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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini We report on the enhanced magnetostrictive characteristics of composites derived from the hard cobalt ferrite

(CoFe504; CFO) and soft nickel ferrite (NiFe;O4; NFO) materials. The CFO, NFO and CFO-NFO (CNFO) mixed

Keywords: composites (25NFO + 75CFO, 50NFO + 50CFO and 75NFO + 25 CFO) were synthesized by employing a cost-

Spinel f‘?mtes effective and eco-friendly glycine-nitrate autocombustion method. The CFO, NFO and their mixed composites

;ompomttes' | were evaluated to assess their phase purity, surface morphology, magnetic properties, and magnetostrictive
anomaterials

characteristics. The X-ray diffraction (XRD) and electron microscopy analyses revealed that the CFO and NFO
nanomaterials were phase pure, porous in nature, and nano-sized with average crystallite size of 73 nm (CFO)
and 69 nm (NFO). Subsequently, the Co-Ni-ferrite composite made from CFO and NFO in equal quantity by
sintering at 1200 °C indicate that the lattice parameter, a, of the composite lies in between the lattice parameters
of respective components (CFO-8.390 A and NFO-8.343 A) indicating that both phases co-exists as single-phase
in the composite. The grains of the sintered compounds are nearly spherical shape with the average sizes ~670
nm, ~550 nm and ~560 nm, respectively, for CFO, NFO and 50NFO +50CFO composite. Due to grain growth
upon sintering, magnetizations of the sintered CFO and NFO nanomaterials are higher than that of as-synthesized
samples. Interestingly, the magnetization curves of sintered CNFO composites exhibit symmetric nature (single
loop), where their magnetization lies in between the magnetizations of NFO and CFO phases, indicating a proper
exchange coupled between the two phases. The composites demonstrate better magnetostriction at lower
magnetic fields than the parent sintered CFO and NFO samples. At an applied magnetic field of 2 kOe, the ob-
tained magnetostriction value for 50NFO +50CFO composite (—120 ppm) is nearly 500% higher than that of
CFO (—20 ppm) and 300% higher than that of NFO (—30 ppm). The structure-phase-property correlation
established in these composites expected to provide a road-map for their possible applications in electromagnetic
devices.

Magnetic properties
Magnetostriction
Sensors

1. Introduction

Cubic spinel-type ferrites with a general formula MFey,O4 (M is
divalent metal ions) received immense attention among the scientists
and researchers owing to their tunable structural, magnetic, electrical,
optical and catalytic properties [1-5]. Due to their attractive properties,
ferrite systems find numerous applications in the fields of data storage,
magnetic hyperthermia, photo- and electro-catalysis, sensors, perma-
nent magnets, EMI shielding, etc [6-11]. Although nickel ferrite
(NiFe204; NFO) and cobalt ferrite (CoFe204) belong to cubic spinel-type
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ferrite system, they demonstrate different magnetic properties; NiFesO4
(NFO) is soft-magnetic phase whereas CoFe;04 (CFO) is hard magnetic
phase. The presence of highly anisotropic Co?* ions at the octahedral
interstitial sites (B-site in general AB;O4 spinel structure) makes the CFO
as magnetically hard phase [12].

CFO is a traditionally known functional magnetic material, which
finds numerous applications in high density magnetic recording media
and related device applications, thanks to its high saturation magneti-
zation (~ 80 emu/g) and high coercivity (~5400 Oe) [13,14]. CFO not
only displays beneficial magnetic properties, but also unveils decent
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chemical and mechanical stabilities, especially the high corrosion
resistance, high thermal stability etc. [14]. Structurally, CFO has been
recognized as mixed spinel-type FCC structure with two distinct voids
viz, tetrahedral (A) and octahedral (B), and these voids are occupied
randomly by Fe3* and Co®" [15]. For CFO, [100] and [111] crystallo-
graphic directions are the easy and hard magnetization axes, respec-
tively [15]. The magnetic properties of CFO are sensitive to
microstructural aspects and hence the properties would be different for
nano, bulk and thin film CoFe;04 [14,16-18]. In fact, the ability to tune
the material properties by means of controlling the structure, phase, and
dopant concentration etc., made CFO and CFO-composites as attractive
candidate materials for many of the magnetic, electrochemical and
sensor applications.

In the family of MF204 type materials, CFO and NFO have been
widely considered for sensor applications in magneto-mechanical and
electro-mechanical systems. Both CFO and NFO are well-known for their
magnetostriction (1) strain at room temperature, but magnitudes of A are
different for both phases [19-23]. The reported Amaxhmax for sintered
polycrystalline CFO varies from ~-100 ppm to ~-400ppm along the
parallel direction () [3-12,19-21] and that for NFO reported as
—25ppm to —40 ppm [22,23]. These values depend on numerous factors
[1-12,19-21], such as synthetic conditions adopted for materials pro-
cessing, microstructure, method of synthesis, chemical environment
etc., which also determine the performance characteristics.

Due to superior magnetostrictive properties of CFO and NFO, they
have been employed as magnetostrictive component in designing
magnetoelectric composite materials [24,25]. Strong spin-orbit
coupling due to Co?* at the B-sites makes CFO, in addition to hard
magnetic nature, to attain a high degree of magnetostriction than that
possessed by NFO. High-magnetostriction relatively at high magnetic
fields limits CFO use for sensor applications, in particular for torque
sensors. However, it is shown in the literature ways to tune the
magnetostriction strain of cobalt ferrite towards lower magnetic fields
by performing magnetic field annealing and substitution by suitable
metal ions (Bi, Mn, Al, Ga, Zn, In, Mg) [19,26-31]. Apart from these
considerations, the scientific and engineering community continuously
exploring the new and/or alternative routes to enhance the magneto-
striction performance of the materials at lower magnetic fields. The
concept of nanocomposite is one among the relatively new and attrac-
tive method being explored in designing materials for various applica-
tions, specifically the field of electromagnetics. Additionally, among the
general classification of nanocomposites for electromagnetics, compos-
ites which can integrate the hard and soft magnetic phases into a single
platform is gaining tremendous importance in order to obtain materials
with tunable properties and enhanced performance, which is otherwise
not possible.

In the early 1990s, Kneller and Hawig conceptualized exchange-spring
mechanism in order to accomplish high energy product (BH)yax in a
nanocomposite comprising of hard and soft magnetic phases [32]. The
authors projected that composite materials made of two appropriately
dispersed ferromagnetic and mutually exchange-coupled phases (one is
hard magnetic phase in order to have a high Hc, while other must be a soft
magnetic phase just providing a high saturation Mg) can be employed as
permanent magnets [32]. Thus, based on the exchange spring concept, if
both soft and hard magnetic phases in a composite are adequately
exchange-coupled with each other, then the composite is regarded as an
exchange spring magnet. Using this concept, Roy et al. reported nearly
13% enhancement of (BH),x after making a nanocomposite between
Fe304 (soft phase) and BaCayFe 4027 (hard phase) phases [33]. The high
saturation magnetization of the soft phase and the high coercivity of the
hard phase are utilized for superior magnetic property of the composite
compared to the individual soft and hard phases, thus providing high
magnetic energy product [33]. Realizing the significant benefits and po-
tential of the approach, in recent years, various composites made of soft
and hard phases, such as Fe304/CoFey04, CoFep04/SrFe;5010,
CoFe204/BaFe12019, CO().8Ni02F€204/SrF610A12019, COF8204/F8C0,
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NiFe,04/BaFe;2019 etc., were studied to improve/enhance the magnetic
parameters through the exchange-spring concept [34-40].

Based on the concept of exchange-spring mechanism, we developed
an approach to enhance the magnetostriction at lower magnetic fields
which is expected to tremendously benefit the field of magnetic, torque,
and electromagnetic sensors for aerospace and energy technologies. The
approach is based on making an appropriate composites between hard-
magnetostrictive phase (CFO) and soft magnetostrictive phase (NFO)
through the concept of exchange-spring mechanism, where there is no
need for any special processing or doping or metal-ion substitution into
CFO or NFO. Also, compared to previous efforts towards realizing a
composite from structurally two different material systems, the CFO +
NFO composites being derived from the simple and the family of iso-
structural and composition-equivalent spinel structured metal-ferrites
(MFe504) may open up new avenues to design materials for electro-
magnetic device applications. Note that, CFO is regarded as hard-
magnetostrictive phase as it shows high magnetostriction at higher
magnetic field whereas NFO exhibits high magnetostriction at lower
magnetic field and hence the soft-magnetostrictive phase. Moreover,
CFO and NFO are magnetically hard and soft phases, respectively.
Furthermore, the magnetostrictive properties of composites between
CFO and NFO are yet to be explored; therefore, in the present work, we
made an attempt to investigate such composites deeply and to under-
stand their fundamental structure-composition-property correlation. As
presented and discussed in the paper, the results demonstrate that the
composites exhibit enhanced magnetostriction at lower magnetic fields
against the individual components of the composite.

2. Experimental details
2.1. Synthesis of CFO and NFO nanomaterials

All the materials in this work were synthesized using the well-known
autocombustion method. Consideration of autocombustion method over
other wet-chemical synthesis methods is due to the fact that, it is simple,
inexpensive, fast, and one-step synthesis [41]. Moreover, large quality of
sample in single phase nanostructure could be attained using the auto-
combustion method [41]. Thus, adequate amounts of CoFe;O4 and
NiFe;O4 nanomaterials were synthesized using a solution-based auto-
combustion method [26], where glycine employed as a fuel. Metal ni-
trates, such as nickel nitrate (Ni(NOs3)o 6H50), cobalt nitrate (Co(NO3)2
6H20) and ferric nitrate (Fe(NOs)s 9H20), all are in analytical grade
with purity ~99%, were used as source materials. The nitrate ions
associated with the metal salts serve as oxygen source for combustion
process. Initially, metal nitrates, weighed according to the ratio of
chemical formulas, were transferred into crystallizing dish (100 ml) and
dissolved with a known volume of distilled water (20 ml), followed by
high-frequency sonication for a few minutes to make homogeneity. In a
separate beaker of 50 ml, glycine crystals (1 mol per mole of metal ion)
were taken and made solution with distilled water. The glycine solution
was then mixed with the metal nitrates solution and sonicated. It is
observed that after mixing the glycine solution with that of the metal
nitrate solution, solution color changed from the wine red to dark wine
red owing to the formation of metal ions-glycine complexes. To initiate
the combustion process, the resultant solution was then placed on a
pre-heated hot plate by maintaining a temperature of 200 °C. When
more than 90% of water molecules removed from the solution, the so-
lution became highly viscus and brown colored fumes (oxides of nitro-
gen) began to expel. Subsequently, a quick auto-ignition took place
leading to highly porous ferrite powders. The resultant ferrite powders
pulverized into fine powders and subjected to phase purity analysis and
morphology investigation.

As-synthesized ferrite powders were molded into disc-shaped pellets
(thickness ~ 3 mm and diameter ~ 12 mm) by applying 40 bar pressure.
These pellets were then sintered at elevated temperature (1200 °C) for 2
h with a heating rate of 5 °C per minute and furnace cooled. Two pellets
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for each sample were made; one was used for structural, magnetic and
morphology characterization, and the other for magnetostriction mea-
surements. For better comparison and correlation, all the ferrite pellets
were processed under the same conditions. It has been noted that, upon
sintering, the ferrite pellets shrink considerably due to densification
through grain growth.

2.2. Synthesis of NFO + CFO composites

CFO and NFO mixed composites synthesized with variable compo-
sition. Three different composites (75NFO + 25CFO, 50NFO + 50CFO
and 25NFO + 75CFO) were prepared by taking proper wt% of individual
component of the composite. The calculated amounts of as-synthesized
NFO and CFO nanopowders were weighed according to wt% into agate
mortar and mixed homogeneously using acetone solvent (mixing me-
dium). Afterwards, a few drops of 2% PVA solution was added to ho-
mogeneously mixed ferrite powders and ground meticulously to bind
the particles firmly, and then molded as disc-shaped pellet. The green
pellets heated to 1200 °C with heating rate of 5 °C per min and sintered
at the same temperature for 2 h, and furnace cooled. Here also, similar to
the individual compositions of CFO and NFO, two pellets for each
composite were made for respective characterizations and also to
compare with individual hard and soft magnetic component materials.

2.3. Characterization

The crystal structure and phase analyses of the as synthesized CFO
and NFO nanomaterials, CFO and NFO sintered ceramic materials, and
CNFO composites was made by means the X-ray diffraction (XRD)
measurements. For XRD measurements, SmartLab, Rigaku X-ray
diffractometer equipped with Cu Ka X-ray source was employed. Slow-
scan XRD powder data of as-synthesized NFO, CFO samples and the
sintered NFO, CFO and the NFO + CFO composites samples were
recorded in 20 range of 10° - 80° with a step-size of 0.01°. To investigate
the surface morphology, scanning electron microscopy measurements
were made Using Quanta 200, FEI scanning electron microscopy (SEM).
All of the as-synthesized ferrite powders and the sintered samples were
investigated. The sintered pellets were broken and SEM images of inner
regions of sintered specimen were captured at different scale and
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magnification. The magnetic properties of the as-synthesized NFO, CFO
samples and the sintered NFO and CFO and NFO + CFO composites
samples were investigated by recording their room temperature
magnetization hysteresis loops in the field region —20 kOe < H < 20 kOe
with a step size of 50 Oe using a lakeshore vibrating sample magne-
tometer. To find out magnetic phase transition temperature (Curie
temperature) of the sintered CFO, NFO and the NFO + CFO composite
samples, their thermomagnetic curves were recorded at a constant
magnetic field of 100 Oe. For magnetostriction measurements, strain
gauge of resistance 350 Q has been glued on the surface of sintered pellet
using cyanoacrylate adhesive, and cured at ~85 °C for a few hours. The
magnetostriction strain curves of the samples were measured at room
temperature along the direction parallel to applied magnetic field (—8
kOe < H < +8 kOe).

3. Results and discussion
3.1. Studies on as-synthesized CFO and NFO samples

3.1.1. X-ray diffraction (XRD)

The crystal structure and phase analyses first directed towards the as-
synthesized CFO and NFO samples. The XRD data of as-synthesized CFO
and NFO nanomaterials are shown in Fig. 1. The XRD patterns (Fig. 1a)
exhibit the presence of peaks, which are well-resolved with good signal
to noise ratio. The Bragg’s reflections (220), (311), (222), (400), (422),
(511), and (440) situated at diffraction angles of 20 ~ 30.26°, 35.65°,
37.29°, 43.33°, 53.78°, 57.33° and 62.95°, respectively, are the char-
acteristics peaks of the cubic spinel ferrites crystallizing in Fd3m space
group. Thus, the XRD data confirm that both CFO and NFO crystallize in
cubic spinel structure. Furthermore, no other reflections pertaining to
impurity phase/s found in the XRD profiles of both samples demonstrate
that as-synthesized CFO and NFO ferrite nanomaterials are phase pure.
However, the broader nature of the peaks in the XRD suggests that both
Co- and Ni-ferrite powders are nanocrystalline. Coupled with nano-
crystalline nature, the uniform or non-uniform microstrain developed
inside the CFO and NFO nanomaterials could be one of factors for the
broad peaks observed in XRD. Previously, Ramana et al. demonstrated
that the XRD peak broadening occurs in nanocrystalline materials due to
size-reduction as well as microstrain [42,43]. In fact, such size-strain
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Fig. 1. (a) X-ray diffraction data of as-synthesized CFO and NFO nanomaterials; (b,c) the Williamson-Hall plots for NFO and CFO samples, respectively.
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coupled effect can be predominant in simple and multi-component ox-
ides. It is, therefore, important to perform detailed analyses about the
‘size and strain’ in order derive reliable information about the CFO and
NFO nanomaterials. Therefore, further analyses were made using
Williamson-Hall method, which is quite useful to evaluate the average
crystallite size and average strain in the as-synthesized CFO and NFO
nanomaterials.

According to Williamson-Hall analysis [44], relation between line
width, crystallite size and microstrain is represented by following
relations:

K\
B cos G:D—Jr48Slr sin O 1

for a Lorentzian peak profile function

K 2
p* cos’ 0= (Dl‘) + 16¢%_sin” O 2

for a Gaussian peak profile function

where e, is weighted average strain, f is the full width at half maximum
intensity of a peaks in radian, K is a particle shape factor (0.9 for
spherical), Dy is the average crystallite size, A is the wavelength of the X-
ray source used and 0 is the Bragg’s diffraction angle. Relatively good fit
observed when Lorentian peak profile function was used to fit individual
peaks of the CFO and NFO samples. Therefore, equation (1) has been
adopted in the analyses. The plots of fcos6 versus 4sin for the NFO and
CFO samples are shown in Fig. 1b and c, respectively. The data points
were fitted with a linear function. From the slope and intercept values,
strain and crystallite size of the ferrite samples were deduced and the
resultant values are listed in Table 1. The structural parameter (lattice
parameter) ‘a’ and theoretical density (p) of the samples were estimated
using the formulae [45], for cubic crystal system, given below:

a:dhk,v h2+k2+12 ...... (3)

M g
Piheor = Nod (J) ~~~~~ 4)

where dpy is the distance between the crystal planes (interplanar dis-
tance), hkl are Miller indices, Z is number of molecules per unit cell (8
molecules for cubic spinel), M is molecular mass and N4 is Avogadro’s
number (6.023 x 1023 molecules per gram). The lattice parameter and
theoretical density (p) of the samples are listed in Table 1, and found no
large changes in the values between two ferrite systems.

3.1.2. Surface morphology — scanning electron microscopy

The SEM images of as-synthesized CFO and NFO samples are pre-
sented in Fig. 2. It is evident from the images that it is extremely difficult
to figure out individual ferrite particles because the ferrite particles are
nanosized and are agglomerated into clusters of irregular shaped,
probably due to their magnetic interactions and high surface energies. In
fact, such agglomeration, especially at the nanoscale dimensions, is seen
in a variety of ferrites samples as widely documented in the literature.
Moreover, the ferrite powders exhibit porous structure. The porous
structure could be certainly ascribed to formation and release of volu-
minous gases such as oxides of carbon, nitrogen, etc., during

Table 1
Average crystallite size (D,), strain (¢), lattice parameter (a) and theoretical
density (p) of the as-synthesized NFO and CFO samples.

Sample ‘D, (nm) Estrain X 1074 (£0.02 ‘@’ (A) Prheor. (g/cm®)
(+1) x 1074 (£+0.002) (£0.02)

NFO 69 6.64 8.345 5.35

CFO 73 4.32 8.348 5.35

Ceramics International 49 (2023) 22566-22575
autocombustion process.

3.1.3. Magnetic properties

To assess the magnetic nature of the as-synthesized spinel ferrite
powders, room temperature magnetization (M verses H) hysteresis loops
were recorded in the magnetic field region of —20 kOe < H < +20 kOe.
The M — H data of CFO and NFO nanomaterials are displayed in Fig. 3.
Although the synthesized ferrite powders are nanosized, both samples
demonstrate a lucid hysteresis loop owing to the ferrimagnetic nature of
the samples. It is evident (Fig. 3a) that area under the loop of the CFO
sample is remarkably larger than that observed for the NFO sample. As
expected, larger loop area signifies hard magnetic nature of CFO,
whereas smaller loop area indicates soft magnetic nature of the NFO.
Important magnetic parameters (saturation magnetization (M), coer-
civity (H.), anisotropy constant (K;)), which extracted from the
magnetization curves, of CFO and NFO nanomaterials are listed in
Table 2. Herein, Law of approach to saturation (LAS) method has been
employed to compute values of Mg, K; of the samples.

According to LAS, magnetization (M) of the magnetic material as a
function of applied magnetic field (H) is expressed as [26]:

MM 8K?
T 105H2M,

(5)
Where the numerical coefficient 8/105 is pertaining to polycrystalline
samples with cubic anisotropy and K; is the first order magneto-
crystalline anisotropy constant. The magnetization of the samples at
high magnetic fields (H > Hc) has been used to fit for LAS. The linear fit
to the LAS for CFO and NFO is shown in Fig. 3b and c, respectively. Mg
and K;j values of the samples obtained in the present study are compa-
rable with the reported values [46,47] for similar particle sizes. In fact,
the magnetocrystalline anisotropy constant of CFO is significantly
higher than that of NFO which is due to its hard magnetic nature and the
presence of highly anisotropic Co?* at the octahedral site. The values of
Mg, H and K; of as-synthesized CFO and NFO are listed in Table 2.

3.2. Studies on sintered CFO and NFO materials and CFO + NFO
composites

3.2.1. X-ray diffraction (XRD) analysis

The XRD data of NFO, CFO and 50NFO + 50CFO composite sintered
at 1200 °C are presented in Fig. 4. Similar to as-synthesized samples, the
sintered samples also exhibit the presence of well-resolved and intense
peaks indicating the crystalline nature of the samples. Here also the
peaks due to spinel cubic ferrites appear and the data (Fig. 4a) confirm
that the CFO, NFO and 50NFO+ 50CFO composite crystallize in the
cubic spinel structure with a phase purity well maintained. It can be
noted that the X-ray diffraction peaks are rather sharp and highly intense
compared that of as-synthesized samples. This is due to significant grain
growth induced by the temperature of sintering. In fact, the sharp and
intense peaks help to determine the precise position of the peaks in the
slow scans. Such a slow scan for the enlarged view of (311) peak is
shown in Fig. 4b, where the relative peak shift is evident. The peak
position for NFO is positioned at a higher diffraction angle compared to
that of CFO suggesting that the unit cell parameter of NFO is lower than
that of CFO. The unit cell parameters determined for NFO and CFO are
8.343 and 8.390 A, respectively. These values are comparable with the
sintered ferrite samples, as reported in the literature [22,26]. Interest-
ingly, as evident from Fig. 4b, the peak position for the 50NFO +50CFO
composite is positioned in between the CFO and NFO samples. This
suggests that both hard-CFO and soft-NFO phases co-exists as a single
entity in composite.

3.2.2. Microstructural analysis
The SEM images of the sintered NFO, CFO and 50NFO+ 50CFO
composite samples are shown in Fig. 5 (top panel). Unlike particles of
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Fig. 3. (a) Magnetic field-dependant magnetization curves of as-synthesized CFO and NFO; (b,c) linear fit to LAS for CFO and NFO samples, respectively.

Table 2
Magnetic parameters of as-synthesized NFO and CFO samples.

Sample M (emu/g) (1) H. (Oe) (+1) M, (emu/g) (1) Slope (+£0.01 x 10%) k; x10° (erg/em®) (0.01 x 10°)
CFO 76 852 33 ~5.43 x 10° 3.8
NFO 42 166 10 —2.307 x 10° 0.19

the as-synthesized samples, ferrite grains in the sintered samples are
evidently distinguishable and are in nanosized. Even after sintering at
1200 °C, size of the ferrite grains in all three samples is less than a
micron. From the SEM images, individual grains of the samples were
measured using digital microgram software. The corresponding grain
size histograms generated are shown in Fig. 5 (bottom panel). Nearly
uniform grain size can be seen in the SEM image of NFO sample, where
the size of ferrite grains ranging from -~400 to ~800 nm, with a mean
size of 550 nm. In case of CFO sample, a wide range of grain size can be
seen. The grains are as smaller as 400 nm and as larger as 1 pm, while
CFO-grains with a mean grain size of -670 nm are evident. In addition,
majority of the CFO grains are in spherical morphology. Only a few of
them are in irregular shape. Such morphology, and specifically shape,
expected to show significant effects on the magnetic parameters,
particularly Hc, of the samples [5]. Similar morphology features,
particularly the presence of smaller and larger ferrite grains, can be
observed in the SEM image of 50NFO+ 50CFO composite sample, with
the mean size of 560 nm. Another important observation from the SEM
images that both NFO and 50NFO+ 50CFO composite illustrate high

degree of packing with less intergranular porosity, whereas CFO sample
shows high porosity with less packing between the grains.

3.2.3. Magnetic properties

Room temperature field-dependant magnetization hysteresis loops
for the sintered CFO, NFO and NFO + CFO composites are shown in
Fig. 6. Noticeable change in magnetic parameters of both CFO and NFO
samples has been observed after sintering the nano ferrite powders at
higher temperature (1200 °C). Hc¢ of the sintered samples measured
directly from the M-H curves, whereas Mg and K; values were estimated
by interpreting the M-H curves through the method of LAS, as discussed
in the earlier section. Linear fit to M vs 1/H? data for the NFO, CFO and
composites are shown in Fig. 7. The obtained values of H¢, Mg, K; of the
sintered samples are enlisted in Table 3. After sintering NFO sample
from its nanopowders, Mg and K; values increased from 42 emu/g to 47
emu/g and 0.19 x 10° erg/crn3 to 0.8 x 10™° erg/cm3, respectively,
whereas H¢ decreased from 166 to 56 Oe. The increased Mg and
decreased H¢ with sintering temperature is certainly attributed to grain
growth that suppresses the magnetic dead layer on the ferrite
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nanoparticles and make the system magnetically softer.

Similar to NFO sample, Mg and K; values of CFO sample increased
from 76 emu/g to 81 emu/g and 3.8 x 100 erg/cm3 to 4.44 x 10° erg/
em?, respectively. Interestingly, unlike NFO specimen, Hc of CFO
specimen increased from 852 Oe to 1094 Oe, despite the fact that the
ferrite particle size increased from 73 nm to 670 nm. The increase of H¢
is probably due to microstructural change (smaller and larger grains
with irregular shape), as revealed from the SEM imaging analysis.
Magnetic parameters of sintered CFO sample are significantly higher
than that observed for NFO sample due to its hard magnetic nature even

in bulk state.

Magnetization hysteresis loops of the composites samples are sym-
metrical (single loop) in nature, and moreover their magnetizations fall
in between the magnetizations of CFO and NFO samples that signifies a
proper magnetic exchange interactions between two phases (hard and
soft magnetic phases) through exchange-spring mechanism.

As CFO content increases in the composite, both saturation magne-
tization and anisotropy constant found to be increased; this is because
the magnetization and anisotropy of CFO sample are higher than that of
the NFO sample. Interestingly, the composite with 50NFO +50CFO
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Fig. 6. Magnetization loops of the sintered NFO, CFO and their compos-
ites samples.

sample shows higher H¢ and M, than the values found for other two
composites.

Magnetic phase transition temperatures (Curie temperature, T¢) of
the sintered NFO, CFO and 50NFO + 50CFO composite samples were
determined by recording their thermomagnetic (M vs T) curves at a
constant magnetic field 100 Oe. The obtained curves are shown in Fig. 8.
At low temperatures (T < 250 °C), both NFO and CFO illustrate diverse
magnetic behavior, which is due to their soft and hard magnetic fea-
tures, respectively. In case of NFO sample, magnetization is higher at
lower temperature, and it decreases steadily with increment of tem-
perature and drops to zero at a specific temperature (phase transition

472
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temperature, Tc = 591 °C). This feature certainly defines the soft mag-
netic and low anisotropic nature of the NFO sample. However, in the
CFO case, the magnetization is fairly low at a starting temperature and
increases sluggishly up to 250 °C. For T > 250 °C, the magnetization
rises rapidly to a maximum (peak magnetization) value before it drops to
zero. This effect is known as Hopkinson effect and the peak magneti-
zation is called Hopkinson peak, normally observed for hard magnetic
and highly anisotropic ferro/ferri magnetic materials such as CFO and
Ba- or Sr-hexaferrite systems [48]. The rapid decrease in the anisotropy
field (H,) with temperatue is the prime reason for Hopkinson peak
observed in case of CFO sample. The T¢ values found for the CFO
(521 °C) and NFO (591 °C) samples are concordance with the values
often reported for sintered samples [22,26]. For the 50NFO+ 50CFO
composite sample, the magnetization at lower temperatures and the T¢
(547 °C) lie in-between the values of CFO and NFO samples, indicting
existence of both hard and soft magnetic feature in the composite
sample. The existence of Hopkinson peak in the 5SNFO+ 50CFO com-
posite sample signifies the presence of CFO phase in the composite,
despite the composite powder heated at elevated temperature.

3.2.4. Magnetostriction characteristics
Magnetostriction strain (A) curves of the sintered CFO, NFO and their
composites are shown in Fig. 9. These curves were obtained by the

Table 3
Magnetic parameters of sintered samples.
Sample M, M@ 20 He M, ky x10° Tc
(emu/ kOe (emu/ (Oe) (emu/ (erg/em®  (°C)
g) 8) (1) ) (0.01 x (1)
(€3))] (1) €3] 10%)
NFO 47 48 56 7 0.8 591
75NFO + 56 56 203 9 1.1 -
25CFO
50NFO+ 64 64 584 22 1.98 547
50CFO
25NFO+ 69 68 324 13 2.72 -
75CFO
CFO 81 79 1094 26 4.44 521
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measurements at ~30 °C along the direction parallel (strain gauge axis
direction) to the lines of magnetic field. As expected, both CFO and NFO
samples show (Fig. 9) negative magnetostriction strain along the field
direction (-A]), but their magnitudes are different. For CFO, magneto-
striction is more or less remains the same (~—4 ppm) up to an applied
magnetic field of 1 kOe. At fields >1 kOe, the magnetostriction increases
almost steadily with the applied magnetic field and finally attains near
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saturation at 8 kOe. Since CFO is hard magnetic phase, high strength of
magnetic field is indispensable to orient the magnetic domains along the
direction of field applied and hence the low magnetostriction at low
fields. Maximum magnetostriction strain (Apqy) obtained for CFO sample
is ~ -225 ppm at highest measuring field (8 kOe) in this study. In gen-
eral, CFO has two magnetostriction coefficients along two crystallo-
graphic directions (Aj00 (easy-axis) and ;17 (hard axis)) [49]. At low
fields, A100 dominates and has a negative slope. Whereas at high fields,
the contribution of 1117 (slope is positive) is significant. It can be seen
from Fig. 8 that, even at 8 kOe field (highest measuring field), A is not
attaining the saturation limit of the sample that suggests still the A0 is
contributing to the overall magnetostriction of the sample. One of the
possible reasons for not having saturation magnetostriction in CFO case
is smaller grain size (less than 1 pm); smaller the grain size higher the
anisotropy and therefore high field strength is required to surmount the
same.

Unlike CFO, magnetostriction of NFO attains saturation even at
lower magnetic field (Anex = ~-33 ppm at 1.5 kOe) and thereafter the
magnetostriction is more or less remains the same. Higher magneto-
striction at lower magnetic fields certainly signifies soft magnetic and
low anisotropic features of NFO sample. The 4,4, of NFO sample ob-
tained in the present study is unanimous with the values often reported
for the sintered NFO systems [22,23].

Similar to the magnetization loops of the sintered composites, the
magnetostriction curves of the sintered composites are also symmetrical
in nature owing to proper magnetic exchange interactions between two
phases. Like the values of Mg, the Anax values of the sintered composites
fall in between the values of CFO and NFO samples. As the CFO content
increases in the composite, the magnetostriction strain also increases,
due to increase in the magnetocrystalline anisotropy. The values of the
/max and the magnetic field at which those values obtained for CFO, NFO
and their composites are listed in Table 4. Although the Ay« of com-
posites is lower than that of the CFO sample, at lower magnetic fields the
composites show better magnetostriction than the CFO sample.

The values of magnetostriction strain found at lower magnetic fields
(500, 1000, 1500 and 2000) for CFO, NFO and their composites are
illustrated in Fig. 10. It is evident from Fig. 10 that among all the
samples the composite made of 50 wt%NFO and 50 wt%CFO shows
better magnetostriction at lower magnetic fields. For instance, at applied
magnetic field of 2 kOe, the obtained magnetostriction value for
50NFO+ 50CFO composite is ~ -120 ppm against the values ~ -20 ppm
for CFO and ~-30 ppm for NFO. These values indicate nearly 500%
enhancement compared to CFO (hard-phase) while nearly 300% higher
compared to NFO (soft-phase). The enhanced magnetostriction strain at
lower magnetic fields after making composites between soft magneto-
striction phase (NFO) and hard magnetostriction phase (CFO) can be
ascribed to synergistic effect (exchange-spring mechanism) of both
phases. Interface of CFO and NFO phases plays a vital role in mimicking
the composite properties. At the interface, the magnetic spins of two
phases are strongly coupled through exchange spring mechanism, and as
a result of spin coupling it is easier for applied magnetic field to orient
the coupled spins (magnetic moments) along the field direction. Hence,
the composites (75NFO + 25CFO and 50NFO + 50CFO) display superior
magnetostriction strain at lower applied magnetic fields. Notably, as
these composites sintered at high temperature, a few of the cations (Ni,

Table 4
Amax and the field at which A,,, obtained for sintered NFO, CFO and their
composites.

Sample Amax (ppm) (+£3) H @ /max (Oe) (+2)
CFO —225 8000
75 CFO + 25 NFO —-142 5340
50 CFO + 50 NFO -135 3364
25 CFO + 75 NFO —65 1820
NFO -33 1500
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Co and Fe) of two phases are likely to be exchanged at the interface and
making the system to act distinctly from their components. Similar
features were reported for various composite interfaces [16,33,34,50].
Unlike the magnetostriction of CFO (hard-phase), the magnetostriction
of 75NFO+ 25CFO and 50NFO+ 50CFO composites increases almost
linearly from the starting point and reaches a saturation at a specific
magnetic field. After that, the sign of the magnetostriction changes from
negative to positive. This is due to the contribution of 117 coefficient at
higher magnetic field. Even though the microstructures of composites
are comparable to that of CFO, appearance of both A1¢¢ (at low fields)
and 111 (at high fields) coefficients in the magnetostriction curve of the
75NFO+ 25CFO and 50NFO+ 50CFO composites clearly indicates a
strong magnetic coupling between the hard and soft magnetic phases.
Thus, the magnetic and magnetostriction measurements validate that
the SONFO+ 50CFO composite can be a suitable material for magneto-
striction applications over the individual component CFO and NFO,
owing to its higher magnetostriction values at lower magnetic fields as
well as higher Curie temperature.

The present study evidently demonstrates an approach to enhance
the magnetostriction at lower magnetic fields by making a composite
between NFO and CFO through the concept of exchange-spring mech-
anism, where no need for special processing and/or metal ion substi-
tution into CFO or NFO. Also, comparing to the previous efforts based on
making a composite of structurally two different material systems, the
CFO + NFO composites being derived from the simple and the family of
isostructural and composition-equivalent spinel structured metal-
ferrites (MFe304) may open up new avenues to design materials for
electromagnetic device applications.

4. Conclusions

We performed a comprehensive study of the as-synthesized and
sintered CFO, NFO nanomaterials and their nanocomposites. All these
materials, which are synthesized using a simple, eco-friendly wet
chemical (autocombustion method), crystallize in the expected spinel
cubic structure that is common to the family of MFe;O4 ferrites. The

Ceramics International 49 (2023) 22566-22575

average crystallite sizes of nanocrystalline CFO and NFO are 73 nm and
69 nm, respectively. Magnetic measurements confirm hard magnetic
nature of CFO while NFO is soft magnetic. The sintered CFO, NFO and
CFO + NFO composites were structurally stable and retain the phase
purity. The structure and microstructure studies demonstrate that both
phases coexists as a single-phase in the nanocomposite, where the lattice
parameter lies in between that of CFO and NFO. The microstructure is
characterized by the presence of nearly spherical shape grains with an
average size of 670, 550, and 560 nm, respectively, for CFO, NFO, and
50CFO+ 50NFO composites, respectively. The symmetric nature of the
magnetization loop confirms the proper exchange coupling between two
magnetic phases in the CFO + NFO composites. The magnetic parame-
ters, such as Mg, Hc, Kj and T, of CFO + NFO composite are in between
the values of CFO and NFO. The composites exhibit better magneto-
striction at lower magnetic fields than the CFO and NFO sintered ma-
terials. At an applied magnetic fields of 2 kOe, the magnetostriction
50NFO+ 50CFO composite enhanced by nearly 500% compared to CFO
while nearly 300% enhancement seen compared to NFO. The current
study clearly indicates a method for improving magnetostriction at
lower magnetic fields by combining NFO and CFO using the exchange-
spring mechanism, which eliminates the need for additional process-
ing or metal ion replacement in either CFO or NFO. Additionally, the
CFO + NFO composite, which is derived from the simple and family of
isostructural and composition-equivalent spinel structured metal-
ferrites (MFeo04), may open up new avenues for designing materials
for electromagnetic device applications when compared to earlier efforts
based on creating a composite of structurally two different material
systems.
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