elemental composition
values are achieved. The final elemental distribution values
(atomic content (%) and weight content (%)) after sintering
obtained from EDXRF results for the C1 are given in
Table 3. All the composition results are here. SEM images
of the composition C1 are given in Fig. 5-Fig. 10. Three
different magnification values were selected for the
detection of macro and microstructure in SEM imaging. The
microstructure of the samples was examined with Philips
XL 30 SFEG SEM 1000/10000/50000X magnifications.

The final elemental distribution values (atomic content
(%) and weight content (%)) after sintering obtained from
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EDXREF results for the C2 are given in Table 4. SEM images
of the composition C2 are given Fig. 11-Fig. 16.
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Fig. 3. EDXRF analysis of sample C2-1000 °C
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Fig. 4. EDXRF analysis of sample C2-1400 °C



Table 3. Selected samples of C1 content (%) after sintering

Sintering temperature 1000 °C —content, % Sintering temperature 1400 °C —content, %
Ni Zn Fe 0O Ni Zn Fe O
Mean| SD |[Mean| SD [Mean| SD |[Mean| SD |[Mean| SD |[Mean| SD |Mean| SD |[Mean]| SD
C1 Atomic content, % Atomic content, %
1.87 | 0.20 [ 12.29 | 0.40 [ 30.88 | 0.74 | 54.96 | 0.97 | 2.24 | 0.03 | 10.82 | 0.03 | 32.30 | 0.25 | 54.64 | 0.26
Weight content, % Weight content, %
312 | 0.36 | 22.84] 0.48 | 49.03| 059 | 25.01] 0.74 | 3.74 | 0.05 [ 20.11 | 0.11 | 51.29 | 0.25 | 24.86 | 0.19
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Fig. 5. C1-1000 °C SEM image of the specimen (1000X) Fig. 8. C1-1400 °C SEM image of the specimen (1000X)
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Fig. 9. C1-1400 °C SEM image of the specimen (10000X)
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Fig. 7. C1-1000 °C SEM image of the specimen (50000X) Fig. 10. C1-1400 °C SEM image of the specimen (50000X)
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Table 4. Selected samples of C2 content (%) after sintering

Sintering temperature 1000 °C —content, % Sintering temperature 1400 °C — content, %
Ni Zn Fe O Ni Zn Fe 0
Mean | SD |[Mean| SD [Mean]| SD [Mean| SD |[Mean| SD [Mean| SD |[Mean| SD | Mean| SD
C2 Atomic content, % Atomic content, %
1173 | 054 | 2.05 | 0.09 | 30.67 | 0.26 | 55.55 | 0.20 | 11.54 | 0.50 | 1.56 | 0.03 | 32.59 | 0.93 | 54.31 | 1.39
Weight content, % Weight content, %
20.11 | 0.87 | 3.91 | 0.18 [ 50.03| 0.55 | 25.96 | 0.16 | 19.52 | 0.53 | 2.95 | 0.10 | 52.47 | 0.65 | 25.06 | 1.05
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Fig. 11. C2-1000 °C SEM image of the specimen (1000X)

Fig. 14. C2-1400 °C SEM image of the specimen (1000X)
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Fig. 12. C2-1000 °C SEM image of the specimen (10000X) Fig. 15. C2-1400 °C SEM image of the specimen (10000X)
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Fig. 13. C2-1000 °C SEM image of the specimen (50000X) Fig. 16. C2-1400 °C SEM image of the specimen (50000X)
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3.2. Discussion

It is well known that the properties of ferrites are
strongly influenced by the synthesis conditions, material
composition, the impurity levels present, dopants and
dopant concentration, microstructure, in the ferrite materials
[31]. The data presented above show that the PM method
can be used for the production of Niy.xZngFe;04
samples/mass. In our previous publications, the samples
were produced with a similar process, but with different
production parameters [11, 32, 33] where the main focus
was on their magnetic properties. In the current study, the
focus is to determine and interpret the effects of low and
high sintering temperatures (1000 °C and 1400 °C) on the
macro and micro-structural properties of the samples.
EDXRF peaks included Fe, Ni, Zn and O. Peak heights
depend on the sample content. A comparison can be made
with the peaks obtained in the energy dispersive X-ray
spectroscopy results obtained in the study of Anupama et al.
[31]. Due to the difference in method, compositions and
production processes, a one-to-one comparison cannot be
expected. However, it can be said that their results support
our results presented in this paper. In this study, another
experimental step is SEM imaging. 100 to 500 nm grains are
seen in SEM images of C1l at 1000 °C as shown in
Fig. 5—Fig. 7 where neck formations have started forming
with generally spherical shaped particles. The SEM images
of C1 samples after sintering at 1400 °C are given in
Fig. 8—Fig. 10. Yadoji et al. [34] reported in their article
that the Nii.xZnsFe,O4 structure corresponds to crystal
structure expansion due to the substitution of larger Zn ions
for smaller Ni ions. This is the main reason for the
differences between the microstructures of the C1 and C2
compositions in our study. The importance of these
materials stems not only from their wide range of
applications, but also from different compositional
substitutions that lead to improved properties [31]. For this
reason, the other composition prepared is C2. The SEM
images of the C2 sintered at 1000 °C are shown in
Fig. 11-Fig. 13 are similar to the C1-1000 °C images.
However, there are differences in average grain sizes when
compared to C1-1000°C samples depending on the
chemical composition as also evident from the images and
EDXRF data. The SEM images of C2 samples after
sintering at 1400 °C are given in Fig. 13-Fig. 16.

It is observed that sintering occurs in C1 samples and
pores are closed, whereas in C2 samples, after sintering,
grains of more than 2 um were formed by intergranular
intercalations and grain boundaries accompanied by
intergranular spaces. The PM method we used to produce
samples is not suitable enough for thin-film production.
However, there are studies on thin film production to
expand the usage areas of NiixZnxFe;O4. In this context,
Gupta et al. [35] produced different compositions with the
general combination of NiixZnFe;O4 with the spin
deposition technique. The citrate precursor method was
used to prepare the coating solution used for film deposition.
With this method, they were able to obtain single-phase,
transparent, homogeneous and crack-free nanocrystalline
ferrite thin films at low annealing temperatures [35].
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It is expected that the volume and weight will decrease
as the sintering temperature increases depending on the
compounds. This is supported by the experimental results
presented herein. However, when a compositional
comparison is made, it is observed in Table 2 that as the Zn
ratio increases for 1000 °C, the volumetric and weight
reduction increases effectively after the sintering.
Furthermore, it was determined that as the Zn ratio
increased, the weight % decrease was higher for the samples
sintered at 1400 °C, but on the other hand, the % wt
reduction still remained below the C1 composition in the C2
composition. This is an interesting result that does not agree
with the literature. In this study, our focus is the effect of
sintering  temperature on the microstructure  of
NiixZnyFe,O4 samples produced by the PM method.
Furthermore, the effect of the sintering method such as
microwave sintering could be a valuable addition to the
literature. Penchal Reddy et al. [36] reported a study using
the microwave sintering method where they produced
Ni1xZnxFe204 (x = 0.2, 0.3, 0.4 and 0.5) samples at 900 °C,
1000 °C and 1100 °C sintering temperatures for 30 minutes.
Although, a direct comparison is not suitable due to method
difference, the main difference between conventional and
microwave sintering processes is in the heating mechanism.

Gupta et al. discussed co-precipitation, combustion
method, sol-gel process, spray pyrolysis, microemulsion
technique, pulsed wire discharge, soft mechanical chemical
pathway, chemical vapor deposition and hydrothermal
processes for nickel ferrite synthesis. However, powder
metallurgy is not mentioned. The powder metallurgy
method, which we have successfully applied here, should
also take its place among the production methods of nickel
ferrites [37].

In addition, Anu and Hemalatha carried out
Zn-contributed nickel ferrite particle production studies
with co-precipitation technique. ZnxNi-xFe204 spherical
nanoparticles of different sizes, 15-20 nm, 20—24 nm and
23-30nm, were obtained in the study. Anu and
Hemalatha's working process can be followed if nano-level
particles are to be obtained that are smaller than the level
shown by the SEM images in our study [38]. Anupama et
al. reported the successful synthesis of Ni-Zn nanoparticles
by low temperature self-combustion technique. The
structural properties of NiixZnxFe;O4 (X = 0.0, 0.2, 0.4, 0.6,
0.8 and 1.0) were investigated. Alternatively, by careful
application of this method, the formation of a single-phase
cubic spinel structure without any impurity phases can be
achieved as Anupama et al. [39]. Ultimately; there are
various chemical and physical production approaches in the
literature for the synthesis of nanoferrites. Various methods
such as mechanical milling, inert gas condensation,
co-precipitation, hydrothermal, sol-gel, sol-gel auto
combustion, ultrasonic wave-assisted ball milling, and
electro-deposition process have been used for the synthesis
of Ni-Zn ferrite. Each process has an impact on one or more
of the important properties such as particle size,
morphology, catalytic activity, dielectric, and magnetic
properties. To compare the results obtained in our study,
different techniques can be tried and new data can be
obtained [40, 41].



4. CONCLUSIONS

Ferrites have gained attention over the past few decades
due to their wide range of applications. Increasing interest
in different processes to design and produce, especially with
respect to low-cost materials with advanced properties
continues today and this paper demonstrates that these
functional materials can be produced with desired properties
in a relatively simple and economical way. In this study,
a successful synthesis of Niy.xZnxFe204 (X = 0.15 and 0.85)
using two different sintering temperatures (1000 °C and
1400 °C) was reported by the powder metallurgy method.
The effect of the sintering temperature on its
micro-structural properties has been investigated.

The results indicate that higher concentrations of Zn?*
can influence both the microstructure and the determination
of suitable sintering temperature. Bulk density in all the
samples was found to increase with increased sintering
temperature. Zn content has different effects on the
microstructure. It is safe to  assume that
Ni1xZnxFe2O4 with optimum properties can be obtained by
the present powder metallurgy process.

The results given here demonstrate that these types of
functional materials can be produced with desired
parameters and can be considered to be one of the first
examples reported in the literature with respect to sintering
and chemical composition. The use of powder metallurgy
provides a relatively easy and versatile way forward in the
production of nickel ferrites as demonstrated herein.
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