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This article presents the annealing effect on the structural, elastic, thermodynamic, optical, magnetic, and
electric properties of NiggZng 4Fe;sAlgsO4 (NZFAO) nanoparticles (NPs). The samples were successfully
synthesized by the sol-gel method followed by annealing of the as-synthesized at 600, 800, 900, 1050,
and 1200 °C. This approach yielded the formation of a highly crystalline structure with crystallite size
ranging from 17 nm to 40 nm. X-ray diffraction (XRD), scanning electron microscopy (SEM) techniques,
(FTIR)
spectroscopy, were used in order to determine the structural and morphological properties of the
prepared samples. Rietveld XRD refinement reveals that Ni—Zn—Al ferrite nanoparticles crystallize in
inverse cubic (Fd3m) spinel structure. Using FTIR spectra, the elastic and thermodynamic properties were

as well as energy disperse spectroscopy (EDS), Fourier transform infrared and Raman

estimated. It was observed that the particle size had a pronounced effect on elastic and thermodynamic
properties. Magnetic measurements were performed up to 700 K. The prepared ferrite samples present
the highest Curie temperature, which decreases with increasing particle size and which is consistent with
finite-size scaling. The thickness of the surface shell of about 1 nm was estimated from size-dependent
magnetization measurements using the core-shell model. Besides, spin resonance, magnetostriction,
temperature coefficient of resistance (TCR), and electrical resistivity properties have been scientifically

studied and appear to be different according to their size. The optical properties of synthesized NZFAO
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Accepted 28th August 2020 nanoparticles were investigated, and the differences caused by the particle sizes are discussed on the

basis of the phonon confinement effect. This effect was also inspected by the Raman analysis. Tuning of
the physical properties suggests that the Ni-Zn—Al ferrite samples may be promising for multifunctional
diverse applications.
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attracted great interest due to their good biocompatibility, low
toxicity and their magnetism."” These materials are currently
considered among the most successful magnetic nanoparticles
(MNPs) for technological and medical applications e.g., mag-
netocaloric refrigerators, magnetic memory, solar water oxida-
tion, electrochemical supercapacitor applications, biological
applications, lithium-ion batteries, contrast enhancement in
magnetic resonance imaging (MRI) and magnetic fluid hyper-
thermia.**° Therefore, an understanding of the structural and
magnetic properties of spinels is of great importance from both

Introduction

Over the past several years, ferrites spinels AFe,0O,4, where A is
a divalent transition metal (Ni, Zn, Fe, Cr, Mn, Co, ...) have
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a fundamental and an applied point of view. These properties
can be controlled by synthesis methods, annealing temperature
and/or by doping suitable elements into the A-site or B-site to
change the structural parameters and/or the distribution
cation.

The ferrite spinel has a face-centered cubic (fcc) structure,
which consists of a cubic close-packed oxygen lattice. The unit
cell of a spinel ferrite consists of 16 trivalent iron ions, 8 diva-
lent metal ions (M) and 32 oxygen ones. The spinel structure
contains two interstitial sites, occupied by metal cations with
octahedral (B) and tetrahedral (A) oxygen coordination. In

This journal is © The Royal Society of Chemistry 2020
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general, the cationic distribution between the two sites is
quantified by the inversion degree (y), which is defined as the
fraction of divalent ions in the octahedral sites. In the normal
spinel configuration, the Fe*" ions occupy the octahedral sites,
while the tetrahedral sites contain the M**, giving the empirical
formula (M**)*[Fe**]?0,. On the other hand, in inverse spinels,
half of the Fe*" occupy the tetrahedral sites, while the octahe-
dral sites contain the M*" and the other half of Fe*" ions,
yielding the empirical formula (Fe**)*M>'Fe**]?0,. The struc-
ture can also be mixed spinels. However, superexchange inter-
actions between magnetic atoms located in the same kind of
interstitial sites (J,.o and Jg g) lead to two ferromagnetically
ordered sub-lattices. On the other hand, the dominant antifer-
romagnetic interactions between magnetic ions in the A and B
sites (/a-g) induce a non-compensated antiferromagnetic order
between the two sub-lattices inducing (ferrimagnetism). In the
case of nanoparticles, the larger surface area creates surface
relaxation, surface bond bending, surface effect and conse-
quently spins canting which modifies the contribution of each
interaction. The relation between structures and physical
properties for nano ferrites requires a careful consideration.
Therefore, various methods, including, forced hydrolysis in
polyol, ball milling, coprecipitation, sol-gel auto-combustion
and hydrothermal/solvothermal method etc.,>*™* have exten-
sively been developed to synthesize nano-spinel ferrite with
different sizes and shapes. Ball milling method is favorable to
produce a highly crystalline nanostructure, but always leads to
agglomeration in high reaction temperature and long time. By
contrast, sol-gel method is preferred due to the better control
over the shape and size for particle synthesis in low temperature
and low time of process with remarkable purity and high
amount. Also, this method offers an advantage due to its high
quality production, its low cost.*®

Ni-Zn ferrite is a member of the class of the spinel ferrites
which is widely touted for its applications in magnetic, mag-
netooptical and magnetodielectric devices. Under normal
conditions, spinel Ni-Zn ferrites is a typical ferrimagnetic
material possessing mixed spinel structure (Fe;*"M;_/>")[M;>"
Fe,_;>*]04,'*" where i is the inversion degree, () and [] represent
tetrahedral and octahedral positions respectively, which
belongs to Fd3m space group. The cation arrangement can vary
between two extreme cases. One of them is the normal spinel (i
= 0), where all the divalent elements occupy tetrahedral A sites
and all the trivalent elements occupy octahedral B sites. The
other one is the inverse spinel (i = 1), where all the divalent
elements occupy octahedral B sites and all trivalent elements
are equally distributed between tetrahedral A sites and octahe-
dral B sites. Spinels with the cation distribution intermediate
between normal and inverse (i.e., partially inverse spinels; 0 <i <
1) are also very frequent.*®

Furthermore, Ni-Zn ferrites are characterized by high
surface area, chemical stability, high saturation magnetization,
high Curie temperature, low coercivity (soft magnetic), high
permeability, high dielectric constant, low losses, semi-
conductor dielectric transition and they can find wide applica-
tion in the high frequency region of electronics devices." On
substitution of Zn>* in Ni ferrite the Fe®" ions migrate from (A)
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to [B] site and consequently the Fe,~O-Fep interaction becomes
feeble. Several studies have reported the dependence of
magnetic properties of Ni-Zn ferrites on their microstructure,
sintering temperature and preparation method, these proper-
ties can be changed and tuned by aluminum doping.>**' The
introduction of AI** ions leads to significant variations of cation
distribution over the A and B sites depending on the method of
synthesis and Al concentration, additional non-magnetic ions
AI** on octahedral B site reduces saturation magnetization by
increasing the resistivity.*!

The electrical properties displayed macroscopically by the
ferrite are a direct consequence of their cationic arrangement
since both nickel and iron possess different electronic charac-
ters depending on the interstice they occupy inside the lattice.
For nanometric Ni-Zn ferrites, it is possible to obtain good
electric properties and high performance at relatively low sin-
tering temperature. Recently, Li et al.>* examined the dielectric
properties and direct-current resistivity of Al-substituted Ni-Zn-
Co ferrite nanoparticles. Also, the magnetic properties of Ni-Zn
ferrite nanocrystals depend on different sizes, shapes, and
synthesis methods. Beji et al.** prepared a series of polyol-made
Ni-Zn ferrite nanoparticles with varying annealing tempera-
tures to optimize the structural and magnetic properties and
found that heating at different temperatures ranged from 400 to
800 °C provides changes of the magnetic properties of these
particles. In our earlier work,* we investigated the dielectric
properties of Nig¢Zn, Feq 5Aly 50, annealed at 600, 900, and
1200 °C. It was found that the dielectric properties of the system
improved on increasing the temperature. Moreover, K. Praveena
et al.** discussed the effect of annealing temperature in dynamic
magnetic properties of Ni,4Zn,,Mn, 4Fe,0, nanoparticles.
However, their discussion was limited to the resonance field
and g-value which are major imprints of the material charac-
teristics, but other key spin resonance parameters that can
provide an even more detailed understanding of the properties
of materials required to enhance the performance of the device
must be reported. To the best of our knowledge, there is no
report performed to understand the effect of particle size on the
relaxation mechanism, transverse relaxivity, magnetostrictive,
thermodynamic, and elastic properties of Ni-Zn-Al ferrite in
detail. A better understanding of these physical properties of
Ni-Zn-Al ferrite is, therefore, highly beneficial to tune the
properties for diverse technological applications.

Herein, the main aim of this framework is to synthesize and
study nanoscale and bulk materials based on nickel-zinc
ferrites. We are interested in determining the effects of particle
size changes in the nano to micro-regime by annealing
temperature at 600, 800, 900, 1050, and 1200 °C and charac-
terized with different aspects such as structural, morphological,
magnetic, elastic, thermodynamic, magnetostriction, optical
and electric properties. A detailed investigation of the dynamic
magnetic properties was carried out by an electron spin reso-
nance (ESR) study and the spin resonance parameters were also
estimated. Interestingly, the synthesized nanoparticles at low
temperature possess excellent transverse relaxivity r, and can be
used as T, contrast efficacy in imaging application. Hence, these
synthesized materials will not only seem to be an ideal material
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for examining the size effect on the physical properties of
nanomaterial but also have broad applications in the future.

Experimental section
Synthesis

All the chemical reactants in this work were purchased from
Sigma-Aldrich and used without further purification. Nig ¢
Zn, 4Fe; 5Alp 504 nanoparticles were successfully prepared
through the sol-gel method. The process was described in detail
elsewhere.”® In a typical preparation, analytical purity grade
Fe(NO3);-9H,0 and NiCl,-6H,0 were dissolved in distilled
water. The oxides powders ZnO and Al,O; of purity (99.99%)
were dissolved in nitric acid. The obtained solution was added
to the previous one. We mixed this solution with citric acid
(C¢HgO) with molar ratio 1 : 1.5 of metal cation (Ni + Fe + Zn +
Al) to citric acid flowed by the addition of ethylene glycol
(C,HeO,). The resulting solutions were heated to 80 °C with
magnetic stirring to remove the excess water and to form a gel.
To decompose the organic matter, the as prepared powder was
annealed at 500 °C for 6 hours in an electrical muffle furnace
and cooled slowly to room temperature. Finally, the obtained
powder was then separated into five sets (Ni600), (Ni800),
(Ni900), (Ni1050) and (Ni1200) were pelletized and annealed at
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600, 800, 900, 1050 °C for 6 h and 1200 °C for 24 h, respectively.
Chemical reaction of the prepared sample is shown in Fig. 1.

Characterizations and measurements

The structural characterization was carried out by X-ray
diffraction at room temperature. The ferrite nanoparticles
were characterized using a powder X-ray diffraction (XRD) with
a Bruker D8 diffractometer with Cu Ko radiation (A = 1.5406 A)
and a step size of 0.015° width from 15° to 80°. Morphological
characterization was carried out using Merlin scanning electron
microscopy (SEM) equipped with an energy-dispersive X-ray
spectrometer (EDXS). The particle size was estimated by
image processing of SEM's pictures using Image] software.
Thermogravimetric analysis (TGA) and the differential thermal
analysis (DTA) were carried out using the Setaram Instrument.
The sample was heated up to 1000 °C with a heating rate
10 °C min ' in argon atmosphere with nitrogen flow of 40
ml min~'. The Raman spectra were recorded using a SENTERRA
spectrometer from Bruker Company with laser excitation of
532 nm at room temperature. Room temperature Fourier
transform infrared (FTIR) spectra were obtained using Thermo
Scientific Nicolet 6700 FTIR Spectrometer in the region 400-
4000 cm ™" with diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) technique. Absorption spectra were

N Grinding Pelletizing Sintering
’

Ni1200

Ni1050 Ni900

Fig.1 Chemical reaction of NiggZng 4AlgsFe; 504 synthesized by sol-gel method.
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registered on a UV-3600 Spectrophotometer (SHIMADZU,
Japan) for the UV/visible/IR range. The magnetostriction
measurements were made on the NZFAO pellets using the small
angle rotation magnetization method. The magnetic isotherms
M(H) were recorded at room temperature under a magnetic field
up to 4 T using a SQUID magnetometer. Measurements of the
intrinsic magnetic temperature (Tg) were carried out using
differential sample magnetometer MANICS in a field up to 1
kOe. Additionally, the electron spin resonance (ESR) measure-
ments were carried out on a Bruker ESP-300E spectrometer
operating in the X band 9.3 GHz and with a field modulation of
2 GHz. A thin silver film is deposited through a circular mask of
8 mm of diameter on both sides of the pellet by thermal evap-
oration. A plane capacitor configuration is obtained and
permits the investigation of electrical properties of the synthe-
sized material. Measurements are conducted with an Agilent
4294A analyzer under vacuum with signal amplitude of 20 mV.

Result and discussion
Thermal analysis

Thermal analysis is performed to understand the decomposi-
tion behavior of the Ni-Zn ferrite precursors and the formation
of metal oxides, Fig. 2 shows the TGA and DTA curves of the as
prepared sample which were performed up to temperature of
1000 °C at the heating rate 10 °C min~" in argon gas to observe
different changes in the form of endothermic and exothermic
peaks which show the phase transition during the heat treat-
ment. Moreover total weight loss is 24% which is the sum of two
parts. The first broad weight loss of ~2% in the temperature
range below 200 °C is assigned to the dehydration of residual
water. The second weight loss of ~22%, between 200 °C and
630 °C on TGA curve, which may be due to the autocatalytic
oxidation-reduction reaction between the nitrate and citrate
acid. For temperature higher than 630 °C, the sample attains
the stability in terms of weight and the weight loss at about this
temperature possibly corresponds to the formation of metal
oxide phase of ferrite Niy¢Zng 4Aly sFe; s0,. We can conclude
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Fig. 2 TGA and DTA curves corresponding to solid sample obtained

from NZAFO gel.
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from TGA and DTA that the organic compounds were elimi-
nated above 630 °C. Thus, the sample was further annealed at
temperature from 600 °C.

Structural analysis

Fig. 3a depicts the Rietveld refined X-ray powder diffraction
(XRD) patterns for Nigy¢Zn, 4Fe; 5Alp 50, samples annealed at
600, 800, 900, 1050 and 1200 °C using the FULLPROF
program.> The reflections from the atomic planes (111), (220),
(311), (400), (422), (511), (440), (620), (533) and (622) are iden-
tified and confirm the formation of single phase cubic spinel
structure with Fd3m space group. For the sample annealed at
600 °C (Ni600), we notice the appearance of some peaks due to
rhombohedral symmetry R3¢ as a second phase (Fe,0;) desig-
nated by (*) which disappeared at higher annealing tempera-
ture. The hematite phase has been observed by several authors,
up to the calcination temperature of 900 °C.>*® No diffraction
peaks of other structures were detected in the other samples,
which indicated that high purity crystalline. The Rietveld
refinement parameters are listed in Table S1 (ESI).f We have
observed a low value of goodness of fit (x*) which suggests that
the refining of the samples is effective and that the obtained
samples are of good quality. From Fig. 3b, it is observed that the
width at half maximum of (311) peak decreases with increase in
annealing temperature. Diffraction peaks become narrower and
sharper with increasing temperature, thus demonstrating that
the average size of the crystallites increases accordingly. The
crystal structure of NigeZngFe;5Alps0, along with the
different Wyckoff sites occupied by the Ni, Zn, Al, Fe and O
atoms are shown in Fig. 3c.

The lattice constant (a@.q) of Ni-Zn nanoparticles was
determined from X-ray data analysis using the relation:**

WETRTE
2 sin 6 '

Aexp =

where A is X-ray wavelength, 6 is the diffraction angle and #, &,
and [ are Muller indices.

The volume of the unit cell for a cubic system has been
calculated from the following equation: V = @e,°. All the ob-
tained lattice parameters and volume of the ferrite's
compounds are plotted against annealing temperature in
Fig. 3d. A decrease in the lattice parameter with increasing
annealing temperature could be attributed to a decrease in
particle surface stress and the higher crystal structure of larger
particles. In addition, many metal oxides exhibit lattice
parameter with a reduction in particle size which may be due to
cation/anion vacancies, finite size effect, lattice stress etc. A
similar variation of lattice parameter has been reported previ-
ously for Ni-Zn ferrite nanoparticles."** The true values of the
lattice parameter “a,” also are determined using the extrapo-
lation function F(6) by plotting the calculated “a..,” values of
each diffraction peak versus the Nelson-Riley (N-R) function for
each reflection of the studied Ni-Zn-Al ferrites:"

1[cos’@ cos® @
F<0)_§Lin€+ 6 }
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Fig. 3

(a) Rietveld refined X-ray diffraction patterns of Nig ¢ZNng 4Alg sFe; 504 annealed at 600, 800, 900, 1050 and 1200 °C. (b) Zoomed views in

the 26 interval of 35.1-36.3 (°). (c) Unit cell of the sample showing the tetrahedral (A) and octahedral [B] sites. (d) Lattice parameters and volume of
the ferrites compounds against annealing temperature. (e) Dy versus the annealing temperature T, where the solid line shows the fit to the

parabolic law and the fitted values are shown.

The values of the lattice constant “a.,” are depicted in the
Fig. S1 (ESI)T as a function of F(6) for all samples. As seen from
the Fig. 3d, the true values of the lattice parameter are observed
to be slightly higher than the experimental values. It is also
evident that both “a,” and “ac,” and volume decreased as the
size of particles increased. Lattice parameters (o, dexp and ag
measured from Rietveld refinement), density, porosity, crystal-
lite size and surface area of all annealed samples are given in
Table S1.1 Density plays an important role in controlling the
properties of polycrystalline ferrites. The X-ray density deduced
from XRD data (px.ra) increases when increases annealing
temperature rises, from 5.04 g cm ™ for Ni600 to 5.15 g cm > for
Ni1200. Therefore, it has been noticed that the annealing
temperature influences the densification process. In other
words, during the sintering process, a force that is generated by
the thermal energy drives the grains to grow over pores and as

34560 | RSC Adv, 2020, 10, 34556-34580

a result reduces the pores volume and their grain boundaries.
The values of bulk density (py,) also increase whereas the
porosity (P) decreases with increasing the particles size,
revealing that annealing temperature enhances the disorder of
spinel ferrite system. The sol-gel process is known for synthe-
sizing materials with high surface area (S). As it can be seen
from Table S1,f the specific surface area varied in the range
69.8-22.2 (m?> g ). Therefore, a high surface area of ferrite is
needed for sensing and supercapacitor application."

The crystallite size was calculated from the line broadening
of the most intense (311) peak using the classical Scherer
formula:*>*

K2
0= —
B cos D

sC
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where Dy, is crystalline size, K is shape factor (0.9), 1 is wave-
length of Cu Ko radiation (1.5406 A), ¢ the diffraction Bragg
angle of the most intense peak (311) and § is half width of (311)
peak in radian. It is clear that from Fig. 3e that, the crystallite
size increases as the annealing temperature increases from
600 °C to 1200 °C. Particularly, the crystallite size increases
significantly when the sample is annealed above 900 °C. The
growth of the crystallites can be attributed to coalescence by
solid-state diffusion and it is in agreement with the increase in
density. The corresponding crystallite size Dg. versus the
annealing temperatures is fitted in Fig. 3f. The estimated values
of Dg. versus the annealing temperature T, are plotted, revealing
an increase with the increase in the particle size. The red solid
curve indicates the fit of the experimental data by a theoretical
curve using parabolic law. The obtained fit parameters are listed
in the inset of Fig. 2f. According to Coble's theory,” the loga-
rithm variation of crystallite size for NZAFO NPs with annealing
temperature is shown in the inset of Fig. 3f. The activation
energy of grain growth can also be calculated by the modified
Arrhenius equation:

In(D) = (—%) +InC

where E is the activation energy, C is the specific reaction rate
constant, T is the absolute temperature and R is the ideal gas
constant. The crystallite growth activation energy of nickel
ferrite synthesized by high-energy ball milling with Fe,O; and
NiO was found to be 64.4 k] mol " as reported by Hajalilou
et al*® By comparison, this value is higher than the present
value of 11.3 k] mol . This means that the growth of Ni-Zn-Al
ferrite crystallite prepared by the sol-gel method required less
energy to overcome the kinetic barrier. Thus, it is one of the
reasons for obtaining phase Ni-Zn-Al spinel ferrite at lower
temperature.

The lattice strain (¢) was calculated from the Williamson-
Hall method (figure not shown here). It is evident from Table
S17 that strain is constantly decreasing with the increase in the
crystallite size. This is evident because of the ratio of the
number of atoms at the surface to the one of atoms inside the
volume decreases when the crystallite size increases, reducing
the number of broken bonds for surface atoms, hence reducing
the strain.

The physical properties of ferrites are sensitive to the cation's
nature, the valance state and their distribution on tetrahedral A
and octahedral B sites of the spinel structure. Thus, under-
standing of the cation distribution is essential in understanding
the intricate structural and physical property relationship. The
distribution of cations in the various spinel ferrite systems has
been estimated from Mossbauer, XPS, X-ray diffraction, and
Raman measurements.”*' Bestha et al®* reported that the
intensities of (220), (422), and (400) planes are sensitive to
cations on tetrahedral (A-) and octahedral (B-) site. In our
studies, the distribution of cations was estimated from XRD
data by using the Bertaut method.**** From the best-matched
intensity ratio, the cation distribution was estimated and the
values are presented in Table S1.}

This journal is © The Royal Society of Chemistry 2020
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On the basis of estimated cation distribution, the value of
ionic radius per molecule at the tetrahedral (r,) and octahedral
(), theoretical lattice constant (a,), oxygen positional param-
eter (u), tetrahedral bond lengths (d,;), octahedral bond lengths
(dgy), tetrahedral edge length (dsg), shared (dpg), unshared
octahedral edge lengths (dggy), jump length of the tetrahedral
(La) and octahedral (Lg) for various samples has been deter-
mined using the relation (S5-S13) (ESI).t The values of all
estimated structural parameters are shown in Table S1.f As
shown in Table S1,} the variations of experimental (gey,) and
theoretical lattice parameter (ay,) with increasing annealing
temperature are the same. Moreover, the theoretical lattice
constant values are in close agreement with the experimentally
derived values from XRD data. This result validates the esti-
mated cation distribution from the XRD data. The oxygen
positional parameter (u) is slightly greater than ideal value of
0.375. This has been attributed to the adjustment of the struc-
ture to accommodate differences in the relative effective radii of
cations in the spinel structure.

L, and L were observed to show a decreasing trend with an
increase in the size of crystallites. The decreased behavior so
observed can be correlated to the decrease in lattice parameter
and to the decrease in distance between magnetic ions. It is also
observed that L, > Lg which indicates that the electron hopping
between ions at A and B sites is less probable than that between
B and B sites.

The strength of magnetic exchange interaction has direct
dependence on bond angles and inverse dependence on inter-
ionic distances.* Fig. S3 (ESI)} shows the interionic distances
and bond angles between ions of spinel ferrites. The bond
lengths and bond angles between the cations are calculated by
the relations (S14-S27) (ESI) and are listed in Table S2.}

Morphological analysis

To obtain an accurate estimation of the microstructure and
morphology of the nano-crystals, scanning electron microscopy
has been performed. The SEM images of Nig ¢Zng 4Fe; 5Aly 50,4
nanoparticles are shown in Fig. 4a—j, which demonstrates that
the samples (Ni600, Ni800 and Ni900) are in nanoregime. At
higher annealing temperature (>900 °C), a broad size of particle
is observed for Ni1050 and Ni1200 samples. All samples showed
a tendency towards agglomeration can be due to electrostatic
effects as well as an artifact of the drying of aqueous suspen-
sions and to magnetic interaction arising among of nano-
particles, revealing the formation of spherical and uniformly
distributed nanoparticles. A similar behavior of nanoparticle
agglomeration has been reported of Co;0, nanoparticles.*® The
observed asymmetric distribution can be described using
a Lorentz distribution function as shown in Fig. 4k-o. Based on
SEM images, the average grain size was found to be around 13,
20, 30, and 180 nm for Ni600, Ni800, Ni900 and Ni1050 samples
respectively, and around 4 um of the bulk sample (Ni1200). In
fact, the annealing temperature increases the size of the grains.
This increase is due to the coalescence of crystallites at
increasing temperature. As shown, a clear difference between
Ni600, Ni1050 and the bulk sample. The micrographs manifest
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Fig. 4 SEM images of NigeZng 4Alg sFe; 504 ferrite samples; (a and f) Ni60O, (b and g) Ni80O, (c and h) Ni900, (d and i) Ni1050, (e and j) Ni1200.
The representative histograms of size distribution for of Nig gZng 4Alg sFe; sO4 and their respective average size calculation by Lorentz fitting of
size histograms, (k) Ni600, size is about 13.6 nm, (1) Ni80O, size is about 22.2 nm, (m) Ni900, size is about 37.6 nm, (n) Ni1050, size is about 180 nm,

(0) Ni1200, size is about 4 pm.

grain boundaries and clear grains with non-uniform grain size
distribution of Ni1200. The grains are almost homogeneously
distributed throughout the sample surface. This observation is
consi