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Characterization and Dielectric Study of Mihaliccik Tremolite
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ABSTRACT

The natural tremolite Ca2Mg5Si8022 (OH)2 was obtained from Mihaliccik
district of Eskisehir, Turkey (39.8787N; 31.3806E). It is a part of the
amphibole family of silicate minerals. All the phases were described by X- ray
diffraction (XRD), energy dispersive spectroscopy (EDXRF), Raman, and
Fourier transform infrared spectroscopy (FTIR). The natural tremolite
specimen used in this study includes mostly 54.4% Si02, 22.82% MgO, 15.04%
Ca0, and 1.45% Al203. The natural tremolite sample used for the present
investigation was not pure. The impurity was calcite. The FTIR spectrum and
the Raman spectrum were recorded for natural tremolite sample in the range
0f4000 and 350 cm'* and 4000 and 70 cm! at room temperature, respectively.
The natural tremolite and fired tremolite samples were prepared for this
investigation. Dielectric measurements were realized in the 3 kHz - 1 MHz
frequency region and at the room temperature by using HP4192A LF
Impedance Analyzer. The dielectric parameters of the samples were obtained;
the conclusions of the study were explained and given to be used for further
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INRODUCTION

Tremolite Ca2Mg5Si8022(0H)2 is an end-member of the
calcic amphibole family of silicate minerals [1-6]. Calcic
amphiboles crystallize in the monoclinic crystal system, space
group C2/m [7-10]. They have tetrahedral, octahedral, and
eight coordinated cation sites. These cation sites (M1, M2,
and M3) are octahedrally coordinated whereas M4 sites are
surrounded by eight anions [7,10,11]. The crystal structures
of them are characterized by double silicate chains linked
together by strips of M2+ cations. The M1 and M2 sites of
tremolite are fully occupied by Mg?+, the M3 site by Mg*2
or/and FeZ* and the M4 site by Ca%* [8,10-14]. All of the
amphiboles, and specifically tremolite, are very durable to
chemical assault by powerful acids and bases [1,3,10]. But
they have many disadvantages such as large production of
hazardous waste and risk of environmental contamination
during and after the process [15]. When they are fired at
temperatures higher than 1100 °C, they show the changes in
the microstructure and technological features and transform
into Mg- or Fe- silicates and new products can be obtained. At
elevate temperatures, 1250 °C, the structures of them change
and enstatite (MgSiO3 ), diopside (CaMgSi206), quartz
(S102), and water result from them breakdown [12]. The final
products do not have risk of environmental pollution and
decreased of possibilities of exposure for employees
concerned with the disposal processes [15].

Dielectric properties of materials have attracted both
theoreticians and experimentalists for more than a century
[16]. High dielectric constant materials have technologically
substantial because of their promising effects on
microelectronic apparatus applications [17]. The complex
permittivity defines the whole interplay of the dielectric
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materials with the changeable electrical field. In this
instance, the following equation is used:

Y =jle) —jel daCy = G, +JB,

Equating imaginary part of admittance gives conductance

G, = &' wCy

and real part of it gives susceptance [17,18].
B.F' = E,’.wllf.',;,

where w is the angular frequency, 2nf, and f is called
frequency. The tangent of the loss angle, §, mostly called the
loss tangent [18] and it is described as
L
tand = -

¥
"

In spite of the fact that there have been some investigations
on the dielectric properties of the fired or not fired materials
especially ceramics [19-22],a comprehensive investigation of
the effects of firing temperatures on the permittivity and loss
tangent of tremolite sample has not been realized.

In the literature, there are many investigations on the
structural analysis of tremolite sample collected from
different regions of the world using XRD, EDXRF, FTIR and
Raman spectroscopy. The purpose of this investigation is to
recognize the major and minor phases, to define structurally
tremolite sample using these techniques and to investigate
the permittivity and loss tangent of tremolite samples that
were fired at different temperatures.
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EXPERIMENTAL
The natural tremolite sample was collected from Mihaliccik
region in Turkey (39.8788N; 31.3806E).

Powder XRD pattern of the natural tremolite sample was
obtained on a Rigaku DMAX diffractometer equipped with
CKa radiation of the XRD Laboratory, Material Science and
Engineering Department, Eskisehir Technical University.
Operating conditions for this sample was 40 kV and 30 rnA.
The 2theta (26) scanning range was between 10° and 70° and
the scanning speed was 4°/min.

Powdered natural tremolite sample was prepared by
grinding about 10 mg of sample in an agate mortar. 2.5 mg of
the natural tremolite sample was homogenized with 250 mg
of KBr by grinding in an agate mortar. The mixture was
pressed at 5 ton for 3 min using a hydraulic hand pressin an
evacuated die into a 13 mm pellet. The discs were dried at
120 °C for 3 h. The FTIR spectra using the KBr pellet method
were recorded with the Bruker IFS 66 v/S FTIR system in the
spectral range 350- 4000 cm.. The Raman spectra of the
natural tremolite sample were acquired with a Bruker
Senterra Dispersive Raman microscope spectrometer using
532 nm excitation in the spectral range 70- 3700 cmL. The
Raman and FTIR spectra were recorded at the Raman and
Infrared Spectroscopies Laboratory, Physics Department,
Eskisehir Technical University.

The tremolite discs used for dielectric measurements were
prepared as follows: Firstly, the natural tremolite sample was
ground using a mortar. Then, the powder natural tremolite

sample pressed into discs with a thickness of 0.693 % 0.082
mm and diameter of 12 mm. Finally, the discs were fired at
various temperatures for 1 h by furnace cooling down to
room temperature [20,22]. Electrodes were made by
sputtering a platinum film on both sides of the discs.
Dielectric properties, including conductance (G) and
susceptance (B), were obtained using an HP 4194A LF
Impedance Analyzer at room temperature. Measuring
frequencies were varied from 1.103 to 1.10¢ Hz. The dielectric
permittivity (&/) and loss tangent (tan$) values were
determined at these measuring results.

RESULTS AND DISCUSSION

A. Chemical Analysis and X- ray Powder Diffraction
The natural tremolite sample used in this investigation
includes principally 54.41% Si02, 22.81% Mg0, 15.04% CaO,
and 1.45% Al203,1.42% Na20, 0.18% FeO, and 4.69% others
& H20.

As shown in Fig. 1, the natural tremolite sample occurs of
tremolite with minor amount of calcite. The characteristic
XRD peaks are appeared at 20 = 28.60, 10.540, and 27.240
for tremolite, at 29.380, 22.980, and 48.720 for calcite in the
present investigation.

B. FTIR Spectroscopy

The mineralogical investigation of natural tremolite sample
was determined with the help of FTIR spectroscopy. The
FTIR spectrum over the 350-1200 cm-1 spectral range is
reported in Fig. 2. As is illustrated in Fig. 2, a series of
overlapping FTIR peaks are identified at 1063, 1020, 997,
952, and 919 cmL. The first four peaks are ascribed to
antisymmetric stretching vibrations of the Si-O-Si [3] and the
peak at 919 cm-1 is attributed to the symmetric stretching

vibration of Si-0-Si bond [24]. The infrared peaks at 1105,
875,713, and 445 cm-1 is assigned to the CO 2- vibrations of
calcite [3, 25, 26].
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Figurel. XRD peaks of the Mihaliccik tremolite sample.
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Figure2. FTIR spectrum of the natural tremolite
sample (in the 350- 1200 cm-1 range)

The infrared peaks shown at 687 and 757 cm! are attributed
to the symmetrical stretching of Si- O- Si bending [3, 24]. The
peaks at 457,507, and 548 cm! are ascribed to the bending
vibrations of the Si-0-Si. Also, the infrared peaks at 387, 399,
and 420 cm' are attributed to the M- O (metal-oxygen)
stretching vibrations [3,25]. These peaks provide the first
positive evidence of the presence of calcite in the sample
[3,26].

As can be seen from Fig. 3, the FTIR spectrum of the natural
tremolite sample around 3669 cm-1 includes a complex
property consisted of several peaks, all of which are
assignable to OH stretching vibrations [11,14,25,27]. In this
spectrum, the peaks at 2881, 2644, 2497,1794,and 1417 cm
1 show the presence of calcite in the natural tremolite sample.
The peak at 1417 cm! is ascribed to Ca- O asymmetric
stretching vibration. Also, the other peaks are ascribed to C-O
symmetric stretching vibrations [26]. The data are
summarized in Table 1.

As can be seen from Fig. 3, the FTIR spectrum of the natural
tremolite sample around 3669 cm includes a complex
property consisted of several peaks, all of which are
assignable to OH stretching vibrations [11,14,25,27]. In this
spectrum, the peaks at 2881, 2644, 2497, 1794, and 1417
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cm-1 show the presence of calcite in the natural tremolite ascribed to C-O symmetric stretching vibrations [26]. The
sample. The peak at 1417 cm! is ascribed to Ca- O data are summarized in Table 1.
asymmetric stretching vibration. Also, the other peaks are
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Figure3. FTIR spectrum of the natural tremolite sample (in the 1200 - 4000 cm! range)

TABLE1. Band assignments for the peaks obtained for Mihaliccik tremolite
Tentative Assign. This work ¢;m-1  Makreski etal. cmt  Shurvell etal. ¢py-1  Taylor etg)a,b ¢p-1

vs(OH) 3694 3690 - -
vs(OH) 3669 3673 - -
vs(OH) - 3659 - -
Calcite 2881 - - -
Calcite 2644 - - -
Calcite 2497 - - -
Calcite 1797 - - -
Calcite 1417 - - -
Calcite 1105 1100 1106 1100
vas(Si-0-Si) 1063 - 1057 1050
vas(Si-0-Si) 1020 1017 1017 1016
vas(0-Si-0) 997 995 998 992
vas(Si-0-Si) 952 953 953 955
vs(Si-0-Si) 919 920 922 918
Calcite 875 - - -
vs(Si-0-Si) 757 757 758 753
Calcite 713 - - -
vs(Si-0-Si) 687 684 686 682
vs(Si-0-Si) 665 669 664 -
vs(Si-0-Si) 644 643 643 -
6(Si-0-Si) - 603 - 593
6(Si-0-Si) - 583 - -
6(Si-0-Si) 548 542 546 -
5(Si-0-Si) 507 507 509 508
5(Si-0-Si) - 465 468 465
§(Si-0-Si) 457 454 - 450
Calcite 445 443 448 -
T(M-OH) 420 420 420 420
T(M-OH) 399 401 - 400
T(M-OH) 387 387 - 388

M: Mg?+, Fe?*, Ca?*
a: Intensities are not given
b: Stretching OH vibrations are not studied [24].

C. Raman Spectroscopy
Fig. 4 shows the Raman spectrum of the natural tremolite in the range of 70 and 500 cm 1. Six peaks which are ascribed to lattice
vibrations appear at 79.5,118,149.5,159,177.5, and 248 cm™ [9,28]. 0-H-0 vibrations produce one other strong peak at about
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222.5 cmL. The 286 cm-! peak is ascribed to the vibration between cation and oxygen (M-0) of the CO3 group and this peak is
characteristic peak of calcite [29,30]. Similarly, the peak at 368.5 cm! is due to the Fe- OH vibration and the peakat411 cm! can
be assigned to Mg-OH [9].In the 300- 450 cm-1, these vibrations are produced by Ca2+, Mg?+, and/ or Fe?* cations. The octahedral
positions on tremolite are normally occupied by Ca2*, Mg2* and Fe?+ cations linked to OH- groups but at this region, the
assignments of the M- O vibrations are suspect [9,31,32].

Fig. 5 shows Raman spectrum in the 500- 1150 cm range. In the spectral region 1150-500 cm'%, four significantly intense bands
at 1058, 1028, 925 and 674 cmL, and three weak peaks at 740, 602, 532 cm! are observed. The most intense Raman peak is
found at 674 cm-! and it is assigned to the symmetric stretching (vs) of the Si-0-Si bridges. The peaks at 740 and 925 cm! are
produced by the symmetric stretching vibrations of the Si- O- Si groups. the peaks observed at 1028 and 1058 cm'! in this
spectrum are assigned to antisymmetric stretching mode of Si- 0O- Si[28,31,32]. Two peaks at 1085 and 703 cm! in the spectrum
are related to the calcite. The first peak at 1085 cm-1 is assigned to symmetric stretching of the CO3 group. Also, the second peak
is assigned to the bending mode of the CO3 group [9,28,32].

The Raman spectrum over the 3500- 3700 cm-1 spectral range is reported in Fig. 6. The spectrum exhibits a very strong band
centered at 3673 cm'! and a weak band at 3615 cm-1 as due to O-H stretching vibrations. The number and relative intensity of
these peaks depend on the Fe* or Mg2+. When only Mg is present (as in pure tremolite), only one peak (at 3673 cm) is
observed [25,33]. The Raman peaks are listened in Table 2 with possible assignments in order to define the spectral features.
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Figure4. A Raman spectrum of the natural tremolite sample (in the 50- 500 cm! spectrum range)
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Figure5. A Raman spectrum of the natural tremolite (in the region 500- 1150 cm1)
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Figure6. A Raman spectrum (between 3500- 3700 cm1) of the Mihaliccik tremolite
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TABLE2. Wave numbers and assignments for the Raman spectrum of Mihaliccik tremolite in the 70- 3700 cm!
ion

spectral reg

Tentative Assignment
us(OH) 3673 - 3677
us(OH) 3615 - -
us of CO3 (calcite inclusions) 1085 1083 -
vas(Si- O0- Si) 1058 1059 1061
vas(Si- O0- Si) 1028 1027 1028
vs(Si- O- Si) 925 928 928
vs(Si- O- Si) 740 747 -
ubending of CO3 (calcite inclusions) 703 - 711
vs(Si- O- Si) 674 674 672
Deformation mode of Si4011 532 525 -
M-0 (M= Mg?* and Fe?*) 434 438 -
M-0 (M= Mg?* and Fe?*) 411 415 414
M-0 (M= Mg?* and Fe?*) 392 394 393
M-0 (M= Mg?* and Fe?*) 368.5 369 369
M-0 (M= Mg?* and Fe?*) 343 349 349
M-0 (M= Ca2+) (calcite inclusions) 286 285 -
Lattice mode 248 250 251
O- H- O vibration 222.5 226 222
Lattice mode 177.5 - -
Lattice mode 159 - -
Lattice mode 149.5 - -
Lattice mode 118 - -
Lattice mode 79.5 - -

D. Dielectric Properties

The variation of the permittivity, €/, with log frequency at different firing temperatures between 200 and 1200 °C is shown in
Fig. 7. As can be seen from Fig. 7, at frequencies between 3 kHz and 1 MHz, the permittivity (&/) is in the range of 3.48- 6.18 at
different firing temperatures between 400 and 1200 °C. The permittivity of natural tremolite at 20 °Cis 7.03 [38]. Itis known to
be amember of low permittivity dielectrics because its permittivity values are lower than 15 and because of these properties;
it is widely used for straightforward insulation due to these properties [39]. The permittivity decreases gradually with an
increase in firing temperatures up to 400 °C. It is seen that the permittivity (¢/) decreases with an increase in log frequency at
all the firing temperatures. This is a normal behavior of dielectric materials. Displacement of charge carriers occurs in
tremolite, which is a dielectric material, under the influence of an applied electric field. The process of dipole alignment is
known as polarization. The total polarization of the dielectric material can be represented as the sum of four polarizations
which are called the electronic, ionic, dipolar, and space charge polarizations. Dielectric material exhibits atleast one of these
polarization types. This depends on the bonding and structure of the material, and the frequency [4,40,41].
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Figure7. Frequency dependence of the permittivity at different firing temperatures of tremolite
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Fig. 8 shows the variation of the loss tangent, tang, with log
frequency at different firing temperatures between 400 and
1200 °C for tremolite at room temperature. This variation is
like the variation of permittivity with log frequency. It is

observed that both permittivity and loss tangent decreased
with frequency which is one of the features of polar
dielectrics [42]. The loss tangent, tang, decreases from 0.046
to 0.014 when log frequency is increased from 5.00 to 6.00, at
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different firing temperatures. At 6.6 MHz frequency, loss
tangent of firing tremolite at 1200 °C sharply increases due to
the tremolite property. The dielectric losses are due to ionic
conduction, particularly at low frequencies, and rotation of
permanent dipoles at higher frequencies [43].

Fig. 9 shows the variation of the permittivity, €/, with firing
temperatures between 200 and 1200 9C at 0.1 MHz, 1 MHz
and 10 MHz frequencies. From the graph, the permittivity
increases gradually in firing temperatures below 400 °C. The
value of permittivity is constant during firing from 400 to
1000 °C and it decreases at firing temperatures from 1000 to
1200 °C. When tremolite is fired at temperatures over 1000
0C, it transforms into Mg - silicate. As a result, the
permittivity value decreases sharply at 1200 9C, its value is
minimum for 1, 5 and 10 MHz frequencies. The loss tangent
of each sample fired at temperatures from 200 up to 1200 °C
is graphically plotted as a function of firing temperature in
Fig. 10. The loss tangent values for these samples increase
with firing temperatures between 200 and 400 °C and at 0.1
MHz frequency; the loss tangent of tremolite sample has
maximum value at firing temperature of 400 °C at room
temperature. The loss tangent values of samples decrease as
the firing temperature increases from 400 to 1000 °C at
room temperature. Then, stable loss tangent values were
observed with increasing temperature at room temperature.
The decomposition temperature of tremolite was between
950 and 1040 °C and its fusion temperature of it was 1224

Oc [43-46]. The obtained results in Fig. 9 and 10 are
consistent with the results of research conducted by
Vijayasree et al. [46].
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Figure10. Dependence of loss tangent on firing
temperature of tremolite at room temperature for
constant frequencies (0.1 MHz, 1 MHz and 10 MHz)

CONCLUSION

In this paper, XRD pattern shows that natural tremolite
sample has very strong peaks of tremolite (T), and a low
intensity of the peaks of calcite (C) and contains tremolite as
a major mineral and calcite as impurity. To understand in
chemical composition and structure of the natural tremolite
sample were used by Raman and FTIR spectroscopies and
EDXRF analyses. Raman and FTIR spectra contain the
characteristic bands of tremolite and calcite, in accordance
with XRD result.

The applied frequency and firing temperature affect the
dielectric properties. The permittivity values of tremolite
range from 3.90 to 6.18 depending on the firing temperatures
at 1kHz frequency. Tremolite is a dielectric material and it is
a member of low permittivity dielectrics (¢/ < 15). It can
widely use for straightforward insulation and it can find some
applications as capacitor dielectrics where very small
capacitances are required for use at higher frequencies.
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