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ABSTRACT

Gehlenite-typecaAl >SiO; ceramics were prepared by the conventional solid-state reaction. Two anomalies
were found in the plot of dielectric constant vs. temperature, which was associated to space charg
polarization. Pure phase crystal structure and no phase transition were observed in the temperature depend
XRD patterns and Raman spectra from room temperature to 9008 were relevant relation between

Qx fandz; with the stretching vibrations of Ca-O bond an€®O bending in Cagpolyhedron Excellent
microwave dielectric properties: £ 8.86, Qx f = 22,457GHz , ang = -51.06 ppm/°C) were obtained for
CaAl>SiO; sintered at 1440°C in air, which had the potential applicattoruse in microwave and

millimeter-wave devices such as capacitors and substrates.
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1 Introduction

Microwave dielectric ceramics are mainly used iniowe wireless communication systems such as
resonators, filters, antennae, microstrip line aobstrate$l, 2]. With the rapid development of wireless
communication from 2G/3G/4G to 5G and beyond (higreguency band with millimeter wave) techniques,
microwave dielectric ceramics are desired to meetenrequirements, which pushes the explore and
development of new materials. Microwave dieleadamics with botholw permittivity (sr) and low loss#no)

are of great concern due to their low time delagighal transmission, which are generaifd in many 5G

high-frequency applications (8@ GHz) including satellite communications, Interoéthingg and self-drive

vehicles Meanwhile, some non-linear dielectric materialsraguiired with the high Curie temperature) @d a
low dielectric losst#no) in 5G microwave and millimeter-wave devices sucbagecitors and substrates. [3]

Many new ceramic materials have been reported as microwave substrates, such as pévine ty
CaGeQ [4], LiAl 15(ZnosSios)xOz2 [5], EwZrs(MoOa)s [6], etc. In them, silicate ceramics have received
much attention due to their low permittivity materials witgh quality factor (Qx f) values, such as
Zn1.99M0.05Si0s (M = Zn, Mg, Ni, and Co) [7]Zn.Ge([8], forsterite (Mg-xNix)2SiOs [9]. Due to strong
covalent bond in the basic unit of the [gi@etrahedral, the silicate ceramic material usually has a low
dielectric constant, which has the potential to be used as microwave syi$frateu et al., reported there
were weak ferroelectricity and excellent microwave dielectric properties ZinBa07 ceramic wither =
8.09, Q< f = 26,634 GHz, ands = -51.46ppm/°C[11]. GehleniteC&Al>SiO; was an anamorphous of

AB2Si>O7 by Al substitution of Si [12]. H. Takeda et al., studied opAC£5I0; single crystal was applicable

to piezoelectric sensors at high temperature [13]. N. Pelletier-Allard et al. r¢ported site selective spg¢troscop

of Nd ions in gehlenite (GAI.SIO;) for a new laser materi{dlil4]. Meanwhile, few people study the
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microwave dielectric propertieand temperature dependehelectric spectraand structural evolution by
adjusting the design of [$%)7] silicate structural units in AESi>O7 ceramics.

Considering above situation, in this work, Al was used to replace/AB i8i>O7to form CaAlzSiOy,
isomorphic to Ba&ZnSkO- crystal structure. The dependence of crystal structure, dielectric behaviors of
CaAl2SiO; ceramics on temperature, and microwave properties have been investigated in detail, by the

employment of temperatune-situ XRD, Raman spectra, dielectric spectrar|.

2 Experimental procedure

CaAl2SiOr ceramics were synthesized ayraditional solid-state reaction method using high-purity
chemicals of CaCg{99.0%), AbO3(99.99%), and Si&X(99.99%). According to the chemical formula, raw
materials were weighed and baililed 24h using Zr@ as media and deionized water as solvent. After
dried at 90°C, the mixtures were calcined in air at 1200 °@ fowith a heating rate of 4°C/min. And then
the calcined powders were-milled for 24h. The dried powders were uniaxially pressed into pellet samples
with 15 mm in diameter, and 1 mm (for the measuremegt bicurves and Raman spectra) and 7 mm (for
the measurement of microwave dielectric properties) in height under a pressure of 100 MPa. Then, th
samples were sintered at 1380°C -1460°C for 4h at a heating rate of 4°C/min in air.

The bulk densities of sintered samples were measured by the Archimedes method. The microstructur
was revealed bg scanning electron microscope (SEM, JEOL JSM6380-LV, Tokyo, Japan). The grain size
was calculated according to the SEM images using the software of Image J. The crystal stasture
obtained via the X-ray diffraction (XRD, XRD-7000, Shimadzu, Kyoto, Japan) using @ukation.The
in-situ temperature-dependent XRD patterns were acquired by a Siemens D5000 HTXRD in the temperatur

range 30°C-900°CThe Raman was acquired by a Renishaw inVia Raman microscope in the temperature



range 100°C-600°C.Full-spectrum fitting of Rietveld refinement was performed by the GSAS and
EXPGUI softwarg15, 16] The temperature-dependent dielectric permittivity from room temperature (RT)
to 1000°C was measured using an Agilent 4294A impedance analyzer (Aglient, Santel €graThe
microwave dielectric properties were measured usind'Htd o dielectric resonator method with a vector
network analyzer (E8362B, Agilent Technologies, Palo Alto, CA). The temperature coefficient of
resonance frequency)(was evaluated in the temperature range of 28353 was calculated by following

formula:

_ S(T)—f(To)
= ey 10 PPMAC @)
Where f(T,) and f(T,) are the resonant frequencies at the measuring temperatufe$¢86fC) and

T, (25°C), respectively.
3 Results and discussion

The full-spectrum fitting of Rietveld refinement for £&SiO; is shown inFig. 1, with low values of
refined parametersRy, = 8.45% (weighted profile factor),,R 6.733% (profile factor), ang?® = 3.5
(goodness of fit), suggesting a good agreement between measured and refinedtresalisms that the
sample is single phase and isostructural to the known Gehlenite-type crystal struCaufed 8i0; (JCPDS
card No. 35-0755) with tetragonal crystal systems of P-421m (113) space group. The refined atomic position
and average bond lengths of 8BSiO; are listed inTable 1 and 2, respectively. The schematic crystal
structure is given in the insetBiig. 1. The two-dimensional extended layers are separated by Ca atoms along
[011], and three [AIGQ and two [(Si/Al)Qj] tetrahedrons constitute a five-membered ring along [100] with

C&*ions sitting at the center.
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Fig. 1. Rietveld refinement of room-temperature XRD data and crystal structure diai@sAl.SiO;
ceramics sintered at 1440 °C in air.

Table 1 Atomic positions parameters of £4.SiO7 by Rietveld refinement.

Atom Wyckoff X y z Occupation
Cal 4e 0.338606 0.161394 0.510039 1

All 2a 0 0 0 1

Al2 4e 0.145586 0.354414 0.983638 0.5

Sil 4e 0.142514 0.357486 0.944984 0.5

O1 2c 0.5 0 0.175594 1

02 4e 0.14296 0.357041 0.275995 1

03 8f 0.089056 0.168936 0.889741 1




Table 2 Selected bond length of €2d.SiO7 by Rietveld refinement.

Bond length (A) Bond length (A)
CaO1 2.466(6) sio1 1.701(4)
Cca02 2.437(5) Si-02 1.632(9)
Ca03 2.834(4) Si-03 1.660(9)
AI2-01 1.703(9) Al1-03 1.7420(9)
AI2-02 1.632(9) i i

Al2-03 1.659(9) i i

The SEM images of GAIl-SiO; ceramics sintered at different temperatures are showkigin2.
Distribution curve of the grain sizes at different temperatures, calculated by Image J software. The averag
grain size is found to increase gradually fromuin@o 2.4um with the sintering temperature increase from
1400°C to 1448C, which is consistent with the evolution of SEM imagé$en the sintering temperature
further increases to 1460°C, the boundary of grains starts to melt, in that the density start to decreas
Meanwhile, the grains have different grain boundaries and moving speeds, and some of thaveoaes
lower moving speed than the grain boundaries, which causes the pores to be wrapped in the grains and th
abnormal grains appear, at the same time the melting phenomenon of grain edge is observed with tf

presence of glass phase.
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Fig. 2.A SEM images of GAl,SiO; ceramics with different sintering temperatures (a) 1400°C, (b) 1420°C,
(c) 1440°C;The distribution of grain size of B&SiO; ceramics at (d) 1400°C, (e) 1420°Q,1#40°C.

Therelative density p, ) and microwave dielectric properties©&AIlSiO; ceramics as a function of
sintering temperature are shownFig. 3. The values ofp,, Q xf ander are all increase with the augment
of sintering temperature, with maxima of 98%, 224643z and 8.86 achieved at 1440°C, respectively. It is
well known that Qx f values are dominated by both intrinsic factors (ionic polarization and crystal structure)
and extrinsic defects (secondary phases, grain size, and distribution of gain size, grain boundary, oxyge

vacancy and porosity) [17]. Heréhe high Qx f value of 22,457GHz obtained at 1440°C is mainly



attributed to the increase of both grain siggg(2.A) and densityKig. 3a). On the other hand; can be
corrected according to tlBosman and Havinga’s formula [18]:

eBosman= €obs (1+1.5P) , P = 4p, (2)
where, P is porosityeosmanandeops is corrected and observed respectively. The values ofosmanare
higher than that of observed as displayelig 3(c). In addition, the ionic polarizability is dominant to the

of CaAl2SiO7 ceramis, due to the low Ppf > 95%). According to the Clausius-Mossotti equat{d®]:

o 3V,, +8ray
<3V —4ra,

3)
Where, V, is molar volume andp is the ionic polarizabilityer is dominated by eactip, which can be
calculated from thep of each substance, as fallo

ay, (CaAISION=2a (Ca*) +2a (AI?") +a ( S +7a (O%) 4)
0.472(A¥, 0.054(A¥, 0.033(A¥, and 2.75(AJ are the ionic polarizabilities of €a Al®*, Sf*and G,
respectively20]. Thecalculated values{a) ~ 7.68 is lower that the above mentiomegdmar9.01anctobs ~
8.86, which should be ascribe to fact that the Clausius-Mossotti equation is more suitable for cubic or
isotropic materials other than low symmetry materf2E. Furthermores; values are found to slightly
decrease from -49.16 ppm/°C to ~ -51.06 ppm/°C with the increase of sintering temperktgr&d), in
relation to the mode of lattice vibration, will be discussed in the later temperature dependent Raman spectr

The optimum microwave dielectric properties are obtained faAlG&iO; ceramic sintered 1440°C with

= 8.86, Qxf=22,457 GHz and; =-51.06 ppm/°C.
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Fig. 3. (a) relative densityb) Qxfvalue, (c) dielectric constants, (g)valueof CaAl.SiO; ceramics aa

function of sintering temperature.

Figure 4 exhibits the temperature dependencerahd dielectric losst¢no) for CaAl2SiO; ceramics
at different frequencies frorRT to 1000°C. It can be seen that the valuer@indand keeps stable and
frequency independence at9-and ~ 10, respectively, below 310 °C. However, there are two abnormal
peaksin & and tand at 100Hz, 1KHz and 10KHz in the temperature range of 400°C-550°C and
700°C-850°C, as shown fg. 4, which should be related to the low frequency space charge response that
clamps out at higher frequencies (>1MHz). There were similar behavi@&&4mSO; ceramics reported

by Zou et al [11]. They gave tle-T curve from RT to 800 °C, and considered that the abnormal peak band



at 500°C was not a Curie peak, and inferred BeaZnSkO ceramics might have a highh which could be

750C or higher.
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Fig. 4. The temperature dependence of dielectric constant and the loss tan@#feBiO; ceramics.

The XRD patterns of GAl>SiOr as a function of different testing temperatures have been givg.in
5, all diffraction peaks of which are matched well with the standard JCPDS card No. 35-0755. No phase
transition or any secondary phase is observed with the temperature increasing from room temperature 1

900°C.
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Fig. 5. The XRD patterns of GAl.SiO; ceramics as a function of testing temperature.

Further, in-situ temperature dependece of Raman spectr@aphlSiO; ceramics from 100°C to
600°C is shown irFig. 5. There are no obvious clues of phase transitidn-situ Raman profiles except
slight blue shift at the range of 200nm-300nm wavenumbers, in agreement vitisitoeX RD resultsKig.
5). According to the group theory and irreducible representations, there are 45 different Ramanalibration
modes (optical branches) CgAISiO; [22]:

Toptic=10A14+7B1g+10Byg+18E (5)

The symmetry species of vibrational modes contributed by each set of four equivalent atoms which occup?
sites of symmetry Care 2A4+2B14+2Bogt+3E, there are three such sets: Ca, (Al2/Si) and O2. The O1 of site
symmetry G contributions are 34+3Bxgt6E. The All atomics of the site symmetnyc8ntributions are

BigtB2gt2E. The O3 of site symmetry2Ccontributions are Aj+Bzg+2E. In the above vibration mode,



220cmtand 320 crit bandscanbe assigned to the stretching vibrations of Ca-O bond, corresponding to the
O-Ca0 bending in Cagpolyhedron [23]. The strongest band at 624dsia symmetrical stretching(
§Al-O-Al)] mode of bridging oxygen of the pyrosilicate anions. The band atc@8®Dis antisymmetric
stretch [ aAl-O-Al)] modes involving AIQ; tetrahedra. The 910chand 974crit bands are attributed to
symmetric stretch mode obE(T-O-T)](where T:Si or Al) nonbridging oxygen and antisymmetric stretch
mode of oxygen of the pyrosilicate group.fSi-O-Si)]. Especially, with the increase of temperature from
room temperature to 680, the Raman bands at 220 tmand 320 cni shift slightly towards low wave
numbers. It hints that it is the main affecting factor of {andz; change as a function of temperature for the
stretching vibrations of Ca-O bond andd3a-0 bending in Cagpolyhedron.

Therefore, as shown iRig. 5 and6, the tests of variable temperature XRD and Raman demonstrate
there are no phase change @®AI.SiO; from RT to 900C and 600°C, consideringaAl2SiO;has the
same structure witBaZnSkO7. There are the two abnormal peak bands centered at 500 °C and 800 °C
which are attributed to space charge polarization. we think that the first abnormal peak at 500 °C is the
Debye Relaxation peak, the highest point is the Debye Relaxation extreme point, which is inversely
proportional to the frequency, and its peak shifts with temperature to the high temperature region, that is i
line with the trend of dielectric loss in the figlhe second peak at 800°C is the sample with a higher

frequency is affected by weak fluctuations [11]. So thef Ta&Al>SiO; ceramics is above 900°C.
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Fig. 6. Raman spectra for @al2SiO; ceramics as a function of temperature.

4 Conclusion

Gehlenite typedCaAIl-SiO; ceramics were successfully fabricated by the conventional solid-state
reaction methodRietveld refinement of XRD patterns indicated thatATs5i0; was a tetragonal crystal
structure with a space group of P-421m (1TBgre are 6 main activity modes in Raman spectra, which have
been attributed to the vibration &faO and O€aO and vs (Al-O-Al) and vas (Si-O-Si). The in-situ
temperature dependence of XRD patterns, Raman spectra and dielectric properties demonstrated that
phase transition was found to happerCaAl>SiO; ceramics from RT to 900 °C. Two dielectric abnormal
peaks were observed in low frequencies at the temperature rangéGf58I0C and 700 °C-850°C of
CaAl;SiO; ceramics is above 900°C. The optimum microwave properti€éf .SiO; ceramics & =

8.86, Q x f =22,457GHz, ands = -51.06 ppm/°C) were achieved on the samples sintered at 1440°C,



indicating itspossible usage in millimeter wave communication systems including capacitors and microwave

substrates
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