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Abstract

The Y;MgAl;SiO;, ceramics with pure phase were successfully synthesized by
solid-state sintering reaction method for the first time. Their microwave dielectric
properties were investigated as a function of sintering temperature. Their
microstructure characteristics and ionic occupation sites of tetrahedral and octahe-
dral units were characterized and analyzed by SEM& energy dispersive spectrom-
eter (EDS) and Rietveld refinement of X-ray powder diffraction data. Crystal
structure of Y;MgAl;SiOq, is isostructural to Y3Al;0;, with a cubic garnet struc-
ture and space group of la-3d, which contains YOg dodecahedra, (Mg/Al,.)Og
octahedral, and (Si/Al)O4 tetrahedral units. The Of and €. values of different
samples are strongly dependent on the distribution of grain sizes, grain sizes, and
porosity. The samples sintered at 1550°C exhibit optimized microwave dielectric
properties with relative permittivity (g,) of 10.1, Of values of 57 340GHz (at 9.5
GHz), and t; values of —32 ppm/°C. Such properties indicate potential applica-
tion of Y3MgAl3SiO;, as microwave substrates.
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behaviors is not keeping up with the advancement steps
of ICT.*

With the rapid growth of the Information Communications
Technology (ICT) involving Wi-Fi gadgets, mobile
devices, satellite communication systems and radar tech-
nology, considerable researches had been focused on
microwave dielectric ceramics.' Up to now, many mate-
rials with high quality factor (Qf wvalues) to depress
energy loss, low dielectric constant (g,) to reduce the
delay time of electronic signal transmission, and ideal
near zero temperature coefficient of resonant frequency
(tp) for working frequency stability have been reported
and used as resonators, filters, dielectric antennas, dielec-
tric guided wave circuits, and other microwave compo-
nents.” However, the demand for research and
development of new dielectric materials with excellent

To solve these problems, various kinds of silicate cera-
mic materials, such as forsterite Mg2SiO4,5 willemite
7n,Si0,° AL,SiOs” cordierite Mg,Al,SisO;5° Sr,ALSIO; ”
etc., had been fabricated to act as microwave and millime-
ter wave devices in recent years. Due to strong effects of
covalent bond in silicate basic units of [SiO4] tetrahedrons,
silicates usually have low dielectric constants.'®
unfortunately their dielectrics loss (tand) or temperature sta-
bility is not good enough to act as desirable dielectrics.
Although high Of values more than 200 000 GHz were
reported for Mg,SiOy, Zn,SiO,, and Mg,Al,SisOs*® it
is very difficult to tune negative temperature coefficients of

However,

resonant frequency of these materials to be zero by solid
solution modification or addition of universal positive
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temperature coefficients materials. Recently some new sili-
cate ceramics with better microwave properties and
microstructures were continuingly investigated. For exam-
ple, the microwave dielectric properties of Ba,ZnSi,O,
were reported by Lei et al with ferroelectric characteristics
at temperature higher than 500°C.'"' Sebastian et al
reported  sillimanite  (Al,SiOs) has low ¢ =44,
Of = 41 800 GHz with 1, = —17 ppm/°C.” Regarding to
these initial progresses of silicate dielectrics, there still
remain broad spaces to develop novel compounds and
explore their microwave dielectric characteristics.

Rare earth aluminum garnets like Y;Al;0;, have cubic
garnet structure with a general formula X3Y,7Z30;,, in
which atoms X, Y, and Z occupy the lattice sites of 24c,
16a, and 24d, respectively.'? Previously theoretical studies
had been usually focused on the physical properties and
luminous characteristics of the rare earth doped and
undoped garnet crystals and powders. Papagelis, et al
reported lattice dynamical properties of the Rare Earth Alu-
minum Garnets."? Zorenko, et al studied photolumines-
cence properties of new garnet structure phosphors.'* In
this article, we initially report the novel microwave dielec-
tric properties of Y;MgAl3SiOy, ceramics, which belongs
to one kind of aluminum garnet family. Crystal structure
parameters of the ceramic powder were refined via the
Rietveld method of X-ray diffraction (XRD). The crystal
structure of Y3;MgAl3SiO;, can be seen as the Mg2+f
Si**ionic pairs substitute for the AI**—Al**ionic pairs,
which can also be regarded as chemical units of [MgQOg]/
[SiO4] replacing [AlOg)/[AlO4] polyhedral. Mg/Si possible
ionic occupation sites, the dependence of grain sizes, distri-
bution of grain sizes, and porosity on microwave dielectric
properties are discussed in the paper.

2 | EXPERIMENTAL PROCEDURE

High-density samples were fabricated by a conventional
solid-state sintering method using high-purity powders
Y,0; (Aladdin Industrial Corporation, 99.9%), MgO (Sino-
pharm Chemical ReagentCo., Ltd, 99.9%), SiO, (Sino-
pharm Chemical ReagentCo., Ltd, 99.99%), Al,O;
(Sinopharm Chemical ReagentCo., Ltd, 99.99%) as raw
materials. Firstly, MgO powders were calcinated at 1000°C
for 3 hours to remove water and CO, due to its hygro-
scopic. Stoichiometric proportions of above powders were
weighted according to chemical formula of Y;MgAl;SiO;
and mixed in ethanol for 24 hours with zirconia balls as
milling media. The obtained slurries were dried and then
calcined at 1350°C for 4 hours. After ball re-milled, the
calcined powders were mixed with 5 wt% solution of poly-
vinyl alcohol and pressed into pellets at the pressure of
100 MPa using a stainless die. Then, the pellets were

sintered at 1400°C to 1600°C and cooled to 1000°C and
then shut down the power, further cooled inside the furnace
to room temperature.

The bulk density of the sintered pellets was measured
by the Archimedes method using distilled water as med-
ium. The room-temperature crystalline phase constituents
were identified by XRD (RIGAKU D/max 2550/PC,
Rigaku Co., Tokyo, Japan) using Cu K radiation
(A = 1.54056 A) radiation at the voltage of 40 kV and cur-
rent of 30 mA. The scanning rate was 10° min~"' in the 20
range from 10° to 90°. The data for the Rietveld analysis
were collected in a step-scanning mode with a step size of
0.02° and 5 seconds counting time per step over a 20 range
from 5° to 120°. The Rietveld refinement on the XRD pat-
terns was carried out using the general structure analysis
system (GSAS) software.'”> The surface morphology of the
polished and thermal etched samples was observed using
Field Emission Scanning Electron Microscopy (Ultra55,
Germany) equipped with an energy dispersive spectrometer
(EDS). The dielectric constant (g;) and quality values (Qf)
were determined by the paralleling plate method'® using a
vector network analyzer (E8363B, Agilent Technologies
Inc., Santa Clara, CA). The temperature coefficient of the
resonant frequency (tp) at 20°C to 80°C was measured
using by the resonant-cavity method'” using a silver-coated
cavity connected to the network analyzer. To ensure the
accuracy of the data, at least two samples were measured
for each composition.

3 | RESULTS AND DISCUSSION

Figure 1 presents XRD spectra of Y;MgAl;SiO;, samples
sintered at different temperature. All diffraction curves are
similar to each other and match well with standard
Y;3Als0,, sample (PDF No0.33-0040). In these spectra, no
secondary phases can be observed.

The crystal structure of Y;MgAI;SiOy, analogs to that
of Y;3Al50,,, its space group can also be assigned to la-3d.
The crystal structure parameters of Y;MgAl;SiO;, were
further refined with the pristine structure model of
Y3Als0;, based on the Rietveld method using GSAS
software. The obtained lattice parameters are a = b =
¢ =12.0548A and o= B=1v=090° In the structure of
Y3Al501,, Y atoms occupy 24c sites where its dodecahe-
dral coordinated with oxygen atoms, and Al atoms are
located in two different sites: Al occupy 16a with octa-
hedral point symmetry (S6) and Al,, occupy 24d with
tetrahedral point symmetry (S4). Oxygen atoms are located
at 96 hours sites defined by three internal parameters x, y,
z. Each oxygen atom is shared by an AlO, tetrahedron, an
AlOg octahedron and two equivalent YOg dodecahedra.'®
The formula of Y3;MgAI;SiO;, might be considered as
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FIGURE 1 X-ray diffraction pattern of Y3;MgAl;SiO,, ceramic
powders sintered at different temperature

Y;Al;(Mg, Si)Op,, where Al ions were replaced by Mg
and Si ions in Y3AlsO,, respectively. However, there are
seven possibilities for the specific location of Mg and Si
ions, such as:

(1) Mg occupy Alye and Si occupy Alye, (AlpeMg) Al
(S1)); (i) Si occupy Aly and Mg occupy Alge;, (Alge(Si)
Alie(Mg)); (iii) Mg occupy Al and (Mg, Si) occupy Al
(AloeMg)AL (Mg, SD); (iv) Si occupy Al and (Mg, Si)
occupy Altets (Aloct(Si)Altet (Mg’ Sl)), (V) (Mg’ Sl) occupy
Alye and Mg occupy Al (AloaMg, SDHALMg)); (vi)
(Mg, Si) occupy Aly, and Si occupy Al (Alye(Mg, Si)
Al (S1)); (vii) Mg, Si) occupy Al, and (Mg, Si) occupy
Al (AloMg, SDAlL (Mg, Si)).

The most possible atomic occupation position can be
obtained by Rietveld method based on GSAS software. The
fitting qualities of the experimental data have been assessed
by computing the fitting parameters such as the “goodness of
fit” %2, and various R-factors such as Rp (profile factor), Ry,
(weighted profile factor), R.,, (expected weighted profile
factor) which are defined as following'’

Zi:l,n |yl - yc,i|
Zi:l,n Yi

Where, “y,” is the observed point (experimental) and

Profile factor, R, = 100 (€))

“y..i” 1s the calculated point and n represents the number of
data points.

27 1/2
Zi:l.n o;ly; — yc,i|
Zizlﬁ C‘)iyi2

Weighted profile factor, Ry, = 100[

@

Where, ®; = é, o7 is the variance of observation Vi
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Here, (n—p) is the number of degrees of freedom. “n” is
the total number of experimental points and “p” is the
number of refined parameters.

Reduced chi-square, ¥> = ,fe—”:)} , the low value of >
(goodness of fit) justifies the goodness of refinement.

Table 1 gives the Refined parameters for seven possible
ionic occupation operated by GASA software. The optimal
quality value of Ry, Rp, and x> were 6.73%, 4.73%, and
2.6, respectively, which confirming that the first assump-
tion of Al,.(Mg)Al(Si) is the most possible and appropri-
ate than other assumptions. The obtained unit cell volume,
V=1751.77 A%, corresponds to an equilibrium cubic crys-
tal lattice constant of 12.0548 A>.

As shown in Figure 2,
Alo(Mg)Al(Si) ionic occupation agree well with the
experimental results, which indicates the ionic occupations
obtained by Refined method are rational. Table 2 summa-
rizes the optimally refined structural parameters and each
atomic position. It can be seen that Mg and Si ions have
the same coordinate sites with the Al and Al respec-
tively.

As seen the insert figure of Figure 2, the cubic crystal
structure of Y3;MgAI;3SiO4, is composed of Al/Si—O, tetra-
hedron, Al/Mg—Og octahedral and Y—Og dodecahedra. The
YOg dodecahedrons are connected together with (Al/Mg)
Og octahedrons by their shared edges and with (Al/Si)O4
dodecahedrons by O atom and edges. Every YOg dodeca-
hedron is surrounded by four YOg dodecahedron, four (Al/
Si1)Og octahedrons and six (Al/Si)O4 tetrahedrons. Each
oxygen ion is shared by a tetrahedron, an octahedron and
two dodecahedra. The YOg dodecahedra are slightly dis-
torted with two different Y-O bond distances, (Y-O)
1 =229A and (Y-0)2 = 2.44A. While the Al,,O and
Al.—O bond distances are 1.99A and 1.74A for Al,.Op¢
and AlOy4, respectively.

. n—p
Expected ht factor, Rexp, = 100 | =——
xpected weight factor, Rexp [Zi_l,n i

the calculated values of

TABLE 1 Refined parameters after being fitted on the different
position by GASA software

Y;MgALSiO;, Ryp R, 7

Aloei(Mg)Al i (Si) 6.37% 4.73% 26
Al (Si)Al e (Mg) 12.8% 10.4% 6.5
Aloe(Mg)Al(Mg,Si) 21.2% 11.4% 15.6
Al ()AL (Mg,Si) 21.9% 14.8% 11.8
Aloe(Mg,SAlLe(Mg) 34.5% 23.3% 19.7
Aloe(Mg,Si)Al(Si) 19.7% 14.3% 72
Aloe(Mg,Si)Al,(Mg,Si) 30.5% 20.5% 264



u—JOurnal SONG et AL.
#American Ceramic Society
FIGURE 2 Rietveld refinement pattern and crystal structure diagram of Y3MgAl;SiO;, sample sintered at 1550°C for 4 h
TABLE 2 Refined atomic positions and crystal structure parameters of Y3;MgAl;SiO;, ceramics by Rietveld refinement of XRD
Atom Wyck a b c Occupancy
Y 24c¢ 0 0.25 0.125 1.00
N 16a 0 0 0 0.50
Al 24d 0 0.25 0.375 0.667
Mg 16a 0 0 0 0.50
Si 24d 0 0.25 0.375 0.333
(0] 96 h —0.030473 0.051780 0.153989 1.00
Space group: a b c a=B=y 14
la-3d 12.0548A 12.0548A 12.0548A 90° 1751.77 A®

Figure 3 shows the SEM images and EDS profiles of
Y3;MgAl3SiOq, ceramics sintered at various temperatures.
Figure a-c show the grain morphology of Y;MgAl;SiOq,
ceramics sintered at 1450°C, 1525°C, and 1550°C, respec-
tively. It is observed that there are many holes between
grains and the grain sizes of particles are small. With the
augment of sintering temperature from 1550°C to 1600°C,
shown in Figure c-e, the particle grain boundaries gradually
become clear and distinct. Meanwhile, the grains grow up
and holes disappear. The sample sintered at 1550°C exhi-
bits a uniform grain sizes.
increases to 1600°C, the grains continue to grow up. How-
ever, there are no over burnt phenomenon observed on the
surface of ceramics. The EDS analysis in Figure 3f
detected in Figure 3d shows that the molar ratio of Y, Mg,
Al, Si, and O elements are 3.4: 1: 2.7: 1.3: 9.4, which is
close to molar ratio of Y;MgAl3SiOs,.

Figure 4 displays the approximate statistical distribution
of grains sizes measured by the Image J software. The sur-
face area of all grains was measured according to SEM

As sintering temperature

image. As shown in Figure 4a, the distribution of grain sizes
becomes more nonuniform as the increase in sintering tem-
perature. Uniform distribution of grain sizes are obtained for
samples sintered at 1525°C and 1550°C. Herein, the disper-
sion degree of distribution of grain sizes (o) is committed to
check the uniformity of distribution of grain sizes. As refer-
ence to the formula of

_ 1
S:Z;Sh ®

(©6)

Where S and G are average surface area of grain parti-
cles and dispersion degree of distribution of grain sizes,
respectively.

As plotted in Figure 4b, the average grain surface area
increase and the values are about 1.43 um2 at 1525°C,
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FIGURE 3 SEM images of theY3MgAl;SiO,, ceramics: (a) 1450°C, (b) 1525°C, (c) 1550°C, (d)1575°C, (e)1600°C, and (f) energy

dispersive spectrometer result for 1575°C

2.04 pm? at 1550°C, 3.98 pum? at 1575°C and 11.78 pm?
at 1600°C, respectively. The dispersion degree (o)
becomes large with increasing sintering temperature, which
illustrates that the distribution of grain sizes gradually
becomes nonuniform as a function of sintering temperature.

The bulk relative densities, quality factors (Qf values),
dielectric constants (g;), T values of the sintered samples
are shown in Figure 5. As shown Figure 5a, the relative
densities of Y3;MgAl;SiO;, samples are calculated accord-
ing to the followed formula:

NV

= 7
Pmea a7 (N

Prel =

Where, p; and pe, are the relative densities and mea-
sured densities, respectively. N is the Avogadro number and
M is the molar weight. The V and Z are the volume and num-
ber of atoms of per unit cell.?” It is easy found the density of
samples gradually increases with increasing sintering temper-
ature from 1450°C to 1600°C. No inflection point can be
observed on the relative density curve, which hints the densi-

fication sintering temperature might be 1600°C or higher.
The density curve matches well with the SEM pictures where

the grains are not fully grown under 1550°C and there is
some porosity between particles which lead to the low rela-
tive densities. The relative densities increase continuously
with the increasing grain size when the sintering temperature
over 1550°C. Figure Sb shows the Qf values of the
Y3;MgAl3SiOy,  ceramics  gradually increase  from
16 740 GHz to 57 340 GHz as the sintering temperature
increases from 1450°C to 1550°C, and then decreases
slightly to 53 540 GHz when the sintering temperature at
1600°C. Generally, the quality factors (Qf values) are mainly
dominated by intrinsic factors such as ionic polarization and
crystalline structure, as well as extrinsic losses which arise
from the presence of defects such as secondary phases, grain
size, distribution of gain size, grain boundary, oxygen
vacancy and porosity.>' Except effect of secondary phases in
pure Y3MgAl;SiO,, ceramics, taking Figure 4 into account,
it can be inferred that the grain sizes and distribution of grain
sizes have a critical impact on Qf values in our samples.
Moreover, the grain sizes are appropriate to 2-4 um for better
Of value. According to the references addressed by Wang,
et al,?? the sintered temperature, furnace cooling atmosphere,
as well as the density might affect oxygen vacancy to exclude
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FIGURE 4 (a) the distribution of grains sizes, (b) the average surface area and dispersion degree of grain size at different sintering
temperature

FIGURE 5 The bulk relative densities, quality factors (Qf values), dielectric constants (g,), T; values of the Y3MgAl;SiO;, ceramics sintered
at different temperature

from internal crystal lattices of grains and finally deteriorate might be relevant to attributed to oxygen vacancy, besides
Of values at higher sintering temperature. For the sample sin- main factors of nonuniform distribution of grain sizes. Fig-
tered over 1575°C, one of deterioration of quality factors ure 5c presents the dielectric constants (g;) change as a
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function of sintering temperature. It increases from 5.7 to
10.7 with the sintering temperature increasing from 1450°C
to 1600°C. The variation in €, presents a similar trend with
the relative density, indicating that the porosity acts as the
dominating factor of g, The permittivity was corrected by
Bosman and Havinga’s formula® in order to eliminate the
influence of porosity:

E€Bosman — 8obs(l + 15P) (8)
p=1— Pme )
Pih

Where, P is porosity, €gosman and €qps are the corrected
and measured dielectric constants, respectively. The corrected
value about 10.6 is near to the measured one for Y;MgAl;.
SiO;, ceramics sintered at 1550°C, which means that the
porosity is negligible to microwave properties of the samples
sintered at the densification temperature. Figure 5d displays
the change in temperature coefficient of resonant frequency
(tp) with increasing sintering temperature. It can be seen that
the ¢ values vary in the range from —29 to —40 ppm/°C in
the sintering temperature from 1450°C to 1600°C. There are
Al(S1)Oy4 tetrahedron, Al(Mg)O¢ octahedron and YOg dodeca-
hedra in Y3;MgAl;SiO;, crystal structures. It well-known that
the orientation and the degree of order of octahedron in per-
ovskite ceramics have critical impact on 1; value.***> How-
ever, how the polyhedrons in Y;MgAl3SiO, ceramics affect
the temperature coefficient of resonant frequency is further
studied in the future. Meanwhile, the t¢ is also necessary to
be modified to near zero to meet the requirements of com-
mercial application.”®

4 | CONCLUSIONS

The garnet structure Y3;MgAl;SiO;, ceramics were prepared
by the traditional solid-state sintering reaction method. Riet-
veld refinement of the powder XRD presents that YsMgAl;.
SiOy, is isostructural to Y3Al;0, with cubic crystal system
belonged to a space group of la-3d. The concrete crystallo-
graphic data of atom occupation sites show Mg ions occupy
Aly and Si ions occupy Al The distribution of grain sizes
and grain sizes have critical impact on QOf values. The optimal
microwave dielectric properties are obtained for Y;MgAl;.
SiO;, ceramics sintered at 1550°C for 4 hours with €:10.1,
Qf: 57340 GHz), and 1tz —32 ppm/°C. There might be a
potential application as passive devices like dielectric sub-
strates in future microwave communication.
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