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Abstract The effect of the A-site non-stoichiometry on
the crystal structure, microstructure and microwave die-
lectric properties of Ba;, Mg,V,04 ceramics was investi-
gated in this work. The X-ray diffraction results show that
the BaMg,V,0yq solid solution was formed in the compo-
sition range of —0.02<x<0.02 while a secondary phase
Ba;V,0; started to appear at x>0.04, as confirmed by
scanning electron microscopy and energy dispersion spec-
trum. The introduction of a slightly excessive Ba*' into
the matrix lattice could enhance the quality factor (Q Xxf)
owing to the improved sinterability while overmuch Ba®*
would deteriorate Q X f due to the presence of the high-loss
Ba;V,0q¢ phase. The maximum Q X f value of 192,840 GHz
was obtained at x=0.01. The temperature coefficient of the
resonant frequency (ty) changed little as —0.02<x<0.02
and then monotonically increased up to a positive value as
0.02 <x<0.52. Near-zero t; value was obtained at x=0.44
owing to the formation of the composite between the sec-
ondary-phase Ba;V,0q4 and the matrix-phase BaMg,V,0s.
In general, excellent microwave dielectric properties of
e,=12.4, Qxf=192,840 GHz, t;=-35.9 ppm/°C and
e,=13.7, Qxf=92,580 GHz, 7;=-5.3 ppm/°C were
achieved in Ba, j;Mg,V,0; ceramics sintered at 915 °C for
4 h and Ba, 44Mg,V,04 ceramics sintered at 930 °C for 4 h,
respectively.
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1 Introduction

With the rapid development of the microwave communica-
tion technology, microwave dielectric ceramics with high
performances are in great demands [1]. Particularly, the
low-temperature cofired ceramic (LTCC) technology has
played an increasingly important role in the fabrication of
modern electronic devices, which would require dielectric
ceramics to have a low sintering temperature below the
melting point of silver (961°C) in addition to desirable
microwave dielectric properties [2].

Recently, some Bi,0;-, MoO;-, B,0;-, Li,O-, and
V,05-based microwave dielectric ceramics have gained
considerable attention due to their intrinsically low sin-
tering temperatures [3-9]. Among them, many vanadate
ceramics have both a low sintering temperatures and good
microwave dielectric properties, which make them become
potential candidates in LTCC technology. BaMg,V,0g4 with
a body-centered tetragonal structure was reported to pos-
sess excellent microwave dielectric properties of g,=12,
Qxf=156,140 GHz (9.9 GHz) and t,=-36 ppm/°C at a
relatively low sintering temperature of 900°C [10]. How-
ever, the undesirable t; value of —36 ppm/°C precluded its
immediate application in LTCC.

The common method to tailor t; value is to
add some materials with opposite-sign T such as
Ba;(VO,),~Mg,Si0, and CasMg,(VO,)sBas(VO,), sys-
tem [11, 12]. Wang et al. reported that adding 13%TiO,
in BaMg,V,05 has successfully tailored the negative
T, value, and good microwave dielectric properties of
e,=13.0, Qxf=97,334 GHz and t,=—4 ppm/°C were
obtained at 900°C for 4 h [10]. Moreover, the ionic sub-
stitution was also widely used in tailoring undesirable
T; values, such as (Zn;_Ni);Nb,Og and Co(Ti,_,Zr,)
Nb,Og system [13, 14]. Similarly, the Sr** substitution
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for Ba** in Ba,_,Sr Mg,V,0q4 system also made the t;
value experience a considerable variation from negative
to positive values as a result of increasing the A-site
bond valence. Desirable microwave dielectric proper-
ties of ,=13.3, Qxf=86,640 GHz and t,=—-6 ppm/°C
were achieved in BaggsSr; sMg,V,0; ceramics sintered
at 915°C for 4 h [15]. In addition, non-stoichiometry
also plays an important role in improving dielectric per-
formances of the matrix ceramics. It was reported that
the Qxf value of Ba[(Co,Zn3),sNb,;3]0; was greatly
enhanced by A-site non-stoichiometry for the increased
long-range order degree, although the t; value was tai-
lored at the same time. Microwave dielectric properties of
e,=33.7, Qxf=70,917 GHz and ©;=—-4.07 ppm/°C were
achieved in Bay[(Coy5Zng4),sNb,y;3]05 [16]. Similar
phenomenon also occurred in Ba;, (Mg, ;Ta,;)O0;5 sys-
tem, where the optimal microwave dielectric properties of
e,=24.7, Qxf=152,580 GHz and t;=1.2 ppm/°C were
achieved [17]. Therefore, A-site non-stoichiometry was
also expected to bring out a great improvement in micro-
wave dielectric properties of BaMgV,0; ceramics. In this
work, the Ba;, Mg,V,0g (x=-0.02 to +0.52) ceramics
were prepared and their phase composition, microstruc-
ture and microwave dielectric properties were investigated
systematically.

2 Experimental procedure

The Ba;  Mg,V,04 (x=0-0.52) ceramics were synthesized
by a conventional solid-state reaction method using high-
purity starting powders of analytic-grade Ba(OH),-8H,0,
MgO and V,0s. The raw materials were weighed according
to the above formula and then ball-milled for 4 h using zir-
conia balls and alcohol as the medium on a planetary mill-
ing machine. The resulting slurries were then rapidly dried
and calcined at 800 °C for 4 h in air. The calcined powders
were re-milled for 6 h and then mixed together with 5 wt%
PVA as a binder. The granulated powders were subse-
quently pressed into cylinders with dimensions of 10 mm
in diameter and 7-8 mm in height. The specimens were
first heated at 550°C in air for 4 h to remove the organic
binder, and then sintered at 870-960 °C for 4 h.

The crystal structure of the fired ceramics was identified
via an X-ray diffractometer (XRD, D/Max2500 V, Rigaku,
Japan) using CuKa radiation. The bulk densities of the sin-
tered ceramics were measured by the Archimedes method.
The microstructure of the specimens was observed using
a field-emission scanning electron microscope (FE-SEM,;
SU8020, JEOL, Tokyo, Japan) equipped with an energy
dispersive spectrometer (EDS). Microwave dielectric prop-
erties of the sintered ceramics were measured using a net-
work analyzer (N5230C, Agilent, Palo Alto, CA) and a

temperature chamber (GDW-100, Saiweisi, Changzhou,
China). The 7; values of the samples were measured in the
temperature range of 20-80°C and calculated by the fol-
lowing equation:

S hHh-h )

=1
AT, -T,)

where f; and f, represent the resonant frequencies at 7', and

T,, respectively.

3 Results and discussion

Figure la presents the normalized XRD patterns of
Ba,  ,Mg,V,0q ceramics sintered at optimum temperatures
for 4 h. Within the range of —0.02<x<0.02, all the dif-
fraction peaks matched well with the standard patterns of
BaMg,V,04 JCPDS No. 72-2159) and no secondary phase
was detected. This result indicated that a small amount of
Ba-deficiency or Ba-excess would not change the crystal
structure of the matrix. However, it should be noted that the
main diffraction peak of BaMg,V,0q shifted toward lower
diffraction angles as x increased from —0.02 to 0.02, as
shown in Fig. 1b, c, indicating that the volume of the matrix
lattice increased with increasing x values. To understand
this in more details, refinements were carried out by using
GSAS software. The refined pattern of the x=0.01 sample
was selected as a representative, as shown in Fig. 2. And
the refined results of Ba; Mg,V,04 (—0.02<x<0.02)
samples are shown in Table 1. The reliable factors of prv
R, and x* values were in the range of 7.5-8.7%, 5.9-6.70%,
and 1.33-1.54%, respectively, indicating the refinement
result is reliable. The cell volume increased with increas-
ing x from —0.02 to 0.02, as discussed above. However,
at higher x values (x>0.02), a single-phase BaMg,V,0q
structure could not be maintained. The peak intensity of the
secondary-phase Ba;V,0q increased with the increment of
x. BaMg,V,0q4 adopts a tetragonal structure with 141/acd
space group while Ba;V,0; prefers to crystallize in a hex-
agonal structure with R32/m space group. The big differ-
ence in their structures and coordination relations between
Ba’*, V3" and O~ in each phase would determine the sta-
ble coexistence of these two phases in the sintered bodies
[10, 11]. Additionally, Fig. 1b, ¢ show that the main dif-
fraction peaks of BaMg,V,05 and Ba;V,05 shifted toward
higher diffraction angles as x increased from 0.04 to 0.52.
Similar peak shift was also found in other vanadates, prob-
ably because the evaporation of V,05 and the presence
of V* at higher sintering temperatures would cause a
decrease in cell volume [10, 18, 19].

Figure 3 shows the SEM images of Ba;, Mg,V,0q
ceramics sintered at optimum temperatures for 4 h. All
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Fig.2 The Rietveld refinement pattern of the Ba;,Mg,V,04
ceramic sintered at 915°C for 4 h

clearly seen that the big grain (marked A) contained Ba,
Mg, V and O elements in an approximate molar ratio of
Ba:Mg:V:0=1:2:2:8, which matched with the composition
of BaMg,V,0g and the small grain (marked B) mainly con-
tained Ba, V and O elements in an approximate molar ratio
of Ba:V:0=3:2:8, which conformed to the composition of
Ba;V,0q.

Table 1 Refined unit cell

cline x=-0.02 x=-0.01 x=0 x=+0.01 x=+0.02
volume, reliability factors
;ﬂd gizd-g/f-gt indicator of a=b 12.4077(3) 12.4089(2) 12.4117(2) 12.4124(2) 12.4126(3)
a; ., Mg,V,04 ceramics
(0702 <x<40.02) ¢ 8.4562(2) 8.4558(2) 8.4582(2) 8.4590(2) 8.4594(2)
Vol (A% 1301.84(9) 1302.05(8) 1302.99(7) 1303.27(7) 1303.38(9)
R, (%) 7.55 8.61 7.87 8.22 7.86
R, (%) 5.92 6.69 6.26 6.43 6.13
e 133 1.52 1.47 1.53 1.42
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Fig. 3 SEM images of pol-
ished and thermally etched

Ba;, ,Mg,V,0; ceramics sin-
tered at optimal temperatures. a
x=-0.02, 885°C; b x=-0.01,
885°C; ¢x=0,900°C; d
x=+0.01,915°C; e x=40.02,
915°C; £x=0.20,915°C; g
x=0.36,930°C; hx=0.44,
930°C andix=0.52,945°C

Table 2 EDS results of the x=0.44 sample

Points Elements (atom %) Total
Ba Mg v (0] (%)

A 8.05 14.96 16.22 60.77 100.00

B 23.52 1.23 15.88 59.37 100.00

Figure 4 shows the variation of relative density and micro-
wave dielectric properties of Ba;, Mg,V,0p (x=-0.02 to
+0.52) ceramics as a function of sintering temperature. As
shown in Fig. 4a, the relative densities of all studied sam-
ples firstly increased to their respective maximum values and
then decreased with further increasing sintering temperature.
Each composition possessed a high relative density (>95%)
at optimum temperatures, keeping a good consistency with
the microstructural observation. The variation of €, and QX f
values as a function of sintering temperature showed a similar
tendency to that of relative density, as can be seen in Fig. 4b,
c. The improvement in e, and QXf values with increas-
ing sintering temperature should be mainly related to the
enhanced densification, while the evaporation of vanadium
and the valance change of V>* at higher sintering tempera-
tures contributed to the subsequent decrease in €, and QXf
values [15] in addition to the decline of the sample density.
Figure 4d presents the variation of t; values as a function of
sintering temperature. It can be seen that the t; values of each

sample changed little with increasing the sintering tempera-
ture, indicating that T, was insensitive to sintering tempera-
ture. On the other hand, it also can be seen that the €, values
of Ba;, Mg,V,04 (x=-0.02 to +0.52) ceramics increased
with increasing x values. Q X f firstly increased up to x=0.01
and thereafter decreased, and 7; value changed little as x
increased from —0.02 to 0.02 but monotonically increased
to positive values with a further increase of x. Microwave
dielectric properties of Ba,, Mg,V,0; ceramics within the
solid solution range (—0.02 <x <0.02) and the diphase range
(0.02<x<0.52) presented a different variation trend. Thus,
a further study was carried out to disclose the relationship
between structure and properties.

Figure 5 shows the microwave dielectric properties
of Ba;, Mg,V,04 ceramics in the solid solution range
(—0.02<x<+40.02). The theoretical €, value can be calcu-
lated using the Clausius—Mosotti equation and Shannon addi-
tive rule [20] as follows:

Hheo (BayxMgsV205) = (1 +x)a(Ba’") + 2a(Mg™) @)
+20(V) + 8a(077)

p— 3_ —
P T bV, 3)

where o; (i=Ba**, Mg?*, V3%, 0?7) is the polarizability of
constituent ions, and b, V., and &, represent a constant value
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(47/3), molecular volume and dielectric constant, respec-
tively. As can be seen in Fig. 5a, the measured €, value was
close to calculated €, value and both of them increased with
increasing x values. The variation of Qxf values as a func-
tion of x is shown in Fig. 5b. As is well known, the fac-
tors that contribute to the dielectric loss can be divided into
extrinsic losses and intrinsic losses. The extrinsic losses are

@ Springer

mainly caused by density, secondary phase, grain size and
lattice defect while the intrinsic losses are mainly caused by
structural characteristics. As shown in Fig. 5b, the packing
fraction and relative density both increased with increas-
ing x values, so the QX f gradually increased with increas-
ing x values as well. A little decrease in QX f at x=0.02
could be ascribed to the slight decrease in relative density.
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Previous studies revealed the relationship between bond
length and 7; value [21, 22], in which the substitution of
smaller Sr** ions for Ba®" ions decreased A-site average
bond length (d,_g) and increased A-site bond valence, thus
leading to the increase of t; values. As shown in Fig. 5c,
7, decreased with increasing x values, which corresponded
well with the increased A-site average bond length of
Ba;, Mg,V,04 ceramics. In general, QX f was boosted by
slightly introducing excessive Ba’* and desirable micro-
wave dielectric properties of e, =12.4, Qxf=192,840 GHz,
T,=-35.3 ppm/°C were achieved in the x=0.01 sample as
sintered at 915 °C for 4 h.

Furthermore, the microwave dielectric properties of the
composite ceramic should be related to the volume fraction
of each phase in the compounds, which can be described by
the following equations [23]:

Ine, = V Ing,; + V,lne,, 4)
@QxDH' =V QxD), ™" +VyQx D, )
7= Vit + Votp (6)

where V, and V, stand for the volume fraction of each
phase. The volume fraction of the Ba;V,05 phase was
estimated by using the intensity of the strongest peaks for
the coexisting phases shown in Fig. 1. The variation of
Ine,, (Qxf)™" and t; values of Ba,, Mg,V,04 ceramics in
the diphase range is shown in Fig. 6. It can be seen that
the measured Ine, and 7; values are close to the calculated
values, indicating the mixing rule is applicable. However,
the measured (Qxf)~! values were found to be slightly
lower than calculated values. This is probably because
the quality factor is more easily influenced by other

100
250 - ;
= )
5 200 —™ linear fit of (Qxf)" 475
’To 150
- =
= - 50
g 100 |- G
S d25 &
50 L £
o o
-1, 2
0 -
35 =&- linear fit of 7, e
' ——Ing,
g 30f —&- linear fit of Ing, | 25
25| M == - —& {50
2.0 1 1 1 1 1 1 75
0 20 40 60 80 100

Ba,V,0, (vol%)

Fig. 6 Microwave dielectric properties of Ba;, Mg, V,0q ceramics in
the diphasic region as a function of the volume content of Ba;V,04

factors such as lattice defects, grain size, porosity and so
on. Excellent microwave dielectric properties of €.=13.7,
Qxf=92,580 GHz, t,=-5.3 ppm/°C were obtained in the
x=0.44 sample as sintered at 930 °C for 4 h.

4 Conclusions

In present work, the effect of A-site non-stoichiometry
on the phase composition, microstructure and microwave
dielectric properties of Ba;, Mg,V,04 ceramics was inves-
tigated. A small amount of Ba-site non-stoichiometry
(—0.02<x<0.02) did not change the phase structure but
significantly boosted the Q X f value, while a large amount
of Ba excess (0.04 <x<0.52) provoked the Ba;V,0; sec-
ondary phase, which acted as a t-modifier in the com-
posite. Good microwave dielectric properties of €.=12.4,
Qxf=192,840 GHz, t;=-35.9 ppm/°C and e.=13.7,
Qxf=92,580 GHz, t;=-5.3 ppm/°C were obtained in
Ba, ,;Mg,V,04 ceramics sintered at 915°C for 4 h and
in Ba; ,sMg,V,04 ceramics sintered at 915°C for 4 h,
respectively.
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