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The anodizing process of titanium (Ti) implants and their alloys improves their corrosion resistance and
life service by naturally increasing the thickness of the passive oxide layer formed on the surface. Among
the parameters that affect the properties of the anodized layer, voltage is a significant one due to the kinetic
and thermodynamic processes. In this paper, commercial pure titanium (cp-Ti) coupons with the
dimensions of 20 x10 x 1 mm? were used as the anode in 1 M sulfuric acid solution at different voltages
of 3, 6, and 9 V, current intensity of 3 A, electrolyte temperature of 60 °C, and duration time of 30 s. The
phase composition analysis, morphology, and corrosion behavior of the anodized Ti were examined by
Grazing-Incidence X-Ray Diffraction (GIXRD), Field-Emission Scanning Electron Microscopy (FESEM),
and electrochemical impedance, respectively, in Simulated Body Fluid (SBF) at 37 °C. The results
confirmed the formation of titanium oxide coating with a hexagonal structure. A smoother surface was
obtained upon increasing the voltage up to 6 V. However, the surface became rougher with further voltage
increase up to 9 V. The highest charge transfer resistance (37354 and 58127 ohm.cm™) was achieved at
6 V after 1 and 24 hours of immersion in the SBF solution, representing 84 % and 2440 % increase,
respectively, compared to the cp-Ti sample. The double layer helps prevent the formation of localized
corrosion sites, such as pitting and crevice corrosion, which can be particularly damaging to Ti alloy as an
implant in the human body. Although rising the voltage from 3 to 6 V resulted in a more hydrophobic
surface (as shown by an increase in the contact angle from 63.8° to 74.1°), further voltage increase up to
9 V made the surface more hydrophilic than before.

https://doi.org/10.30501/acp.2023.383589.1116

1. INTRODUCTION

Affected by rapid improvement in the living standards
and progress in the societies in general, human beings
have been more exposed to social pressures imposed by
the spread of different types of diseases limiting human

life expectancy. Microsurgery and use of biological
materials like antibacterial agents and antibiotics are
some of the most effective ways to preserve and extend
human lives [1]. Despite its benefits, it can also be costly
due to the financial burden it puts on the patient’s
insurance services [2]. Biological materials, however,
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can cause mechanical failure, infection, and reactions in
relation to racial immunity. In this regard, there have
been considerable research efforts to improve these
materials in order to continue physiological processes
and vital functions for survival [3]. One of the most
popular metal materials for medical applications is
titanium alloys. Ti-6Al-4V has been widely used in
biomedical applications for a long time. However, it has
been found to have potential toxic effects caused by the
release of vanadium and aluminum ions [4]. This has
encouraged the researchers to focus on commercial pure
titanium (cp-Ti), the best biocompatible metallic material
owing to its surface properties that spontaneously
produce a neutral and stable oxide layer. Several of its
characteristics such as low electron conductivity, stable
thermodynamic state at the body pH values, and low
tendency to take form in aqueous media make it an ideal
choice for medical applications [4]. Additionally, its
surface can be further enhanced through anodizing
processes that results in the formation of a thicker, more
corrosion-resistant layer. Therefore, titanium is a
preferrable choice for medical implants due to its better
biocompatibility and strength [5-7].

Anodizing is one of the surface improvement processes
that can lead to the formation of a thick oxide layer on a
metal substrate. Aluminium, Titanium, Tantalum,
Niobium, Vanadium, Hafnium, and Tungsten are known
as the valve metals since they are quickly covered with a
thin homogenous oxide layer when exposed to oxygen-
rich environments [8-9]. This protective oxide layer helps
slow down the reaction rate on the metal surface;
therefore, these metals are widely used to protect metals
from corrosion [9-10].

Despite extensive studies on the strength and
biocompatibility of titanium implants, few studies have
been conducted to compare the growth of the anodic
oxide on the valve metal surfaces [11-12]. The thickness
of the titanium oxide layer depends on the electrolyte
solution, pH value, applied voltage, current density, and
anodizing time. As a result, these factors can lead to the
formation of thicker and porous oxide layers among
which, voltage is more remarkable than the other
environmental ones since the valence state of the cations
within the passive film is highly dependent on the passive
potential. This valence state can then affect the doping
density, flat band potential and ultimately, corrosion
protection [13]. Moreover, the composition and structure
of the passive film will determine the corrosion
protection, and different compounds and structures can
cause different protective effects. In the anodizing
process, different electrolytes, sulfuric acid [14-16],
phosphoric acid [17-18], and oxalic acid [19-21] are
used. In general, sulfuric acid is the most commonly used
electrolyte solution due to its lower price and high rate of
oxide layer formation [14-16].

Anil Kumar found that the anodic current density
increased upon increasing the applied voltage and

temperature of the electrolyte, and the incremental
change in the anodizing voltage leads to changes in the
deposition rate of the oxide layer as well as the pore
diameter [22], color of the oxide layers, slope between
the applied current density, and anodization time.
However, they did not report the relation between the
porous properties of titanium oxide and voltage of the
anodizing process. In this regard, we conducted a
systematic study of the anodization conditions of cp-Ti
substrate in 1 M sulfuric acid solution at different low
voltages and then investigated the phase, structural and
morphological properties as well as the corrosion
behavior of the samples through electrochemical tests
and electrochemical impedance in Simulated Body Fluid
(SBF) at 37 °C.

2. MATERIALS AND METHODS

The commercial Ti foils (Ti, 99.33 %) with elemental
analyses (Table 1) were annealed according to ASTM
B265-10 and cut into 20x10 mm? pieces that were 2 mm
thick. The pieces were then polished with sandpaper
ranging in grit from 800 to 3,000 and alumina slurry
solution of 0.5 um in diameter. After polishing, the
samples were degreased and ultrasonically rinsed for
10 min in acetone (99.5 %, Merck), ethanol (97 %,
Merck), and deionized water. The cleaned Ti specimens
were then electropolished in a mixture of hydrofluoric
acid (HF, 40 %, Merck) and nitric acid (HNOs3, 65 %,
Merck) (volume ratio = 1:8) for 90-120 s and rinsed with
deionized water and dried in air. All chemicals were used
as received without further purification.

The anodizing process [11,14-16] was then conducted
in an electrochemical two electrode cell containing
200 ml 1 M sulfuric acid (H2SO4, 95-97 %, Merck)
solution at 60 °C for 30 seconds with three different low
voltages (3, 6, and 9 V) at the constant current of 3 A.

The phase, structure, and morphology of the coatings
were determined using Grazing- Incidence X- Ray
Diffraction (GIXRD; Philips PW- 1730 X- ray
diffractometer; Cu Ka, A = 0.154056 nm) and Field-
Emission Scanning Electron Microscopy (FE-SEM,;
MIRA3 TESCAN). The thickness of the coatings was
determined by the FE-SEM cross section. The water
contact angles were measured on the contact angle
goniometer (model 200-00-115, Ramé-Hart Instrument
Co.), and the surface energy was calculated by the DROP
image standard software (harmonic mode) and
Owens—Wendt method [23-24].

The corrosion test was done in a the SBF solution
containing 7.996 g of NaCl, 0.35 g of NaHCO3, 0.224 g
of KCI, 0.228 g of K;HPO4.3H:O, 0.305 g of
MgCl,.6H,0, 40 mL of 1 M HCI, 0.278 g of CaCl,,
0.071 g of Na,SOs, and 6.057 g of (CH,OH)3CNH; at
37 °C while the pH was adjusted at 7.25 with 1 M HCI.
Electrochemical Impedance Spectroscopy (EIS) and
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potentiodynamic polarization tests were carried out on
the  electrochemical ~ workstation  (IviumSTAT,
Netherlands). The corrosion characteristics were
evaluated in a cell composed of the anodized sample as a
working, Ag/AgCl as a reference, and platinum mesh as
an auxiliary electrode in 250 ml SBF. The surface area
was about 1 cm?. The EIS was performed from 107 to
10° Hz by applying 10 mV as the amplitude and
frequency of 20 mHz in the sweeping mode. To
investigate the corrosion mechanism of the coatings, the
impedance tests were done at 1 and 24 h, and the
corroded surfaces of the anodized samples after 24 h were
investigated by the FE-SEM image.

TABLE 1. The Elemental analysis of cp-Ti determined by
optical emission spectrometer

Element Ti C N H 0] Fe

(wt. %) 99.33 0.08 003 0.01 025 0.30

3. RESULTS AND DISCUSSION

The anodizing process improves the microstructural
properties, shape, and corrosion resistance of titanium
oxide by thickening the natural titanium oxide layer on
its surface. The anodizing voltage of the process has a
huge impact on the oxidation reaction in terms of speed,
shape, and microstructure of titanium oxide. In this
paper, the anodizing process was carried out using 3, 6,
and 9 volts on the cp-Ti substrate.

Figure 1 shows the GIXRD curve of the anodized
sample. According to the standard card Titanium oxide,
the main peaks at different angles from the anatase TiO>
(JCPDS 01-072-1807) are 39.39°, 37.93°, and 34.95°
related to the crystal plates (-1-12), (004), and (110),
respectively, and the 53.01°, 63°, 70.7°, and 76.2° related
to the (222), (213), (322), and (231), respectively,
appeared from the Ti substrate (JCPDS 21-1272). These
peaks are indicative of the hexagonal crystal structure of
titanium oxide [6,11].

Upon increasing the voltage from 3 volts to 9 volts, the
FE-SEM images of the anodized titanium samples at 3, 6,
and 9 (Figure 2) show an improvement in the uniformity and
homogeneity of the anodized cp-Ti. However, according to
the literature [9,11,22], increasing the anodizing voltage at a
high value would increase the deposition rate of the oxide
layer or thickness as well as the pore diameter.

The surface wettability, which is related to the surface
energy of a body, is one of the surface characteristics that
affects its biological capabilities. Generally, hydrophilic
surfaces improve the adhesion, proliferation, cell
division, and bone mineralization [11,22]. The results of
water contact angle measurements are summarized in
Table 2. as observed, the lower the water contact angle,
the higher the wettability.

According to the literature, hydrophilicity increased by
increasing the surface roughness; however, the surface
could become either superhydrophilic or super-
hydrophobic when it was very smooth. The obtained

™ N TiO:
(112) ¢Ti
[ ]
(004)
c .
ER I (110) (212) 62) )
I 213 ¢ .
E, N W\.‘% ‘;ﬁ‘ & N
E il
g
E [ A%
3V
T T T T T T ]

10 20 30 40 S0 60 70 30
26 (Degree)

Figure 1. GIXRD curve of anodized titanium sample at low
voltages such as 3, 6, and 9 volts at an incidence angle 1°

R
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SEM MAG: 50.0 kx Det: SE MIRA3 TESCAN

1 1 A
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Figure 2. FE-SEM image of anodized titanium at different low
voltages, a) 3 volts, b) 6 volts, and c) 9 volts

TABLE 2. Water contact angle of cp- Ti substrate and anodized
cp-Ti at low voltages 3, 6, and 9 V

Specimen Contact angle (Degree)
cp-Ti 103.7
Anodized cp-Tiat 3V 63.8
Anodized cp-Tiat 6 V 74.1
Anodized cp-Tiat 9V 57.2

results showed that anodizing the titanium substrate
would increase its hydrophilicity by creating titanium
oxide on the surface and increasing its surface roughness
(confirmed by FE-SEM images in Figure 2). Increasing
the voltage from 3 to 6 volts increased the contact angle
from 63.8° to 74.1°, thus making the surface more
hydrophobic. However, increasing the voltage from 6 to
9 volts increased the hydrophilicity of the surface, and
water droplets spread rapidly on the surface under the
capillary effect [11,25].

According to the bode and bode-phase plots, applying
the anodizing voltage of 6 V resulted in a more capacitive
behavior at higher frequencies than that at other voltages,
and the diffusion of water from surface defects of
anodized cp-Ti sample at 3 and 9 V caused resistance
behavior at a high frequency. In addition, the presence of
two-time constants in the bode-phase curve is indicative
of the presence of oxide layers and obstacles in the path
of electrons between the SBF solution and titanium
substrate as well as the formation of a double layer at
their interface. However, upon increasing the immersion
time (Figure 3a), As a result of the penetration of water
ions into the anodizing oxide layer and presence of
soluble ions on the layer, especially for 6 V sample, a
decrease in the corrosion resistance was observed with a
reduction in the phase angle at high frequencies. The
existence of a wide time constant for 3 and 6 V confirms
the formation of homogeneous and uniform corrosion

products on the anodized cp-Ti sample at 24 h in the SBF
solution compared to other samples (Figure 3c). This
corrosion behavior at low voltages can be attributed to
the formation of the corrosion products on the anodized
surface, compared to the non-anodized sample [6-7], as
well as the homogeneity, uniformity, and defect-free
corrosion of the products on the surface of the anodized
samples at low voltages of 3 and 6 V, all more than those
at9 V.

In order to accurately evaluate the corrosion behavior,
electrochemical systems were simulated as an electrical
circuit containing a resistor and a capacitor. This circuit
is related to the capacity of the dual layer which has two
plates with an arrangement of opposite charges, and the
resistance of this layer is referred to as the dual layer
resistance or charge transfer resistance. Double layer
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Figure 3. Bode and bode-phase plots of cp-Ti alloy, and

anodized cp-Ti at low voltage, 3 V, 6 V, and 9 V, at two
immersion times a-b) 1 h and c-d) 24 h

refers to the electrochemical structure that develops at the
interface between a metal surface and an electrolyte
solution. The double layer consists of two layers of
charge, known as the Helmholtz and diffuse layers. The
Helmholtz layer is a compact layer of adsorbed ions and
water molecules that are directly attached to the metal
surface while the diffuse layer is a less ordered layer of
ions that surround the Helmholtz layer. The performance
of the double layer on the corrosion behavior of anodized
titanium is an important factor to consider. The double
layer formed at the interface between the anodized
titanium surface and electrolyte plays a crucial role in the
corrosion behavior of the material. The protective oxide
layer formed during anodization acts as a barrier to limit
the access of the corrosive species to the underlying metal
surface while the double layer helps repel the charged
species that could cause corrosion [6-7]. The proposed
equivalent circuit is demonstrated in Figure 4 for the
cp-Ti and anodized cp-Ti at low voltages of 3, 6, and 9
volts, and the results are shown in Table 3. Rct is
associated with the charge transfer resistance of the dual
layer, and CPEdI to the dual layer capacitance.

Rs CPEanod
VAV >>
Cdl
a—
Ranod
Rct

Figure 4. Equivalent circuit of cp-Ti substrate and anodized cp-
Ti specimens at low voltages of 3, 6, and 9 volts

The charge transfer resistance (Ret; ©.cm?) and n of the
cp-Ti substrate and anodized cp-Ti specimen at 3, 6, and
9 volts after an hour in the SBF solution (Table 3) show

the higher resistance along with the enhanced
homogeneity and uniformity of the coating surface while
increasing n for the anodized cp-Ti specimens at 6 V,
compared to the other voltages. Generally, anodizing
causes an increase in the heterogeneity and roughness,
which was clear for the anodized samples at 3 and 9 V,
thus leading to a decrease in the corrosion resistance due
to the increased surface imperfections and intensity of the
local corrosion reactions, compared to 6 V. Results of
Table 3 denoted that prolonging the immersion time from
1 to 24 hours intensifies the corrosion reactions and
enhances the charge transfer resistance between the SBF
solution and sample surface. In fact, the anodization
process results in the formation of a porous oxide layer
on the titanium surface, which increases the surface area
and facilitates the formation of a more robust double
layer. The thickness and properties of the oxide layer can
be controlled by adjusting the anodization parameters
such as the voltage, current density, and electrolyte
composition. Studies have shown that compared to the
non-anodized titanium surface, the anodized titanium
surface with a well-formed double layer exhibited
significantly improved corrosion resistance.

TABLE 3. Parameters obtained from the equivalent circuit of
cp-Ti substrate and anodized cp-Ti specimens at low voltages
of 3, 6, and 9 volts

Time

. CPEqy, Rt -
peErhl;Jd Sample (UF.cm.sm) (Q.Cmd) ng; Chi-squared

Ti alloy 59.91 20235 0 0.00189

1 TiA3 71.17 36179 0 0.00335
TiA6 9.839 37354 0 0.01135
TiA9 69.28 4127 0 0.00142
Tialloy 2523.27 2287 0.65 0.00195

24 TiA3 24.79 20995 0.86 0.00454

TiA6 34.62 58127 0.81 0.00668
TiA9 1586.42 6391 0.85 0.00546

In summary, the significant increase in the surface
heterogeneity (n) of the cp-Ti sample and anodized cp-Ti
samples at low voltage of 6 V, compared to 3 and 9 V,
after 24 hours that was confirmed by FE-SEM images
(Figure 5) obtained from the EIS study at 24 hours in the
SBF solution. The double layer helps prevent the
formation of localized corrosion sites such as pitting and
crevice corrosion, which can be particularly damaging to
titanium. Overall, the performance of the double layer
and its effect on the corrosion behavior of the anodized
titanium is of significance while maintaining the
material's  corrosion  resistance  properties. The
anodization process can be used to form a protective
oxide layer on the titanium surface, which enhances the
double layer and improves the corrosion resistance of the
material [6-7,9-10].
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Figure 5. FE-SEM images of anodized cp-Ti at low voltage, a-b) 3 V, c-d) 6 V, and e-f) 9 V after 24 h of immersion in SBF solution

4. CONCLUSION

The studies on the effect of low anodizing voltage on
the corrosion behavior of cp-Ti specimens revealed that
6 volts could be an optimal voltage for titanium oxide
formation with hexagonal structure that also ensured
higher corrosion resistance than that of other anodized
samples at 3 and 9 volts. Upon further increasing the
voltage above 6 volts, both surface imperfections and
roughness were enhanced that led to the intensity of local
reactions due to the penetration of water and corrosive
ions, thus resulting in the reduced corrosion resistance of
the anodized sample at 9 V. Of note, the double layer
prevented the formation of localized corrosion sites, such
as pitting and crevice corrosion, which can be
particularly damaging to titanium alloy as an implant in
the human body. Further, increasing the voltage from 3
to 6 V increased the contact angle from 63.8° to 74.1°,
indicating more hydrophobicity. However, rising voltage
from 6 to 9 V caused an increase in the hydrophilicity
properties.
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This study investigated the flowability and compactability of the milled Ti-Cu alloys as a new version of
biomedical alloys used for fabrication via Additive Manufacturing. In this study, Ti- 50 at. % Cu powder
was first milled for different durations, and the morphology, microhardness, size, flowability, and
compactability of the powder were assessed. The results indicated that while flowability increased with
prolonged milling time, compressibility decreased owing to a decrease in the plastic deformation capacity.
The highest flowability level was obtained when hard TiCu phase was synthesized after 30 hours of milling.
Different linear and nonlinear compaction equations were used to investigate the densification response of
TiCu powder in a rigid mold during uniaxial compression. Cooper-Eaton nonlinear equation was found to
be the best fit compared to the linear equation. The contribution of particle rearrangement to the
densification behavior was high, and it increased upon increasing the applied pressure. At pressures below
1200 MPa, the contribution of plastic deformation to the powder densification was negligible.
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1. INTRODUCTION

Cu can improve the mechanical properties required for
dental applications [3]. C. Ohkubo et al. investigated the

Commercially pure titanium is widely used in several
dental products because of its excellent biocompatibility,
corrosion  resistance, and lightweight properties.
However, pure Ti has some drawbacks in structural and
biomedical applications such as its poor tribological and
antibacterial properties, to name a few [1]. It has been
reported that in dental prostheses, there is significant
wear of the cast commercially pure (CP) titanium.
Bacteria can also grow on Ti when bacterial infection
occurs [2]. One way to solve these problems is to alloy
titanium with other elements such as Cu. Alloying Ti and

effect of alloying elements, such as Cu, on the wear
resistance of Ti. They demonstrated that addition of Cu
(5 wt. %) introduced Ti/Ti,Cu eutectoid and improved
the wear resistance [4]. The tribological behavior of
Ti-Cu intermetallic alloys produced by Powder
Metallurgy (PM) method was studied [5]. Intermetallic
Ti-Cu alloys are characterized by higher wear resistance
to a tungsten carbide (WC) counterface and lower friction
coefficients than commercially pure titanium, and their
tribological properties can be significantly enhanced
upon increasing the milling time owing to the grain
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refinement and increase in the Ti,Cus content. Much
research has been done so far to evaluate the antibacterial
and biocompatibility of TiCu alloys [6-9]. The properties
of this alloy depend on the Cu content and formed
intermetallic phases. Based on the conducted research,
the superior antibacterial activity and biocompatibility of
the Ti-Cu alloy make it feasible to use it as an implant
material with minimal bacterial infection. It is also
possible to obtain antimicrobial properties in the Ti-Cu
alloys by adding copper elements. The antimicrobial
properties of copper make it effective in killing bacteria
quickly when released into the body. Bacteria cells
produce copper toxin due to the presence of Cu (I) ions
that can damage cell membranes and kill bacteria.

PM [5,7], casting [1], and Selective Laser Melting
(SLM) [10,11] methods have recently been widely used
to produce bulk Ti-Cu alloys. The properties of the Ti-Cu
alloy parts processed with PM and SLM are strongly
influenced by those of the powder. Mechanical alloying
with a high-energy ball mill is a manufacturing process
for nanocrystalline Ti-Cu powder that has been referred
to many times in the literature [12,13]. More details of
the microstructural and morphological changes in Ti-Cu
powder during mechanical milling can be found in
previous studies [13]. As the milling time has been shown
to affect the powder properties, varying process
conditions such as milling time can affect the flowability
and compressibility of the powder used to manufacture
Ti-Cu alloy. In the literature, no studies have been
conducted on the effects of Ti-Cu alloy milling
time/powder features on its flowability and
compactibility, which play a key role in powder
densification. Therefore, in the present work, Ti-Cu
powder was mechanically alloyed for different times, and
its morphology, hardness, size, flowability, and
compaction behavior were studied for use in processing
the Ti-Cu parts.

2. MATERIALS AND METHODS

Table 1 lists the raw materials and their characteristics.
A mixture of Ti-50 at. % Cu powder was ball milled in a
planetary ball mill (Retsch 400MA) for different times.
The milling conditions and phase transformations that
occur during milling have been previously reported in
several studies [13].

TABLE 1. The used raw materials and their characteristics

Average Particle Purity

Material Size (Dso) Manufacturer
(%)
(Hm)
Ti powder 45.9 99.5  Merck, Germany
Cu powder 125 99.7  Merck, Germany

To investigate the microstructure of the milled powder,
Scanning Electron Microscopes (SEMs, Philips XL30)
equipped with EDS and Transmission Electron
Microscopes (TEMs, FEG Philips CM200) with Cu Ka
radiation (A=0.154 nm) and a 0.02 degree/sec scan rate
were used. As observed in the X-ray diffraction (XRD)
patterns, the crystallite size and microstrain of the
specimens were calculated using the Williamson-Hall
method. Apparent Density (AD) and Tap Density (TD)
of the powders were measured using the standard cup and
funnel methods (ISO 3923). The powders milled for
1,5, 10, 20, 30, and 40 hours were each compressed at
400, 600, 800, 1000, 1200, and 1400 MPa, respectively,
with zinc stearate acting as a die lubricant. A density
measurement was performed using Archimedes' law on
the green samples. Each sample was measured three
times, and their mean values were reported to ensure
accuracy. As part of the flowability testing, an open-base
Angle of Response (AOR) method was used to measure
flowability. Each AOR test utilized a funnel to pour
powder onto a large horizontal plate until a cone-shaped
pile of powder formed, grew to a sufficient height, and
no more powder accumulated. A digital camera was used
to image the pile, and the angle value was measured by
image analysis.

3. RESULTS AND DISCUSSION

3.1. Changes in the Structure and Morphology

The Ti-Cu powder was mechanically milled for
different times using high-energy ball milling. At the
beginning of milling, only severe plastic deformation
occurred under the steel ball impact. Figures 1a and 1b
demonstrate the flakes of Ti and Cu powder mixture
milled for five hours. As the milling progressed, the
strong impact of the steel ball made the particles of the
powder mixture plastically deformed that led to the
formation of a cold weld, revealing a prominent lamellar
structure. With further milling, the distance between the
lamellae decreased. As shown in Figures 1c and 1d, no
lamellar structures can be observed after 30 hours of
milling. At this stage, the microstructure of the powder
was uniform. Our previous work described the
morphological and microstructural changes in the Ti-Cu
powder during milling. The average particle size after
different milling times was measured using SEM
micrographs, the values of which are listed in Table 2.
The change in the Ti-Cu powder particle size with
milling time showed an identical tendency to that of
metal powders in general. During the first hours of
milling, when cold welding is the dominant mechanism,
the average particle size increases. When the milling is
prolonged, work hardening results in the fracture of
milled powders and the reduction of the particle size.
After milling for a certain length of time, steady-state
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equilibrium is obtained when a balance is achieved
between the rate of welding, which tends to increase the

average particle size and rate of fracturing, thus leading
to a decrease in the average particle size.

Figure 1. SEM micrographs illustrating the morphology of Ti-50 at. % Cu powder alloyed for 5 h (a, b) and 30 h (c, d)

TABLE 2. Features of the powder milled for different times

Milling Time, h
1 5 10 20 30 40
Average Particle Size, um 15.3 234 37.8 28.2 25.9 24.0
Grain Size, nm 98 35 29 17 7 6
Powder Morphology Flake Flake Flake Small Flake/Equiaxed Equiaxed Equiaxed
Phases Ti, Cu Ti, Cu Ti, Cu Ti, Cu TiCu TiCu

The Ti-Cu intermetallic powder was synthesized by
milling Ti-Cu powder mixtures for 30 h. Table 2
summarizes the phases and crystallite sizes obtained
from the XRD results of the powders milled for different
times. The powder flow and compaction behaviour were
explained based on these data.

Figure 2 depicts the SEM image of the powder particles
mechanically alloyed for an hour as well as the maps of
Ti and Cu distributions on the surfaces of the particles.
As shown in this figure, Ti and Cu are not evenly
distributed on the powder particles. Some regions of the
microstructure were rich in Ti while others were rich in
Cu (Figures 2a, 2b, and 2c).

Based on the EDS analysis (Figure 2d), sharp peaks are
associated with major Ti while the faint ones are
associated with minor Cu. Work hardening and fracturing
of the powder gradually distributes the alloying elements
into the powder volume as the MA period increases.
Figure 3 shows the elemental maps of the distribution of
Tiand Cu in the SEM image of the powder particles after
30 hours of milling. This figure also confirms that the
alloying elements are evenly dispersed in the powder
(Figures 3b and 3c). The EDS analysis (Figure 3d)
reveals the approximately equal mol % presence of Ti
and Cu in the particles, confirming their uniform
dispersion at the atomic level.

3.2. Apparent and Tap Densities and Flowability
As shown in Figure 4a, the milling time affects the

apparent and tap densities of Ti-50 at. % Cu powder. As
the milling time increased, the apparent and tap densities
decreased and then increased. Hausner Ratio (HR)
represents the relationship between the powder tap and
apparent densities. It also indicates the flow potential of
the powder. The higher the HR value, the lower the
flowability of the powder at the beginning of the
compaction. The HR value greater than 1.25 is indicative
of the poor powder flowability.

The relationship between the HR and milling time for
the Ti-Cu powder is shown in Figure 4b. The HR
variation with the milling time depicted three distinct
zones, i.e., 1-10, 10-30, and more than 30 h. Milling up
to 10 hours results in a high HR due to the flake shape of
the powders. During the first few hours of milling, the
powders undergo plastic deformation and cold-welding,
and they take a layered shape with poor flowability.
Milling the powder for more than 10 hours induces work
hardening and fracture in addition to plastic deformation.
This in turn reduced the relative size of the powder and
increased their sphericity. A milling process lasting more
than 30 hours has little effect on the particle size and
morphology of the powder and thus on the HR of the
product. As shown in Figure 5, the AOR varied with the
milling time. As the AOR increased, there was a stronger
force between the particles, which reduced the
flowability of the powder. AOR increased when the
powder was mechanically milled for up to 10 hours. This
increase was associated with the flake morphology of the
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powder as well as the increase in the flake size. Based on flowability. This is related to the changes in the powder
the figure, it is evident that milling for longer than 10 morphology from flaky to equiaxial, which occur during
minutes reduced the AOR, and milling for 30 minutes milling.

yielded the lowest AOR, indicating the highest

(b)

Counts (d)
3 f Ti
600 i
400
Cu ‘
200
Ti| Au e
rl
*ﬁ% H] f\ ’ [ Cu
0 M e O | -lr“.. 2\

T keV
0 5 10

Figure 2. (a) SEM micrograph of a particle surface, (b) Ti distribution, (c) Cu distribution, and (d) EDS analysis of the 1 h mechanically
alloyed Ti—Cu powder
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Figure 3. (a) SEM micrograph of a particle surface; (b) Ti distribution; (c) Cu distribution; and (d) EDS analysis of the 30 h
mechanically alloyed Ti—Cu powder
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Figure 5. The angle of repose of the alloy powder milled for
different times

To assess the variations in the density of the green
samples with the milling time, the powders milled for
different durations were compacted at 600 MPa. Figure 6

depicts the relationship between the compact density and
milling time. Although the flowability of the powder
increases with the milling time owing to work hardening
and formation of a hard TiCu phase, the plastic
deformation capacity of the powder during compression
diminishes, resulting in a decrease in density. Owing to
the hardening effect of mechanical milling, the green
density of the compacts tends to decrease upon increasing
milling duration for the metallic powders. In Figure 6,
plastic deformation was found to be important for
determining the green density of a powder. In terms of
green density, powders with excellent plastic
deformation properties (with a shorter milling time)
showed the highest values.
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Figure 6. Variations in the density of green samples
compressed at 600 MPa pressure with milling time

3.3. Compressibility of TiCu powder

Figure 7 depicts the compressibility curve of the TiCu
powder milled for 30 hours and compacted under various
pressures. The Ti-Cu powder milled for 30 hours has an
intermetallic TiCu structure and high hardness. As the
applied pressure increased, the relative density increased
as well. The densification of metallic powders under
pressure is a two-stage process that includes Particle
Rearrangement (PR) at low pressure and Plastic
Deformation (PD) at high pressures. These mechanisms
are usually active simultaneously, particularly at the local
scale. The hardness of the TiCu powder was 634 HV. As
a result, particle rearrangement plays a major role in
densification at low pressures. Linear modified Heckel,
Panelli-Filho, and Ge equations as well as non-linear
Cooper and Eaton equations [14-17] were used to assess
the data compressibility. The Equations are as follows:

Heckel: In(1/(1-D))=Ki1 P+B1 Q)
Panelli-Filho: In(1/(1-D))=K: VP+B2 2)
Ge: log[In(1/(1-D))]=Ks log(P)+Bs 3)
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Cooper and Eaton:

4
(1/Do-1/D)/(1/Do-1) =A1exp(C1/P)+Azexp(Cz/P) ®
where Do, P, and D represent the initial relative density
of the powder, applied pressure, and relative density
under the applied pressure, respectively. The
densification indexes Ki, Kz, and Kj describe the ease
with which the powder can be compacted by both PR and
PD under an applied load. The constants C; and C;
describe the pressures at which this two-stage
densification is expected to occur.
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Figure 7. Compaction pressure effects on the relative density
of TiCu mechanically milled for 30 h

[

To determine the densification behavior of the TiCu
powder, the experimental data shown in Figure 7 were
fitted with several linear and nonlinear equations
(Figures 8 and 9). Curve Expert Professional software
was utilized to carry out the statistical analysis (Version
1.6.5). Table 3 summarizes the results. The Cooper and
Eaton non-linear equation fits the experimental findings
for TiCu powder quite well, according to the analysis of
variance with a high coefficient of determination
(R2 =0.992). The maximum coefficient of determination
was obtained using the Cooper and Eaton equation.
coefficients of determination of the linear equations were
<0.976.

Anillustration of the roles of the PR (A1Exp (C1/P) and
PD (AzExp (C./P) mechanisms in TiCu powder
densification is shown in Figure 9. According to the
figure analysis, the PR significantly contributes to
densification and increases with increasing pressure.
However, the PD mechanism signoficantly contributes to
densification at pressures higher than 1400 MPa.
According to this study, a nonlinear Cooper-Eaton
equation can accurately describe the densification
behaviour of TiCu powder.
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Figure 8. Experimental data of TiCu nanoctructured powder, fitted by linear modified Heckel (a) , Panelli-Filho (b), and Ge

(c) equations
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Figure 9. Experimental data of TiCu nanostructured powder, fitted by Cooper and Eaton non-linear equation (a), and the contribution
of (b) particle rearrangement (A1Exp (C1/P), and (c) plastic deformation (A2Exp (C2/P) mechanisms on the densification of the powder

TABLE 2. An analysis of the compressibility of TiCu powder using linear compaction equations. R? represents the coefficient of

determination and MPa! is the dimension of densification indexes

Heckel Panelli-Filho Ge Cooper and Eaton non-linear equation
K1 R? Ka R? Ks R? A1 Az C1 C2 R?
0.009 973 0.05 96.8 062 97.6 6.5E+03 1.6E+04 0.88 2111 99.2

4. CONCLUSION

The microstructural and morphological evolution,
flowability, and compressibility of the Ti-50 at. % Cu
powder milled for different times were investigated in
this study. Followed by an increase in the milling time,
the change in the powder size and morphology was
similar to that of the pure metal. Increasing the milling
time up to 10 hours reduced the tap and apparent densities
of the alloy; however, further milling improved them.
The green density of the powder mixture was reduced
after milling. After milling for 10 hours, the AOR of the
powder increased, indicating a greater force between the
particles and a decreased flowability. Increasing the
milling time from 10 to 40 hours reduced the AOR of the
powder and improved the alloy flowability, thus making
it suitable for consolication. The determining factor in the
flowability of this powder is its morphological change
from a flake to equiaxed. A mathematical model for the

compressibility of metallic alloyed powders (e.g., TiCu
powder) was proposed using linear and non-linear
compaction equations. A comparison of the linear and
non-linear equations revealed that Cooper and Eaton's
non-linear equation provided the best fit. Particle
rearrangement was found to play a significant role in the
densification process, and this effect was intensified with
pressure. Plastic deformation was negligible under the
applied pressure of 1200 MPa.
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Garnet-type Li;LazZr,01, (LLZO) solid-state electrolytes are promising candidates for application in next-
generation solid-state batteries. Of note, the most controversial issue is to stabilize the cubic phase structure
(c-LLZO) with high density after the sinter process to reach high ionic conductivity with the desired
strength. Considering this issue, the current study aims to investigate the synthesis and sintering of LLZO
with Al substituted and without any additive. The LLZO ceramic was synthesized through conventional
solid-state reaction. The effect of heating temperature on the synthesis of the cubic structure was studied
using X-Ray Diffraction (XRD). The ionic conductivity of the samples was examined by AC Impedance
Spectroscopy. The obtained results indicated that Al doping led to the cubic phase stabilization and that it
had a positive effect on the sintering regime so that the sample with Al dopant was densified at the lower
temperature of 1140 °C. The total ion conductivity of Al-LLZO is 0.1 mScm*which is comparable to the
values of high temperature-sintered samples.

Tonic Conductivity

https://doi.org/10.30501/acp.2023.387377.1119

1. INTRODUCTION

Nowadays, energy crisis is one of the most critical
challenges facing most countries. In recent decades, the
significant reduction in fossil fuel reserves as well as
considerable increase in the environmental pollution
caused by fossil fuels consumption have forced
governments and industries to find solutions to these
problems and achieve superior technology in the field of
energy production. Since exploitation of non-
conventional energy sources such as wind, solar or
nuclear sources is bound to some limitations, the focus is
more on the use of batteries and fuel cells to store and

produce as much energy as possible [1,2]. Among
different types of commercial batteries such as lead,
nickel-cadmium, nickel-hydrogen, and lithium batteries,
lithium batteries enjoy the energy density of about ten
times higher than that of lead and nickel-cadmium
batteries in theory. In addition, from an environmental
point of view, the presence of toxic elements such as
cadmium and lead in these batteries is considered a
severe problem such as the expansion of the market for
nickel-hydrogen batteries [3]. However, the energy
density of these batteries is theoretically still about one-
fifth of that of the rechargeable lithium batteries. Lithium
batteries have the highest electric driving force (emf)
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among the other types of batteries. Lithium batteries are
used in energy storage and other various applications,
including energy consumers and energy transmission and
production on a very high scale [2,3]. Currently, Lithium
hexa-fluoro phosphate (LiPFg) is practically the only
conducting salt used in commercial lithium-ion batteries.
However, this type of electrolyte has some major
problems and limitations including the leakage of organic
electrolytes, freezing at lower temperatures of
application environments, and burning at higher
temperatures [4,5]. A flexible electrolyte without any
leakage is required, especially for energy devices, to
enhance the safety levels. To enhance the safety of the
LIBs, extended research studies were and still are being
conducted to substitute a suitable solid electrolyte (either
polymer, or ceramic) with comparable ionic
conductivity. However, these polymer and ceramic
electrolyte systems have quite low ionic conductivity at
the ambient temperature. In ceramic materials, various
types of solid-state electrolytes have been investigated,
mainly glass or glass ceramics consisting of oxides,
sulfides or a mixture of both. Unfortunately, they have
either high ionic conductivity or good chemical stability
rather than both [5-8]. One of the most recently studied
compounds is garnet-type LizLasZr,01, (LLZO) that was
first examined by Thangadurai et al. [9]. Among the most
important reasons behind the increasing attention to
LLZO in this field are its wide electrochemical stability
window, high ionic conductivity at room temperature,
and non-flammability. In addition, compared to other
solid electrolytes such as sulfide-based solid electrolytes,
lithium-garnet enjoys more excellent chemical
thermodynamic stability and particularly, its greater
stability against lithium metal is essential [3,6].

The garnet-type LLZO is generally stabilized in a two-
phase structure namely the cubic (space group la3d),
which is necessary to achieve high ionic conductivity,
and tetragonal structure (space group 1441/acd), which is
thermodynamically more stable at room temperature. On
the contrary, ionic conductivity is two to three orders of
magnitude lower than usual [8,10]. The main challenge
in the synthesis of LLZO is to reach the ideal cubic
conductor phase, which is unpractical in every study with
the usual sinter of LLZO bodies. However, Murugan et
al. [11] obtained a dense cubic phase with high
conductivity. Of note, the results obtained from other
groups who followed Murugan's method for synthesis
and sintering revealed that the final product contained
much more stable tetragonal mainly because the
tetragonal phase was thermodynamically more stable and
was easily obtained through the usual solid-state reaction
sintering method in the temperature range of 950-980 °C
[12,13]. Researches remark that to stabilize the preferred
cubic phase, it is necessary to use higher temperatures
while higher temperatures facilitate and speed up the
release and loss of lithium from the electrolyte.
Consequently, engineering sintering temperature and

storage time, controlling the lithium release reduction,
and reaching the cubic phase with the density above
90 % will still remain the essential challenges in the field
of LLZO solid electrolyte. Consequently, many
researchers in this field have focused on stabilizing the
cubic phase. In this regard, many studies on stabilizing
the cubic structure of LLZO put their main focus on the
dopants such as AP*, Ga®, Fe* substitute for Li* sites
[6,11,14-18] and Ta°* and Nb®* substitute for Zr** sites
[19,20] to create vacancies in the structure. To lower the
sintering temperature, synthesis through a sol-gel process
[21] based on the rapid sintering method [22], field-
assisted sintering technique [23], and expensive methods
such as hot-press or spark plasma sintering methods
[24,25] have been investigated. However, using Al, Ga,
and Ta as a sintering aid was reported to be effective in
increasing the density of the sintered samples [16,17].

In this research, the LLZO electrolyte was synthesized
based on a facile solid-state method. In addition, the
composition of raw materials was modified, and the
synthesis conditions (i.e., temperature, time and
atmosphere) were  optimized. Finally, the
electrochemical analysis was done on the electrolytes by
carrying out some detailed tests, evaluating the effects of
the composition, grain, and grain boundary conductivity,
and determining the best sample for battery construction.

2. MATERIALS AND METHODS

LLZO powder was synthesized through the solid-state
method using stoichiometric amounts of Li,COs, La;03
(preheated at 900 °C for 10 h), ZrO,, and Al,O3. An
excessive amount of 10 wt. % Li,COs was then mixed to
compensate for the lithium evaporation during the
sintering process. The raw materials were mixed through
a planetary mill with zirconia balls for six hours in
isopropanol under an air atmosphere and then dried at
100 °C. The obtained powder was heated in a furnace in
a zirconia crucible (for the sample without Al dopant) and
alumina crucible with a lid to prevent lithium loss during
heat treatment at 900-1100 °C for 10 h. In the following
step, the mixed powder was reground and pressed into
pellets with 16.3 mm diameter at 300 MPa, followed by
sintering in the temperature range of 1100-1260 °C for
8 h. The pellets were placed in a small crucible
surrounded by layers of mother sacrificial powder to
suppress the potential volatilization of Li-O during the
preparation.

The phase compositions of the as-synthesized LLZO
powders and sintered pellets were studied by X-ray
diffractometry  (Philips) using Cu Ko radiation
(A = 1.5417 A) as the X-ray source in a 20 range of
10-80 with the step size of 0.02° and step time of 2 s. The
relative densities of the obtained ceramic pellets were
geometrically estimated and compared to the theoretical
density of LLZO. The theoretical density of samples was
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calculated from the lattice parameters determined by
X-Ray Diffraction (XRD). For the ionic conductivity
measurement, gold electrodes were applied to both sides
of the sintered bodies by removing the surface layer using
a coating of Au paste, drying, and heat treatment at
200 °C for 20 min. The samples were then loaded into a
spring-loaded Swagelok cell with stainless steel
electrodes. The ionic conductivity tests were carried out
in the temperature range of 298-393 K and frequency
range of 0.1-2x106 Hz. The samples were first heated up
and then cooled down to room temperature to do
conductivity measurement so as to eliminate any effect
of moisture on conductivity. The complex impedance
spectra were analyzed using commercially available
Z-View software.

3. RESULTS AND DISCUSSION

Figure 1 demonstrates the XRD patterns of the
synthesized LLZO powder without Al dopant heated at
950 °C for 10 h and LLZO pellet sintered at 1250 °C for
8 h. For the sintered sample, the XRD pattern was taken
from the crushed pellet. According to the XRD results,
the cubic LLZO phase was mainly synthesized at this
temperature because it was well matched with the
standard pattern known as the cubic garnet phase
(PDF# 045-0109). The pyrochlore phase LaxZr;07,
however, was regarded as the majority phase of the
synthesized powder at 950 °C, indicating that the
interaction between Li,COs; and pyrochlore phase
LaxZr,O7 which leads to the synthesis of LLZO is not yet
complete at this temperature. There is also a possibility
that a proportion of the LLZO phase is the tetragonal
phase that cannot be detected in the XRD measurements.

LLZO after sintering at 1250° C
[ ] ZrO

WMWMWJ

LLZO synthesized at 950 * C

Reletive Intensity (a.u.)

La Zr O_/PDF# 050-0837,

Cubic LLZO/PDF#045-0109

T T T T T T T T T T T T 1
0 15 20 25 30 35 40 45 50 55 B0 65 70 75

26(°)

Figure 1. XRD patterns for pure LLZO powder after
synthesized at 950 °C for 10 h and pellet after sintered at
1250 °C

Based on some earlier research results [21,26-28],
pyrochlore phase La,Zr,0O7 is the first phase formed
(~ 690 °C) during the synthesis process of LLZO. The
following phenomenon is the melting of Li,COs in the
temperature range of 700-750 °C [26]. The carbonate
melt can react with other phases (La2Zr.07, ZrO,, La;03)
which typically results in the LLZO formation in the
temperature range of 750-800 °C when the melted
Li,COs3 reacts with La,Zr,O; and La;O; according to
following equation:

7 Lio,CO3 + LayO3 + 2 LaxZr,07 = 2 LizLazZr,01 (1)
+7CO;

Since the LLZO formation is completed by the melting
and reaction of amorphous Li.CQOs, opting the optimal
temperature and reasonable time of the synthesis process
is vital. According to the research reports [26], the rate of
LioCO; decomposition is a crucial parameter that
determines the LLZO synthesis reaction. The XRD
pattern of the synthesized LLZO powder in Figure 1 also
illustrates a broad feature, i.e., an amorphous halo, from
about 25 to 40 degrees marked by dotted rectangular,
confirming that the powder is semi-crystalline or it has
an amorphous phase. Consequently, the reaction between
the melted Li,COsand pyrochlore phase has not been yet
accomplished at the selected temperature and time.
Several studies reported the presence of a secondary
La»Zr,07 phase. For instance, Liu et al. [28] showed that
the La»Zr,07 phase appeared as a second phase in all the
synthesized samples; however, it was removed after the
sintering process. Figure 1 illustrates the XRD pattern of
the sintered sample at 1250 °C for 8 h, showing more
substantial peaks belonging to the LLZO phase than the
synthesized powder while a considerable amount of
pyrochlore phase is still present. In addition, a small
amount of ZrO, can be detected. In a study by J. Kosir et
al. [21], increasing the temperature led to the
decomposition of the LLZO due to the faster Li
outgassing that facilitated more formation of La,Zr,0;
phase. Consequently, sintering at the high temperature of
1250 °C promoted the formation of off -stoichiometric
LLZO compounds and impurities. Figure 2 demonstrates
the XRD pattern of the synthesized pure LLZO and
Al-doped one at 1100 °C for 10 h. For better comparison
and conclusion of the synthesis of Al-doped LLZO, two
batches of the weighted stoichiometry of the precursors
were prepared to heat up at 950 °C for 8 h and at 1100 °C
for 8 h. Upon increasing the temperature, the peaks
belonging to C-LLZO get sharper; however, a plenty
amount of the unwanted pyrochlore phase is still present
and did not disappear. There is also a deviation from the
base line in the same range of the XRD as there is in the
XRD pattern of pure LLZO at 950 °C (marked by the
dotted line in Figure 2).
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In this regard, it can be concluded that even by increasing
the synthesis temperature up to 1100 °C, the reaction
between the melted Li.CO3 and pyrochlore phase will not
be complete yet. Figure 2 demonstrates the XRD pattern
of the LisssAlo.1sLaszZr.012 sample after heating at 950 °C
and 1100 °C.

| | Al-LLZO synthesized at 1100 °C

Al-LLZO synthesized at 950 °C

& Li Laal 0,
A LaO,

LLZO synthesized at 1100 °C
4 LaZr0,

Relative Intensity (a.u.)

Cubic LLZO/PDF#045-0109

| | i III 1 i
T T T T T T T T

35 40 45 50 55 60 65 70 75 80
20(7)

Figure 2. XRD patterns of pure LLZO and Al-LLZO powder
synthesized at 950 °C and 1100 °C for 10 h

Accordingly, all the diffraction peaks of the sample
heated at 1100 °C can be assigned to the cubic garnet
structure. Of note, the final reaction of the sample heated
at 950 °C is not complete, and there are still some middle
phases present.

As observed, the cubic phase LLZO was synthesized at
the lower temperature of 950 °C with other phases of
LayZr,07, LigsLaAlosOs, and LayOs still present in
lower amounts.

The XRD data of AI-LLZO synthesized at 1100 °C
shows very strong and sharp peaks without any shoulder,
compared to the pure LLZO (1100 °C), confirming the
formation of good crystallinity and high purity of the
cubic LLZO.

In order to consider the effect of Al on the sintering and
densification of the compounds, pure LLZO and
Al-LLZO synthesized at 1100 °C were selected due to the
pure LLZO-1100 diffraction peaks assigned to a garnet
structure, showing stronger peaks than the same one
synthesized at 950 °C. Although the powders were
uniaxially pressed and subjected to the same sintering
conditions at 1200 °C, eight hours is needed to form
dense ceramic pellets, and the densification results were
completely different between pure LLZO and Al-LLZO.
In the aluminum-doped sample, the specimens under the
sintering conditions were bloated and melted in some
areas, and 60 % of the theoretical density was the relative
density of pure LLZO. As aresult, Al-LLZO was sintered
at lower temperatures while the pure LLZO was sintered
at higher temperatures (i.e., 1230 °C and 1260 °C).
Calculation of the geometrical relative densities
confirmed that the density increased up to ~ 90 % for the
Al-LLZO pellets at the temperatures of 1170 °C and
1140 °C for 8 h. On the contrary, the density of pure
LLZO increased up to 68 % with an increase in the
sintering temperature up to 1260 °C for 8 h.

The XRD pattern of pure LLZO (Figure 3) is
characterized by strong peaks for LaZr,0; as well as
minor characteristic peaks indexed to the LLZO phase.

LLZO after sintering at 1260 °C

" La:Zr:O_fPDF#OSO-OSST
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Figure 3. XRD patterns of pure LLZO and Al-LLZO powder synthesized at 950 °C and 1100 °C for 10 h
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Compared to the synthesized LLZO powder before
sintering (Figure 2), the pure LLZO sample is
characterized by a reduction in the peak intensity of the
garnet LLZO phase whose diffraction patterns contains
both tetragonal and cubic phases, as demonstrated in the
magnified view, which shows the split peaks compared
to the cubic structure materials. The peaks at 20 =~ 31 and
26 =~ 34 marked by stars in Figure 3 can be split into two
peaks that are indicative of the presence of t-LLZO [13].
The XRD pattern of Al-LLZO after sintering (Figure 3)
is found to be the cubic garnet LLZO structure with no
secondary phases found in the diffraction pattern. Of
note, the reduction in the peak intensity of the sintered
sample, compared to the AI-LLZO sample, before
sintering is notable. Figure 4 illustrates the digital images
of the prepared ceramic samples according to which, the
sintering ability of pure LLZO sample was quite weak
and consequently, it could not be densified properly even
by increasing the temperature up to 1260 °C. In contrast
to the pure LLZO sample, the Al-LLZO pellet has dense
appearance with uniform coloration which is
consolidated into a dense body (Figure 4c). A
comparison between Figure 4b and 4c reveals that the
significant increase in the densities of the Al-LLZO and
pure LLZO samples confirms the change in their
structures as well as characteristics. While all pure
samples sintered between 1200-1260 °C did not densify
to reach acceptable pellet densities of over 70 % and
remained in a powdered state after sintering (cracked
during handling), the Al-LLZO samples were densified
at the reduced temperature of 1140 °C with the density of
~ 90 %. A. Paolella et al. [26] investigated the impact of
lithium loss during the sintering process of c-LLZO and
reported that the pure c-LLZO was metastable and
dependent on the sintering time. During the sintering
process, the cubic-LLZO becomes tetragonal phase at
1100 °C in the presence of gas flow. As a result, the
cubic-LLZO becomes metastable and between c-LLZO
and LapZr,0; impurity before sintering, lithium
migration reaction under gas flow occurs. The cubic
phase was preserved by intensifying the La,Zr,O7 phase,
probably due to the lithium loss under no gas flow
condition. Therefore, to avoid the pyrochlore La,Zr,07
phase, it is vital to maintain as much lithium as possible.
C. Lopez et al. [29] provided a dry O, atmosphere to
control the sintering conditions and reported the density
value of 70 % for the Ga-doped LLZO samples sintered
inair at 1085 °C. The density, however, increased as high
as 94 % of the theoretical density of the samples sintered
in dry Oa. In their research, J. Kosir et al. [21] concluded
that the higher amount of excess Li (more than 10 %)
along with adding Al as the dopant are the main keys to
obtain the densified sample. S. Afyon et al. [30] studied
the synthesis of Ga doped Li garnet structure through the
modified sol-gel combustion method and showed that
lowering the overall powder processing and sintering
temperature was both advantageous to avoid Li-losses

and an alternative strategy for stabilizing the cubic phase.
Another research [18,21] on the Al-doped LLZO
confirmed the promoted sintering of samples with the
hypothesis that the reaction between Li,O and Al;Os
would form a liquid phase, such as LiAlO2, which
enabled a liquid sintering and accelerated densification
[28]. Therefore, dopants such as Al can be used to
produce the cubic LLZO by lowering the lithium content
to create Li vacancies disrupting the long-range lithium
order to stabilize cubic structure at room temperature
[31]. Moreover, Al,Oz assisted in sintering and
densification at the lower temperature 1140 °C, rather
than above 1200 °C. Here, a lower sintering temperature
is more preferable and suitable mainly because it ensures
a better morphology and reduces lithium loss during
heating.

(@) (b) ©

Figure 4. Picture of the LLZO pellets (a) before sintering;
(b) LLZO pellet obtained after sintering at 1260 °C for 8 h;
(c) AI-LLZO pellet obtained after sintering at 1140 °C for 8 h

Figure 5 presents the results of the AC conductivity
measurements (in Nyquist format) for the AI-LLZO
sample using Au blocking electrodes in the temperature
range of 25-120 °C in the air.

Typically, impedance spectra are composed of three parts
based on the frequency range measurement: the high-
frequency range corresponds to the bulk resistance,
intermediate-frequency flattened semicircle represents
the grain-boundary resistance, and low-frequency spike
stands for the contribution of the electrode. The Nyquist
plots of the Al-LLZO represent only one clear semicircle
in the high-frequency region which is attributed to the
total conductivity of the Al-LLZO sample and fitted with
an equivalent circuit presented in the inset of Figure 5. In
this figure, the distance from zero to the intercept of the
linear tail with the real axis is the total conductivity.
Accordingly, the total ionic conductivity values of the
Al-LLZO sintered at 1140 °C were 0.1, 0.28, 0.48, 0.7,
and 1.0 mS cm™ at the temperatures of 25 °C, 50 °C,
100 °C, and 120 °C, respectively.

These values are in good agreement with those reported
in other studies [26,27,29,32,33]. Of note, in some of
these research, operating different atmosphere [29],
adding other additives such as Ga, Ta, and using the
advanced sintering technics [23] were taken into
consideration.
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Figure 5. The impedance plots for the AI-LLZO sample
sintered at 1140 °C measured at 25, 50, 80, 100, and 120 °C

The Arrhenius equation was used to calculate the
activation energy Ex:

_Ea
oT = Aexp(kB—T 2

where o is the ionic conductivity (Scm?), A a
pre-exponential parameter, k the Boltzmann's constant,
and T the absolute temperature. According to Figure 6,
the activation energy E, was measured as 0.27 eV in the
temperature range of 25-130 °C, representing high-
quality microstructure for moving lithium ions. Since
Al-doped sample in this study exhibited the desired

sintering behavior and just reached the acceptable density
at 1140 °C, the significant role of Al in stabilizing the
cubic structure and densification should be proved that
would finally lower the activation energy needed for
lithium movement in the structure.

-0.5
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Figure 6. Arrhenius plot of Al-LLZO sample sintered at 1140 °C
for8h

4. CONCLUSION

In our study, the sintering ability of the synthesized
LLZO with Al and without any additive was investigated.
The undoped LLZO samples resulted in broken or very
fragile strength future after sintering at low or even as
high as at 1260 °C temperatures. Lithium loss resulted in
low density and transforming to an unwanted phase at
high temperature. On the other hand, the Al-doped LLZO
resulted in the cubic system, high relative density, and
high conductivity. The ionic conductivity of Al-LLZO of
0.1 mScmtis on the same order of magnitude as most as
solid-state electrolytes.
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Ceramic nozzles are unique options in aerospace industry due to their ability to operate at high
temperatures. However, their brittleness, structural defects, poor formability, and need for complex
methods for measuring their mechanical properties are among the main obstacles to their development. In
this study, four different conical nozzles were produced through Plasma Spray Forming (PSF). Given that
Yttria-Stabilized Zirconia (YSZ) is one of the most common materials in high-temperature applications, it
is considered as the base material. Throughout the research, three YSZ alternatives were investigated by
changing the chemical composition (Ceria-Yttria co-Stabilized Zirconia (CYSZ)), by changing the particle
size (nanostructured YSZ), and by double layer architecture design. The mechanical properties of the
conical nozzles were then evaluated by the nanoindentation test using Oliver and Pharr method. This
method can be quick and applicable for evaluation of the mechanical properties of ceramic parts based on
the load-depth curve. X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) were performed
for the phase analysis and coating microstructure and porosities investigation. The results highlighted the
promising features of nano-structured YSZ that are strongly based on the presence of nano-zones inside
the coating structure.

d https://doi.org/10.30501/acp.2023.387714.1121

1. INTRODUCTION

forming a dense layer. The plasma jet consists of three
hot, moderate, and cold regions, depending on the

Plasma spraying is a popular deposition method for
materials with very high melting point such as ceramics
that has been widely used in different industries due to its
inexpensiveness (relatively low cost), high velocity, and
suitable quality. The deposition process involves melting
a ceramic powder using a high-temperature plasma
stream, shooting the molten particles to the substrate, and

location. A particle can hit the substrate in a melted,
semi-melted, and unmelted forms. The most common
case of this method application is creation of barrier
coatings against oxidation, corrosion, high temperature,
etc. [1]. The porous films created by this method are
widely used in the automotive, aerospace, and power
generation industries, and there are increasing demands
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for their improvements to reach advanced functionality
and durability [2]. Therefore, plasma-sprayed coatings
protect the substrate from damages in working
conditions. On the contrary, the substrate supports the
brittle coating. However, this combination can be the
source of some damages caused by the inconsistency of
the physical and mechanical properties of the substrate
(mainly metallic) and the coating (mainly ceramic) [3].
For example, in thermal cycles, Coefficient of Thermal
Expansion (CTE) mismatch between the two layers can
cause cracks in the coating. In working conditions with
limited mechanical loads, the coating can withstand
without the substrate support and consequently,
separation of the coating from the substrate can prevent
any thermal and functional mismatch. An example of
Plasma Spray Forming (PSF) is production of high-
temperature ceramic nozzles [4].

Nanoindentation technique is an effective procedure
for measuring the mechanical properties of materials
even in its small volumes and wide acceptance arising
from the improvements made within this technique [5].
Nanoindentation is an applicable method for
investigating nano-scale mechanical properties such as
hardness or Young’s modulus and also dislocation
nucleation at the nanoscale [6]. Nanoindentation forces
the indenter tip into the surface and measures the
reflected response and created mark. Mechanical
characterization of the phases has an evident advantage
[7], and Nanoindentation is an ideal method for
measuring material properties at sub-micrometer scales
by applying small loads, thus enabling the individual
identification of each phase in heterogeneous cases. [8-
10]. It can also be very effective for thin films and
micro-/nano-electromechanical system (MEMS/NEMS)
devices [11,12] that, along with other methods, measures
the complex compliance of linearly viscoelastic materials
[13,14]. Indenter geometry and variation in a testing
method have been already discussed in some works
[15,16]. Based on these studies, it can be concluded that
this method can be practically and effectively used in
ceramic coatings like YSZ fabricated by different
methods such as EB-PVD or APS [17-20].
Nanoindentation is also practical in measuring through-
thickness and in-plane properties of multi- and single-
layer nanocomposite films [21-23]. A literature survey
revealed many reports that compared the deposited and
bulk properties of ceramics with those of nanoindentation
[24]. The potentials of this method are the properties and
structural features evaluation of thecomposites and
nanocomposites [25-31].

Owing to its relatively high CTE and low thermal
conductivity, YSZ is usually used as a thermal protector
at temperatures above 1100 °C. In addition, Ceria-Yttria
co-Stabilized Zirconia (CYSZ) is commonly used as a
thermal barrier coating on the hot parts of a combustion
chamber and the first row of the turbine blades owing to
its resistance to thermal shock, low thermal conductivity,

good wear resistance, and high resistance to hot
corrosion. According to some research studies, Ceria-
Stabilized Zirconia (CSZ) is characterized by more
toughness and better thermal shock resistance than YSZ.
In addition, yttria is more costly than ceria. The main
weakness of CSZ is its significantly lower erosion
resistance. Mixing Ceria with Yttria as co-stabilizers and
creating CYSZ is a solution that combines the properties
of both materials and offers advanced performance [1].

Nanostructured coatings exhibit improved performance
due to nano zones. Compared to the conventional
coatings, the overall porosity in these coatings does not
change much but their distribution becomes uniform in
terms of size and position. In material engineering and
design, composite and nano-structure coatings are
solutions that are considered in many cases [32,33].

In this study, the properties of the YSZ ceramic nozzles
are considered as the base, and the effect of changes in
the chemical composition, nano structuration, and
architecture on the mechanical properties were
investigated. In this regard, CYSZ, nanostructured YSZ
(YSZ-N), and a layered composite of YSZ-N and CYSZ
were first produced by PSF and then, their hardness and
elastic modulus were calculated using Oliver-Pharr
technique. Based on the results of Nanoindentation, X-
Ray Diffraction  (XRD), and Scanning Electron
Microscopy (SEM) images, the performance and the
reasons behind such mechanisms were elaborated.

2. MATERIALS AND METHODS

2.1. Materials

In this study, three different powders including nano-
and micro-structured YSZ and CYSZ (Table 1) were
used, and the effect of changing different factors on the
performance of YSZ, the current conventional material in
many high-temperature applications, was investigated.

e Changing the chemical composition by using CYSZ

e Changing microstructure by YSZ nano-structuring

(YSZ-N)

Changing the architecture by producing a layered
composite structure consisting of YSZ-N and CYSZ.

Accordingly, four different conical ceramic nozzles of
YSZ, YSZ-N, and CYSZ, and a composite of YSZ-N and
CYSZ were produced by plasma spray forming.

2.2. Mandrel Design

The mandrel was a hollow tapered cylinder with a small
slope along its length made from Al 6061 (Figure 1).

The tapered design of the mandrel facilitates the
separation process. Aluminum 6061 has a CTE of about
25 x 108 °C which is approximately 2.5 times higher than
that of YSZ (10 x 10 [34]) and CYSZ. If the mandrel
has proper roughness (in our case 0.67 + 0.1 um),
different CTEs of the deposited layer and substrate
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facilitate better separation. More surface roughness can
cause strong mechanical bonds and cracks during cooling

TABLE 1. Characteristics of ceramic powders

while quite low roughness will decrease the deposition
efficiency.

YSZ CcYsz YSZ-NANO
Full Name Yttria Stabilized Zirconia ~ Ceria-yttria co-stabilized zirconia ~ Yttria Stabilized Zirconia-nano structured
Formula Zr0O2-8 wt. % Y203 Zr02 24Ce02 2.5Y203 Zr0O2-8 wt. % Y203
Producer METCO 234A METCO 205NS INFRAMAT Nanox TM S4007
Shape spherical spherical spherical
Density 1.8 2.4 g/lcm? 2.2+0.1 g/cm® 1.4-1.7 glem?
Melting point about 2800 °C about 2800 °C about 2800 °C
Particle size 50-70 pm 40-50 pm <100 nm (agglomerated size: 15-150 pm)

1 D

100

[ E——,

I 25mm I

Figure 1. Mandrel used in the plasma spray forming process

2.3. Plasma Spraying

At the beginning of the deposition process, the mandrel
was sandblasted with alumina to increase the adhesion of
the molten powders to the surface. In the next step, the
mandrel was preheated at 200 °C without feeding the
powder to prevent thermal shock and damage. In the
main spraying process, powders enter the plasma where
they melt and accelerate at a very high speed. These
melted particles sit on the rotating mandrel and with the
linear movement of the spraying gun, a layer will be
formed. At the end of each linear movement of the gun,
it pauses for 15 seconds to release the residual stresses
and then, the next cycle begins. This time allows the
stress to release by providing the needed time for heat
transfer. Of note, longer pause causes loose connections.
The thickness of each deposition round is approximately
100-150 pum. To reach the desired thickness (in this study
450 um), the deposition process was run three times.
Once the process is complete, the coated mandrel is post-
heated at 200 °C without powder to prevent cracking and
then, it opens from the APS machine and cools down
quickly. Plasma spraying parameters were selected in

consultation with experts based on conventional values
in high-temperature applications. More details are given
in Table 2.

Table 2. Plasma spraying parameters

Parameter YSZ CYSZ  YSZ-N
Current (A) 600 600 600
Voltage (V) 55 55 55
Primary gas flow (Ar) (nlpm¥*) 40 42 35
Secondary gas flow (Hy) (nlpm) 9 9 9
Carrier gas flow (Ar) (nlpm) 25 25 25
Powder feed rate (gr/min) 50 40 50
Spray distance (mm) 150 150 100
Rotation speed (RPM) 120 120 120

Surface roughness (um) 0.67+0.1 0.67+0.1 0.67+0.1

* Normal Liter Per Minute

2.4. Separation

The important part of the process is the coating
separation from the mandrel. For this purpose, the
mandrel is immersed in liquid nitrogen. The difference in
the CTE of both mandrel and coating, as well as the
conical shape, causes the coating separation. The higher
surface roughness, as previously assumed to be essential
for successful deposition, can be a reason for the
complexity of the separation process. According to
Figure 2-b, the ceramic coating is easily separated from
the conical part of the mandrel but the part of the coating
that was formed on the cylindrical trail of the mandrel is
not separated from it. This is another confirmation of the
importance of the conical geometry of the mandrel.

Figure 2. (a) Coated mandrel and (b) nozzle separated from the
mandrel
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2.5 Theoretical Background

The nanoindentation test involves an indenter (in this
study, pyramid-shaped with angle o = 136°) that
penetrates into the surface to a specified load or depth.
Then, it is unloaded as a result of which, penetration
depth (h) is measured as a function of load (P). Figure 3
shows an example of the notch created in this test on the
polished section of coating.

|

(A

real surface
with porosity

Figure 3. The indenter effect on the surface along with the
schematic representation of important elements

Given that the microstructure of the plasma-sprayed
ceramic materials is porous, di; and d; are slightly
different from each other. For ease of calculation, their
average value ((di+dz)/2) is considered as d.
Consequently, h can be calculated by Equation (1):

d d;+d d;+d d;+d
o @3 (=) ) =D D
—) = == - = =
M= W= @@ 2475 ()

9.9

Equation (2) shows the projected area of the indented
region (S):

_dyxd, d® (495h)’

~ ~ 2 2)
5= . - 12.25h

Considering the load P and consequence projected area
S, we can measure the hardness HV at that load from
Equation (3) [35]:

2 Psin %
HV = 7 = 7

1.8544 P (kgf/mm?] ©)

Figure 4 is a typical load-penetration depth curve in
which the starting point of the loading process is the
origin (O). Followed by applying the load, a diagram
similar to L, is traversed. After reaching the maximum
load (A), the load remains constant while h increases a
little (L2). Once the value of h becomes fixed, unloading
begins (L3). At the end of the path (point C, the load is
zero), a residual amount of h will be formed which
represents the plastic deformation of the sample. It
corresponds to what happens in the stress-strain diagram
after removing the load in the plastic area.

L Elastic

. ! unloading
(=
dp/dh
L
Elastic -~ E
0Ol< h |C h
< max
depth (h)

Figure 4. Nanoindentation load-depth curve

Three important parameters must be measured from the
P-h curve:
— Pmax: the maximum load
— hmax: the maximum penetration depth

-y = %: the elastic unloading stiffness, defined as the

slope of the elastic unloading curve

The quality and preciseness of measurement strongly
depend on the experimental measurement of parameters
[36]. In this test, the loading and unloading rates are
similar but the slopes of the elastic loading and unloading
are independent of each other that are determined
considering the properties of the material.

The effective elastic modulus, Eg, is calculated using
the y and the S, as shown in Equation (4):

sz/ﬁv
fZB\/§

(4)

In the above equation, f has a constant value according
to the indenter. Traditionally, this parameter compensates
for the stiffness deviations caused by the asymmetry of
the pyramidal indenters. It should be noted that B is
dimensionless and is normally taken as 1 [33], hence =1
in the present study. Reduced modulus (E;) shows that
the measured displacement is a combination of both
indenter and sample. Given that, the elastic modulus of
the sample (E) can be calculated using the Poisson’s ratio
of the sample (v), modulus of the indenter (Ei), and
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Poisson’s ratio of the indenter (vi). The effective elastic
modulus is as shown in Equation. (5):

1 _l—v2

1—v;? 5
_ 4 ; 5)
E E E,

Diamond indenter has E; = 1140 GPa and vi= 0.07. The
Poisson’s ratio of the sample must come from tests on the
bulk material or an estimation.

3. RESULTS AND DISCUSSION

In the layered composite structure, CYSZ provides
toughness and shock resistance on the working surface,
and YSZ works as a support. Given the lower price of
CYSZ, it can be concluded that this change can also have
cost-reduction effects. Figure 5 represents the SEM
image of the composite sample as well as the analysis of
the elements contained in it. Porosity, which can be seen
as the black areas in the image, is formed between the
splats during spraying but the vertical cracks are mainly
caused by shrinkage after the spraying process [37]. The
amounts of Y are 5 % in the upper layer and 1.2 % in the
lower layer, which decreased by 76 %. In addition, Zr
decreased from 71.3 % to 57.5 %, which is a 19.4 %
decrease. This difference is fully evident in Figure 6. In
the analysis of the YSZ layer, the amount of Y is only
5 %; however, in the CYSZ layer, the sum of Ce and Y
values is equal to 21.3 %.

To check the mechanical properties of the four
produced nozzles, the cross-section of each sample was
mounted. The indentation effect is smaller than the
structural defects such as pores in the coating. In this
study, nanoindentation tests were repeated five times,
and the average of the obtained results was taken into
account (Table 3).

Consideration of the number of repetitions is necessary
because the ceramic samples produced by the plasma
spraying method have inherently various structural
defects and consequently, the properties and microscopic
behavior of the material are slightly different at various points.
The obtained results are listed in Table 3. In these
samples, the largest diameter and depth of the notch were
related to the nanostructured YSZ sample, and the

Table 3. Hardness and depth of the notch for 100g load

composite, CYSZ, and conventional YSZ samples are in
the next ranks. These opposite results were obtained for
hardness. According to the findings, the nano-
structuration of YSZ would cause extensive changes in
properties. A thorough examination of the
microstructures shows that in the nano-structured
samples, porosities are more uniformly distributed, some
of which are present in the nano zones. In these coatings,
16.2 % of the area belongs to nano zones.

Spectrum 1

[i=] Spectrum 1
Wt% o
Zr 515 05
Ce 201 03
194 03
Spectrum 2 18 03

12 04

Figure 5. Percentage of elements in the exposed areas in the
double-layer composite sample

d” (at P=100 g) (um)

HV (kgf/mm?) h™ (um)

T T2 T3 T4 5  Av. Tl

T3 T4 T5 Av. T1 T2 T3 T4 T5 Aw

YSz 122 127 126 119 125 124 125 115

CySz 138 139 142 139 141 14 9.7
YSZ-N  20.2 21 127 198 127 173 45
C-YN 132 196 182 161 147 164 106

117 131 119 121 25 26 25 24 25 25
9.2 9.6 9.3 95 28 28 29 28 28 28
115 47 115 62 41 42 26 4 26 35
5.6 7.2 8.6 69 27 4 37 33 3 3.3

* Average diameter of the pyramid indenter
** Penetration depth
*** Test number 1
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250um

Figure 6. Distribution of elements in each layer of the double-
layer composite sample

Nano zones consist of a large number of nanoparticles
in nano dimensions that are uniformly distributed.
Figure 7 shows the nano zones with high magnification
and based on the particle size in this area, it can be
concluded that particles will remain nano-structured
during the deposition process.

This necessity exists in nanostructure andcomposite
samples with greater intensity. Some samples were also
mounted at about 45° angle to check whether there was a
difference in the properties of the material in the planes
that were angled compared to the perpendicular ones.

Further investigations show that the average results do
not differ much in different planes but similar to the
vertical plane, the results are slightly different in different
locations.

The first investigation was carried out by applying a
100 g load on samples and checking the hardness and
depth of the indentation.

N .
f= \ N
g A 2 \ S oou

R REE TACEANY

SRR VRN G,

i /f:g( T ,,rfd/ ‘fﬁ 7\
£ { SR )

~ ¥

SR VR %
s X
4/\

G ‘r‘"".}A el i 3 Zan Al

Figure 7. Nano zones with high magnification

As illustrated in the above pictures, large porosities are
not observed in these areas (unlike the conventional
type). In addition, these areas reduced the brittleness of
the structure by creating a barrier against crack growth.
As observed in Figure 8, many cracks in the structure stop
or change their direction upon reaching the nano regions.

To create nano zones, the spraying parameters must be
carefully adjusted at the time of layer deposition. As a
result, a part of the nano-powders will be melted while
the rest will remain unmelted. In the case of more
melting, there is a narrow range where the nanostructure
will be destroyed, and the coating will be micro-
structured. On the contrary, in case few particles are
melted, the connection and integrity of the coating will
not be well formed. The adjusted parameters for the
powders of this study are given in Table 2. The proper
distribution of these particles on the coating surface
causes makes final product gain more structural strength
and less brittleness in addition to having the properties of
conventional YSZ coatings.

The main elements in the microstructure of each
sample are:

e YSZ: The porosities and cracks are distributed in
the structure but porosities play the main role in its
performance. Among all four samples in this study,
the highest porosity is related to this material (Table
4).

e CYSZ: This coating has a denser structure
containing porosities with smaller dimensions and
better distribution; however, the number of these
structural cracks are more than that of YSZ that play
the main role in its performance.

e YSZ-N: The main factor causing differences in the
performance of this material is the nano zones that
in turn create a more uniform microstructure.
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nozzle
outer
surface l

depositioning path

; mandrel

surface

Figure 8. Cross-sectional SEM image of the four samples

e C-YN: The layer boundary plays the main role in
this sample. The presence of this element controls
the cracks and any damages. If a crack grows in a
double-layer structure from the outer surface along
the thickness, it will be stopped/weakened after
reaching the layer boundary. Figure 8 demonstrates
some cracks that stop after reaching the layer
boundary.

In all samples, porosities are almost uniformly
distributed (Figure 8) and according to Table 4, the
amount of porosity has a direct relationship with the
hardness. A comparison of the porosity of both YSZ and
YSZ-N shows that they are of the same material that fully
explains the importance of this parameter.

Table 4. Porosity and hardness of all samples [38,39]

HV (kgf/mm?) Porosity (%)
YSz 121 18.44
Cysz 9.5 14.24
YSZ-N 6.2 9.61
C-YN 6.9 11.92*

*average value of YSZ-N and C-YN

Figure 9 shows the change of the effect of applying
different loads on the sample surface. In case the indenter
is placed inside the material, plastic and elastic
deformations will happen and after exiting the indenter,
the elastic deformation will be removed (Figure 10). Due to the structural defects, the created notch is not

Figure 9. Changing the effect of the indenter by increasing the
load
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exactly symmetrical, and its dimensions are slightly
different.

During
loading

After
unloading / \
Elastic deformation

Figure 10. Schematic representation of elastic and plastic
deformations during the nanoindentation process

In the ceramic samples, due to the brittleness and
complexity of making the tensile test sample, it is
practically difficult to measure the elastic modulus by the
conventional methods; therefore, alternative methods
such as the nanoindentation test are used. For this
purpose, followed by applying a load and creating a notch
in the material and then removing the load and checking
the final notch, the elastic modulus can be determined.
Table 5 presents the test results during loading and
unloading. Figure 11 illustrates the graph of four tested
samples. According to the obtained results and
calculation of the elastic modulus based on the theoretical
background relations, the reduced and elastic moduli of the
samples are given in Table 6.

Table 5. Changing the depth of the notch during the loading and unloading stages

‘& CYSZ YSZ-N C-YN
h (um) h (um) h (um) h (um)
P@ L* uL** P L UL P L UL P L UL
0 0 6.9 0 0 8.1 0 0 9.5 0 0 9.2
100 25 8.4 100 2.8 9.3 100 35 11.4 100 3.3 10.6
200 5.1 9.1 200 5.4 10 200 6.6 12.6 200 6.3 11.6
300 7.1 9.7 300 7.4 10.5 300 9.3 13.4 300 8.8 12.2
400 8.6 10.1 400 9.2 10.9 400 11.7 13.9 400 10.8 12.8
500 10.1 10.4 500 11 11.2 500 13.6 14.1 500 12.7 13.1
500 10.4 500 11.2 500 14.1 500 13.1
*: Loading **:Unloading
P-h On the one hand, there is a nanostructured layer with

600
YSZ CYSZ YSZ-N C-YN

16

h (um)

—SZ-L =YSZ-U CYSZ-L CYsz-u
YN-L oe YN-U oo C-YN- | e C-YN-U

Figure 11. Loading and unloading curve

Table 6. Reduced elastic modulus (Er) and elastic modulus (E)

YSz CYsz YSZ-N C-YN
E: (GPa) 122.3 104.2 133.2 91.7
E (GPa) 130.3 107.4 1435 94

proper distribution and nano zones, which shows
extraordinary characteristics. On the other hand, there is
a CYSZ layer with a denser structure and more structural
cracks. Despite the lowest L, length of CYSZ (a region
where under a constant load, h advances slightly) in the
graphs illustrated in Figure 11, the nanostructured and
composite samples have the highest L. In the
nanostructure sample, the nano zones provide the context
for more deformation in this area due to the structural order
and integrity as well as lack of obstacles to deformation. In
the composite sample, the presence of the layer boundary
causes deformation because the layer boundary has less
structural integrity, hence vulnerable to loads.

Based on the results, nano-structuring of YSZ
enhances the elastic modulus up to about 10 %. Of note,
the double-layer structure has a much lower modulus due
to its layered structure and difference in the properties of
the two layers. The calculated results are comparable
with other references that are mainly in the range of 50
GPa-250 GPa [40-45].

The XRD test results reveal that the monoclinic
zirconia phase is presented in all samples before
spraying.

After depositioning, this phase disappears, and only a
limited amount in YSZ will remain due to its
transformation into a non-convertible tetragonal phase.
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In YSZ, the wide peaks are attributed to the incorporation
of some Zirconium Oxide (c) and Yttrium Zirconium
Oxide (t) peaks near each other.

According to the Rietveld analysis, the most important
phase of the YSZ is tetragonal Yttrium Zirconium Oxide
(Figure. 12 and Table 7) formed as a result of the high
cooling rate of the molten droplets during depositioning.
The wide peaks in 26 about 35°, 60°, 75°, 82°, and 85° is
the proof of the formation of tetragonal Yttrium
Zirconium Oxide. In YSZ, tetragonal ZrO, peaks cannot
be identified but cubic ZrO; peaks are detected, which the
reason is why the number of the peaks of this material is
higher than those of other samples.

¥sz O Zirconium Oxide Cubic

O Yttrium Zirconium Oxide
* Zirconium Oxide Monoclinic

—-F

— BC

500 o

!

@u

- \ U
® ‘] I 5 u Py
AL 0

10 20 30 a0 50 2 70 8 90
Position [*2Theta] (Copper (Cul}

Figure 12. YSZ XRD test results

Table 7. Properties and percentage of phases in XRD results (based on the Rietveld analysis)

Unit Cell Parameters Materials

Crystal System a ¢ cla Volume™ YSZ CYSz C-YN
Zirconium Oxide (c) Cubic 5175 5175 1 138.581 30.8 % 16.5 % 21.8%
Zirconium Oxide (t) Tetragonal 3.641 5.218 1.433 69.189 - 81.5% 27.8%
Zirconium Oxide (m) Monoclinic 5.210 5.370 1.03 145.16 0.7 % - -
Yttrium Zirconium Oxide Tetragonal 3.613 5.162 1.429 67.482 68.5 % 0.4 % 47 %
Cerium Cubic 5161  5.161 1 137.468 - 1.6 % 34%
10”2 pm 106 pm”3

Both CYSZ and C-YN contain a small amount of - ;

Cerium with a cubic structure because the weight 2 ) S e
percentage of CeO, decreases due to its vaporization in 0 o
the plasma area. In addition, the tetragonal phases in
these samples do not have any shift because their unit cell o
volume is much smaller (about half) than that of other ‘ f
phases. In the presence of Ce, cubic ZrO, has a left phase \ ‘l E]”
shift in smaller 26 and a right shift in greater 20 resulting | B 7. " &
from the residual stress during depositioning and rapid | ] s 0 e, e @B
cooling. The main phase of the CYSZ is ZrO; (t) (Figure. . 100, WO | 9.0 1 - (LW, X

13), and its intensity is less than that of other phases with
the highest number of peaks. YSZ sample contains only
cubic zirconia but the samples containing CYSZ contain
tetragonal ZrO; peaks due to the stability of the phases
with CeO,. In CYSZ, a slight phase transition from
monoclinic to tetragonal increases the thermal shock
resistance. The main crystal system of all samples is
tetragonal while the cubic ZrO; is still visible (Fig. 14).
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Figure 13. CYSZ XRD test results

Figure 14. C-YN XRD test results

A comparison of the graphs shows that due to the
higher volume fraction of the ZrO; (c) phase, the peaks
in both YSZ and CYSZ are more intense than those of
their counterparts. However, the presence of ZrO; (t)
causes wider peaks in CYSZ and C-YN and in the CYSZ,
where this phase is about 81.5 %, the phases are in a
wider state with lower intensity and higher number of
peaks.

The results from Raman analysis (Figure 15) confirm the
formation of the tetragonal phase in the samples. In this
figure, CYSZ, which has the highest degree of tetragonal
phase, has the most intense peaks while on the opposite side,
YSZ has the least intense peaks. In YSZ and at Raman shift
1000 (CmY), a wide peak is observed, confirming the higher
percentage of cubic structure in this material; however, this
peak is very weak in other samples.
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Figure 15. Raman spectroscopy results

4. CONCLUSION

Ceramic nozzles, in many cases, do not bear
mechanical loads and are only responsible for controlling
the flow. They do not need a metallic substrate and
therefore, they can be used separately. In this study, YSZ
conical nozzle is considered as the base sample for which
three alternatives are designed. CYSZ is cheaper than its
counterparts and is characterized by some properties such
as better shock resistance. Nanostructured YSZ exhibits
improved performance due to its more uniform structure
and presence of nano zones, and the double-layer
composite sample provides a combination of the
aforementioned properties. These four samples were
created through the PSF method, and their elastic
modulus and hardness were determined using
nanoindentation. The results showed that the
nanostructured YSZ had the lowest hardness and highest
elastic modulus. On the contrary, the composite sample
had the lowest elastic modulus, and the YSZ sample had
the highest degree of hardness.
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ARTICLE INFO ABSTRACT

Article History: Flutter is an example of an aero-elastic phenomena that involves analyzing the interaction between elastic
and aerodynamic forces, both static and dynamic. This study examined the effects of the stacking of

Received 03 March 2023 polymer and aluminum layers on the modal frequency, drop weight impact, and tensile characteristics of

Received in revised form 29 May 2023 polymeric composites and Fiber Metal Laminates (FMLs) incorporating carbon fibers. In this study,

Accepted 12 June 2023 Carbon Fiber Reinforced Plastic (CFRP) laminates were used in the FML composite specimen. Based on

a hand-lay-up method, 20 layers of carbon fiber prepregs were used to fabricate the specimen, i.e.,
Al/ACFRP/AI (Al2C1) and then, AlI/ACFRP/AI/ACFRP/AI (AI3C2) fiber metal laminates with two stacking

Keywords: arrangements were made. The surfaces of the aluminum sheets were treated through an anodizing method

to improve the adhesion between aluminum and polymer layers. The fracture surface of the specimen was
Fiber Metal Laminates investigated using Optical Microscopy (OM) and Scanning Electron Microscopy (SEM). The mechanical
Carbon Fibers properties along with the vibration behavior of specimen were also studied accordingly. The results showed

Surface Treatment

Flutter In Composites that AI3C2 had the greatest values of the required frequency for vibration and lowest stress brought on by

vibration, with 0.0008 MPa for the initial state. Additionally, the FML sample demonstrated a higher
frequency and less stress from vibration than the CFRP specimen with the same thickness. According to
the findings of the impact tests, CFRP and AI3C2 had the lowest (210 KIm) and the highest (960 KJm?)
values, respectively. However, due to the lower weight of AI2C1 than that of AI3C2, the specific absorbed
energy value of the former was higher (4.7 Jm?kg?) than that of the latter (2.3 Jm*kg™). In tensile testing,
AI3C2 was characterized by the best tensile properties (i.e., yield strength of 580 MPa and ultimate tensile
strength of 897 MPa) compared to other samples. The current study demonstrated that compared to other
specimen, AI3C2 possessed the least potential to flutter occurrence in a possible real situation.
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1. INTRODUCTION utilize polymer-based composites which are a significant
form of composites in general. In recent years, metal
Aerospace, shipbuilding, and automobile industries all sheets have been replaced by polymer composites due to
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their great mechanical strength, low cost, and outstanding
corrosion and chemical resistance [1]. Fiber Metal
Laminates (FMLs) composites are a new kind of
polymer-based composites made of sheet metal and
fiber-reinforced polymer composites. Various types of
FML have been developed to date to reduce the weight
of products so as to replace aluminum alloys with the
FML composites in automotive and other relative
applications [2]. FML composites have facilitated the
production of materials with acceptable mechanical and
physical properties thanks to their strong impact
resistance, convenient repair conditions, high fatigue
resistance, low density, and reaso nably excellent
stiffness [3]. Aluminum, titanium, magnesium, and steel
alloys are suitable candidates for the metal layer in FML
[3,4]. In addition to its affordable costs in comparison to
other choices, aluminum also has good mechanical and
chemical qualities [5]. FML composites employ many
aluminum alloy grades including 2024 and 7075. The
excellent mechanical qualities of these types of alloys
such as their high fracture toughness, strong strength, and
inexpensive cost have made them a popular and
interesting option in a wide range of applications in FML
composites [4,6]. To ensure the greatest functioning of
the finished components, a strong mechanical link
between these layers must be maintained. The
mechanical characteristics of the finished composites are
improved by a higher degree of adhesion between the
layers of the composite and metal sheet.

A number of techniques can be used to improve the
adhesion among the composite layers such as providing
the mechanical connections (such as bolts and nuts) and
using the bonding agents (such as binders), to name a
few. It should be noted that the surface modification of
aluminum (as metal sheet) is also necessary sometimes
and in this regard, surface modification techniques using
chemicals, electrochemistry, and mechanics can be
useful [2]. Abdullah et al. [7] investigated the composites
consisting of woven fibers of glass and polypropylene
resin and aluminum sheets under high-speed impact
experiments. Based on the test results and an analytical
method, they concluded that the energy required to break
the specimen in GLARE was higher than that needed for
a multi-layer aluminum sheet.

Sadighi et al. [8] investigated the effect of the number
and arrangement of fibers and aluminum layers on the
FML composite properties. They discovered that the
samples with more layers of aluminum exhibited higher
impact resistance than those with more layers of polymer.
They further evaluated the impact resistance of the
multilayer fiber-metal composites made of different
metals with various thickness values under low-speed
impacts. They discovered that increasing the thickness of
the aluminum layer improved the performance of the
composite under impact and increased the mass of the
layer. Therefore, it can be suitably used in cases that do
not require lightweight components only. In the current

work, FML composites with various configurations of
aluminum sheets and polymer composites were used to
evaluate their vibration, tensile, and impact
characteristics and factors controlling these qualities.
Another noteworthy advantage of the FMLs is that their
mechanical characteristics can be easily modified to meet
some particular requirements by altering the direction,
thickness, and number of layers in the composite. The
components that make up FML each have unique
qualities that interact to produce a complicated pattern of
the mechanical failure behavior (metal layers are pliable
while the composite layers are brittle). laccarino et al. [9]
found that the bending properties of Carbon Fiber
Reinforced Aluminum Laminates (CARALLS) were
dependent on the bond between the composite sheet and
aluminum layers while the tensile properties were not
affected. Poor bonding can reduce the interlayer shear
strength by about 10 times.

They also discovered that despite a minor reduction in
the strong bonded specimen, the bond strength had no
effect on the residual strength of a slit specimen. In order
to determine the stress-strain curve, residual strain in
relation to a particular stress level, and stress-shear curve,
they did some experiments on the FMLs. Based on a
comparison between the numerical data and experimental
results, they proposed a modified classical lamination
model. Although the results did not match their
predictions in all cases of failure, they were successful in
developing a reasonable model overall.

Dhaliwal and Newaz [10] studied the effect of the
position of the metal layers on the stacking materials and
then, they produced and tested some CARALL
specimens using carbon fiber laminates as the outer
layers. The regular CARALL, which featured aluminum
laminates as the outer layers, was compared to their
laminates and the bending behavior they exhibited, and it
was discovered that the former had more strength than
the latter.

The impact behavior of the fiber metal sheets has been
thoroughly studied in recent years. Abdullah and
Cantwell [7] studied the impact behavior of the glass
fiber-reinforced polypropylene FML and found that FML
offered excellent impact resistance under low-to-high
velocity loads. Their findings showed that the FMLs
absorbed energy through plastic deformation in
aluminum and micro-cracks in composite layers [11].

The improved mechanical characteristics are provided
by manufacturing the aluminum-reinforced epoxy
composites using the compression molding process.
FMLs are hybrid concepts for wind turbines, boats, and
marine components in addition to the aerospace sector.
Bonding of thin metal sheets to the fiber-reinforced
polymer composites without adhesive layers or other
adhesive layers forms the basis of the FMLs mainly
because the fracture toughness of the metal/composite
joint surface increases followed by preparation of a
suitable metal surface, such as anodizing and priming
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with a corrosion inhibitor. The unique characteristics of
the FMLs include fatigue, corrosion, and impact
resistance [12]. Layering on the metal or composite
surface, however, is crucial that has a detrimental impact
on the strength characteristics. The weakest feature of the
FMLs is the fracture toughness of a metal/composite
contact. The impact and fatigue are two common external
stress events that make the metal/composite contact
break in the FMLs.

Nazari et al. [13] compared the vibrational properties
of the cylindrical FML specimens containing glass fibers
and aluminum sheets with epoxy and polymer
composites containing glass fibers numerically and
experimentally. According to their observations, the
amount of natural frequency in all frequency numbers for
the FML sample is higher than that of the polymer
composite, which is in line with the results obtained in
this study.

Khalili et al. [14] carried out torsional vibration test on
two samples of polymer composite and FML at different
temperatures. They found that the frequency required to
vibrate the FML sample at different temperatures was
higher than that needed for the polymer composite. They
also reported that as the temperature increased, the
frequency of both the polymer and FML composite
samples increased as well.

The current study aims to investigate the effect of the
anodized aluminum sheet on the mechanical properties of
the manufactured FML composite specimen. In addition
to the mechanical performance, the vibrational behavior
of the specimen was studied in order to determine
whether or not they were prone to flutter phenomena.

2. MATERIALS AND METHODS

2.1. Materials

In the present study, in order to manufacture the desired
FML composites, a particular type of CFRP was used
(RC200-carbon pre-impregnated with epoxy resin), with
each layer 25 mm thick. Tablel lists the physical and
mechanical properties of carbon precoated fabric with
epoxy resin.

TABLE 1. Properties of carbon pre-coated fabric with epoxy
resin [15]

Properties Quantity
Coefficient of Thermal Expansion (106 K1) 21
Density (g/cm®) 1.6
Compressive Strength (MPa) 570
Shear Strength (MPa) 90
Shear Modulus (GPa) 5
Young’s Modulus (GPa) 70
Ultimate Tensile Strain (%) 0.85
Ultimate Compressive Strain (%) 0.8

In order to prepare the FML composite metal sheet
[16], aluminum sheets with the thickness of 2 mm were
used. Then, XRF chemical analysis was done to evaluate
the accuracy of the purchased aluminum sheet. Table 2
shows the chemical composition of the purchased
aluminum sheets using XRF.

TABLE 2. Chemical composition of aluminum sheets 2024-T3

Element wt. %
Al 93.954
Cu 3.546
Mg 1.696
Mn 0.437
Si 0.203
Cr 0.119
Ti 0.024
\ 0.021

Table 3 shows the physical and mechanical properties
of 2024-T3 aluminum. Epoxy resin provides excellent
chemical resistance to corrosion against a wide range of
organic and inorganic acids [17], alkalis, oxidizing
chemicals, and salts and offers good mechanical
properties.

TABLE 3. Physical and mechanical properties of 2024-T3
aluminum [18]

Properties Quantity
Coefficient of Thermal Expansion (106 K1) 226
Density (g/cmd) 2.78
Thickness (mm) 2
Tensile Strength (MPa) 469
Young’s Moduls (GPa) 73.1
Ultimate Tensile Strain (GPa) 0.2

2.2. Electrochemical Preparation of 2024-T3
Aluminum Surface

In the anodizing method, the surface was first placed
in a 5.1 % by weight solution of sodium hydroxide at
60 °C for two minutes to remove the weak oxide layer
and possible scratches. Then, in order to deoxidize the
surface, the sample was placed in an aqueous solution
containing a few drops of 66 % by weight nitric acid for
five minutes. After preparing the aluminum sheet, the
sample was anodized in 3.0 % by weight solution at
55 °C with a constant flow of 7.0 A/dm? for 45 minutes.

2.3. Fabrication of Polymer Composite and FML

In order to determine how the arrangement of the
polymer composite and the aluminum sheet would affect
the vibration, impact, and tensile characteristics of these
composites, the samples were created in accordance with
Table 4.

First, a manual layering technique was employed to
make all three samples of CFRP, Al2C1, and AI3C2 and
create the composites. The samples were then placed in a


https://doi.org/10.30501/acp.2023.388186.1122

K. Kolahgar Azari et. al. / Advanced Ceramics Progress: Vol. 9, No. 2, (Spring 2023) 36-44 39

specific mold under 2 kPa of pressure and heated up to
200 °C for baking operations and generating a strong
connection between the layers for 40 minutes in order to
bake and reach maximum strength.

TABLE 4. Properties of polymer and FML composite samples

Sample AI2024  CFRP
Code Layers  Layers

Lamination

20 layers of carbon fiber pre-
impregnated as a polymer
composite

4 layers of carbon fibers with a
thickness of 1 mm as a polymer
composite in the middle of 2
aluminum sheets with a
thickness of 2 mm

2 layers of the polymer
composite containing 4 layers of
carbon fiber with the thickness
of 1 mm among 3 layers of
aluminum sheet with the
thickness of 2 mm

CFRP 0 1

Al2C1 2 1

AI3C2 3 2

2.4. Mechanical Testing

Dynamic vibration, impact, and static tensile tests with
the reliability coefficient of 3 for each sample were done
as the related mechanical tests in this study. A changing
excitation point and an accelerometer were taken into
consideration on a fixed location during the vibration
test. Signals for stimulation and reaction were measured
and delivered to the two channels installed on the
analyzer. The frequency response function was
determined by eye examination in accordance with the
resonance peaks in the frequency response on the
analyzer monitor. Based on the Hounsfield H25KS
traction device and the 3039D standard, the tensile
behavior of the samples was examined. A force-
displacement diagram was obtained as a result of the
tensile test, which was carried out at the loading speed of
5 mm/min.

The impact device (manufactured by Iran University of
Science and Technology) and the standard 7136 ASTM D
were utilized to investigate the impact properties of the
manufactured samples. The square-shaped specimen as
the target was 10x10 cm? in size, which was hit by a steel
sphere with the mass of 5.9 kg and a tip which was
hemispherical in shape with the diameter of 1 cm falling
from a height of 47 cm at the speed of 3 m/s. Another set
of samples were subjected to a single shear stress test
using a Hansfield H25KS machine and the
ASTM D 1002-01 [13] standard. The samples were
loaded at the strain rate of 2 mm/min. Shear-
displacement data was recorded on a computer connected
to the test device, and the force was divided by the initial
area of the joint to calculate the shear stress. It should be
mentioned that each test was carried out on the
comparable samples at least three times in order to

demonstrate the repeatability of the results, and the final
results are an average of the output data.

2.5. Microscopic Studies

Meiji Techno IM 7200 light microscope was used to
investigate the joint chapter as well as the failure
interface of the composite samples and study the failure
mechanism. Scanning Electron Microscopy (SEM) of
VEGA\TESCAN-LMU model was also used to study the
surface of the modified aluminum and fracture interface
of the samples.

3. RESULTS AND DISSCUSSION

3.1. Assessing the Aluminum Sheet's Surface
Condition

In order to assess the effect of surface treatment, a SEM
microscope was utilized. The microscopic pictures of the
aluminum surface before (a) and after (b) surface
modification are shown in Figure 1.

Figure 1. Microscopic image of a) the unmodified aluminum
surface and b) anodized aluminum surface
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Surface modification increases the specific contact
surface between the aluminum and polymer, creates
cavities on the aluminum surface where the polymer
easily penetrates, makes a mechanical bonding between
the composite of aluminum and polymer, and enhances
the adhesion of the epoxy layer to the aluminum surface.
The mechanical qualities would probably be better owing
to the improvement in the load transmission between the
layers.

3.2. Vibration Test Results

Vibration tests were carried out on all three samples
CFRP, AI2C1, and AI3C2, and the first five natural
frequencies were recorded by the device. Tables 5 and 6
show the frequencies obtained by the vibration test and
the stresses obtained from these frequencies for all three
samples, respectively.

All three samples, CFRP, AI2C1, and AI3C2,
underwent vibration testing, and a device was used to
capture the first five natural frequencies. Tables 5 and 6
list the frequencies for each of the three samples that were
determined through the vibration test and the stresses
determined from these frequencies. In Table 6, the initial
frequency of the AI3C2 sample is 257 Hz, which is
110 % and 233 % higher than the frequencies of the
AlI2C1 and CFRP samples, respectively. The frequency
of the Al2C1 sample was 122 Hz at the same frequency,
which is 58 % higher than the frequency of the CFRP
sample. As a result, less vibration occurs in the desired
portion when FML composites are used instead of
polymer composites. Additionally, a significant increase
in the natural frequency is observed in the AI2C1 sample,
compared to the AI3C2 sample. In this regard, the
improvement in the vibrational properties can be
attributed to an increase in the number of hybrid
composite layers.

TABLE 5. The first five frequencies of polymer composite and
FML (in Hz, with a telorance of £ 5 %)

Samples  Mod1 Mod2 Mod3 Mod4 Mod5
CFRP 77 129 154 188 272
Al2C1 122 157 189 249 341
AI3C2 257 322 378 394 443

TABLE 6. Maximum amount of stress equivalent to Von
misses in the first five frequencies (in MPa, with a telorance of
+50%)

Samples Modl Mod2 Mod3 Mod4 Mod5
CFRP  0.2245 0.1112 1.12 0.1132  0.0201
Al2C1  0.002 0.0074 0.0014 0.0012 0.0009
AI3C2  0.0008 0.0006 0.0002 0.00009 0.00004

The percentage difference between the fifth frequency
of the AI3C2 sample (443 Hz) and the fifth frequencies
of the AI2C1 sample and the CFRP sample, respectively,
diminishes as the frequencies increased. In general, it can

be concluded that the AI3C2 sample has a higher
frequency for all five desirable states than the other two
samples, which ultimately lowers the vibration.

According to Table 5, the highest stress from the first
frequency for the AI3C2 sample is around 0.0008 MPa,
which is 100 % and 60 % lower than the values for the
CFRP and AI2C1 samples, respectively. Low stresses
lengthen the useful life of the part and boost the number
of fatigue cycles, hence less worries about the flutter
phenomena in components made from FML composites.
It seems that the reduction in the frequency stress results
from adding more FML composite layers. Additionally,
using FML composites instead of polymer composites
reduces the likelihood of fatigue failure because the
maximum stress of AI2C1 (0.002 MPa) is nearly 99 %
lower than that of CFRP.

Contrary to frequency, the level of stress rises as the
number of frequencies grows. The frequency differences
between the samples cause an increase in the maximum
stress differential. For instance, the AI3C2 sample has a
maximum stress of 0.00004 MPa at the fifth frequency,
which is 101 and 95 % lower than the maximum stresses
of the CFRP and AI2C1 samples, respectively.

3.3. Impact Test Results

The impact test results for the CFRP, Al2C1, and
AI3C2 samples are shown in Figure 2. The energy
absorption rate for the CFRP sample is 210 KJ/m?, which
is 300 % less than the 850 KJ/m? for the AI2C1 sample
and 350 % less than the 960 KJ/m? for the AI3C2 sample.
This might be justified by the metal layers of the Al2C1
and AI3C2 samples. The existence of an additional
aluminum layer and its impact on strengthening the entire
system account for the difference between the two AI2C1
and AI3C2 samples.

b
(=
(=]

1000

[e]

[==]

o
w
o)
(=]

(3]
Y
(=]

LI

W

Dk
Tk

Impact strength (KJ/m?)

CFRP Al2C1 Al3C2
samples

Figure 2. Adsorbed energy in the impact test

The interface of fiber breakdown in the CFRP and
AI2C1 samples is depicted in Figure 3. As seen in
Figure 3a, debonding of the fibers from the resin results
from the failure brought on by impact on the composite
sample. Additionally, Optical Microscope images were
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taken which are shown in Figure 4. As illustrated in
Figure 4a, CFRP sample demonstrated a significant
distortion in layers after the impact. Due to the absence
of a rigid layer, the structure endured a significant
amount of strain prior to failure but showed little
delamination. Figure 4b shows debonding of Al2C1
sample after the impact. The force concentration on
bonding surface is high, consequently, delamination
occurs.

a
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Figure 3. SEM images of the fiber breakdown surface of
a) CFRP and b) Al2C1

However, in Figure 3b, the epoxy resin sustains less
damage than the CFRP specimen due to the relatively
even distribution of the applied load throughout the FML
layers. Therefore, the absorbed energy during the impact
test is greater for the AI2C1 sample.

Moreover, the FML composites can have an increased
amount of plastic deformation prior to any failure. This
in turn increases the energy absorption during the impact
test. The SEM image (figure 3a) and impact strength
diagram (figure 2) demonstrate that the CFRP samples,
compared to their AI2C1 and AI3C2 counterparts, have a
substantial potential to fail catastrophic. The FML
specimen enjoy an improved and effective bonding
between the layers of the polymer composite and
aluminum  sheets. Since the enhanced surface
microstructure of aluminum sheet (Figure 1b), the
porosity of surface facilitates improved bonding strength
between layers in the FML composite.

The reason for the little discrepancy in the quantity of

energy absorbed by the AI2C1 and AI3C2 samples was
examined using the force-time diagram. The force-time
diagram for the impact test for the AI3C2 and Al2C1
samples is shown in Figure 5. Similar behavior is
observed in the diagram up until the A-zone, where it
reaches its maximum value. The AI3C2 composite has a
maximum applied force of 5840 N, which is 840 N more
than the maximum applied force on AI2C1 sample. In
contrast to Al2C1, AI3C2 requires more force to reach
the maximum zone (A-zone).
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Figure 4. Optical microscope images from side view a) CFRP
sample and b) Al2C1 sample after impact test

The graphs climb again to the local maximum value
(C-zone) after reaching their maximum value, and this
section of the graph (AC) shows how much impact
strength is still present in FML. After a significant
amount of time, the graph gradually reaches its minimum
at the D-zone.

Fan et al. [19] studied the absorbed energy from low
velocity impact in three different types of FML
composite laminates and three types of polymer
composite laminates. They noticed that the sample FMLs
had a higher rate of refractive energy absorption than
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polymer composites and that the perforation energy
increased as the layer thickness increased. Additionally,
increasing the composite layer thickness enhanced the
impact resistance, which is consistent with the findings
of the current study.
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Figure 5. Force-Time diagram of AI3C2 and AI2C1 layered
composites.

They further discovered that as the number of layers in
the FML samples increased, the rate of refractive energy
absorption decreased, primarily as a result of the growing
sample weight.

The specific energy absorption quantity is calculated
by dividing the weight unit by the energy per unit area.
As a result, the composite samples can absorb more
energy when their weight and thickness increase. The
quantity of specific absorbed energy for the CFRP,
Al2C1, and AI3C2 samples is shown in Figure 6.
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Figure 6. Specific adsorbed energy for 3 samples

According to Figure 6, FML samples have a greater
specific energy absorption rate than the polymer
composite samples. However, the specific energy

absorption (Jm?/kg) of the AI3C2 sample is about 30 %
lower than that of the AlI2C1 sample. Therefore, it can be
concluded that as the overall weight of the FML
composite increases, the amount of specific energy
absorbed decreases while increasing the number of
layers.

3.4. Tensile Test Results

Table 7 and Figure 7 show the effect of aluminum and
polymer composite arrangement on the tensile properties
of CFRP, AI2C1, and AI3C2 samples. The yield and final
strength values of the AI3C2 sample are 580 and 897
MPa, respectively (Table 7) which is 110 and 150 %
greater than those of the CFRP sample (274 and 357 MPa).
Additionally, the tensile and yield strength values of the
Al2C1 sample are 427 and 653 MPa, respectively, which
are 55 and 83 percent higher than those of the CFRP
polymer sample. The tensile modulus value of the CFRP
sample is 31 GPa, which is 62 % and 71 % lower than
those of the AI2C1 (50 GPa) and AI3C2 (53 GPa)
samples, respectively.

TABLE 7. Tensile properties of polymer and FML composites
(+5 MPa).

Yield Strength UltimateTensile  Young’s
Samples (Mpa) Strength Modulus
(MPa) (GPa)
CFRP 274 357 31
Al2C1 427 653 50
Al3C2 580 897 53
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Figure 7. Stress-strain diagram of the tensile test of CFRP,
AI2C1, and AI3C2 samples

Increasing the number of aluminum sheets in the FML
composite rises the yield strength value from 427 up to
580 MPa in the AI2C1 and AI3C2 samples, respectively.
The ultimate tensile strength follows the same pattern and
increases from 653 up to 897 MPa in AI2C1 and AI3C2,
respectively. Young’s modulus, however, does not
follow the previous pattern since the materials are
identical in type, hence little difference in the Young’s
modulus of the Al2C1 and AI3C2 specimen.
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The findings of the tensile test demonstrate that the
tensile properties are improved when the polymer
composite is converted to the FML version with the same
thickness. Additionally, the amount of tensile properties
increases upon increasing the thickness or the number of
layers of the FML composite.

Figure 8. Overall view of fractured sample a) CFRP and b)
AIlLC?2 after tensile test

4. CONCLUSIONS

This study evaluated the effects of 2024-T3 aluminum
sheets and carbon fiber-reinforced epoxy composite on
the vibration (free vibration), impact, and tensile
properties of polymer composite laminates combining
the two materials. The following remarks are the final
findings of this research:

1. The mechanical properties of the FML composite
increased upon increasing the bonding strength
between the components of the FML composite as
well as the porosity of the surface modification of
aluminum sheet through an electrochemical
technique (i.e., anodizing).

2. According to the results from the vibration tests, the
FML samples required a greater frequency to produce
vibration than the polymer composite samples. With
an increase in the number of polymer and aluminum
layers, the needed frequency and maximum stress in
the FML increased due to a decrease in the natural

vibration of the samples.

3. Inclusion of the metal layers in the composite may be
the reason why the FML samples absorb more energy
than polymer composite samples. The absorbed
energy would increase with an increase in the
polymer and aluminum layers. The energy absorption
rate for the CFRP sample was obtained as 210 KJ/m?,
300 % and 350 % less than that of the Al2C1
(850 KJ/m?) and AI3C2 (960 KJ/m?) samples,
respectively. Although the specificity of the FML
samples is greater than that of the polymer composite
samples, the specific energy absorption of the AI3C2
samples (3.6 Im?kg*) was about 30 % lower than that
of the AI2C1 samples (4.7 Jm?kg?), hence more
layers. The FML composite materials lowered the
amount of specific energy absorbed while causing
weight growth.

4, Compared to the raw polymer components, making
FML composite boosts all tensile parameters
including yield and final strength, modulus, and
tensile strain. In a similar vein, adding more layers
improved the tensile properties of the FML
composite. According to the data, the yield and final
strength values of the AI3C2 sample were calculated
as 580 and 897 MPa, respectively, which are 110 and
150 % greater than those of the CFRP sample
(274 and 357 MPa). Finally, the yield and tensile
strength values of the AI2C1 sample were 427 and
653 MPa, respectively, 55 % and 83 % greater than
those of the sample made of CFRP polymer.
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ARTICLE INFO ABSTRACT

Article History: Magnetic hyperthermia (MH) is a promising cancer treatment approach that utilizes magnetic nanoparticles
with unique properties such as higher penetration depth and precise thermal control that make them

Received 16 June 2023 effective for cancer treatment. In addition, the sensitivity of cancer cells to heat and role of magnetic

Received in revised form 19 July 2023 nanoparticles proved to be very effective in combined treatments. Here, CoFe,O, nanoparticles are

Accepted 30 July 2023 synthesized using a co-precipitation method under gas atmosphere during the synthesis process. The

characteristics and properties of the synthesized nanoparticles are investigated using XRD, FESEM, and
vibrating sample magnetometer (VSM) analyses. The XRD results confirm the formation of cobalt
nanoparticles. The FESEM investigations reveal that nanoparticles have uniform surface morphology and
spherical shape. The VSM results show that the CoFe,O4 nanoparticles possess superparamagnetic
Magnetic Nanoparticles properties as confirmed by FORC analysis. Under the gas atmosphere, saturation magnetization (Ms) and
CoFez04 ) coercivity (Hc) of the CoFe,O, nanoparticles are obtained as 41.5 emu/g and 34.1 Oe, respectively, while
gu’)e.r paramagnetic these values in the nanoparticles synthesized without the gas atmosphere are calculated as M, = 33.8 emu/g
pecific Absorption Rate . " . .

Magnetic Hyperthermia and H, = 42.3 Oe. The MH 01_‘ the CoFe,0, nanopartl_cle_s is measured by preparing concentrations of 1, 3,
Gas Atmosphere and 5 mg/ml of the nanoparticles under the magnetic field of 400 Oe at the frequency of 400 kHz. The
results show that the highest MH is achieved at the concentration of 3 mg/ml, and the specific loss power
(SLP) value is measured as 190.3 W/g. Overall, these findings confirm that the co-precipitation method is
an effective approach to the synthesis of biocompatible CoFe,O, nanoparticles which is in line with the
results from MTT analysis, having desirable properties for various applications, especially for MH.
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1. INTRODUCTION tissues [1,2]. It offers several advantages over other
treatment modalities that are listed in the following:

Hyperthermia can be classified into several types based higher penetration depth of alternating magnetic fields
on its heat source. Magnetic hyperthermia (MH) is a than other mechanisms (e.g., light or ultrasound) that
promising cancer treatment approach that uses magnetic allows access to deeper tissues, use of nanoparticles in a
nanoparticles as the sources of heat generation in tumor wide range of concentrations and their retention in the
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tumor site for repeated treatment sessions, size-
dependent magnetic properties that facilitate control and
tuning of the heating level, precise control of the
nanoparticle size, morphology, and surface modification
for different purposes including biocompatibility, ability
to provide chemical groups for attaching biological
molecules, and minimization of blood protein adsorption.
Application of magnetic nanoparticles for hyperthermia
cancer therapy is highly promising due to their excellent
temperature homogeneity [3-7]. Additionally, they can
be simultaneously used in combinatorial therapies. One
of these approaches is targeted drug delivery combined
with hyperthermia in which the drugs are attached to the
surface of nanoparticles as the carriers and delivered to
the target tissue [8,9]. A variety of cancer imaging
techniques and nano-platforms have been recently used
for cancer diagnosis in order to monitor treatment [10,11].

In recent years, different methods have been developed
for cancer treatment. These methods are classified into
two categories: a) traditional methods such as surgery,
chemotherapy, and radiation therapy, and b) advanced
methods such as gene therapy, hormone therapy,
photodynamic therapy, and hyperthermia therapy (or
thermal therapy) [12-14]. In medical science,
hyperthermia therapy is referred to as a cancer treatment
method in which cancerous tissues are exposed to a
temperature increase above the physiological body
temperature (37 °C) up to about 6-8 °C. One of the
prominent features of the cancer cells, compared to the
healthy ones, is their sensitivity and vulnerability to heat,
and a temperature increase of more than 6 °C can
completely destroy them [15-18]. The sensitivity of the
cancer cells to heat results from lack of oxygen caused by
poor blood flow in the tumor area. Healthy cells can
organize blood flow and dissipate excess heat through the
vascular network around them in the convection and
diffusion phenomenon while the cancer cells have less
ability to expand the vascular network. As a result, blood
flow decreases and the tissue becomes overheated (more
than 42 °C). In addition, the survival of the tumor cells
significantly decreases in the range of 41-47 °C while the
healthy cells are hardly affected by this temperature
increase [15,16,19].

Due to their small size or high surface area,
nanomaterials, especially those with sizes ranging from 1
to 100 nanometers, are characterized by unique optical,
electrical, catalytic, thermal, and magnetic properties
[20-28]. Magnetic nanoparticles have been used in a wide
range of applications because they can be easily
separated under an external magnetic field and designed
for various purposes such as the advanced material
synthesis, magnetic enhancement imaging, and
controlled heat imaging [29-31]. Generally, magnetic
nanoparticles are composed of magnetic elements such as
iron, cobalt, nickel, and their chemical compounds.
Among various types of the magnetic nanoparticles,
ferrite nanoparticles with superparamagnetic properties

have been frequently referred to as the efficient magnetic
nanomaterials that are suitable for various applications
[6,31-33]. Ferrite nanoparticles have interesting
properties such as non-toxicity, biocompatibility,
chemical stability, and high magnetic reversibility
[34-37]. Cobalt ferrite nanoparticles have a high potential
for targeted drug delivery and MRI and for this reason,
they have received considerable attention in recent
decades. Owing to their attractive magnetic properties,
cobalt ferrite nanoparticles have high potential in MH
therapy [31,38-40].

Magnetic nanoparticles can be synthesized by physical
and chemical methods among which, the co-precipitation
method is one of the cost-effective and simple methods.
As a disadvantage, some materials in the synthesis
through this method do not have uniform quality. One of
the ways to control uniformity and proper morphology in
the synthesis based on co-precipitation method is to use
argon and hydrogen atmosphere that removes excessive
oxygen and impurities during the synthesis [41-44].
However, the significant role of the MH properties of
cobalt ferrite nanoparticles synthesized by a co-
precipitation method under the gas atmosphere has been
still neglected.

In this study, the prepared sample was first converted
into a stable nanoparticle suspension with a specific
concentration. Then, the sample was placed in a MH
measurement device where an alternating magnetic field
with a specific intensity and frequency was applied, and
the temperature increase of the nanoparticle suspension
was measured and recorded for one minute. The value of
specific loss power (SLP), which indicates the amount of
the MH of the nanoparticles in the presence of the
magnetic field, was calculated using Equation (1) In this
equation, ¢ represents the specific heat capacity of the
solvent, m,, .. the mass of the magnetic nanoparticles, m,

the mass of the fluid, and AT/At the initial slope of the
temperature-time curve [45].

SLP =c &ﬂ (1)
M mnes At

2. MATERIALS AND METHODS

2.1. Synthesis of CoFez04+ Nanoparticles

For the synthesis of CoFe;Os, 10 ml of 0.5 M
FeClz.6H20 and 6 ml of 0.4 M CoCl,.6H,0 were mixed
in a three-necked flask and placed on a temperature-
controlled heater mantel. The mixture was then heated to
85 °C under the gas atmosphere (85 % argon + 15 %
hydrogen) [46,47]. During the heating process, the pH of
the medium reached about 12 by adding NaOH solution
drop by drop. The solution was stirred for 60 min at 85 °C
and then, the obtained precipitate was cooled down to room
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temperature. Finally, the precipitate was washed five times
with ethanol and deionized water using a centrifuge. The
schematic of the synthesis steps is shown in Figure 1.

\r

EH-D -

Kept at 85¢ for 60 min
CoFe,0,

MNPs

Figure 1. Schematic representation of the preparation process
of CoFe204 nanoparticles using a co-precipitation method
under gas atmosphere

2.2. Characterizations

A Field-Emission Scanning Electron Microscope
(FESEM, TESCAN, Czech) was used to investigate the
morphology of CoFe.O4 synthesized with different
surfactants. Then, X-Ray Diffraction (XRD; Philips,
X’Pert Pro, A = 0.154 nm) analysis was done to study the
crystal structure of the CoFe»O4. The magnetic properties
were then investigated at room temperature by measuring
the hysteresis curves (applied magnetic field: £10000
Oe) and doing FORC analysis using a vibrating sample
magnetometer (VSM, MDK Co.) equipped with FORC
software.

MH value of the CoFe,O4 was evaluated by measuring
their heating efficiency using an alternating magnetic
field with the intensity of 400 Oe at the frequency of
400 kHz. For this purpose, a hyperthermia device
(Magnetic DaneshPajoh Kashan Co.) was used. The SLP
value of the prepared ferrofluids (containing CoFe;O4
nanoparticles with concentrations of 1, 3, and 5 mg/ml in
deionized water) was calculated through Equation (1).

3. RESULTS AND DISCUSSION

3.1. XRD Results

The XRD pattern of the synthesized CoFe;QO4 is shown
in Figure 2. In general, the XRD peaks at 26 = 18.2°,
29.9°, 35.4°, 36.8°, 42.9°, 53.2°, 56.6°, 62.4°, and 73.6°,
respectively, can be indexed to (111), (220), (311), (222),
(400), (442), (511), (440), and (533) reflections of face-
centered cubic CoFe;04 crystal structure (JCPDS card
no. 00-002-1045). The absence of other peaks is
indicative of the high purity of the synthesized sample.
The average crystallite size (dcs) was estimated along the
preferential orientation using Scherrer equation [48]:

KA
pcosé

des= &)

where K is the shape factor (K = 0.9), A the X-ray
wavelength, B (in terms of radian) the full width at half
maximum, and 8 the diffraction angle. Accordingly, the
value of dcs of CoFe;O4was obtained as d 21.6 nm [49-54].
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Figure 2. XRD pattern of CoFe204

3.2. FESEM Results

Figure 3 demonstrates the FESEM image of the
CoFe;04 nanoparticles. The synthesized cobalt ferrite
nanoparticles have spherical morphology and suitable
uniformity, one of the effective factors on the magnetic
heat enhancement of magnetic nanoparticles. As
observed in the inset of Figure 3, the size distribution of
the CoFe,O4 nanoparticles was obtained using FESEM
images and Digimizer software. The size of the CoFe;04
nanoparticles is in the range of 10 to 38 nm with the
average size of 24 nm, indicating the formation of
superparamagnetic nanoparticles.

3.3. Hysteresis Curve and FORC Results

The room temperature hysteresis curve of the
synthesized CoFe;O.s nanoparticles is illustrated in
Figure 4. To study the magnetic properties of cobalt
ferrite nanoparticles synthesized under gas atmosphere
(S1) and without gas atmosphere (S2), a magnetic field
in the range of -10 kOe to +10 kOe was applied to the
samples in order to obtain the magnetic parameters. The
saturation magnetization (Ms) and coercivity (Hc) values
of the samples S1 and S2 are found to be 41.5 emu/g and
34.1 Oe and 33.8 emu/g and 42.3 Oe, respectively. It is
inferred that the gas atmosphere probably prevents the
formation of oxide impurities in the cobalt ferrite
nanoparticles, thus enhancing Ms value up to about 22 %
(from 33.8 to 41.5 emu/g). These nanoparticles are
considered as superparamagnetic materials due to their
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low coercivity. In addition to generating magnetic heat,
this property of nanoparticles can also be used to increase
the image contrast in the MRI since these nanoparticles
do not have any harmful effects on the human body.
Figure 4 shows the hysteresis curve of CoFe;04
nanoparticles, which shows the superparamagnetic
nature of cobalt ferrite nanoparticles due to its very
narrow width (close to zero).

Frequency

24 2%
Size (nm)

Figure 3. FESEM image of CoFe204. The inset represents the
corresponding size distribution
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Figure 4. Hysteresis curves of the CoFe204 nanoparticles
synthesized under gas atmosphere (S1) and without gas
atmosphere (S2). The inset shows the details of the curves.

The FORC analysis was carried out by initially
intensifying the magnetic field (H) applied to the sample
up to its saturation field, followed by decreasing it by a

reverse field (Hy). During this process, magnetization M
(H, Hy) was measured. Accordingly, sets of FORCs were
plotted. The magnetic field ranged from —750 to +750
Oe, having a reversal step of 30 Oe. The FORC diagram
depicted in Figure 5 shows a coercive field distribution
ranging between 0 and 110 Oe. This may also indicate
the relatively high contribution of the superparamagnetic
CoFe;04 nanoparticles due to their small average
diameter. In the FORC diagram, the extent of the
coercive field and magnetostatic interactions can be
extracted, showing the uniformity and distribution of the
nanoparticle size. The mild coercive field distribution
around the origin of the graph (HFORC < 110 Oe) is
attributed to the quasi-superparamagnetic behavior of the
nanoparticles [55].
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Figure 5. FORC diagram of CoFe204 nanoparticles
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3.4. MH Measurements and MTT Results

In the measurements of the MH which ultimately leads
to the calculation of SLP, ferrofluids containing cobalt
ferrite nanoparticles with the concentrations of 1, 3, and
5 mg/ml were prepared in aqueous medium. An
ultrasonic bath was then used to disperse nanoparticles in
water, and the solutions were placed in the bath for 30
min. The hyperthermia properties of the nanoparticles
were measured using a MH machine (MDK, Iran). The
ferrofluids of the samples were subjected to an
alternating magnetic field with the frequency of 400 kHz
and field intensity of 400 Oe in the device. Figure 6a
shows the AT with respect to the time of nanoparticles in
a period of 5 min. The SLP values were calculated using
Equation 1 by considering the temperature increase value
measured in a one-minute period.

Figure 6b shows the amounts of the SLP of the
CoFe;04 nanoparticles with the concentrations of 1, 3,
and 5 mg/ml, and the highest amount equals 190.3 W/g
at the concentration of 3 mg/ml. A comparison of the heat
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dissipation power of the samples with different
concentrations shows that the decrease in concentration
(from 5 to 3 mg/ml) causes an increase in the heat
produced by the ferrofluid.

12

—v— (1 mg/ml) ( a)
—A— (3 mg/ml) 7%

104 —e—(5mp/ml) ot

/ "
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Figure 6. (a) Variation of AT with respect to time for ferrofluids
of CoFe204 nanoparticles and (b) different concentrations of
ferrofluids (1, 3, and 5 mg/ml)

As the concentration decreases, the amount of
nanoparticles dissolved in the solution decreases.
Meanwhile, the solution becomes less viscous, and the
distance between the nanoparticles increases. This, in
turn, lessens the interaction between the nanoparticles,
thus making them have less obstacles against their
physical rotation in the fluid. As a result, they can convert
more amount of the absorbed electromagnetic energy
into heat due to their higher and faster rotation
movements that eventually increases the SLP. It should
be noted that changing the concentration can affect the
Brownian relaxation mechanism, which is related to the
rotation of nanoparticles. In fact, the Néel mechanism is
related to the rotation of the moments inside the

nanoparticles, hence independent of the surrounding
environment of the nanoparticles. Finally, at the
concentration of 3 mg/ml, the effect of Néel and
Brownian mechanisms reaches its optimal state, and the
effect of these two mechanisms leads to the highest SLP
at this concentration. Other effective factors that
determine the SLP value are the characteristics of the
measuring device such as the frequency and intensity of
the field [56,57].

Figure 7 illustrates the MTT assay results obtained
from the CoFe,O4 nanoparticles after 24, 48, and 72 h.
According to findings, the cell viability of the L929 cells
remains high (> 85 %) in the presence of these
nanoparticles. Overall, it can be concluded that CoFe;0.
nanoparticles with high SLPs do not have a significant
cytotoxic effect on the L929 cells, hence suitable for MH

therapy.
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Figure 7. MTT assay results of CoFe204 nanoparticles for
different times

4. CONCLUSION

In conclusion, CoFe,O4 nanoparticles were synthesized
in this study based on a co-precipitation method under
gas atmosphere (85 % argon + 15 % hydrogen). The
formation of cobalt nanoparticles was confirmed based
on the XRD results. The FESEM investigations showed
that the surface morphology of the CoFe;O4
nanoparticles was uniform. In addition, according to the
FESEM images, the nanoparticles under study had
spherical morphology. The results of the hysteresis curve
showed that CoFe;Os4  nanoparticles were
superparamagnetic in nature. The gas atmosphere played
a constructive role in enhancing the magnetic properties
by increasing the M; value up to about 22 %. Further, the
FORC analysis confirmed the superparamagnetic
contribution of the nanoparticles. Investigations of the
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magnetic heat enhancement at the concentrations of 1, 3,
and 5 mg/ml in aqueous medium confirmed that the
suitable concentration for the highest SLP was 3 mg/ml
for biocompatible cobalt ferrite nanoparticles. The
synthesized nanoparticles have a high potential for
drug delivery and MRI in future works.
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