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bstract

e investigated effects of substituting cobalt for magnesium on microstructures and microwave dielectric properties of BaMg1/3Nb2/3O3 ceramics.
ucleation and growth of 1:2 ordered domains dominate microstructural variations for Ba(Mg1−xCox)1/3Nb2/3O3 ceramics. Microstructures such as
rains sizes and domain sizes significantly dominate variations of Q  × f value. Less ordered domains are nucleated when substituting small amount
f cobalt (x  < 0.1). Accordingly, domains and grains significantly grow with increased cobalt substitution. The 1:2 ordering degree is subsequently

ncreased, and Q  ×  f  achieves a maximum value at x  = 0.05. Nevertheless, while cobalt substitution exceeds x  = 0.1, more ordered nuclei occur and
onsequently affect the domain growth and the grain growth. The Q  ×  f  value remarkably decreases at x  = 0.1, and varies due to different ordering
egrees and compositions. The Q  ×  f  value of specimens at x  = 0.05 becomes as high as 43,000, and is similar to that of specimens at x  = 0.5.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

The complex perovskite compounds of A(B′
1/3B′′

2/3)O3
A = Ba+2, Ca+2; B′ = Mg+2, Zn+2; B′′ = Nb+5, Ta+5), which
xhibit high relative permittivity (εr), good quality factor (Q),
nd a near-zero temperature coefficient of resonant frequency
τf), have been widely used to manufacture dielectric resonators
or wireless telecommunication applications.

The BaMg1/3Nb2/3O3 ceramics have excellent microwave
ielectric properties, and the ordering degree of B-site cations
as a significant effect on the quality factor.1,2 Kawashima et al.3

ndicate that the quality factor increases when the ordering
egree increases, and that they achieved a perfect hexagonal
rdered structure within 120 h of the annealing process.

To avoid the need for firing in a long annealing process to

chieve a high ordering degree, the effects of using minor addi-
ives or solid solutions of multi-perovskite have been studied.

∗ Corresponding author at: Department of Resources Engineering, National
heng Kung University, One University Road, Tainan 70101, Taiwan.
el.: +886 6 2754170; fax: +886 6 2380421.
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he effect of cobalt substitution on Ba(Mg1−xCox)1/3Nb2/3O3
eramics has also been reported.4,5

However, many studies have reported that minor additives
r the proportion of the solid solution would affect the domain
rowth and the volume of the domain boundaries,6–9 signifi-
antly affecting the Q  ×  f value. Davies et al.6,7 reported the
ffect of the Zr concentration on the domain size and boundaries
n both BaZn1/3Ta2/3O3 and BaMg1/3Nb2/3O3 systems, respec-
ively, and that the Q  factor was affected by the variation in the
r concentration. Wu and Davies8 also indicate that substitution
ith a small amount of tungsten additive (0 ≤  x  ≤  0.02) in the
a(Zn1−x)1/3(Nb1−xWx)2/3O3 system would cause Zn vacan-
ies, which would increase the kinetics of the domain growth
nd subsequently lead to a high Q  ×  f value (118,000). These
tudies have implied that there would be significant effects of
omain size and domain boundaries on the Q  ×  f value.

The domain boundary are regions that disrupt the long-
ange ordering arrangement. In addition, localized disordering
rrangements of cations and anions further affect the results
f localized charge imbalance and chemical non-stoichiometry.
s mentioned in Hiroshi’s report,10 whereas the charge neu-
rality and chemical stoichiometry are no longer maintained in
his region, it is expected that the dielectric loss tangents would
ncrease and the Q  ×  f  value would be reduced.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.03.025
mailto:cyhuang@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2012.03.025
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Fig. 1. XRD patterns of Ba(M

It is expected that a relatively small amount of additive should
ead to a decrease in the volume of anti-phase domain boundaries
ithout the need for firing in a long annealing process. However,

here are few studies that discuss the effect of substituting small
mounts, and in some cases, the effect is very good. This is in
ontrast to general solid solutions where relatively large amounts
re substituted.

In one study,5 cobalt substitution was found to cause signif-
cant homogenous nucleation of ordered domains, and induces
any anti-phase boundaries and smaller ordered domain sizes,
hich results in a smaller Q  ×  f value than that obtained for
MN ceramics with an annealing treatment. Therefore, we

ubstituted a small amount of cobalt to study the relation-
hip between the microstructure and the dielectric properties
n ordered Ba(Mg1−xCox)1/3Nb2/3O3 ceramics.

. Experimental  procedure

Sample powders of Ba3(Mg1−xCox)Nb2O9 (for x = 0, 0.01,
.03, 0.05, 0.07, and 0.1) were prepared using the conventional
olid-state reaction method beginning with BaCO3, calcined

gO, CoCO3, and Nb2O5 (all with 99.9% purity), which were
all-mill mixed in ethanol and with yttrium-stabilized zirconia
edia for 8 h. The slurry was dried and calcined at 1200 ◦C for

 h in air. To achieve relative densities >95%, the calcined pow-
er was again milled for 12 h, dried, sieved and compacted in
ylinders, and sintered at 1350–1650 ◦C for 4 h based on the dif-
erent compositions. A cooling rate of 120 ◦C/h was employed
nd all ceramics has >95% of theoretical density.

The phase composition was investigated by X-ray diffrac-
ometry (XRD; Siemens D5000) using graphite-filtered Cu K�1

˚ ◦ ◦
λ  = 1.5406 A) radiation for 2θ  = 10–120 , a step size of 0.02
θ/s and a sampling time of 8 s/step. The microstructures of the
olished samples were investigated and analyzed using scan-
ing electron microscopy (SEM; Hitachi S4100). The ordering

g
i
o
s

ox)1/3Nb2/3O3 sintered bulks.

omain configuration was observed and analyzed using the
ransmission electron microscopy (TEM).

The relative permittivity (εr) and quality factor (Q) at
icrowave frequencies (6.5–7.5 GHz) were measured by the
akki-Coleman dielectric resonator method using a network

nalyser (Model: HP8757D, Agilent Technologies, Palo Alto,
A) and a sweep oscillator (Model: HP8350B, Agilent Tech-
ologies, Palo Alto, CA). The Q values were determined using a
E0 1 1 resonant peak, and the temperature coefficient of the res-
nant frequency (τf) was calculated after measuring the resonant
requency in the temperature range of +25–70 ◦C with

f = (f2 −  f1)

f1(T2 −  T1)
(2-1)

here f1 and f2 represent the resonant frequencies at tem-
eratures T1 and T2, respectively. To compare the dielectric
haracteristics at microwave frequencies, the product of the
uality factor and resonant frequency (Q  × f) were used.

. Results

In a BaMg1/3Nb2/3O3 system (BMN), the B-site cations
ndergo a 1:2 ordered to disordered arrangement, so a 1:2
rdered phase can be easily determined by monitoring the reflec-
ion peaks of the 1:2 ordered superlattice. However, the reflection
eaks of the 1:2 ordered superlattice always exist in diffrac-
ion patterns of calcined powder of Ba(Mg1−xCox)1/3Nb2/3O3
BMCN) ceramics for x  = 0–0.1. That is, the ordered phase was
ormed in the early stage of synthesis. For sintered specimens,
he reflection peaks of the 1:2 ordered superlattice were also
bserved in the XRD pattern (as shown in Fig. 1), and have

reater intensities than that of calcined powders. Therefore, an
ncreasing number of disordered phases have transitioned to the
rdered phases, and the crystalline structure became hexagonal
tructure in nature.
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Fig. 2. Relationship between grain size, domain size, ordering degree,
and the substitution rate of Co2+ cations in calcined powder of
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Fig. 3. Relationship between grain size, domain size, ordering degree,
and the substitution rate of Co2+ cations in sintered specimens of
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a(Mg1−xCox)1/3Nb2/3O3 ceramics. (For interpretation of the references to
olor in this text, the reader is referred to the web version of the article.)

A quantitative calculation for the ordering degree was used
o understand the transition between ordering and disordering
tructures. The ordering degree is estimated based on the XRD
attern. The ratio of the intensities (I1 0 0/I1 1 0,1 0 2,0 1 2) is used
o deduce the ordering degree (S  parameter) according to the
ollowing equation:

S =
√

(I1 0 0/(I1 1 0 +  I1 0 2 +  I0 1 2))exp

(I1 0 0/(I1 1 0 +  I1 0 2 +  I0 1 2))cal,S=1

}

The estimation result of the ordering degree for calcined pow-
er is shown as the red line in Fig. 2, which indicates that the
rdering degree of calcined powder increases with increasing
atio of cobalt substitution. The estimation result for the order-
ng degree of the sintered specimens is shown as the red line in
ig. 3, and is very different from the result for calcined powder.
he ordering degree of the sintered specimen increases from
3% to 92% as the cobalt substitution increases from x = 0 to

 = 0.05, but decreases from 92% to 85% as the cobalt substi-
ution increases from x  = 0.05 to x  = 0.1. The highest ordering
egree is achieved in the specimen at x  = 0.05.

The ordered domain size is estimated according to the Scher-
er formula, and the FWHM of the strongest reflection peak
/3(1 1 1)h for the 1:2 ordered superlattice in the XRD pattern
as used in the calculations. The estimation result of the domain

ize for calcined powder is shown as the green line in Fig. 2,

nd indicates that ordered domains in the calcined powder at

 = 0–0.1 are all small and maintain a similar value of ∼20 nm.
fter sintering, the original domains in calcined powder will

d
a
e

a(Mg1−xCox)1/3Nb2/3O3 ceramics. (For interpretation of the references to
olor in this text, the reader is referred to the web version of the article.)

row. The estimation result of the domain size for the sintered
pecimens is shown as the green line in Fig. 3. As the cobalt
ubstitution ratio increases, the specimen at x = 0.05 achieves
he largest domain size of 60 nm. However, the domain size
ecreases when the cobalt substitution exceeds x  = 0.05. The
omain size of the sintered specimen at x = 0.1 is 24 nm.

From the SEM micrographs of calcined powder, grains for
ll compositions of BMCN ceramics at x  = 0–0.1 appear to
ange from 0.5 to 1 �m and many agglomerations are observed,
s shown in Fig. 4(a). However, from the TEM micrograph
bservation, the grain size is around 100–300 nm, as shown in
ig. 4(b). The increase in cobalt substitution causes an insignif-

cant increase in the grain size of calcined powder (of around
20–140 nm). The relationship between the cobalt substitution
nd the mean grain size in calcined powder is shown by the
lue line in Fig. 2. However, after sintering, the grains also
nderwent significant growth. The sintered specimen at x  = 0.05
lso exhibits the largest grain size of 1.43 �m. The blue line
n Fig. 3 shows the grain size in the sintered specimens for all
ompositions of BMCN ceramics.

The TEM selected area electron diffraction (SAED) pattern
eveals the 1:2 ordered superlattice diffraction for calcined pow-
er and the sintered specimens. Fig. 5(a) is the SAED pattern
long the 1 1̄ 0 zone axis from the calcined powder at x = 0.05,
n which the 1:2 ordered superlattice 1/3(1 1 1) diffraction spot
s not clear, but is observed as a white arrowhead. The TEM

ark-field image from the same region is shown in Fig. 5(b),
nd the ordered domain is not easily to be observed. How-
ver, the ordered domain is revealed in Fig. 5(c), in which
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in Fig. 6(a), which is much larger than that in calcined pow-
ig. 4. Micrograph observation of BaMg1/3Nb2/3O3 calcined powder at x = 0.05.
a) SEM photo and (b) TEM dark-field image.

he A and C areas illustrate disordering diffractions, while the
 area shows an ordering diffraction. Moreover, the ordered
rea gradually becomes disordered without obvious boundaries.
hat is, 1:2 cation-ordered and -disordered structures coexist

n calcined powder of Ba(Mg0.95Co0.05)1/3Nb2/3O3 ceramics.
ig. 6(a) shows the SAED pattern with a 1 1̄ 0 one-axis for the
intered specimens at x = 0.05, which clearly displays the 1:2
rdered superlattice 1/3(1 1 1) diffraction blots. Fig. 6(b) is the
EM dark-field images from the same region, and it shows anti-
hase boundaries and 1:2 ordered domains. In the image, the
argest ordered domain has become larger than 100 nm, but the
mallest one remains much smaller than 50 nm. Moreover, these
rdered domains have intersected, and their morphologies are
iverse and wormlike.

Fig. 7 shows the relationship between cobalt substitution
nd microwave dielectric properties for BMCN ceramics. The
ielectric constant shows no significant variation with changes
n the cobalt substitution, and has values between 31 and 32.
he temperature coefficient of the resonant frequency has a
inear function as the cobalt substitution increases, and it still
ehaves like the untilted field reported in Reaney’s studies.11–13

owever, as the cobalt substitution increases, the Q  ×  f value

d
i
a

eramic Society 32 (2012) 2373–2380

ncreases from 16,000 to 43,000 for x = 0–0.05, and decreases
rom 43,000 to 24,000 for x = 0.05–0.1. The maximum Q  × f
alue (43,300) is achieved in the specimen of BMCN ceramics
t x  = 0.05.

.  Discussion

The reflection peaks of the 1:2 ordered superlattice in the
RD patterns and the TEM SAED pattern prove the existence
f the 1:2 ordered arrangement of B-site cations in the perovskite
tructure, and indicate that the ordered phase has already existed
n the early stage of synthesis for all compositions of BMCN
olid solutions, including pure BMN compounds. Therefore,
he starting ordered phase in calcined powder may become the
uclei for the formation of more ordered phases in the sintered
pecimen. The ordering degree of the calcined powder shows

 linear relation with cobalt substitution. With the increase of
he cobalt substitution, the ordering degree of the calcined pow-
er increases, and calcined powder at x = 0.1 shows the highest
rdering degree (52%), shown as the red line in Fig. 2. There-
ore, greater cobalt substitution leads to the formation of more
:2 ordered phases in calcined powder.

For all compositions of BMCN ceramics, the ordered domain
ize in calcined powder is approximately 20 nm, as shown by
he green line in Fig. 2. The observation of TEM micrographs
lso indicates this size, as shown in Fig. 5(b). As discussed pre-
iously, for all compositions, the ordering degrees in calcined
owder are different and increase with increasing cobalt sub-
titution. That is, increased cobalt substitution would not cause
n increase in the ordered domain size, but would result in the
ormation of a larger quantity of ordered domains in the calcined
owders.

Having undergone an ordering-disordering phase transition
uring the sintering treatment, the ordering degree of the sintered
pecimens is higher than that of calcined powder. As shown in
ig. 1, the specimens for all compositions after sintering exhibit
:2 superlattice intensities that are relatively stronger than that
f calcined powder. However, as shown by the red line in Fig. 3,
he ordering degree of sintered specimens does not show a lin-
ar relation with the cobalt substitution. The sintered specimens
t x = 0.05 shows the highest ordering degree of 92%. In other
ords, BMCN ceramics having different degrees of cobalt sub-

titution exhibit different increases in the ordered degree from
alcined powder to sintered specimens. Fig. 8 describes the
ncrease in the ordering degree caused during the sintering treat-

ent for all cobalt substitutions with x  = 0–0.1. The sintered
pecimen at x  = 0.05 exhibits the largest increase in ordering
egree, but specimens with other compositions do not show such

 large increase in ordering degree. Therefore, there are mech-
nisms which have different effects on the growth rate of the
rdered domain for different compositions.

After sintering, the ordered domain grew accordingly, and
ven the specimen at x  = 0.05 achieved a sizes >100 nm, as shown
er. Sintered specimens for x  = 0.01–0.07 all exhibit significant
ncreases in domain size. However, the domains in the specimen
t x  = 0 and 0.1 have no significant growth, even if the ordering
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Fig. 5. TEM observation of BaMg1/3Nb2/3O3 calcined powder at x = 0.0

egree in the specimen at x = 0.1 has achieved 85%. Observa-
ion of the TEM micrographs shown in Fig. 6(a) reveals that the
rdered domains of the sintered specimen at x  = 0.05 are relative
s large as the estimation from the XRD pattern, but many of
hem have grown to encounter each other and have to stop grow-
ng. Therefore, the limitation to the growth of an ordered domain
s realized when it encounters another domain or a grain bound-
ry. In other words, the grain size and the quantity of the ordered
omain in calcined powder are key factors to the enhancement
f the domain size and ordering degree during sintering. Further-
ore, as previously discussed, there is a linear relation between

he quantity of the ordered domain and the cobalt substitution
t x = 0–0.1. Therefore, although an increase in the cobalt sub-
titution would induce a greater number of ordered domains in
alcined powder, this subsequent increase may cause limit of
omain growth during sintering treatment. The cobalt substitu-
ion at x  = 0.05 is therefore required to avoid limiting the domain
rowth. Hence, the ordered domain size and the ordering degree
f the specimen at x  = 0.07–0.1 are significantly lower than that
f the specimen at x  = 0.05.

Fig. 8 also shows the increase in domain size from cal-
ined powder to sintered specimens for all cobalt substitution
atios ranging from x = 0 to 0.1. It is observed that the increased

omain size is consistent with that of the ordering degree. The
ncreased domain size mainly dominates the increase in the
rdering degree for x  = 0–0.1, and the difference in the increases

d
t
c

 The SAED pattern, (b) the dark-field image, and (c) the lattice image.

bserved for different cobalt substitutions is caused by the ‘limits
f domain growth’.

Nevertheless, the grain size also increases with the increased
obalt substitution and achieves a maximum at x = 0.05.
pparently, increased cobalt substitution simultaneously causes

ignificant grain growth and domain growth. However, as dis-
ussed previously, a smaller grain would impede the domain
rowth. Oppositely, a greater number of ordered domains would
eed more energy to grow and consequently affect the grain
rowth. Therefore, the grain growth and the domain growth
nteract with each other and simultaneously achieve maxima
t x  = 0.05. The ordering degree consequently reaches the max-
mum value of 92%.

We now summarize about the nucleating and growing of
he 1:2 ordered domain from calcined powder to a sintered
pecimen for BMCN ceramics for x  = 0–0.1. At the beginning
f compounds synthesis, ordered domains were formed after
alcinations. The domain sizes are small and similar for all
ompositions, and the calcined powder with greater cobalt sub-
titution comprises more ordered domains and consequently
igher ordering degrees. The grain and domains grew after
ndergoing sintering treatment. However, due to the grain size
nd the quantity of ordered domains, the limiting factors for

omain growth are different for different substitution ratios, and
he eventual domain sizes in sintered specimens differ signifi-
antly.
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Fig. 6. TEM dark-field image and SAED pattern of Ba(Mg1−xCox)1/3Nb2/3O3
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While integrating the former data regarding sintered spec-
imens at x  = 0.3–1, the Q  × f value exhibited a significant
pecimen at x = 0.05. (a) The ordered domain is shown as the white arrowheads.
b) SAED pattern along the 〈1 1 0〉 zone axis.

Fig. 7 displays the dielectric properties for sintered speci-
ens when x  = 0–0.1. The dielectric constant does not exhibit

ny obvious variation as the cobalt substitution changes. The
emperature coefficient of the resonant frequency has a linear
ariation as the cobalt substitution increases. However, the Q  ×  f
alue exhibits a maximum (43,300) at x = 0.05. This result is con-
istent with previous microstructure analyses. The specimen at

 = 0.05 has the largest domain size and the largest grain size, and
onsequently results in the highest ordering degree. Therefore, a
aximum value of Q  ×  f can be attributed to the microstructural

esult. Moreover, although the Q  ×  f  value varies with changes in
he ordering degree, the Q  ×  f values for specimens at x  = 0.01
nd 0.1 exhibit an unexpected drop. The ordering degree for
pecimens at x = 0.07 and 0.01 are 86% and 85%, respectively.

oreover, the grain size for specimens at x = 0.07 and 0.01 are
.88 �m and 0.77 �m respectively. There is no significant differ-
nce in the ordering degree and in the grain size. Nevertheless,
he domain sizes for specimens at x  = 0.07 and 0.1 are 60 nm
nd 24 nm; respectively, which are very different. This differ-
nce implies that the specimens at x  = 0.07 and 0.1 would have a
reater number of ordered domains and must comprise many
ore anti-phase boundaries. This means that the increase in
nti-phase boundaries is more than the increase in the order-
ng degree, which leads to a large decrease in the value of Q  × f.
herefore, the ordering degree of specimens at x  = 0.07 and 0.1

F
t

ig. 7. Variation of dielectric constant, quality factor and τf of
a(Mg1−xCox)1/3Nb2/3O3 ceramics at x = 0–0.1.

re 33,000 and 24,000, respectively. For the specimen at x  = 0.01,
lthough the ordering degree reaches as high as 82%, the Q  ×  f
alue is just 17,000 because of the smaller grain sizes and domain
ig. 8. Increase in the ordering degree and the domain size from calcined powder
o a sintered specimen for all cobalt substitution ratios, x = 0–0.1.
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Fig. 9. Relationship between grain size, domain size, ordering degree, qual-
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ty factor, and the substitution rate of Co cations in sintered specimens of
a(Mg1−xCox)1/3Nb2/3O3 ceramics at x = 0–1.

ariation as the cobalt substitution increased, and displays two
aximum values that are higher than 40,000 at x  = 0.05 and

.5. In other words, specimens with a small amount of cobalt
ubstitution (x  = 0–0.1) show almost similar variations in the

 ×  f  value when compared to that of specimens with cobalt

ubstitutions ranging from x  = 0 to 1. However, the relationship
etween the ordering degree and the Q  ×  f value is not con-
istent, as shown in Fig. 9. The Q  ×  f  value of the specimen

ig. 10. TEM dark-field image of Ba(Mg1−xCox)1/3Nb2/3O3 specimen at
 = 0.5.
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t x  = 0.1 sharply decreased to 24,000, but the ordering degree
ecreased only to 85%. As previously discussed, it is obvious
hat the domain size mainly affect the Q  ×  f value at x = 0.1. Nev-
rtheless, while cobalt substitution exceeds x  = 0.1, the domain
ize remains small or becomes smaller, but the grain size and
he ordering degree continue to increase. Therefore, the Q  ×  f
alue increases and reaches 40,000 in the specimen at x  = 0.5.

 smaller domain size, a larger grain size, and higher order-
ng degree in the specimen at x  = 0.5 implies the simultaneous
resence of many more anti-phase boundaries and fewer disor-
ering matrices. Fig. 10 shows the TEM dark-field image for
he specimen at x  = 0.5, and it clearly indicates that the domain
ize is limited to be < 20 nm and the grain is full of ordered
omains.

. Conclusions

The mechanism affecting the Q  ×  f  value for substitution of
mall amounts (x  = 0–0.1) of cobalt in BMCN ceramics is very
ifferent from that for BMCN ceramics at x  > 0.1.

In the BMCN ceramics for x = 0–0.1, as the degree of
obalt substitution increases, an increasing number of ordered
omains would nucleate in the calcined powder in the early
tage of synthesis. Moreover, these nuclei (ordered domain)
ould maintain a smaller size of ∼20 nm for all composi-

ions of BMCN ceramics. After sintering treatment, ordered
omains and grains would grow. Increased cobalt substitu-
ion simultaneously causes significant grain growth and domain
rowth, but which interact with each other and simultane-
usly achieve maxima at x  = 0.05. The ordering degree of the
pecimen at x = 0.05 consequently reaches the maximum value
f 92%. In addition to the grain size, the initial quantity of
rdered domains would become another limitation to the domain
rowth. The final domain sizes in sintered specimens differ
mong specimens with different degree of cobalt substitution,
nd the maximum domain size is 60 nm in the specimen at

 = 0.05.
The domain size and the grain size mostly dominate the vari-

tion of the Q  ×  f value for BMCN ceramics for x  = 0–0.1. As
he domain and grain grow, the ordering degree and the Q  ×  f
alue accordingly increase. However, the volume of anti-phase
oundaries would increase with a greater number of ordered
omains. Therefore, as cobalt substitution increases, both the
rdered domains and the anti-phase boundaries increase, but the
omain size and the grain size accordingly decrease as cobalt
ubstitution exceeds x = 0.05. The Q  ×  f value also decreases
ccordingly.

The Q  ×  f  value increases from 14,000 to 43,000 for
 = 0–0.05 and decreases from 43,000 to 24,000 for x  = 0.05–0.1.
he specimen at x = 0.05 shows the highest Q  ×  f  value of
3,000.

When cobalt substitution exceeds x = 0.1, the domain size
emains small, but the grain size and the ordering degree con-

inues to increase due to the transition in disordered phase.
onsequently, the Q  ×  f value continues to increase to the second
aximum of 40,000 in the specimen at x  = 0.5.
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