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Influence of calcination, sintering and 
composition upon microwave properties 
of the Bas-xSrns+2x/3TilsO54-type oxide 

P. LAFFEZ, G. DESGARDIN,  B. RAVEAU 
CRISMAT-ISMRa, Boulevard du Mar#chal Juin, 14050 Caen Cedex, France 

Dielectric ceramic compositions for microwave applications belonging to the (BaO) (Sm203) 
(Ti02) ternary phase diagram were studied. Calcination, sintering, microwave properties and 
influence of secondary phases were investigated. By varying composition and/or sintering 
process, a high dielectric constant with low dielectric losses and modulable negative or 
positive temperature coefficient of the resonant frequency can be reach. 

1. Introduct ion 
Dielectric ceramics for resonators are of great interest 
because they will probably be used to manufacture 
pass-band filters for microwave applications. Three 
parameters, dielectric constant, ~, quality factor, Q, 
and the temperature coefficient of resonant frequency, 
z f  must be carefully controlled for such applications. 
The ~ value dictates the volume of the resonator which 
varies as e 1/2, and is expected to have an average value 
of 80. The quality factor, Q, which is the inverse of the 
loss angle, tg (tangent) 6, corresponds approximatively 
to a constant Qf  product, f being the frequency. The 
temperature coefficient, z f =  1/ f (df /d t ) ,  is practic- 
ally always required to be as close as possible to zero. 

Many systems have been investigated for the re- 
search of new materials, but only a limited number 
lead to interesting characteristics. Among them, the 
pseudo ternary systems BaO-Ln203-TiO 2 with Ln 
= Sm or Nd, appear as potential candidates [1, 2]. 

Similarly, the partial replacement of barium by 
strontium or lead in these systems was studied [1-3]. 
The best results were obtained for the composition 
(BaO)o.15(Sm203)o.15(TiO2)o.7 by Nishigaki et al. 
[1], with a partial substitution of barium by 
strontium. However, for this composition, the authors 
obtained a mixture of the main phase belonging to the 
Ba 6_~Sm 8 + 2x/aTi18Osg-type structure [4] and of sec- 
ondary phases TiO 2 and Ba2Ti902o. Moreover, the 
authors point out that the degradation of radio- 
frequency properties of this ceramic is due to the 
secondary phases. The possible nonstoichiometry 
(0 _< x ___ 1.5 for samarium) of the main phase [4], 
which exhibits a tunnel structure related to the tung- 
sten bronzes AxWOa, suggests that the reaction mech- 
anisms which take place during sintering in this 
system are complex. The present paper reports a study 
of the influence of calcination and sintering condi- 
tions upon microwave properties of the compositions 
close to the ideal pure phase bronzoid 
Ba6-xSm8 + 2x/3 Ti18054 �9 
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2. Experimental procedure 
2.1. Sample preparation 
Adequate mixtures of BaCO 3, Sm20 3 and TiO 2 were 
intimately ground by attrition in a teflon bowl using 
deionized water and zirconia balls. The mixed raw 
material was then dried under an infrared radiator at 
400 ~ The resulting powder was ground by hand and 
screened with 100 gm meshes, to eliminate agglomera- 
tes, and calcined at different temperatures in alumina 
boats. Calcination was followed by a second attrition- 
grinding in order to reach an homogeneous granu- 
lometric distribution, close to 1 pm. 

The powders were then added to an organic binder 
(Rhodoviol 5%) and pressed in the form of cylinders 
using an uniaxial pneumatic press, and finally sintered 
at high temperature in a tubular furnace. 

2.2. Characterization 
The calcined and sintered samples were characterized 
by X-ray diffraction (XRD) using a Guinier camera 
and a powder diffractometer. Fractures and polished 
areas of the sintered samples were observed by scan- 
ning electron microscopy using a Jeol 840 Microscop 
equipped with Tracor analysis. For this purpose, ther- 
mal treatment at 1150~ for 5min allowed grain 
boundaries to be revealed. The reactivity and sintering 
phenomena were studied by differential thermal ana- 
lyses (DTA), thermogravimetry (TG) and dilatometric 
techniques. 

Microwave characteristics were determined by the 
Tekelec Microwave Society (Montreui193106, France) 
using a dielectric resonator method previously de- 
scribed [5]. 

3. Results and discussion 
3.1. The optimized composition (BaO)0.15 

(Sm203)0.15 (Ti02) 0.7 
This composition, "a" in Fig. 1, was chosen owing to 
its good microwave properties previously published 
[ i ]. 
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3. 1.1. Calcination and microwave properties 
X-ray diffraction analysis show that the phases 
BaTi409, SmzTi20 7 and Ba4Ti13040 are formed in a 
first step (Table I). The expected bronzoid, corres- 
ponding to the ideal formula Ba 6_ xSm 8 + zx/3 Til 8 054 
[4], appears only at 1000~ it coexists with small 
amounts of SmzTi20 7 at high temperature (1200 ~ 
The ternary diagram (Fig. 1) shows that for temper- 
atures smaller than 1100~ the mixture of three 
phases which is obtained is in agreement With the 
homogeneity range of the bronzoid repi"esented by the 
line AB in Fig. 1. O n  the other hand, for higher 
temperatures it suggests that the bronzoid and 
SmzTi20 7 are not the only phases which are present 
in the mixture, but that a third phase exists, for 
instance TiO 2, which is in too small amounts to be 
detected by XRD. The SEM observations on sintered 
materials support this view. 

These results, although rather similar to those re- 
cently observed by Wu and Chang [6], exhibit some 

TABLE I Phase evolution during calcination of 0.15BaCO 3 
+ 0.15Sm203 + 0.7TiO 2 (composition ~ 

Calcination 
temperature (~ Detected phases 

95O 

1000 
1050 
1100 
1150 
1200 

TiO2(w) Sm203(S), BaTiO4Og(m), 
Ba4Ti13 O30(m), Sm2Ti2OT(s) 
Ba~,Ti1303o(m), Sm2Ti2OT(s), (~(w) 
Ba4Tix3030(m), Sm2TizOT(s), ~(m) 
Ba4Ti13030(w), SmzTi2Ov(s), ~(s) 
Sm2TizOv(w), (~(s) 
SmzTi2OT(w), (~(s) 

~b, Bronzoid Ba 6 xSms+2x/3Ti18054; (w), weak; (m), medium; 
(s), strong. 
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differences. With our experimental method, the forma- 
tion of the nonstoichiometric tunnel structure is ob- 
served at 1000~ instead of at 1050~ by previous 
authors [6]. This is easily explained by our milling 
process and calcination which allows a different re- 
activity of the powder to be reached. The latter hypo- 
thesis is confirmed by the fact that in our case at 
1000~ BaTi40 9 has completely disappeared con- 
trary to what was found by Wu and Chang [6] at the 
same temperature. 

The TG  analysis performed in air confirms the early 
decomposition of BaCO 3 (Fig. 2a) at 900~ This 
allows a low temperature of calcination to be used in 
order to eliminate CO/ .  DTA (Fig. 3a), shows a broad 
exothermic signal ranging from 900 1200 ~ evidence 
of the complex reaction mechanisms involved in the 
formation of the bronzoid Ba 6_xSm s + zx/3Ti18054. 

Although at 900 ~ CO 2 gas has been eliminated, 
the calcination temperature is liable to influence 
microwave characteristics after sintering. Thus, a ser- 
ies of calcinations were performed at different temper- 
atures, and the corresponding samples were all 
sintered under the same conditions, i.e. at 1350~ for 
2 h in air. Table II shows that the microwave proper- 
ties are almost independent of temperature except at 
l l00~ At this temperature, a relatively low but 
significant degradation of the microwave character- 
istics is observed. This phenomenon already reported 
by Wu and Chang [6] was attributed to a variation of 
the TiO2 amount, present in the matrix as a secondary 
phase. We were unable to confirm their interpretation 
from our own SEM observations. Neither TGA and 
DTA, nor XRD studies allowed any anomaly with 
respect to other temperatures of calcination to be 
detected. 
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Figure 2 TG of composition 'a' in (a) air, (b) oxygen and (c) argon 
atmosphere. 

3. 1.2. Sintering and microwave properties 
The evolution of the shrinkage in air for a pellet of 
powder calcined at 950 ~ and using a heating rate of 
200 ~ h-1  is shown in Fig. 4a. After the usual dilata- 
tion until 700 ~ we observed a bending of the curve 
until 1000~ corresponding to the formation of 
Sm2Ti20 7. The second dilatation observed between 
1000 and 1050 ~ corresponds to the formation of the 
bronzoid B a  6_ xSm 8 + 2x/3Tii 8 0 5 4  �9 The shrinkage be- 
gins at 1150~ it accelerates quickly and becomes 
maximum at about 1300~ stopping at 
1320 1360 ~ Beyond this temperature the shrinkage 
starts again and carries on during the plateau at 
1400 ~ (60 min). Then, an anomaly is observed dur- 
ing cooling from 1400~ to 1380~ the shrinkage 
carries on and suddenly a large dilatation correspond- 
ing to two steps is observed around 1335 ~ These 
two anomalies can be correlated to the DTA in air 
(Fig. 2a) which shows two endothermic peaks, at 1335 
and 1350~ as temperature increases; moreover, it 
must be pointed out that these transformations are 
reversible, because two exothermic peaks are observed 
when the temperature is decreased. 

The dilatometric study in an oxygen flow (Fig. 4b) 
leads to a similar dilatometric curve up to 700 ~ At 
this temperature there is no slowing down of dilata- 
tion, as in air. Shrinkage starts earlier; i.e. at 1100 ~ 
this demonstrates the effect of oxygen pressure upon 

Exothermic 

t 1350oc 1335~ 

1350~ 1335oc 

Endothermic 

(o) 

Exothermic 1335~ l /'-)135ooc / 130~176 

1350oc oCNN ~ 

Endothermic 

(b) 

Exothermic 

Endothermic 

Cc) 

Figure 3 DTA of the composition 'a' in (a) air, (b) oxygen and 
(c) argon atmospheres. 

T A B L E  II Microwave characteristics versus calcination temper- 
ature of composition 'a', sintered at 1350~ 2h in an air atmo- 
sphere 

Calcination Qf 
temperature (~ Density c (GHz) zf(p.p.m. ~  t) 

950 5.59 75 8670 0 
1000 5.58 75 8600 0 
1100 5.46 73 8200 + 3 
1150 5.55 75 8600 0 
1200 5.53 75 8700 0 

the kinetics of sintering. At higher temperature, one 
observes the same general behaviour as in air; during 
cooling dilatation has a much higher amplitude and 
corresponds to only one step. It is also worth pointing 
out that the final shrinkage is 6% larger in an oxygen 
flow than in air. The DTA study performed in an 
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Figure 4 Shrinkage evolution of a pellet of composition 'a' calcinated at 950 ~ in (a) air, (b) oxygen and (c) argon flow. 

oxygen flow shows a similar behaviour to that ob- 
served in air (Fig. 3b); nevertheless, an additional peak 
appears at 1300~ which is especially visible when 
temperature decreases. 

The dilatometric curve obtained in an argon flow is 
very similar to that observed in air (Fig. 4c), with a 
higher final shrinkage. Curiously the corresponding 
DTA curve does not exhibit any peak at high temper- 
ature (Fig. 3c). 

This suggests that the DTA peaks should corres- 
pond to oxygen absorption or desorption during 
sintering. TGA is in agreement with this view point: 
above 900~ the TG curve of the argon-treated 
sample exhibits a new loss of weight (Fig. lc) with 
respect to the samples studied in air (Fig. la) or 
oxygen (Fig. lb). Thus the final loss of weight is 2% 
greater in argon with respect to oxygen or air. 

However, as stated previously, the studied composi- 
tion does not correspond to pure bronzoid. This 
suggest that tbe DTA peaks could also be correlated 
with the transformations which can be deduced from 
the (BaO, TiO2) phase diagram established by 
O'Brian and Thomson [-7]. In particular, these au- 
thors point out two titanates Ba4Ti1303o and 
Ba6TixTO4o which melt incongruently at 1366 and 
1346 ~ respectively. The discordance between 
O'Brian and Thomson's results and our DTA peaks 
could be due to the rapid kinetics and the uncertainty 
in the temperature determination. These remarks are 
in agreement with the interpretation of the dilato- 
metric curves which points out in each case an inci- 
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dent at 1365 ~ when increasing temperature and a 
large dilatation below 1335 ~ during cooling. 

From these observations one can postulate the 
presence of Ba4Til 30ao and probably Ba6Ti1704o as 
secondary phases beside the bronz_oid. 

These phenomena require further investigations for 
a complete understanding of the shrinkage mech- 
anism; nevertheless these results allowed us to choose 
the sintering temperatures in the range 1350-1380 ~ 

3. 1.3. Microstructure evolution with 
sintering temperature 

Fig. 5 shows microstructures of ceramics sintered at 
1350~ under an air flow. All show a polyphase 
material with at least two secondary phases. XRD and 
EDS analysis have been performed in order to identify 
these secondary phases. The XRD pattern is very 
difficult to interpret because of the overlapping of the 
main lines of the different possible titanates and of the 
small amount of the secondary phases; however, two 
secondary phases, i.e. TiO 2 and BazTi902o as pre- 
viously reported [1] can be detected unambiguosly. 
The Ba4Ti1303o phase, postulated in the previous 
paragraph, is not visible on the X-ray pattern. How- 
ever, this phase was detected during calcination. It 
transforms during sintering but a small amount can 
remain undetected by X-ray diffraction. The EDS 
analysis confirms the presence of TiO 2 and Ba2Ti9020 
as major secondary phases. 



Figure 5 Microstructure evolution of a pellet of composition 'a' 
calcinated at 950 ~ and sintered at (a) 1350 ~ (b) 1360 ~ and (c) 
1370 ~ under an air flow. 

Fig. 6, where the porosity is practically eliminated. An 
increase of Fe20  3 content again induces unequally 
dispersed porosity. 

In addition, microstructures show that when the 
sintering temperature increases, the statistically dis- 
tributed second phases observed at temperatures 
lower than 1350~ disappears, leading to the form- 
ations of aggregates when the temperature reaches 
1360 or 1370 ~ At the same time, the crystal growth 
hinders the pore migration towards the surface area 
leading to a secondary-porosity decreasing the bulk 
density (Table III). 

3. 1.4. Improvement of the density by 
Fe 20 3 doping 

Several attempts at grinding with an attritor by substi- 
tuting zirconia balls with iron balls allowed a lower 
porosity of the final ceramic to be reached. Atomic 
absorption analysis of the corresponding samples 
showed Fe contents of 700 p.p.m. A systematic study 
of the influence of Fe203 doping was undertaken 
using zirconia balls for milling. It was observed that 
porosity decreases on the addition of Fe203, and that 
pores tend to accumulate. An optimum compacity is 
reached for a content of 200 p.p.m. F%O3, as shown in 

T A B L E  I I I  Atmospheric influence on microwave properties of 
composition 'a' ceramic sintered at 1350 ~ and calcined at 950 ~ 

Atmosphere Density ~ Qf(GHz) rf(p.p.m. ~  

Air 5.45-5.6 73 75 8600-9000 - 3 to 0 
O 2 5.6 77-78 8900-9000 - 6 to 3 

3. 1.5. Microwave characteristics 
In order to test the influence of sintering temperature 
upon microwave properties, different temperatures 
have been used between 1350 and 1380~ according 
to a dilatometric study. Table III shows the degrada- 
tion of microwave characteristics as soon as the 
sintering temperature is greater than 1350~ The 
dielectric constant decreases and r f  increases. One 
can easily explain the ~ decrease by the decrease in 
bulk density according to microstructure observations 
and dilatometric results. 

The sintering atmosphere does not dramatically 
influence the microwave characteristics (Table IV). 
Nevertheless, a significant improvement of s is ob- 
served from 73 75 to 77-78 and a decrease of z f f rom 

- -  3 p.p.m. ~ 1 to - 6 p.p.m ~ 1 when the samples 
are sintered in an oxygen flow instead of air. 

The variation of the microwave characteristics with 
the Fe20 3 content of doped samples (Table V) shows 
that up to 200 p.p.m. Fe203, no degradation of the 
properties is observed. On the other hand, for Fe20  3 
contents greater than 200 p.p.m, e and Qf decrease 
drastically, due to the decrease in bulk density. 

3. 1.6. Conclusion 
(BaO)o.15 (Sm20 3)0.1 ~ (TiO2)o.7 composition leads ef- 
fectively after sintering to microwave characteristics 
easily optimizable by a control of the calcination and 
sintering processes. Moreover, addition of Fe20 3 in 
small quantities as a dopant can completely eliminate 
the porosity. However, whatever the sintering sche- 
dule, secondary phases Ba2Ti902o and TiO 2 are pre- 
sent. The amounts of these secondary phases are not 
easily controlled. The presence of TiO2 which has a 
large ~f(rf= + 427 p.p.m.) even in a low quantity, 
may lead to reproductibility problems and may influ- 
ence microwave characteristics. 
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Figure 6 Polished surface of composit ion 'a' samples sintered at 
1350~ in the presence of different Fe20  3 ratios (a) no dopant,  (b) 
200 p.p.m. Fe203,  (c) 300 p.p.m. Fe20  3. 

T A B L E  IV Microwave characteristics and density evolution 
versus sintering temperature of composit ion 'a' (calcination at 

950~ 

Sintering 
temperature (~ Density e Qf (GHz)  ~f(p.p.m. ~  

1350 5.59 75 8800 - 3 
1360 5.44 72 8300 + 4 
1370 5.44 72 8200 + 4  

T A B L E  V Microwave properties of composition 'a' versus Fe20  3 
content after sintering at 1350~ for 2h  in an oxygen atmosphere 

Fe203 
amount  
(p.p.m.) Density ~ Qf(GHz)  zf(p.p.m. ~  

0 5.59 78 8900 -- 6 
100 5.6 77.6 8140 - 6 
200 5.6 77 8200 - 6 
300 5.56 74 4900 - 7.5 

Thus it is of interest to explore other compositions 
as close as possible to the theoretical homogeneity 
range of the bronzoid Ba6_xSm8 +2x/3TilsO54 in or- 
der to limit the formation of secondary phases and, in 
particular, TiO2. The elimination of TiO 2 should 
allow the ~fcoefficient to be decreased. Such composi- 
tions, if they exist, should allow, by mixing rule appli- 
cations, or by partial replacement of samarium by 
neodymium, low z f  conciliation of low values (near 
zero) with a reasonably high dielectric constant (close 
to 80). 
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3.2. Exploration of new compositions for 
the bronzoid Ba6_xSme+2x/3Ti 18054 

In order to determine the influence of the presence of 
the secondary phase upon microwave properties, we 
have studied several compositions, intermediate 
between composition 'a' and the theoretical line 
AB which characterizes the pure bronzoid 
Ba6_:,Sm8+zx/3TilsO54 (Fig. 1). In addition to these 
different compositions, b-k, two other compositions, 
l and m, have also been sintered. Note also that 
compositions h, k, 1 have been studied previously 
[8-1o3. 

3. 2. 1. Existence o f  a s ingle-phase  domain 
As for composition 'a', one does not observe any 
mixture by XRD after sintering. Whatever the com- 
position, the diffractogram is characteristic of the pure 
bronzoid. However, this result cannot be considered 
as a purity criterion, because BazTi9020 and TiO 2 
phases, if they are present, are in very small amounts 
and their diffraction peaks overlap with those of the 
bronzoid. 

The systematic SEM observations are more sensi- 
tive to the presence of secondary phases. The different 
microstructures are shown in Fig. 7, and the phases 
which are observed for different compositions are 
given in Table VI. Composition 1, which was chosen as 
a reference for increasing the TiO2 content, corres- 
ponds as expected, to a mixture, which exhibits be- 
sides the main bronzoid phase, secondary phases TiO 2 
and Ba2Ti902o in significant amounts. 

One important feature is that other compositions 
except composition m, have only one secondary phase 
and that the amount of secondary phase decreases 
when approaching the bronzoid line AB. For a con- 
stant amount of barium in the mixtur, e, i.e. going from 
d ~ g ~ k, one observes only one secondary phase 
whose content decreases. From the peudo ternary 
diagram (Fig. 1) one can postulate either the presence 
of TiO2 or the presence of barium titanate. No peak 
appears in the X-ray diffraction pattern; only the EDS 



Figure 7 Micros t ruc tu re  evolu t ion  of samples  s intered at  1350 ~ versus composi t ion :  (a - m) refer to a - m on te rnary  d i ag ram in Fig. 1. 
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Figure 7 continued 

for samples i and m. Another possibility is the forma- 
tion of an amorphous phase. A final hypothesis would 
be that the homogeneity range of the bronzoid phase 
extends outside the ideal line AB; the close relation- 
ships between the bronzoid, perovskite and tetragonal 
tungsten bronze structures is in agreement with this 
view point, because it suggests the possible formation 
of intergrowth between these structures [11]. 

analysis can indicate the nature of the secondary 
phase. This analysis indicates that the secondary 
phase is probably Ba2Ti9020. The subsisting doubt is 
due to the great difficulty in preparing pure barium 
titanate Ba/TigOzo as a reference, in particular be- 
cause of the existence of several titanates with different 
Ti/Ba ratios close to each other. 

A similar evolution is observed along the lines e, f, g 
and b, e, i; in the latter line the evolution is less evident 
owing to the fact that the excess BazTi9Oz9 is much 
lower. 

The second important feature concerns the exist- 
ence of a pure phase not only for the pure bronzoid 
line AB, but also for compositions i and m according 
to SEM observations. In the same manner, composi- 
tion e contains very small amounts of secondary 
phases. However, such secondary phases might be 
hidden by the large porosity of the materials especially 
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3.2.2. Densification 
The micrographs of the different compositions a to m 
(Fig. 7), show that pure phases are characterized by a 
poor densification, contrary to those containing TiO z 
or BazTi902o which are well densified. It is also clear 
that porosity increases as the TiO 2 content decreases. 
This confirms that TiOz acts as a sintering agent, in 
agreement with the mechanism described by Yan and 
Johnson [12] to explain the interdiffusion phenomena 
between TiOz and magnesium zinc ferrites leading to 
a discontinuous grain growth. 

In order to confirm the role of TiOz as a sintering 
agent we have realized an interface between a TiO 2 
disc and a disc of composition i. The pressed sample 
was sintered at 1350~ for 2h. A large increase in 
porosity was observed when moving away from the 
interface in disc i. The role of the sintering agent of 
TiO/  is also confirmed by evolution of the micro- 
structure of the ceramic (Fig. 8) which exhibits lower 
grains near the interface. 



T A B L E  VI Microstructures and microwave properties versus composition for to the (BaO) (Sm203) (TiO2) ternary diagram. For key to 
letters, see Fig. 1. 

Composit ion Sintering Density e Qf "~f SEM 
temperature (~ (GHz) (p.p.m. ~  J) observation 

(a) BaSm2Ti4.67013.34 1350 5.50 77 9000 + 3 do + TiO2(s ) 
+ Ba2Ti902o(S) 
+ porosity (m) 

do + porosity (m) 
+ Ba2Ti9020 (m) 

dO + Ba2Ti9020(s) 
+ porosity (m) 

do + .BazTi9020(s ) 
+ porosity (w) 

do + Ba2Ti9Ozo(S ) 
+ porosity (w) 

do + Ba2Ti9020(s ) 
+ porosaty (w) 

dO + Ba2Yi9020(s ) 
+ porosity (w) 

(f) do + Ba2Ti902o(S ) 
+ porosity (w) 

(g) do + Ba2TigO2o(S ) 
+ porosity (w) 

(h) do + porosity (s) 
(i) do + porosity (s) 

do + porosity (m) 
(j) q~ + porosity (s) 
(k) do + porosity (s) 
(1) do + TiOz(s ) 

+ Ba2TigO2o 
(m) 
+ porosity (m) 

(m) BaSm2.sTi4.5013.75 1350 4.7 56 3100 + 21 do + porosity (s) 
1380 5.28 70 3400 + 15 do + porosity (m) 
1430 5.64 76 2800 + 9.7 do + porosity (w) 
1460 5.68 78 + 8 do + porosity (w) 

(b) BaSm2.a 3Ti4.46013.13 

(c) BaSma.93Ti4.2012 

(d) BaSm~.TaTi3.93Oi 1.4 

(e) BaSmzTi4.5 a O13.34 

BaSm2.t 3Ti4.a3012.z6 

BaSmx.8Ti3.8601~.4 

BaSm2,53Ti4.8014.4 
BaSm2.aTi4.38013.2 

BaSm2.06Ti4.06012.29 
.BaSm~.s6Ti3.sO1 x.4 
BaSmzTisO14 

1350 5.64 78 8200 0 

1350 5.54 78 8200 - 5  

1350 5.62 78 5000 - 2  

1350 5.65 81 8500 - 7 
- 11 

1350 5.69 81 8300 - 1 7  

1380 5.68 82 6200 - 2  

1350 5.65 81 7600 8 

1350 5.63 82 4900 - 3 

1350 3.89 40 4500 + 11 
1350 4.85 6l 4600 - 8 . 3  
1380 5.40 75 4500 - 4 . 7  
1350 Not measurable 
1350 5.34 74 - 3 
t350 5.45 77 9300 + 12 

6, Bronzoid matrix; (m), medium; (w), weak; (s), strong. 

Figure 8 TiO 2 influence on densification of a ceramic sintered at 1350 ~ (composition i): (a) close to the interface, (b) far away from the 
interface zone. 

3.2.3. Microwave properties versus 
composition 

The microwave properties for the different composi- 
tions sintered at various temperatures, and tested at 
3 GHz are listed in Table VI. ~ is seen to increase 
slightly when moving towards the bronzoid line, in 
spite of decreasing the TiOz content, i.e. along the 
lines abe, cf and dg, respectively. However, a dramatic 
decrease of the dielectric constant is observed for the 
compositions belonging to the bronzoid line AB. This 

phenomenon is easily explained by the poor den- 
sification of these compositions (j k) at 1350 ~ In the 
same way, the results obtained for samples i and m, at 
various sintering temperatures show that a is closely 
related to the densification degree. 

The variation of Qffactor  is more difficult to inter- 
pret. For poorly densified samples (j and k), Qfis not 
measurable. However, one generally observes a de- 
crease in Qfwhen moving towards the pure bronzoid 
line. This is illustrated by the line 1, a, b, e (Table VI) 
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which shows a progressive decrease of Qf from 
9300 GHz for composition 1 to 8500 GHz for com- 
position e. From Q values of Ba2TigO2o and TiO 2, 
10 000 and 14 600 at 3 GHz, respectively [6], (i.e. Qf 
30 000 and 43 800 GHz), one should obtain a lower Qf 
factor for the well-densified pure bronzoid than for 
sample 'a' if one postulates that the Qfvalue is related 
to the amount of each secondary phase. 

In a general manner, zf decreases slowly when 
moving towards the bronzoid line. However, the z f  
value for a given composition seems to be closely 
related to the sintering cycle (temperature, time, etc.). 
Moreover, for a given composition and a given 
sintering cycle, fluctuations of zf  are sometimes ob- 
served. This phenomenon is all the more accentuated 
for compositions which are close to the pure bronzoid 
line (see, for instance, compositions e and m, Table VI). 
It is worth pointing out that negative zfvalues can be 
obtained when going towards the line AB, as shown 
for sample e ( - 17 p.p.m. ~ -1) and samples f and i 
( -  8 p.p.m.~ Nevertheless, the zf  value of 
- 30 p.p.m. ~ postulated by Wu and Chang [6] 

for an hypothetical single phase has not been reached. 
This can be explained by the fact that the sintering 
process of the single phase has not yet been optimized. 
Moreover, the - 30 p.p.m. ~ 1 zf  value postulated 
previously [6] does not take into account the large 
homogeneity range of the bronzoid, i.e. the possible 
variation of zfalong the line AB (Fig. 1). Thus, if one 
takes into account the microstructure and the micro- 
wave properties, composition e appears to be the best 
compromise when sintered at 1350 ~ 

4. Conclusion 
This study shows that the single-phase composi- 
tions, corresponding to the homogeneity range 
Ba6_xSms+2x/3TilsOs4 , are potential materials for 
microwave applications, although their sintering 
process has not yet been optimized. Moreover, a 
homogeneity range is susceptible to exist outside the 
bronzoid line. There is no doubt that the pure bron- 

zoid will lead to negative ~f value, which can be 
greatly modulable by substitutions on the barium and 
samarium sites. In this respect, composition e appears 
to be the most promising, because its dielectric con- 
stant and loss angle are in good agreement for use as 
microwave resonators in the range 1-3 GHz. The 
main area of improvement of these properties lies in 
the densification of this composition; a study of this is 
in progress. 
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