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Microwave dielectric properties of doped
Bas_x(Sm1 —y Ndy)erZX/:,,Tlmo54 oxides
P. LAFFEZ*, G. DESGARDIN, B. RAVEAU

Laboratoire de Cristallographie et Sciences des Materiaux, Institut des Sciences de la Matiere
et du Rayonement-ISMRA, Boulevard du Maréchal Juin, 14050 Caen Cedex, France

Dielectric ceramic compositions for microwave applications belonging to the
(BaO)—(Nd,04)-(5m,0,)—(TiO,) phase diagram were studied. Two compaositions were
selected for study, the doping effect of MnO,, WO;, CaO on dilatometry, microstructure and
microwave properties. The effect of the nature and the amount of dopants on microstructure
and microwave properties were clearly demonstrated. The effect of the addition of 1 or 2wt%

WO;, MnO, and Ca0 to Ba, (Smg g, Ndg 4)5.33 115054 and Bag 55(Smg 5,Ndg 5) 9.5 Ti1g 054
was studied. It was found that these two compositions lead to dense ceramics exhibiting
excellent microwave properties, for instance e=74-81, Qx fup to 9000 Ghz at 3 Ghz and t,

around +9 p.p.m.°C™".

1. Introduction

Ceramics in BaO-Nd,0;-TiO, and BaO-Sm,O,
~TiOQ, systems are well known as quite useful dielec-
tric materials for applications at microwave frequen-
cies. The properties and crystal chemistry in the sys-
tem BaO-Nd,0;-TiO,, especially in TiO,-rich por-
tions were studied in detail by Kolar [1,2] while the
BaO-Sm,0,-TiO, system was explored by
Kawashima [3] and Nishigaki et al. [4]. In a previous
work [5] we reported the difficulty in controlling the
temperature stability of the resonant frequency in the
BaO-Sm,0;-TiO, system, mainly due to the pre-
sence of secondary phases in ceramics with zero tem-
perature coefficient of the resonant frequency, t;, while
pure matrix ceramics lead to negative 7. In another
paper [6] we pointed out the possibility of reaching
nearly zero 1, by partial substitutions of samarium by
neodymium compositions belonging to the theoritical
bronzoid line Bag_,Lng, 5,3 Ti;505,.

The purpose of this study was to investigate the
microstructure and dielectric properties at microwave
frequencies for two ceramics having the composition
Bag_,(Sm; _ Nd )g;2,3Ti;30s4 (x =2, y = 0.4 and
x =225, y=0.5) doped with different amounts of
WO,, MnO, and CaO. The aim was to reduce slightly
the positive coefficient of the resonant frequency as
close as possible to zero, while trying to increase the
dielectric constant and decrease the dielectric losses.
We chose the nature of the dopant by reference to
different papers. Nishigaki et al. [7], reported that
a small amount of WO, added to BaTi,O, or
Ba,Ti,0,, ceramics increased @ and decreased ;.
This improvement of the dielectric properties was
attributed to the appearance of the BaWO, phase for

which 1, is about — 33 p.p.m.°C ™. In our case, the
bronzoid type structure exhibits a tunnel structure
related to the tetragonal tungsten bronze A,WO,.
This suggests that doping with WO5 could “extract”
Ba?* cations and form BaWO,. If that took place, the
bronzoid structure should release samarium, neo-
dymium and titanium which could form (Sm, Nd)
Ti,0, which have negative 1, values too (17~
— 120 p.pm °C™!, after Wakino et al. [8]). MnO,
dopant was found to lead to a large decrease of the
temperature coefficient in BaO-Nd,0,-5TiO, ce-
ramics [9], while € increases, and Q decreases. The
corresponding samples contained several unidentified
phases. In BaTi,O,, an increase of the quality factor,
Q, was noted by Mhaisalkar et al. [10] for the same
dopant. This increase is attributed to the possible
formation of a liquid phase during sintering which can
improve the densification. Finally, an improvement in
Q was also noted when doping BaTi,O, with CaO [10].
Our study concerns the addition of 1 and 2wt %
WO;, MnO, and CaO to Ba,(Smg e, Ndg 4)g.35-
Ti;40s5, and Bas ;5(Smg s, Ndg s)g 5 Ti;5Os4-

2. Experimental procedure

2.1. Sample preparation

The appropriate amounts of BaCO,, Sm,0;, Nd,O,
and TiO, were intimately mixed by attrition milling,
and then calcined at 950°C in alumina boats. This
calcination temperature leads to some intermediate
phases, previously described [5,6] (BaTi,O,,
Sm,Ti,0,, Nd,Ti,O,, etc.). Those phases, when sin-
tered, will be transformed to the final bronzoid
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ture. Furthermore, this process is said to eliminate,
partially, anisotropy problems due to a uniaxially
pressed sample [11]. The calcination is followed by a
second attrition milling process in order to reach a
homogeneous granulometric distribution close to
I pm. During this second attrition milling, the correct
amount of dopant is added to the calcined powder.
The powders mixed with an organic binder (PVA 5 %)
are pressed into the form of cylinders, at 1T cm ~? and
finally sintered at high temperature in an oxygen flow
in a tubular furnace at a heating rate of 200°Ch™!

2.2. Characterization

The calcined powders and the sintered samples were
characterized by X-ray diffraction (XRD) using a
Guinier camera. Microstructure observations were
carried out on polished samples by SEM, using a Jeol
840 microscope. For this purpose, a thermal treatment
at 1150 °C for 5 min was performed to reveal the grain
boundaries. The reactivity of the powders and the
sintering phenomena were studied by dilatometry
using a Adamel-Liomargy dilatometer (model DI 24).
Microwave characteristics such as the dielectric con-
stant, g, the product of quality factor and the resonant
frequency, Q x £, and the temperature coefficient of the
resonant frequency, t,, were determined at 3 GHz
using the dielectric resonator method [12] at the
Tekelec Microwave Company, France.

3. Results

3.1. Ba,(Smg gNdg4)e.33 Ti150s4
composition (labelled 1)

3.1.1. Dilatometric study

Fig. 1 shows the evolution of the shrinkage in an

oxygen flow for a pellet corresponding to this com-
position, without dopant, calcined at 950°C. The
ordinary dilatation is not observed. Shrinkage starts
at 600 °C, and continues until 800 °C. A bending of the
curve is observed between 1000 and 1150 °C, corres-
ponding to the formation of the bronzoid
Bag_,Lng, ,,3Ti; 4054, as previously reported [5].
The shrinkage starts again at 1150°C, and proceeds
slowly until 1200 °C and then accelerates quickly after
this temperature. During the plateau at 1350 °C, the
shrinkage continues. No further evolution occurs dur-
ing the cooling process.

3.1.1.1. WOsdoped sample. The dilatometric study of
2wt % doped sample (Fig. 1) leads to a similar dilato-
metric curve compared to the undoped one, untii
600 °C. The same onset of shrinkage as for the un-
doped sample is noted at that temperature, but it
ceases at 700 °C instead of 800 °C. The shrinkage did
not occur again until the formation of the bronzoid at
1000 °C. Then, the shrinkage began 50 °C earlier and
the densification rate was higher than for the undoped
sample. A slight densification can be observed during
the plateau at 1400 °C.

3.1.1.2. MnQO, doped sample. The dilatometric curve
of the 2wt % doped sample (Fig. 1) leads to a curve
that exhibits almost no change until 1080 °C. At that
temperature, the shrinkage began and accelerated
very quickly between 1100 and 1250°C. When the
temperature reached 1350°C the shrinkage was al-
most finished. According to Mhaisalkar et al. [10],
it is possible that a liquid phase appears, improving
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Figure 1 Shrinkage evolution of a pellet of composition Ba,(Smg ¢ Ndg 4)e.33 Tl s Os4: calcined at 950 °C, sintered in oxygen, with different

dopants: (

268

) 2wt % WO;3, (- - -) 2wt % MnO,, (---) 2wt % CaO, (—-—) no dopant.



the densification, but SEM observations did not reveal
any evidence for the liquid-phase formation.

3.1.1.3. CaO-doped sample. The 2wt% doped
sample shows a dilatometric curve with the same
characteristics as samples without dopant, but
the signal is amplified and starts 50°C. later. The
sintering began after 1200 °C and started slowly. The
shrinkage continues during the plateau. In that case it
seems that doping with CaO causes the sintering, and
a degradation of the microwave properties should be
expected.

This dilatometric study led to the different samples
being sintered with the following thermal cycles:

(a) WO;-doped sample: sintered at 1450°C for 2 h
in oxygen;

{b) MnO,-doped sample: sintered at 1350°Cfor 2 h
in oxygen;

(c) CaO-doped sample: sintered at 1450°C for 2 h
in oxygen.

3.1.2. Influence of dopant on the
microstructure

Fig. 2 shows the microstructure of ceramics sintered at

various temperatures with an oxygen flow.

The undoped sample sintered at 1450 °C shows a
pure matrix where secondary phases are not observed.
The high sintering temperature leads to a good dens-
ification.

The two samples doped with two different amounts
of WO; show the same microstructures as the un-
doped one.

Samples doped with | wt% MnO, show a pure
ceramic. On the other hand, when the amount of
MnO, increases (2wt %), a secondary phase appears
in the form of inclusions of a size centred around 1 pm.
Because of this small size (1 pm), energy dispersive
spectroscopic (EDS) analysis was not performed. A
multitude of microcracks were visible for this sample
at high magnification (see Fig. 2).

Finally, the CaO-doped sample leads to a pure
matrix where a high porosity remains, according to
the dilatometric study which showed the difficuity of
sintering this kind of sample.

3.1.3. Microwave properties

Table I summarizes microwave characteristics of the
different doped samples. The undoped one shows
excellent  dielectric  properties, &=77, Qxf
= 9000 GHz and 1, = + 9 pp.m.°C~ .

3.1.3.1. WO, effect. The improved density of this
sample in comparison with the undoped one, leads to
a slightly higher dielectric constant. However, the
quality factor decreases and the t; increases. The
phases BaWOQ, and (Sm, Nd),Ti,O,, which were ex-
pected to lower the 1, to zero, did not appear.

Figure 2 see over page
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characteristics of the
Ndg 4)g.33Ti;5O54 composition versus the nature and amount of
dopant

TABLE I Microwave Ba,(SMy ¢,

Nature and  Sintering Density & QO xf T
amount temper- (GHz) (ppm.°C™Y)
(wt %) ature

of dopant  (°C)

No dopant 1450 540 77 9000 +9
1 WO, 1450 5.64 79.3 8100 + 10
2WO0, 1450 5.61 77.4 8100 +13
1 MnO, 1350 5.56 79 6200 + 10
2 MnO, 1350 5.63 81.3 4800 + 14
1 CaO 1450 5.58 79 6500 + 16
2 CaO 1450 512 65 7200 +35

3.1.3.2. MnO, effect. The density of the two MnO,-
doped samples was higher than the undoped ones,
even if these MnO,-doped samples were sintered at
lower temperature. This confirms that MnO, acts as a
sintering agent for that composition. An increase of &
can be seen as the dopant amount increases.

The formation of an hypothetic liquid phase at the
grain boundary during sintering could explain the
good and rapid densification. However, this hypothe-
tical liquid phase is probably ferroelectric or a semi-
conductor, because the Q x f product is low.

3.1.3.3. CaO effect. The decrease of the density ob-
served on the microstructure and the dilatometric
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Figure 2 Microstructure of the composition Ba,(Smyg ¢, Ndg 4)g.33-
Ti 3 Os, calcined at 950 °C and sintered at various temperatures in
an oxygen flow, with different dopants: (a) undoped,
1450°C, 2 h; (b) 1 wt % WO;, 1450°C, 2 h; (c) 2wt % WO,, 1350°C;
(d) 1wt % MnO,, 1350°C; (e) 2wt % MnO,, 1350°C. () 1wt %
Ca0, 1450°C, 2h; (g) 2wt % CaO, 1450°C, 2h,

analysis leads to poor microwave properties. The CaO
prevents the densification. A decrease of € and Q xf
while 7, increases can be observed.

3.2. Bag 75(Smg .5, Ndo 5)9 5Ti150s54
composition (labelled 2)

3.2.1. Dilatometric study

Dilatometric studies were performed for this composi-

tion during sintering with 2 wt % of the three different

dopants. The results, shown in Fig. 3, confirm that the

reactivity varies with the nature of the dopant.

The reactivity increases in the presence of MnQ,
and WO;, while the sample doped with CaO was
found to be difficult to densify well.

These observations led to the use of the following
sintering conditions:

(a) WO;-doped sample: sintered at 1450 °C for 2 h
in oxygen;

(b) MnO,-doped sample: sintered at 1350°C for 2 h
in oxygen;

(c) CaO-doped sample: sintered at 1450 °C for 2 h in
oxygen.

3.2.2. Influence of the dopant on the
microstructure

Fig. 4 shows the microstructure of ceramics sintered at
various temperatures under an oxygen flow. The
microstructure of undoped sample shows that the
amount of porosity is very small and that a second
phase remains. XRD and EDS analysis have been
performed in order to identify that secondary phase.
The XRD pattern is very difficult to interpret because
of the overlapping of the main lines of the different
phases. However, the EDS analysis confirms the pre-
sence of titanium, samarium and neodymium in the
secondary phase in the following amounts: Ti = 60 %,
Sm x 25%, Nd ~ 15%, which is close to (Sm, Nd},-
Ti,O,.



3.2.2.1. WOgdoped sample. The microstructure of  like, and the length of these needles is about 10 um.
this sample shows two secondary phases instead of = These needles are much too narrow to be analysed by
one for the undoped sample. The third phase is needle-  EDS.
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Figure 3 Shrinkage evolution of a pellet of composition Bay ;5 (Smg s Ndg 5)g.5 Ti; s Os,: calcined at 950 °C, sintered in an oxygen flow, with
different dopants: (——) 2wt % WOy, (- — -) 2 wt % MnO,, (- - -) 2wt % CaO, (—-—) no dopant.

Figure 4 see over page
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3.2.2.2. MnOdoped sample. This sample shows a
pure matrix ceramic for the two amounts of MnQO,.
Some porosity can be seen. The grain size is about
1 pm.

3.2.2.3. CaO-doped sample. This sample shows a
microstructure corresponding to a pure matrix where
a large porosity remains. This porosity increases with
the amount of dopant.

3.2.3. Microwave properties

The microwave characteristics of the doped samples of
composition 2 are given in Table II. The sample doped
with WO, shows a decrease of the dielectric constant,

TABLE II Microwave characteristics of the Ba,;5(SM, s,
Ndg 5)g.5Ti; 5305, composition versus the nature and amount of
dopant

Nature and  Sintering Density ¢ g xf T

amount temperature (GHz) (pp.m.°C™}Y)
(wt %) 0

of dopant

No dopant 1400 5.64 81 8700 + 8.8

1 WO, 1350 5.62 77 7700 19

2 WO, 1350 5.65 75 8100 22

1 MnO, 1350 5.51 80.6 1200 + 15

2 MnO, 1350 5.62 81 1000 +20

1 CaO 1450 5.53 79.3 5300 +8

2 CaO 1450 533 74.5 6200 + 33
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Figure 4 Microstructure of the composition Ba;,5(Sm, ,
Ndg 5)g.33Ti; §Os5, caleined at 950°C and sintered at various tem-
peratures in oxygen, with different dopants: (a) Undoped, 1400 °C,
2h; (b) 1wt % WO;, 1350°C, 2h; (c) 2wt % WO,, 1350°C, 2h; (d)
2wt % MnO,, 1350°C; (e) 2wt % MnO,, 1350°C; (f) 1 wt % CaO,
1450°C, 2h; (g) 2wt % CaO, 1450°C, 2h.

&, and the Q x ffactor, while the 1; coefficient increases.
The evolution of € with WO, content for this composi-
tion (2) is different from that of composition 1. These
different evolutions could be attributed to the
presence of secondary phases in ceramics of composi-
tion 2 instead of pure matrix as observed for composi-
tion 1.

The MnO, effects are the same as for composition
1: a drastic decrease of Q x f'and a high coefficient ;.

Finally, as expected, considering the difficulty of
densification during sintering, a degradation of the
parameters g, Q x fand 1, can be observed when doped
with CaO.

4. Conclusion

The effect of adding WO;, MnO,, CaO to the system
Bag_,(Sm; _,Nd,)g 4 25/3Ti 3 Os4 was studied in terms
of microwave properties and microstructural observa-
tions. The effects noted in other systems and reported
in the literature were rather different in our study. We
observed an undeniable effect of the different dopants
on reactivity. The effect of WO, upon microstructure
depends on the composition. In one case, (x = 2, y =

0.4), no effect was observed. On the other hand, for
x =2.25,y = 0.5, we observed two secondary phases
which could not be identified. The microwave proper-
ties of those samples show a large dielectric constant,
but both Q and t; are not improved. The formation of
BaWO,, which was expected to lower 1;, did not
occur. The MnO,-doped samples exhibit, whatever
the composition, a pure, dense matrix, showing the
effect as a sintering agent of this manganese oxide. The
density increases, in comparison to the undoped
sample, leading to an improvement of the dielectric
constant up to 81, a decrease of the quality factor,
which is in good agreement with the result of Yamada
et al. [9]. However, the effect upon the 7, coefficient is
different, owing to the absence of the secondary
phases, reported by Yamada et al. At the least, the



addition of CaO to such compositions leads to a
general decrease of the microwaves properties, which
is in good agreement with the poor densification of the
relative samples.

This study confirms the importance of secondary

phases in such a system and, in particular, their influ-
ence on the Q x f and T, coefficients.
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