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The objectives of this work were to investigate the crystallization kinetics of Yttrium Iron Garnet (YsFesO12, YIG)
using the thermal analysis. The Differential Scanning Colorimetric (DSC) analysis confirmed that crystallization
begins to form the YIG from the nitrates of the YIG gel product at the melting temperature of 337 °C. Two weight
losses were discovered from the nitrates of the YIG gel product using simultaneous thermo gravimetric analysis

(TGA) and differential thermal analysis (DTA), in the temperature range of 70 to 130 °C and 760 °C, indicating
the amorphous state to change the crystalline state formation. A thermo magnetization analysis (TMA) was
performed on the synthesized YIG calcined at 850 °C, and the Curie temperature results were thoroughly
examined. The Williamson-Hall (W-H) plots and transmission electron microscope (TEM) analysis were used to
study the crystalline strain and crystalline formation of the as-prepared YIG particles at 850 °C calcined

temperatures.

1. Introduction

Many researchers have created rare earth iron garnet (REsFes012)
materials and studied their optical and magnetic behaviour in recent
years, because the wide range of development introduced the above
mentioned materials in optical communication systems, and microwave
and magneto-optical based devices [1-8]. The choice of rare earth
garnet material used in the above devices has been motivated by its high
dielectric loss and excellent electromagnetic sensing behavior [9].
Among the rare earth garnets, Yttrium Iron Garnet (YIG) has received
special attention in electro-optics-based device applications [6,10]. The
position of cationic and anionic sites attached to the decahedral, octa-
hedral, and tetrahedral sites forming a crystalline structure is deter-
mined by the optimization temperature of the YIG material synthesized
[11]. Thermal analysis techniques such as TGA, DTA, DSC, and thermo-
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magnetization analysis have been used to identify the crystalline
structure phase formation. The above-mentioned thermal analysis
determined the crystallization kinetics behaviour, thermal stability, and
optimization temperature of the YIG material’s crystalline formation.
We can synthesize single crystalline or polycrystalline (i.e.,crystalline
orientation plane’s alignment) YIG material with single or multiple
phase structure, after identifying its thermal stability through a thermal
analysis. As a result, the thermal analysis plays an important role in the
development of YIG materials with crystalline formation.

The goal of this current work is to investigate the crystallization ki-
netics and Curie temperature of the synthesized Yttrium Iron Garnet
(YsFes012) material using thermal analysis techniques such as DSC,
TGA, DTA, and TMA. Furthermore, the JMA equation has been used to
explain the dimensional growth mechanisms of the garnet phase. In
addition, the outcome of the crystalline strain characteristics and
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Fig. 1. Flowchart depicting the nanocrystalline formation of the YIG product via the sol-gel reaction step.

particle shape formation are discussed, using powder X-ray diffraction
data made W-H plots and TEM studies from the YIG calcined at 850 °C.

2. Experimental

The experimental synthesis step of the nanocrystalline formation of
the YIG product using rare earth metal nitrate precursor (yttrium nitrate
hexahydrate), iron nitrate, and fuel (citric acid) in the presence of an
aqueous medium via the sol gel reaction has been in detail in our pre-
vious report [12]. The detailed sol-gel reaction synthesis step is depicted
in a flowchart shown in Fig. 1. The following thermal analyses, such as
TGA, DSC, DTA, and Thermo Magnetization studies, were used to
characterize the synthesis of the YIG gel product before the formation of
nanostructured YIG powder [12]. Thermal analysis was performed on
the gel nitrate of the yttrium garnet product in order to identify the
crystallization formation of the YIG material.

The synthesized nitrates of the YIG gel product, as prepared YIG and
the characterization of the YIG sample calcined at 850 °C and the cor-
responding instruments, specifications and results can be seen in
Table 1.

3. Results and discussion
3. 1 Thermal analysis

A series of redox reactions is involved in the crystallization formation
of YIG from nitrates of the YIG gel product. The thermal behavior (i.e.
endothermic reaction) of the nitrates of the YIG gel product on
increasing the temperature from 25 to 500 °C was recorded using DSC
graphs and this is shown in Fig. 2. In the DSC curve, a single peak was
detected at a temperature of 337 °C, indicating the nitrates of the YIG gel
product’s combustion temperature. In other words, 337 °C represents
the melting temperature (Tp,) of the endothermic reaction that produces
the nitrates of the YIG gel. The YIG gel product was created using non-
ionic surfactant 1, 2 ethane diol and when tested using DSC, it revealed a
T value of 364 °C. In the current study, T, (338 °C) was required,
which is lower than that of the non-ionic surfactant assisted YIG gel
product (T, = 364 °C) [13].

The as-prepared YIG sample was heated using the TGA instrument at
various heating rates such as 5, 10, 20, and 25 k/min, as shown in
Fig. 3a. The TGA graphs revealed a loss of mass change of 16 % in
temperatures ranging from 0 to 820 °C for the as-prepared YIG sample at
various heating rates ranging from 5 to 25 K/min. The first weight loss
occurred at temperatures ranging from 150 °C to 400 °C. This first
weight loss is due to the loss of water molecules and organic residues,
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Table 1
Characterizations Instruments Specifications Important
finding
results

Powder XRD data  Rigaku Ultima III - X- CuK, (A = 1.540 Crystal
ray diffractometer A) radiation, the structure,

diffraction crystalline
pattern was strain
scanned between

ranges of 10 to

60°

DSC NETZSCH STA 449F3 Nitrogen Thermal

simultaneous analyzer atmosphere at stability,
heating rate of Material
20 °C per minute phase
from 30 °C to formation
400 °C

TG-DTA Thermogravimetric Nitrogen Weight loss
analysis (TGA) was atmosphere at Thermal
performed in a EXSTAR  heating rate of 5, stability,
6000 10, 15, 20 and 25 Material
Thermogravimetric/ Kper minute phase
Differential Thermal formation
Analyser (TG/DTA)
equipment from
ambient temperature to
1100 °C.

TMA Thermomagnetic - Curie
analysis was performed temperature
in the same equipment
by placing a small
permanent magnet
beneath the sample in
the temperature range
from ambient to 350 °C.

TEM The morphology was - Particle shape
examined using a JEOL formation
EX-2000 Transmission
electron microscope
(TEM).
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Fig. 2. DSC analysis of the YIG gel product.

indicating that the first phase transformation has occurred. The second
stage phase transformation took place at temperatures ranging from 500
to 850 °C (second weight loss). The second weight loss demonstrates
that crystallization began with the amorphous state transformation. In
the TGA graphs, the weight loss shift was discovered under the influence
of different heating rates for the prepared sample. Crystallization began
on the prepared YIG sample at 765, 867, 827, 789 and 805 °C using the
heating rates of 5 K/min, 10 K/min, 15 K/min, 20 K/min, and 25 K/min,
respectively. Hence, the starting point of crystallization formation in the
prepared YIG sample at a given temperature is determined by the

Results in Chemistry 4 (2022) 100475

(a) [ YIG (Y,Fe,0,) at various heating rate | — 5K/min
—— 10 K/min
—— 15 K/min
5 Stage - Il — 20 K/min
—— 25 K/min
’g) 4 4 Mass Change - 16 %
- Stage - |
z |
K=
(]
= 34
2.
T ¥ T ) T ¥ T T
200 400 600 800 1000 1200
Temperature (°C)
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Fig. 3b. DTA of the as-prepared YIG sample at the heating rates of 5, 10, 20
and 25 K /min.

heating rate used in the TG instruments. When compared to other
heating effect rates, the initial crystallization began from the amorphous
state at 765 °C as the lower heating rate effect. As a result, the heating
rate applied to the prepared samples plays an important role in the
formation of the crystallization’s starting point.

The DTA curve was recorded for the prepared YIG sample at heating
rates of 5, 10, 20 and 25 K /min, with significant results shown in
Fig. 3b. Only the weight loss above 760 °C for the as-prepared YIG
sample at various heating rates of 5 to 25 K/min, as shown by the DTA
curve (Fig. 3b), indicates true crystallization. Furthermore, only one
stage crystallization occurred at all the heating rates.

Fig. 3c shows an enlarged view of the region between 300 and
500 °C. According to Fig. 3c, the crystallization temperature increased
significantly as the heating rate increased from 5 K/min to 25 K/min.
Fig. 3d shows an enlarged view of the region between 700 and 1000 °C.
In addition, the graphs (Fig. 3b and c) show that as the heating rates
increase, so does the first crystallization temperature (T). The crystal-
lization temperature values are given in Table 2.

Thermo-magnetization was investigated for the YIG calcined at
850 °C and the results are shown in Fig. 4. The goal of the TG-MAG
analysis for the YIG calcined at 850 °C was to determine the respec-
tive material phase transformation and its properties. The phase trans-
formation occurred at a temperature of 272 °C, as shown by the TG-MAG
graph. The temperature detected in the TG-MAG graph, indicates the
Curie temperature. The experimentally determined Curie temperature of
the YIG as calcined at 850 °C agrees well with the reported Curie
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Fig. 3c and d. DTA of the as prepared YIG sample (c) enlarged view at temperatures between 300 and 500 °C and (d) enlarged view at temperatures between 700

and 1000 °C.

Table 2

Healing rate () vs crystallization temperature.
Sr.no p T
1 5 782
2 10 795
3 20 817
4 25 820

40
Thermomagnetization for Y Fe O, @ 850° C

272°C I

(uwy/b) 910

50 100 150 200 250 300 350
Temperature (°C)

Fig. 4. Thermomagnetization curve of the YIG sample calcined at 850 °C.

temperature of the bulk and single crystal YIG compounds.

The values in Table 2 include one stage of crystallization. The acti-
vation energy for the crystallization of YIG was determined with the aid
of the Johnson-Mehl-Avrami Kolmogorov (JMAK) equation, which is
adopted from the Kissinger Plot.

The amount of crystallization that happened at any particular time is
given by [14].

C(t) = 1 —exp( — Kt)" (@)

where n — Avrami exponential component.

K - reaction rate constant.

The relation between the reaction rate (K), activation energy (E,) and
absolute temperature (T) can be connected through the Standard
Arrhenius equation [14].

K= foe—E(x/RT (2)

where R- Universal gas Constant.
Using (1) and (2) correlate with each other to obtain the JAMK
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Fig. 5. 1/T, vs In (T2/p) plot of as prepared YIG.
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Fig. 6a. Maud fit analysis of the YIG calcined at 850 °C.

equation [14].
In (T§ /ﬁ) = In(E,/R) — InV — E,/RT 3)

1/Tp and In (TIZ,/B) values are computed with the aid of the differ-
ential thermal analysis data at different heating rates of the as prepared
YIG sample followed by 1/T}, on the x-axis and In (le)/p) on the y-axis
plotted through the Gaussian fit. These are shown in Fig. 5. A straight
line was detected from the 1/Tp vs In (Tg/g). The slope and intercept
values are detected from a straight line and its value substituted in the
JMAK equation; the activation energy value of YsFes015 was found to be
132 kJ/mol during crystallization.
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Table 3
Diffraction angle (20) and FWHM values of YIG calcined at 850 °C.

YIG sample calcined at 850 °C

S.No. 20 FWHM
1 17.64493 0.16485
2 28.95252 0.17087
3 32.44767 0.18397
4 35.62709 0.18316
5 39.99003 0.1902
6 45.25007 0.1921
7 51.22898 0.24297
8 53.46993 0.25281
9 55.64384 0.27058
10 59.82941 0.26905
11 69.68987 0.34085
12 67.77947 0.30692
(b)
YIG calcined at 850 °C 4
0.005- Intercept=1.12x 10 //
4 e
Slope =1.86 x 10” //'/ .
.

2 0.004 7
o
[3]
(=8

0.003 - /r

- ///
T Y T L T % T %
0.5 1.0 1.5 2.0
4sin6

Fig. 6b. W-H plot of the YIG calcined at 850 °C.

3.2. MAUD fit and W-H plot analysis

The MAUD fit analysis (Fig. 6a) was performed on the YIG sample
calcined at 850 °C in order to test the YIG phase and identify the com-
pound. It can be concluded that the sample calcined at 850 °C confirmed
the formation of the yttrium iron garnet material.

Powder XRD analysis was performed on the as-prepared and YIG
samples calcined at 850 °C, and their crystalline phase, diffraction shift
and size were examined in previous reports [12]. The purpose of this

ssecrz

EX5278°%80. oxu  x75x “Tewma
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work was to investigate the crystalline strain value and other parameters
using Gaussian linear fitting software and the extracted diffraction an-
gles’ (20) position and its corresponding Full Width Half Maximum
(FWHM) values from the our previously reported powder XRD pattern of
the YIG calcined at 850 °C samples [12].

The values of 20, and FWHM of the Bragg’s peaks of the YIG sample
calcined at 850 °C were derived from the powder XRD analysis and their
values are presented in Table 3. The W-H plot for the YIG calculated at
850 °C was plotted by taking 20 and FWHM values from Table 3 and is
shown in Fig. 6b. The crystalline strain (¢) determined from the obtained
W-H plot was 1.86 x 103, In addition, the crystallite size was found to
be 123 nm for the YIG sample calcined at 850 °C by substituting the
intercept (Y) value of 1.12 x 10 using D = K\/y.

Where, D-crystallite size, A-X-ray wavelength (0.1540 nm), and y-
intercept.

3.3. TEM analysis

The TEM image of the as-prepared YIG sample revealed highly
aggregated spherical particles with dark images (as shown in Fig. 7). It
was not possible to measure the size of the particles due to their dark and
highly aggregated nature, whereas the TEM image of the YIG calcined at
850 °C revealed highly aggregated spherical particles with non-uniform
sizes ~20-45 nm.

4. Conclusion

In this current work, the thermal analysis (DSC, TGA, DTA, and TMA)
was used to investigate the melting temperature, weight loss, Curie
temperature, and crystallization kinetics formation of synthesized ni-
trates of the YIG gel product, as-prepared YIG and calcined (850 °C) YIG
sample. The kinetics of non-iso thermal crystallization as well as the
dimensional growth mechanism of the garnet phase was also elucidated.
Using powder X-ray diffraction data from a YIG sample calcined
(850 °C), the full width half- maximum (FWHM) and diffraction angle
position values were extracted, and the crystalline strain characteristics
were derived using W-H plots. The crystalline strain value for the YIG
sample calcined at 850 °C sample is 1.86 x 10 using a W-H plot. The
particle shapes of the prepared YIG and that calcined at 850 °C were also
explained using TEM studies. The thermal studies mentioned above
would be very useful in determining the crystallization kinetics forma-
tion, and optimization temperature of any other metal ferrite and oxide
of metal compounds.
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