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a b s t r a c t

The effect of H3BO3 addition on sintering behavior, microstructure and microwave dielectric properties of
MgZrNb2O8 ceramics was investigated by solid-state method. With H3BO3 addition, the densification of
MgZrNb2O8 ceramics was improved significantly, and the tf was adjusted to shift toward zero direction.
Due to the effect of liquid phase produced from H3BO3 addition, the sintering temperature was lowered
effectively. The variations in the dielectric constant (εr) and the Q$f values of the MgZrNb2O8 ceramics are
depended on the amount of H3BO3 doping and the sintering temperature. As a result, an optimal mi-
crowave dielectric property of Q$f ¼ 58,930 GHz, εr ¼ 23.72, and tf ¼ �13.19 ppm/�C was obtained for the
MgZrNb2O8 ceramic with 1 wt% H3BO3 addition sintered at 1200 �C for 4 h. The relatively low sintering
temperature and high dielectric properties in microwave range would make MgZrNb2O8 ceramics
promising for application in electronics.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Recent days, due to rapid advancement in microwave commu-
nication technology, the microwave dielectric ceramics have been
studied extensively. Microwave ceramics were used in a wide va-
riety of applications such as resonators, filters, oscillators and an-
tennas in microwave communication devices, and they have also
been the basis for the realization of microwave control function
[1e4]. In order to meet the demand of miniaturization and inte-
gration, it is increasingly needed to expand the search for new
microwave dielectric materials, which should have appropriate
dielectric constant (εr), high quality factor (Q$f), near-zero tem-
perature coefficient of resonant frequency (tf) [5]. Among several
kinds of microwave dielectric ceramics with low dielectric con-
stant, wolframite-type MgZrNb2O8 (MZN) ceramics possess excel-
lent properties, high quality factor combined with appropriate
dielectric constant. In our previous study, MZN ceramic prepared by
solid-state method was studied to have excellent properties:
εr ¼ 27.08, Q$f ¼ 29,070 GHz and tf ¼ �24.31 ppm/�C [6]. Similarly,
Y. Cheng et al. [7] reported that the dielectric properties of εr ¼ 26,
Q$f ¼ 120,816 GHz and tf ¼ �50.2 ppm/�C for the MgZrNb2O8 ce-
ramics sintered at 1340 �C for 4 h by the solid-state method. S.D.
Ramarao and V.R.K. Murthy [8] also reported that the MZN
ceramics could be sintered at 1500 �C via the traditional solid-state
method and exhibited the microwave dielectric properties:
εr ¼ 9.60, Q$f ¼ 58,500 GHz and tf ¼ �31.5 ppm/�C. However, its
sintering temperature was so high, which will limit its practical
applications inevitably. Therefore, an increasing number of effec-
tive measures are used to solve this problem. Nowadays, there are
three different methods used to reduce the sintering temperature
of microwave dielectric ceramics: the addition of low-melting
glasses [9], preparation in chemical methods [10] and reduction
of the size of initial particles [11]. Among the above techniques low-
melting glassy additive is a kind of cost-effective technique.

Chemical synthesis was often time-consuming and expensive.
In contrast, the addition of low-melting glasses was known to be
the most popular method for achieving densified ceramics.
Therefore, much attention has been paid to using various sintering
aids such as LiF, Li2CO3, CuO, B2O3, V2O5 and Li2O doping into the
dielectric ceramics [12e17] and of all sintering fluxes H3BO3 was
commonly recognized as a good additive, which was able to reduce
the sintering temperature of the ceramics significantly reported by
other papers elsewhere [13,18]. However, few researches regarding
the H3BO3 addition on microwave dielectric properties and
microstructure of MZN ceramics has been reported in the literature
to date. Therefore, in this paper the H3BO3-doped MZN ceramics
were synthesized by the solid-state method and the sintering
characteristics, microstructure and microwave dielectric properties
were also investigated in detail.
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2. Experimental procedure

High-purity oxide MgO (99%), ZrO2 (99.99%), Nb2O5 (99.9%) and
H3BO3 were used as raw materials to synthesize the MZN powders
by the solid state method. The raw materials were weighed and
mixed according to the formula of MgZrNb2O8 and the amounts of
H3BO3-doped were 1wt%, 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt%
respectively. The mixed powders were ball-milled for 8 h with
distilled water in a nylon container with ZrO2 balls. All the slurries
were dried and pre-sintered at 1050 �C for 4 h to obtain single
phase MZN. Then the powders were re-milled for 6 h. The dried
powders were mixed with high purity paraffin as a binder at 60 �C,
granulated and pressed into cylindrical disks of 10 mm in diameter
and about 5 mm in thickness at a pressure of about 200 MPa. These
pellets were preheated at 500 �C for 4 h to expel the binder and
then sintered at 1050�Ce1250 �C for 4 h in air at a heating rate of
5 �C/min.

Phase analysis of samples was conducted with the help of a
Rigaku diffractometer (Model D/MAX-B, Rigaku Co., Japan) using Ni
filtered CuKa radiation (l ¼ 0.1542 nm) at 40 kV and 40 mA set-
tings. Based on XRD analysis, the morphology and particle sizes
were examined using a transmission electron microscopy (Model
JEOL JEM-2010, FEI Co., Japan) coupledwith energy dispersive X-ray
spectroscopy (EDS). An network analyzer (N5234A, Agilent Co.,
America) was used for the measurement of microwave dielectric
properties. Dielectric constants were measured using Hakki-
Coleman post-resonator method by exciting the TE011 resonant
mode of dielectric resonator by using an electric probe as suggested
by Hakki and Coleman [19]. Unloaded quality factors were
measured using TE01d mode by the cavity method [20]. All mea-
surements weremade at room temperature and in the frequency of
8e12 GHz. Temperature coefficients of resonant frequency were
measured in the temperature range of 25e85 �C. The apparent
densities of the sintered pellets were measured use the Archimedes
method (Mettler ToledoXS64).
3. Results and discussion

Due to H3BO3 doping, the theoretical density of MgZrNb2O8
ceramics cannot be calculated accurately. Consequently, radial
shrinkage ratio and apparent density were used to characterize the
sintering properties in this paper. Fig. 1 shows the shrinking ratio
and apparent density of MgZrNb2O8 ceramics with different
Fig. 1. Shrinking ratio and apparent density of MgZrNb2O8 ceramics with different
amounts of H3BO3 addition as a function of sintering temperatures.
amounts of H3BO3 addition as a function of sintering temperatures,
and the optimal sintering temperature can be obtained through this
figure. As shown in Fig. 1(a), the apparent density of MZN ceramics
doped with different amounts of H3BO3 were all increased gradu-
ally with the increase of sintering temperature firstly, and then
saturated at 1200 �C, especially for the samples doped with 1 wt%
H3BO3. The increase in density of MZN ceramics was due to the
decrease of pores and the improvement of grains as sintering
temperature increasing shown in Fig. 3(a)e(d). When the sintering
temperature was over 1200 �C, the apparent density of MZN
ceramic doped with 5 wt% H3BO3 decreased slightly, which can be
attributed to the abnormal grain growth observed in the samples.
Compared to the previous study [6], it was demonstrated that the
addition of H3BO3 was indeed able to reduce the sintering tem-
perature of MZN ceramics significantly for the following explana-
tion. H3BO3 will be decomposed to B2O3 at 184 �C, and the melting
point of B2O3 is 445 �C, which forms a liquid phase during the
sintering process. During liquid phase sintering, the liquid spreads
to cover the solid surfaces, works as the liquid bridge between
particles. This decreases the friction among the MZN particles and
exerts a capillary force, which can be used to rearrange the particles
more easily and enhance the densification process to get maximum
packing [21].

With the amounts of H3BO3 increasing from 1wt% to 10wt%, the
apparent density of MZN ceramics sintered at different tempera-
tures were all decreased, which was due to the fact that the grains
grew rapidly caused by the excessive liquid phase, the pores cannot
be expelled promptly and exist in the bulks as the enclosed pores,
and then the apparent density decreased. Thus, it was considered
that the small amount of H3BO3 doping played an important role in
reducing the sintering temperature accompanied with the
improvement in the apparent density. For further accurate evalu-
ation of sintering ability, the curves of the diametric shrinkage ratio
of the samples were also demonstrated in Fig. 1(b), which showed
the similar tendency with these of apparent density. It was indi-
cated that a nearly full densification could be obtained for the
samples with 1 wt% H3BO3 addition. Based on the above results the
optimized sintering temperature was determined to be 1200 �C for
the MZN compounds with 1 wt% H3BO3 addition. The X-ray
diffraction patterns of the MgZrNb2O8 samples with different
amounts of H3BO3 additive sintered at 1200 �C is illustrated in
Fig. 2. It was found that all the samples showed MgZrNb2O8 with
the space group of P2/c as a main crystalline phase, which was in
agreement with the ICSD card of No. 48-0329. And the X-ray
Fig. 2. X-ray diffraction patterns of the MgZrNb2O8 samples with different amounts of
H3BO3 additive sintered at 1200 �C.



Fig. 3. SEM micrographs of MgZrNb2O8 samples with 1 wt% H3BO3 at different sintering temperatures for 4 h (aee corresponding to 1050 �C, 1100 �C, 1150 �C, 1200 �C and 1250 �C).
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diffraction patterns of MZN ceramics were not changed signifi-
cantly in different amounts of H3BO3 addition. But for the samples
dopedwith 7.5 wt% and 10 wt%, little unknown phasewas observed
and the diffraction peak intensities of (�111) and (111) were
increased significantly. It was discussed that the possible unknown
phase existed in the samples doped with 7.5 wt% and 10 wt% may
be Boron in that the Boronproduced by the excess of H3BO3was not
mixed with the main phase of MgZrNb2O8. And the increasing of
peak intensities of (111) and (�111) may be due to the sudden
growth of grain shown in Fig. 4(d) and (e).

In order to clarify the effects of sintering temperatures and the
amounts of H3BO3 doping on the microstructures of MgZrNb2O8
compounds, the morphological changes in the 1 wt% H3BO3-doped
MgZrNb2O8 compounds sintered at different temperatures and
samples with various H3BO3 addition sintered at 1200 �C are
investigated as representatives. The surface micrographs of
MgZrNb2O8 samples with 1 wt% H3BO3 at different sintering tem-
peratures are shown in Fig. 3. The 1 wt% H3BO3 doping sample
sintered at 1050 �C showed spheric-shape grains of quite uniform
size (less than 1 mm), with a highly porous microstructure shown in
Fig. 3(a). As sintering temperature increased to 1150 �C, the grains
grew rapidly and the porosity decreased significantly. All pores
almost disappeared at 1200 �C on the surface of 1 wt% H3BO3
doping sample. However, when the sintering temperature was over



Fig. 4. SEM micrographs of the samples with different amounts of H3BO3 doping sintered at 1200 �C (aee corresponding to 1 wt%, 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt%).
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1200 �C, abnormal rapid grain growth appeared shown in Fig. 3(e).
Thus, the dense microstructure with low porosity and well-formed
spheric-shape grains (1e2 mm) was obtained at 1200 �C shown in
Fig. 3(d), which was consistent with the results of the sintering
characterization shown in Fig. 1.

Consequently, the surface micrographs of the samples with
different amounts of H3BO3 doping sintered at 1200 �C are shown
in Fig. 4. For the sample with 1 wt% H3BO3 addition shown in
Fig. 4(a), some grains were structured and the grain boundaries
were obvious, but a few of pores were also appeared beside them.
However, the grain boundaries of other grains were not obvious as
shown in Fig. 4(a). This phenomenonmay be due to the segregation
resulted from the small amount of H3BO3. As the H3BO3 content
increased, the specimen became well-densified as well as rapid
grain growth. Further addition of H3BO3 will result in an inferior
microstructure as shown in Fig. 4(e). For the MZN ceramic with
10 wt% H3BO3 addition, the grains were connected with each other
and the grains were melted. Meanwhile, some pores appeared in-
side the grains, which was due to the fact that the grains grow
rapidly caused by the excessive liquid phase, the pores cannot be
expelled promptly and exist in the bulks as the enclosed pores. The
decrease of apparent density for the MZN ceramic with 10 wt%
H3BO3 addition shown in Fig. 1(a) was also caused by this reason.

In addition, EDS analysis about grains chosen randomly from the



Fig. 5. EDS spectrum of MgZrNb2O8-1 wt% H3BO3 ceramic sintered at 1200 �C.

Fig. 6. Variations of the εr and Q$f value of the H3BO3-added MZN ceramics as a
function of sintering temperature and the amount of H3BO3.

Fig. 7. Temperature coefficient of resonant frequency of MZN ceramics with various
contents of H3BO3 sintered at 1200 �C for 4 h.
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samples with 1 wt% H3BO3 sintered at 1200 �C is shown in Fig. 5.
The inset in Fig. 5 presents a quantitative result about elementary
composition. The atomic ratio of Mg, Zr, Nb and O ions in the grain
were analyzed to be 8.14, 7.52, 22.31 and 62.02 at%, respectively. It
could be seen that the ratio of Mg:Zr:Nb:O was about
1:0.9:2.74:7.62, which was approximately consistent with the
theory composition of MgZrNb2O8.

Fig. 6 demonstrates the variations of the εr and Q$f value of the
H3BO3-added MZN ceramics as a function of sintering temperature
and the amount of H3BO3. Fig. 6(a) shows that the εr values of
samples with various amount of H3BO3 increasedwith the sintering
temperature increasing from 1050 �C to 1200 �C firstly, and then
decreased when the sintering temperature was up to 1250 �C. The
increase at first was due to the densification of MZN ceramics, and
the decrease in dielectric constant may be ascribed to the abnormal
grain growth appearing at higher sintering temperature. For sam-
ples sintered at different temperatures, with the increase of H3BO3
additions the dielectric constant decreased due to the effect of the
lower dielectric constant of H3BO3 according to the well-known
general empirical model for multiphase ceramics [22]. However,
for the MZN ceramics with 10 wt% H3BO3 addition sintered at
1050 �C, 1100 �C, 1150 �C and 1250 �C, the dielectric constant
increased slightly, which may be due to the unknown secondary
phase resulted from the excessive H3BO3 addition shown in Fig. 2.
For the MgZrNb2O8-5 wt% H3BO3 ceramics sintered at 1050 �C and
1200 �C, the εr values also increased slightly caused by the lower
porosity and more dense microstructure shown in Fig. 5. Based on
the above results, it can be found that the maximum dielectric
constant of 23.72 was observed for the sample with 1 wt% H3BO3
addition sintered at 1200 �C. In our previous study [6], the dielectric
constant value of pure MgZrNb2O8 ceramic was detected to be
27.08. By comparison, it was seen that the εr value of MZN ceramic
with 1 wt% H3BO3 addition was slightly lower than that of pure
MZN ceramic, which may be ascribed to the low εr value of H3BO3
addition as well as the inferior microstructure caused by the glassy
phase of H3BO3 addition.

The plots of Q$f values of MZN ceramics with different amounts
of H3BO3 addition as functions of sintering temperature are illus-
trated in Fig. 6(b). From Fig. 6(b) it can be found that for the samples
doped with 1 wt% and 2.5 wt% H3BO3 the Q$f values increased with
the sintering temperature increasing from 1050 �C to 1200 �C. In
the same temperature region, the Q$f values of MZN ceramics with
2.5 wt%, 7.5 wt% and 10 wt% H3BO3 addition decreased slightly first
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and then increased. When the sintering temperature was over
1200 �C, the Q$f values of samples with 1 wt% and 7.5 wt% H3BO3
addition were still increased. However, the Q$f values of samples
with 2.5 wt%, 5 wt% and 10 wt% H3BO3 additionwere in downtrend.
So the maximum Q$f value of 58,930 GHz was obtained for
MgZrNb2O8-1 wt% H3BO3 doped ceramic sintered at 1200 �C, which
was higher than that of pure MZN ceramic of 29,070 GHz [6]. As is
known to us, the microwave dielectric loss includes not only
intrinsic losses mainly caused by the lattice vibration modes but
also extrinsic losses dominated by densification/porosity, the sec-
ondary phases, grain sizes and oxygen vacancies [23]. Among these
factors, porosity was suggested to affect Q$f values obviously below
1200 �C. The remarkable increase in Q$f values in the range of
1050�Ce1200 �C was associated with the decrease of porosity ac-
cording to the results of the sintering characteristic curves and SEM
microstructure shown in Figs. 1 and 3(aed), respectively. Some
investigations [24,25] also reported that when the relative density
was higher than 90%, the Q$f value was no longer dependent on
density and porosity. That is to say, once the prepared samples
reached nearly full density, Q$f values were mainly affected by
intrinsic factors. So the decrease in Q$f values above 1200 �C could
be attributed to the non-uniform microstructure caused by
abnormal grain growth shown in Fig. 3(e).

As shown in Fig. 6(b), we found that for the samples added with
2.5 wt% H3BO3, the maximum Q$f value can be obtained for the
MZN ceramic sintered at 1050 �C. When the H3BO3 addition
increased to 5 wt%, the sintering temperature of the sample with
the maximum Q$f value was increased to 1100 �C. For the samples
added with 7.5 wt% H3BO3, the maximumQ$f value was obtained at
1250 �C. With the increase of H3BO3 addition, the temperature of
the maximum Q$f value shifted toward higher sintering tempera-
tures. For theMZN ceramics sintered at 1150 �C and 1200 �C, the Q$f
values of MZN ceramics decreased with the amount of H3BO3
increasing, which was due to large glassy phase caused by H3BO3
doping. As we all know, the large dielectric loss of glassy phase will
increase the dielectric loss of the MZN ceramics resulting in the
decrease of the Q$f values. However, the Q$f values increased
slightly with the amount of H3BO3 increasing from 5 wt% to 10 wt%,
which may be attributed to the unknown phase shown in Fig. 2
caused by the reaction of the excessive H3BO3 and the predomi-
nant phase of MgZrNb2O8.

Based on the above results, we can find that the optimal sin-
tering temperature was 1200 �C. Therefore, the temperature coef-
ficient of resonant frequency (tf) of MZN ceramics sintered at
1200 �C as a function of H3BO3 contents were illustrated in Fig. 7.
Generally, tf is related to the composition, the additives and the
secondary phase. It is almost independent on sintering tempera-
ture and B2O3 content because of no significant compositional
change. And all the tf values were fluctuated around �13.5 ppm/�C,
ranging from�11.34 ppm/�C to�15.18 ppm/�C. As for the sample of
MZN ceramic with 1 wt% H3BO3 content, the tf value
was �13.19 ppm/�C. In our previous study [6], the tf value of MZN
ceramic obtained at 1225 �C was �24.31 ppm/�C. By comparison, it
can be found that the tf value of MZN ceramic with 1 wt% H3BO3
addition was more close to zero, which indicated the better tem-
perature stability. Hence, it was obvious that the improvement in
the tf value was required for the dielectric resonator applications at
high frequency.
4. Conclusions

The effect of H3BO3 doping on the microwave dielectric prop-
erties and microstructure of MgZrNb2O8 compounds at various
sintering temperatures was investigated by the solid-state method.
The XRD patterns of MgZrNb2O8 compounds with various H3BO3
addition showed the ordered wolframite-type structured
MgZrNb2O8with the space group of P2/c, corresponding to the ICSD
card of No. 48-0329, and no secondary phases were observed. The
excess of H3BO3 doping shown in SEMmicrographs and sintering at
higher temperatures seemly had a detrimental effect on the mi-
crowave dielectric properties. It was found that 1 wt% H3BO3
doping was effective in reducing the sintering temperature and
improving the Q$f value of MgZrNb2O8 compounds without a
slightly decline on dielectric constant. The excellent microwave
properties, the Q$f value of 58,930 GHz, the εr value of 23.72, and
the tf value of �13.19 ppm/�C were obtained for MgZrNb2O8
ceramic with 1 wt% H3BO3 addition sintered at 1200 �C for 4 h.
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