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Garnets are naturally occurring minerals with the general formula X35Y5Z3015
having various applications. In the present study, the structural and physical
properties of a garnet mineral obtained from Indian Rare Earth Ltd., Mana-
valakurichi, Tamil Nadu, India were comprehensively investigated. The
compositional analysis using electron probe micro analysis (EPMA) revealed
that the mineral belongs to almandine-pyrope solid solution (Al;oPysg) with
the chemical formula (Fe1,72Mg0_8Mn0_01Ca0_02) (Fe0.04A12_36) Siz.93012. Riet-
veld refinement of the x-ray diffraction pattern confirms that the space group
is Ia—3d with refined cubic lattice parameter a = 11.550(4) A. The refined
occupancy values of multiple cations in the dodecahedral and octahedral sites
are in agreement with the EPMA data. Fourier transform infrared and FT
Raman spectra show bands corresponding to almandine-pyrope solid solution.
Peak splitting of IR and Raman bands confirms presence of multiple cations in
the dodecahedral site. Thermogravimetric/differential thermal analysis shows
that the mineral is stable up to 600°C in spite of the presence of Fe?* ions. Low
temperature magnetic susceptibility data is in agreement with the amount of
Fe?* ions present in the mineral. The dielectric constant of the mineral varied
from 6 to 16.5 when sintered at temperatures ranging from 600°C to 1250°C.

Key words: Garnet, almandine-pyrope solid solution, microstructure,
vibrational spectra, dielectric and magnetic properties

INTRODUCTION

Garnets are a class of minerals found in earth’s
crust, upper mantle and transition zone. They are
extensively used as gemstones. Materials with
garnet structure have wide range of applications
such as in computer memories, lasers, microwave
optical elements, magnetic technologies, ion con-
ducting technologies, white light emitting diodes
(LED), abrasives, water jet cutting, etc.'? Garnets
have the general chemical formula of VI™{X3}VY,]
V(Z3)015, where {X} is a dodecahedral site occupied
by a divalent cation (Fe, Mg, Mn, Ca, etc.) in the 24¢
position of 222 (Dy) point symmetry, Y is an
octahedral site occupied by a trivalent cation (Al,
Fe, etc.) in the 16a position of 3, (Sg) point symmetry
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and (Z) is a tetrahedral site occupied by tetravalent
cations (V, Ti, etc.) in the 24d position of 4 (S4) point
symmetry.? Figure S1 shows the crystal structure of
garnet. The superscripts indicate the co-ordination
number of each cation. Garnets have a cubic
structure with space group Ia—3d with eight
molecules per unit cell. Their lattice parameters
range between a =11.5-12.0 A and densities
between 3.5 g/cm® and 4.3 g/cm?® They are classified
into two major groups; Pyralspites and Ugrandites.
Almandine (Fe3Al;Siz015), Pyrope (MgsAlsSiz0Oqs)
and Spessartine (Mn3Al5Si30;9) are the members of
Pyralspites.’ The Ugrandites are a class comprised
of Uvarovite [Ca3CrySiz0q2], Grossular [CasAls.
Si3015] and Andradite [CasFe,Siz0q2]. Mostly gar-
nets exist as solid solutions of these end-
members.*® Fe; Mg, Al;Sis0;5 is an end member
of the almandine-pyrope solid solution binary. Fe
and Mg simultaneously occupy the dodecahedral

6947


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5801-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5801-5&amp;domain=pdf

6948

site with the iron to magnesium atomic ratio
varying randomly.

Garnets from different parts of the world have
been studied by various authors for their geological
peculiarities. Thermal analysis of some members of
garnets from almandine-pyrope series at 1200°C
have been reported by Zboril et al.? The magnetic
properties of some natural pyrope-almandine gar-
nets were investigated by Oliveira et al.® Raman
and infrared spectroscopic analysis of synthetic
garnets have been reported by various authors.>’
The influence of cationic substitution in the dodec-
ahedral site of almandine-pyrope solid solution in
the IR and Raman spectrum was studied by Tarte
et al.,'® Ferrari et al.''! and Hofmeister et al.”
Mossbauer spectroscopic studies of garnets with Fe
have been reported by a number of authors.®®
Although, the geological peculiarities of garnets
found in India have been extensively reported,
investigations on structural and physical properties
of garnets in almandine-pyrope series are
limited. ">

Materials with low dielectric constant (¢,) and low
dielectric loss (tan o) are extremely demanding for
microwave substrate applications. They facilitate
fast signal propagation and hence, have wide range
of applications in high speed communication
devices.!” A few studies have been reported in
which natural minerals have been investigated for
their possible applications as microwave dielectric
substrates. Recently, Jobin et al.'® reported micro-
wave dielectric properties of zirconium silicate
mineral-filled HDPE composites for microwave
applications.'®?° Further, natural silica filled epoxy
composites for electronic packaging applications
were investigated by Teh et al.*’ There were no
reports on any types of garnet mineral for their use
in electronic applications. For the complete under-
standing of physical properties, a comprehensive
structural analysis is required. Hence, in this study,
we present a detailed investigation on the crystal
structure and microstructure of almandine-pyrope
solid solution obtained from Indian Rare Earth Ltd.
It is then correlated with the magnetic and dielec-
tric properties of the mineral. The present study
also aims to develop a natural garnet as a cost
effective “green” dielectric material so as to check
its feasibility as a suitable candidate for microwave
applications.

EXPERIMENTAL PROCEDURE

The natural MK grade garnet mineral (Fig. S2)
used in this study was supplied by Indian Rare
Earth Ltd. Manavalakurichi. The chemical compo-
sition of micron sized grains of the sample was
identified wusing electron probe micro-analysis
(EPMA). The analysis was carried out using a
JEOL JXA-8230 microprobe, with five spectrome-
ters, at the AFMM, IISC Bangalore operating with
an accelerating voltage of 15kV, and a beam
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current of 12 nA. Perfectly polished surfaces of the
garnet grains were mounted perpendicularly to the
electron beam. Natural and synthetic silicates and
oxides were used for calibration (Natural and
Synthetic Mineral Standards provided by JEOL).
The data were reduced using ZAF correction proce-
dures. The mineral was ground in a ball miller
using Ceria stabilised Zirconia balls in the distilled
water medium for 72h. The ground powder
(Fig. S3) was dried in a hot furnace at 200°C for
4 h and ground further in an agate mortar. The
trace elements were identified using energy disper-
sive x-ray fluorescence spectroscopy, XRF (PANa-
Iytical-Epsilon 3, Netherlands using Omnian
software). The crystal structure and phase purity
of the mineral were analyzed using a BRUKER D8
advance x ray diffractometer (XRD), Germany with
CuKo radiation, /. = 1.5406 A. Rietveld refinement
was done using Topas 4.2 software. Thermal stabil-
ity of the mineral was studied from Thermogravi-
metric/Differential Thermal Analysis (TGA/DTA) of
the sample in a temperature range of 50-960°C, in
an oxygen atmosphere (Perkin Elmer STA 6000,
Netherlands). Microstructural analysis was done
using Scanning Electron Microscopy (FESEM, FEI:
Nova Nano SEM 450, EDS Detector: Bruker,
XFlash 6/10). Molecular spectroscopic analysis
using infrared spectroscopy (Schimadzu IR affin-
ity-1 FTIR spectrometer specially equipped with
DR8 8000 reflectance accessory) was done after
mixing the samples with KBr. Raman spectroscopic
measurements were carried out with an excitation
wavelength of 1064 nm (Bruker RFS 100 spec-
trophotometer, Nd: YAG laser source). Magnetic
susceptibility was measured using a Superconduct-
ing Quantum Interference Device (SQUID) (MPMS,
Quantum Design, UK). The sample was pressed into
pellets and was heated at different temperatures for
dielectric measurements. The radio frequency
dielectric measurements were done using an LCR
meter, (HIOKI IM 3536 LCR HI-TESTER, Japan).
Pellets with a thickness of about 1-1.5 mm were
used for measurement. A thick copper film with the
same diameter of the pellet is fixed on both the
surfaces as electrodes. Measures were taken so that
there was no air gap between the copper film and
pellet.

RESULTS AND DISCUSSION
Chemical Composition of Garnet
Electron Probe Micro Analysis (EPMA)

Determination of the chemical formula of the
mineral was carried out using electron probe micro-
analysis (EPMA). It is a non-destructive technique
for micron sized samples and is used for accurate,
quantitative and qualitative determination of chem-
ical composition of minerals. The EPMA analysis
was done in wavelength-dispersive mode (WDS) and
it is a spot analytic technique with spot sizes
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ranging between 0.1 and 2 microns. It has a
detection limit of 0.1-0.01%.22 The weight percent-
age of oxides of various elements detected from
EPMA and mol.% of different garnets in the solid
solution are given in Table I and the corresponding
cationic calculations are shown in Table SI. The
analysis was carried out for six grains. The amount
of Fe3* was found using methods for calculating the
chemical formulae of minerals by considering stoi-
chiometry and charge balance.?® The obtained
chemical formula is:

(Fe1.72Mgg §Mng.01Cag.02) (Feo.04Alz.36) Siz93012.

The electron microprobe results gives the propor-
tion of various types of garnets present in the
mineral, and it is deduced to be 70.05 mol.% of
almandine and 28.56 mol.% of pyrope. Hence, the
present mineral can be labeled as Al;oPys9. Other
garnets present are below 2 mol.% and can be
considered as impurities. Hence, it is confirmed that
the garnet mineral obtained from Indian Rare Earth
Limited belongs to the almandine-pyrope solid solu-
tion series with a trace amount of Ca and Mn poss1bly
in the dodecahedral site. Also, the amount of Fe®*
ions is very low, and in the present mmeral the iron
exists almost in a single oxidation state; Fe?*

X-Ray Fluorescence Spectroscopy (XRF)

Naturally occurring minerals may contain many
trace elements, further ceria stabilized zirconia
balls were used for milling garnet mineral. The
abrasive nature of garnet mineral might produce
ceria and zirconia as a result of milling for about
72 h. In order to verify presence of trace elements,
x-ray fluorescence spectroscopy (XRF) was used.
Table SII shows the amount of trace elements
obtained from XRF data. It shows the presence of
zirconia and ceria in the powdered sample as a
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result of wearing of ceria stabilized zirconia balls
used for milling garnet mineral. The presence of
trace elements such as TiOy, CdO, HfO,, IrO5, Rbo,O
and Cry03; were also detected. Minute amounts of
some other rare earth elements were identified such
as Nd203 and Y203.

Crystal Structure of Al;(Pysg

The crystal structure of the mineral was investigated
using the x-ray diffraction method. The powder diffrac-
tion pattern shows cubic symmetry for the mineral.
Rietveld refinement of the XRD pattern was done using
Topas 4.2 software. The refined XRD pattern is shown
in Fig. 1. Rietveld refinement was done using the space
group Ia—3d (ICSD #50619) and the obtained refine-
ment parameters are Ry, = 1.28%, Rexp = 1.03% and
¥* = 1.25. The refined atomic pos1t10ns occupancy and
displacement parameters are shown in Table II. The
lattice parameter obtained after Rietveld refinement is
11.550(4) A, and there are eight formula units per unit
cell. The theoretlcal density calculated from XRD is
3.94 g/em?.

The XRD data is consistent with the results obtained
from EPMA analysis. It was confirmed that the garnet
under study belongs to the almandine-pyrope series,
with chemical formula (Fe;7;9sMgosMngg1Cagoz)
(Feg.04Al5 36)Si5 93012. The crystal structure obtained
after refinement is shown in Fig. 2. Fe, Mg, Mn and Ca
are simultaneously occupying the dodecahedral site,
even though there is a significant difference in the ionic
radii and mass of Ca (1.12 A) and Mg (0.89 A) com-
pared to that of Fe?* (0.92 A) and Mn (0.96 A).

Vibrational Spectra of Al,,Pyqg

Vibrational spectroscopic analysis was carried out
to confirm the multiple occupancy of cations at
dodecahedral and octahedral sites. Theoretical fac-
tor group analysis on garnet has been reported by
Koningstein et al.?* and Moore et al.?® The

Table I. Micro chemical analysis (expressed as wt.% of oxides) and mol.% of different types of garnets in the

solid solution

1 2
Wt. % of oxides
SiOq 38.010 38.263
Al,03 30.370 30.226
FeO 21.930 21.726
MnO 0.160 0.079
MgO 8.160 8.254
CaO 0.610 0.583
Total 99.240 99.131
mol.% of garnets
Almandine 66.0 66.1
Spessartine 0.4 0.2
Pyrope 31.9 32.1
Grossular 0 0
Andradite 1.9 1.8
Total 100.2 100.2

3 4 5 6
38.162 38.810 38.360 38.050
30.153 22.750 22.110 21.870
21.856 32.020 32.090 32.840

0.093 0.320 0.310 0.330
8.389 6.090 6.070 5.770
0.595 0.010 0.050 0.010
99.248 100.000 98.990 98.870
65.5 74.0 73.7 75.0
0.2 0.8 0.7 0.8
32.7 25.2 25.4 24.1
0 0 0 0
1.8 0 0.1 0
100.2 100 99.9 99.9
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irreducible representation of the garnet structure at
the I' point is given by:

I = 3A1g + 5A2g + 8Eg + 14F1g + 14F2g + 5A14
+5A9, + 10E, + 17F1, + 16Fg,.

(1)

The factor group analysis shows that for garnets
there are 17 infrared-active modes and 25 Raman
active modes.?? The Raman active modes belong to
Aqg, Eg and Fyp symmetries. IR active modes have
the symmetry, F,? It has been reported that the
presence of different cations in the dodecahedral
site will lower the symmetry of many garnet solid
solutions like almandine-grossular, pyrope-grossu-
lar, etc.” However, for almandine-pyrope solid solu-
tion, no lowering of symmetry has been reported
due to multiple cations in the dodecahedral site, and
the space group remains as Ia—3d.

In the present almandine-pyrope solid solution, a
large difference in ionic radii and mass of Ca & Mg
in the dodecahedral site will result in a change in
force constant of the molecule. Even though the
presence of Ca is negligible; the quantity of Mg is
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significant to influence the molecular structure,
which can be analyzed using molecular spec-
troscopy. The cations at the dodecahedral site (Fe,
Mg, Ca etc.) are responsible for the bands below
400 cm ! and the cations in the octahedral site
(AI?*, Fe®* etc.) result in the bands between 400 and
500 cm 1.?* The internal vibrations of the SiO,
tetrahedron are the major reasons for the bands
corresponding to the middle infrared region.® The
low frequency bands below 400 cm™ ' show two
peaks instead of a single peak with intensities
proportional to the amount of two cations in the
dodecahedral site.” The differences in ionic masses
and force constants of X site cations result in two
mode behavior of bands in garnet solid solution
binaries.?® Figure 3 shows the FTIR spectrum of the
sample. The observed bands and their assignments
are shown in Table III. The two strong bands and a
weak shoulder around 800-1000 cm ' can be
assigned to Si—O asymmetric stretching vibrations.
These bands are independent of multiple cations
that might present in the dodecahedral site.
Another group of bands around 500—-650 cm ™! are
due to Si—O asymmetric bending vibrations. The
bands between adjacent SiO,4 tetrahedrons and the
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Fig. 1. The Rietveld refined XRD pattern of almandine-pyrope solid
solution binary.
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Fig. 2. Polyhedral representation of the crystal structure of Al;oPyzg.

Table II. Crystallographic data for almandine pyrope solid solution

Elements x y z
Fe?* 0 0.25 0.125
Mg+ 0 0.25 0.125
Ca* 0 0.25 0.125
Mn?Z* 0 0.25 0.125
NG 0 0 0
Fe?* 0 0 0
Sit* 0 0.25 0.375
0%~ 0.035 0.053 0.652

Occupancy Displacement parameter (A2)

0.67 1.345
0.31 0.955
0.007 0.586
0.004 0.586
0.98 0.831
0.02 0.387
0.98 0.283

1 0.301
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cations present at different sites of garnets resulted
in the appearance of bands in these two regions.®
The band in the 600—650 cm ! region is absent for
pyrope and this feature has been used to distinguish
pyrope from other garnets.'® The FTIR spectrum of
the mineral under study consists of this peak
(639 ecm™Y) and is due to the presence of almandine
in the garnet solid solution. Moreover, it is a single
peak for pure almandine whereas the splitting of
peak in the 600-650 cm ! in the present IR spec-
trum indicates the multiple occupancy of cations in
the dodecahedral site, and its intensity depends on
the pyrope percentage % The study on the influ-
ence of CaO present in the almandine-pyrope solid
solution shows that, if the amount of CaO present is
below 2.20%, then the peaks below 500 cm ! are
sharp; whereas for s1gn1ﬁcant amounts of CaO the
bands 1n these region becomes broad.'® McAloon
et al.?® reported that two mode behavior was
observed for bands corresponding to the octahedral
site due to the large difference in mass of ions
occupying the octahedral site. Absence of peak
splitting in the region 425—47 5 cm ! is due to the
negligible amount of Fe®* in this site, which is also
confirmed by the EPMA data. The peak positions of

Transmittance

— T 7 — T T " T T — T
400 500 600 700 800 900 1000 1100 1200

Wavenumber (cm'1)

Fig. 3. FTIR spectra of the almandine-pyrope solid solution in mid IR
region.

Table III. Wavenumbers and their corresponding
band assignments in the mid IR region

Wave number (cm™?) Band assignments

425-475 cm ™! Translational mode of Al
493 ecm ! Rotational mode of SiOy4
526-639 cm ! (3v,) Si—O asymmetric bending
vibrations
800-1100 cm ! (3v5) Si—O asymmetric stretching
vibrations

garnets can be conspicuously influenced by the
presence of more than 10 mol.% of an impurity
(e.g., other garnet components in the pyrope-al-
mandine solid-solution); whereas impurity contents
below 10 mol.% have negligible effect.® In the
present IR spectrum there is no significant peak
shift from that of the pure garnet. This is because
there is only less than 2 mol.% of impurities in the
almandine-pyrope solid solution, and the EPMA
analysis confirmed this fact.

The unpolarised FT- Raman spectra of the mineral
in the range 100-1000 cm ! is shown in Fig. 4. The
excitation wavelength is 1064 nm, with a power of
10 mW. Table IV shows the Raman active vibra-
tional modes in the garnet structure. According to
factor group analysis, for garnets there are 25
Raman active modes (3A;; + 8E; + 14Fy,). How-
ever, the present unpolarised spectra consist of only
18 peaks. 3 A;, modes, 10 Fy, modes and 5 E, modes
were identified in the present Raman spectrum
According to Hofmeister et al.” and Moore et al.?*
the polarized spectra of garnets at different angles
showed all the 25 peaks. Here, most of the E modes
are overlapped by the A, and Fog modes.” The A
modes have the maximum intensity. The symmetric
stretching and symmetric bending vibrations of
Si0,4 are IR inactive due to the absence of change
in dipole moment of the molecular units during
these vibrations. However, these vibrations are
Raman active and can be found in the Raman
spectrum. The bands at 916 cm !, 344 cm ?,
367 cm ' and 554 cm ~1 are the specific Raman
bands of Almandine.® The band at 139 cm ™' is due
to the translational motlon of Mg?* while the bands
at 156 cm ™! and 171 cm ! belong to the transla—
tional motion of Fe?** The band at 171 cm ! is a
s1ng1e peak for pure almandine, but a peak splitting
is observed in the present spectrum which can be
explained on the basis of two mode behavior.” This

916

Intensity (arb. unit)

-—

3

— —
100 200 300 400 500 600 700 800 900 1000

860

Wavenumber (cm'1)
Fig. 4. Raman spectra of almandine-pyrope solid solution.
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Table IV. Wavenumbers and assignments of Raman bands

Wavenumber (cm™1)

139 (Fsg)

156 (Fsp), 171 (Fyy), 252 (Eg)

205 (Eg)

315 (Fsy), 344 (Ayy), 367 (Ey)

477, 496, 585 (Fa) 527 (E,), 554 (Ayy)
630 (Fyg), 658 (Fy)

860 (Fag), 916 (Ayy), 981 (Ey)

Band assignments

Translational mode of Mg?*
Translational mode of Fe?*
Translational mode of SiO4
Rotational mode of SiOy4
Si—O symmetric bending vibrations, (vs)
Si—O asymmetric bending vibrations, (v4)
Si—O symmetric stretching vibrations, (v1)
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£ 850 &) 50 §
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Temperature, T (°C)

Fig. 5. TGA and DTA for almandine-pyrope solid solution in oxygen
atmosphere.

might be due to the mass difference of Fe and Mg
occupying the same dodecahedral site. Also, the
presence of Ca will influence the intensity of this
peak in a solid solution.? The peak around 350 cm !
can be used to distinguish pyrope from other
garnets. Raman spectra of pyrope does not show a
peak splitting in this region, while multiple
peaks are observed for almandine around
350 cm .> Hence, from Raman analysis, vibra-
tional modes due to the presence of both almandine
and pyrope were obtained. The data from FTIR and
FT-Raman analysis also confirms that the obtained
mineral comes under the almandine-pyrope solid
solution series, and the multiple occupancy of
cations in the dodecahedral and octahedral sites is
confirmed.

Thermal Stability of Almandine-Pyrope Solid
Solution (Al70Py29)

Figure 5 shows the Thermogravimetirc (TGA)
and Differential Thermal curves (DTA) of the
almandine-pyrope solid solution in the temperature
range 0-960°C. The thermal analysis was carried
out in the presence of oxygen. A weight loss of
nearly 1% is observed below 400°C, which can be
accounted for the evaporation of volatile impurities

i
i

Intensity (arb. units)

UL, JA e

T T T T T T T T T

10 20 30 40 50 60 70 80
20 (degree)

Fig. 6. XRD patterns for (a) G200, Garnet (b) G500, Garnet (c)
G1000, Dorrite (d) G1200 & (e) G1250 (*—cristobalite, ®—cor-
dierite, @#—hematite).

like water. The mineral is observed to be stable be-
low 600°C. Above 600°C there is a weight gain,
possibly due to the decomposition of the mineral.
Absence of exothermic and endothermic peaks in
the DTA curve agrees with the fact that there is no
heat assisted phase change in the observed temper-
ature range. The thermal analysis ensures the
stability of the mineral below 600°C.

Figure 6 shows the XRD patterns of samples heat
treated at various temperatures. It shows the
decomposition of samples at higher temperatures.
XRD analysis proves that at 1000°C, the almandine-
pyrope solid solution is completely decomposed to
the mineral dorrite. The general formula of dorrite
is A,2*Bg**Co** g0 (A = Mg, Ca, etc., B = Fe, Al etc.
& C = Si), which is a silicate mineral belonging to
the aenigmatite group having triclinic structure.?
The XRD analysis of decomposed samples gives the
space group as P-1(2) with lattice parameters
a=9.7784 A, b=10.3174 A, ¢=89075 A, o=
93.63°, f=112.36° and 7y = 65.05°. The mineral
was decomposed due to the oxidation of alman-
dine-pyrope solid solution at higher temperatures.
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After the decomposition, Fe?* in Al;oPys9 completely
oxidized to Fe3*, which resulted in the observed
weight gain of the mineral after 600°C in the TGA
analysis. It is found that the mineral is undergoing
further decompositions as the temperature is
increased to 1200°C. Dorrite decomposed to cordier-
ite, hematite and cristobalite. The sample sintered
at 1250°C shows no further decomposition, and the
XRD pattern is similar to that of G1200.

Table V. EDAX data for G500 and G1000

Atomic percentage (%)

Elements G500 G1000
Fe 10.59 10.84

Al 10.95 10.58

Si 14.65 14.03

Mg 6.4 5.92

Ca 0.72 0.58

Mn 0.13 0.41

(0] 56.54 60.51

Microstructure

Microstructures of samples heated at various
temperatures were presented in Fig. 7. The SEM
image Fig. 7a of the sample heat treated at 500°C
(G500) shows randomly oriented grains. The shape
of the grains are non-uniform with a large number
of pores in between. The larger grains have a size of
about 10 um while for the smaller grains the size
ranges between 1 ym and 4 ym. The microstructure
Fig. 7b of the sample heated at 1000°C (G1000)
shows that there is an increase in grain size, which
may be due to the decomposition of the mineral. The
porosity of the dorrite sample is also high. Figure 7c
shows the microstructure of Garnet sintered at
1200°C (G1200). The microstructure shows that the
sample is well densified with a well interconnected
network of grains. Also, the porosity has reduced
considerably compared to G1000. Further densifi-
cation is not possible since the mineral melted at a
temperature of 1300°C.

Table V shows the EDAX data for G500 and
G1000. The atomic percentage of oxygen increases
after phase transformation, while other elements
(Fe, Al, Mg, Si, Ca and Mn) retain almost the same
atomic percentage. The increase in atomic percent-
age of oxygen is in agreement with the information
obtained from the XRD analysis of the decomposed
sample. Also, the pointed SEM image and EDAX
data (Fig. S4, S5) show that the constituent ele-
ments; Fe, Al, Si, Mg, Mn and Ca are found to be
uniformly distributed in both the samples.

Magnetic Properties of Al;oPysg

The physical properties of garnets such as refrac-
tive index, magnetic susceptibility, decomposition
temperature, specific gravity, etc., have an approx-
imate linear relation with their chemical composi-
tion.?” Measurement of such physical properties of
garnets is a suitable method to identify their
chemical composition.?®?° Usually ternary dia-
grams or triangular plots are used to predict the
chemical compositions of solid solutions using the
physical properties.?®3° Here, an alternative
method is used to relate the magnetic properties
and chemical composition of almandine-pyrope solid
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solution. Among the transition metal ions present in
the garnets; Fe®*, Mn?* (e = 5.92 up) and Fe®*
(terr = 4.9 up) have the largest values of magnetic
moment.”” Thus, magnetic measurements can indi-
cate the quantity of these elements in the solid
solutions. The experimental value of effective mag-
netic moment can be calculated from the Curie’s
constant, C, using the equation®':

Heft = 2~84\/6MB~ (2)

The theoretical value of the effective maégnetic
moment can be found out from the equation®

Heft = \/ w2y (Fe™™) + e (Fe™) + 22 (Mn*") g,
(3)

where x, y and z are the number of Fe?*, Fe** and
Mn?* atoms per formula unit, respectively, and e

(Fe/Mn) = g+/s(s + 1); g = 2 (for Fe?*, s = 2 and for
Fe®* & Mn™, s = 5/2).

50
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Fig. 8. Variation of inverse susceptibility of almandine-pyrope solid
solution with temperature. (Inset shows the antiferromagnetic to
paramagnetic transition of Al;,oPysg).
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Garnets are usually antiferromagnetic in nature
and their magnetic properties such as susceptibility,
Neel temperature, magnetic moment, etc., varies
with the quantity of magnetic ions present.é As the
Fe?*/Fe3* ratio increases, the effective magnetic
moment as well as the Neel temperature of the solid
solution decreases.®

Figure 8 shows the temperature dependence of
inverse susceptibility of the sample. The Weiss’s
constant is given by the x-intercept, and it is found
to be 0 =(—23.32 + 0.21) K. The negative sign of
Weiss’ constant indicates that the dominant inter-
actions present in almandine-pyrope solid-solution
are antiferromagnetic, which is due to the disor-
dered Fe?* and Mg 2* ions. The mineral exhibits an
antiferromagnetic to paramagnetic transition at the
Neel temperature, Ty = 6.2 K. The paramagnetic
susceptibility follows the Curie-Weiss law above the
Neel temperature. Curie’s constant is calculated as
the inverse of the slope and it is deduced to be
C =(6.89 £ 0.01) K. The experimental value of
effective magnetic moment obtained is peg = 7.43
ug. From the EPMA analysis, chemical composition
of the almandine-pyrope solid solution is identified
as (Feq.70Mgo sMng ¢1Cag 02) (Feg g4Als 36) Siz 93012;
x=172, y=0.04 and z =0.01. The theoretical
value of . based on above composition is about
6.56 ug which is nearly same as that obtained from
susceptibility data. Hence, low temperature mag-
netic susceptibility data is also in agreement with
the composition of magnetic ions obtained from
EPMA analysis.

Dielectric Properties of Al;oPyqg

Microstructure of a material has significant influ-
ence on its dielectric properties. Porosity, grain size,
grain boundaries, homogeneity of the grains, etc.,
are some of the factors that could determine per-
mittivity (s;) and dielectric loss (tan ). Radio
frequency dielectric measurements of the alman-
dine-pyrope solid solution were carried out at
1 MHz. For dielectric measurements, Al;qPyqs9 sam-
ples were heat treated at 500°C and 600°C. Since
the sintering temperature was low, density of the
samples obtained was about 67%. Although heating

Table VI. Radio frequency dielectric properties and bulk density of almandine-pyrope solid solution before

and after decomposition

Sample name

Dielectric constant (1 MHz)

G500 6.0
G600 7.9
G700 7.4
G900 9.1
G1000 8.9
G1100 8.8
G1200 6.0

G1250 16.5

tan 6 (1 MHz) Bulk density (g/cm?®)

0.036 2.6075
0.033 2.6418
0.022 2.4580
0.008 2.4500
0.023 2.3025
0.021 2.2495
0.024 2.3300
0.047 2.6341
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at higher temperatures decompose the mineral,
dielectric properties of decomposed samples were
also studied for comparison.

The measured values of dielectric constant and
loss tangent are tabulated in Table VI. Garnet
mineral (Al;oPys9) possess low dielectric constant
(&y), the values of which ranges from 6 to 7.4. The
microstructural analysis shows that the sample is
highly porous at these temperatures. As the poros-
ity of the material increases, the dielectric constant
decreases because of the low permittivity of air. The
values of dielectric loss are reasonably good even
without proper densification, which is about 0.03.
As the temperature is increased to 900°C, the
sample starts decomposing and for G1000 and
G1100, the dielectric constant is increased to 8.9.
This might be due to the larger dielectric constant of
Dorrite mineral. As the sample is sintered at
1200°C, the dielectric constant decreased to 6.0.
This might be due to decomposition of dorrite
mineral into cordierite (¢, of 4-5), cristobalite
(¢ ~ 4) and hematite (¢, ~ 350)>>** and the amount
of hematite present in the decomposed sample is
much less than that of cordierite. As the sintering
temperature increased to 1250°C, the bulk density
increased from 2.33 g/ecm? to 2.53 g/cm® and hence,
there is an increase in dielectric constant. The
dielectric properties of the garnet depend on sinter-
ing temperature and its decomposition. If the
density of garnet mineral is improved without
decomposition, better dielectric properties can be
obtained. The densification of Al;oPys9 can be
improved by hot isostatic pressing and cold sinter-
ing, which will be done as a future work. Further,
Al;oPys9 can be used as a filler for fabricating
ceramic polymer composites. Also, the present min-
eral is cheap and “green” as it contains Fe, Al and Si
elements only.

CONCLUSIONS

In this work, natural garnets in the almandine-
pyrope solid solution series, Fes;_,Mg,Al5Siz0q9
were systematically studied in order to understand
their feasibility for microwave applications. The
EPMA analysis shows that the mineral is environ-
mentally safe as it consists of only Fe?*, Mg?*, Al**
and Si**, with the trace elements Ca®*, Mn?* and
Fe3*. Rietveld refined XRD data is consistent with
the occupancy of these ions at various crystallo-
graphic sites. An indication for the presence of
calcium and magnesium in the dodecahedral site
was obtained from FTIR analysis. Microstructural
and thermal analysis ensures the stability of the
mineral below 600°C. The mineral decomposed to
dorrite at 1000°C, and it further decomposed to
cordierite, hematite and cristobalite at higher tem-
peratures. The chemical composition of Al;oPysg is
correlated with its magnetic properties. Radio fre-
quency dielectric measurements show favorable
dielectric properties. The chemical composition

and microstructure influenced the dielectric prop-
erties of the mineral at various temperatures. The
structural and physical analysis shows the suitabil-
ity of almandine-pyrope solid solution for micro-
wave applications.
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