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nd sintering behavior of low
temperature cofired Li4/5Mg4/5Ti7/5O4 ceramics
containing BaCu(B2O5) and TiO2 and their
compatibility with a silver electrode†

Huanfu Zhou, * Xianghu Tan, Kangguo Wang, Wendong Sun, Hong Ruan
and Xiuli Chen

Li4/5Mg4/5Ti7/5O4 (LMT) ceramics were prepared via a solid-state reaction method. The LMT ceramics, sintered

at 1100 �C, presented good microwave dielectric properties with 3r ¼ 22.8, Q � f ¼ 100 000 GHz and sf ¼
�15.0 ppm �C�1. BaCu(B2O5) (BCB) was added to lower the sintering temperature of the ceramics. The

addition of BCB reduced the sintering temperature, but slightly degraded the microwave dielectric

properties of the LMT ceramics. The 0.97LMT–0.03BCB ceramic showed a low sintering temperature of

900 �C and good microwave dielectric properties with an appropriate 3r of 20.9, high Q � f of 42 104 GHz

and negative sf of �24.0 ppm �C�1. TiO2 was added to improve the 3r and adjust the sf value. The

0.85(0.97LMT–0.03BCB)–0.15TiO2 ceramic, sintered at 875 �C, showed good dielectric properties, with

a high Q � f of 37 700 GHz, appropriate 3r of 23.1 and near-zero sf of �5.9 ppm �C�1. Obviously, the

0.85(0.97LMT–0.03BCB)–0.15TiO2 ceramic is a good candidate for low temperature co-fired ceramic devices.
1. Introduction

Recently, low temperature co-red ceramic (LTCC) technology
has been widely used in the large-scale integration of microwave
dielectric devices.1–4 In LTCCs, the microwave dielectric mate-
rials must be sintered at a temperature below the melting point
of Ag (961 �C). Furthermore, the materials should have excellent
microwave dielectric properties (a high quality factor, an
appropriate permittivity and a near-zero temperature coefficient
of resonant frequency) and good chemical compatibility with
Ag.5–8 A huge number of ceramics with the AB2O4 spinel struc-
ture have been reported to exhibit good microwave dielectric
properties, such as Li2MgTi3O8,9 Mg2TiO4

10 and Li2MgTiO4.11

However, their high sintering temperatures have limited their
further application to LTCC devices. Therefore, many
researchers are trying to lower the sintering temperatures of
microwave dielectric ceramics. Sintering aids, super-ne
powders and low melting point materials have all been used
to realize low temperature sintering of ceramics.12–14 The
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addition of sintering aids can degrade the microwave dielectric
properties of the ceramics, but do not increase their production
cost. Using super-ne powders increases the production cost,
but does not decrease the performance. It is difficult to nd
a new low melting point material.

In this paper, Li4/5Mg4/5Ti7/5O4 (LMT) spinel ceramics were
designed to obtain new microwave dielectric materials with
good properties. The phase composition, microstructure and
microwave dielectric properties of Li4/5Mg4/5Ti7/5O4 (LMT)
spinel ceramics were studied. LMT ceramics exhibit high sin-
tering temperatures, which restrict their further application. In
order to control the production cost, the method of adding
sintering aids has been widely adopted to lower the sintering
temperature of LMT ceramics. Zhou et al.15 reported that the
addition of BaCu(B2O5) (BCB) could lower the sintering
temperature of ceramics. Their Ba3Ti5Nb6O28 ceramic, con-
taining 5.0 wt% BCB and sintered at 925 �C, exhibited good
microwave dielectric properties of Q � f ¼ 19 191 GHz, 3r ¼ 38.2
and sf ¼ 12 ppm �C�1. Therefore, in this study, BCB was added
to LMT ceramics to lower their sintering temperatures, and the
effects of BCB on the sintering temperature and microwave
dielectric properties of the ceramics are discussed herein.
Furthermore, TiO2 was added to the LMT ceramics to improve
their permittivity and adjust the temperature coefficient of
resonant frequency to near-zero. The effects of TiO2 addition on
the phase composition and microwave dielectric properties of
the LMT + BCB ceramics were also examined.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Room-temperature XRD patterns of the LMT ceramics sintered
at (a) 1050 �C, (b) 1075 �C, (c) 1100 �C and (d) 1125 �C.

Fig. 2 The bulk density (r), permittivity (3r) andQ� f values of the LMT
ceramics as a function of their sintering temperatures.
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2. Experimental procedure

LMT ceramics were prepared via a conventional solid-state
reaction method using high purity powers of Li2CO3 ($99%),
MgO ($99%) and TiO2 ($99%). The raw materials were stoi-
chiometrically weighed and ball milled with zirconia balls in
alcohol medium for 4 h. The mixtures were then rapidly dried
and calcined at 900 �C for 4 h. The high purity powders ($99%)
of Ba(OH)2$8H2O, CuO and H3BO3 were used to prepare the
BCB powders. The powders were stoichiometrically weighed,
mixed, dried and calcined at 800 �C for 4 h. The LMT powders
were mixed with different amounts of BCB for 4 h, and then part
of the 0.97LMT–0.03BCB powders were mixed with different
levels of TiO2 for 4 h. The (1 � x)LMT–xBCB(0 # x # 0.04) and
(1 � y)[0.97LMT–0.03BCB]–yTiO2 (0.05 # y # 0.20) powders
were granulated with 5 wt% polyvinyl alcohol (PVA) and pressed
into disks of 12 mm in diameter and 6 mm in thickness using
a uniaxial pressure of �200 MPa. Finally, the disks were sin-
tered in the temperature range of 825–1025 �C for 4 h.

The crystalline phases of the samples were identied using
X-ray diffraction (XRD) with Cu Ka radiation generated at 40 kV
and 40 mA (Model X'Pert PRO, PANalytical, Almelo, Holland).
The surface morphology of the ceramics was studied using
scanning electron microscopy (SEM) (Model JSM6380-LV SEM,
JEOL, Tokyo, Japan). The bulk density of the sintered ceramics
was tested using the Archimedes method. Dielectric behaviors
at microwave frequencies were measured using the TE01d
shielded cavity method on a Network Analyzer (Model N5230A,
Agilent Co., CA, 10 MHz to 40 GHz). The temperature coeffi-
cients of resonant frequency (sf) were measured using the open
cavity method with an invar cavity in a temperature chamber
(DELTA9039, Delta Design, USA). The sf values were calculated
using the following formula:

sf ¼ fT � f0

f0ðT � T0Þ (1)

where fT and f0 are the resonant frequencies at temperatures T
(85 �C) and T0 (25 �C), respectively.

3. Results and discussion
3.1 Phase structure and microwave dielectric properties of
LMT ceramics

Fig. 1 presents the XRD patterns of the LMT ceramics sintered at
different temperatures. It can be seen that all the observed
peaks were indexed according to Li2MgTi3O8 (PDF: 00-048-
0263). The reasons for this phenomenon are as follows. Firstly,
LiMg1/2Ti3/2O4 and Mg2TiO4 might be formed according to the
following reaction mechanism: 0.4Li2CO3 + 0.8MgO + 1.4TiO2

/ 0.8LiMg1/2Ti3/2O4 + 0.4CO2 + 0.2Mg2TiO4. It is worth noting
that the cation sizes of LiMg1/2Ti3/2O4 and Mg2TiO4 are similar,
and the mismatch (Vr) was calculated as 1.2% (#15%).
Furthermore, LiMg1/2Ti3/2O4 and Mg2TiO4 had a similar struc-
ture (spinel structure).16,17 Therefore, 1/2Li,1/4Mg,1/4Ti could be
replaced with Mg, and LMT solid solution might be formed
according to the following reaction mechanism: 0.8LiMg1/2Ti3/2
+ 0.2Mg2TiO4 / Li4/5Mg4/5Ti7/5O4. The SEMmicrographs of the
This journal is © The Royal Society of Chemistry 2017
LMT ceramics are shown in Fig. S1.† With increasing the sin-
tering temperature from 1050 �C to 1100 �C, the merging of the
small grains gave rise to larger grains and eliminated the pores,
leading to an increased average grain size and decreased
porosity. By further increasing the sintering temperature, the
average grain size increased, because grains continued to arise.
On the other hand, the velocity of the grain boundary was too
fast when the sintering temperature was too high, making the
elimination of pores difficult,18,19 so the porosity increased. The
change in porosity resulted in a change of the bulk density.

Fig. 2 illustrates the bulk density (r), permittivity (3r) and
quality factor (Q � f) of the LMT ceramics sintered at different
temperatures. The r of the LMT ceramics rstly increased and
then decreased with increasing the sintering temperature. The
change of the 3r and Q � f of the LMT ceramics as a function of
the sintering temperature showed a trend similar to that of the
r, showing that the relative density had a crucial effect on the 3r
and Q � f. The LMT ceramics sintered at 1100 �C possessed
good microwave dielectric properties with a high Q � f of
100 000 GHz, an appropriate 3r of 22.8 and a negative sf of
�15 ppm �C�1. The high sintering temperature limited the
further application of LMT in LTCC devices, so BaCu(B2O5)
(BCB) was chosen to reduce the sintering temperature of the
ceramics.
RSC Adv., 2017, 7, 44706–44711 | 44707
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Table 1 The sf values of (1 � x)LMT–xBCB (x ¼ 0.01, 0.02, 0.03, 0.04)
and (1 � y)[0.97LMT–0.03BCB]–yTiO2 (y ¼ 0.05, 0.10, 0.15, 0.20)
ceramics sintered at their optimum temperatures

Condition

The optimum
sintering
temperature (�C) sf (ppm �C�1)

(1 � x)LMT–xBCB x ¼ 0 1100 �15.0
x ¼ 0.01 1000 �17.3
x ¼ 0.02 975 �20.5
x ¼ 0.03 900 �24.0
x ¼ 0.04 900 �28.5

(1 � y)[0.97LMT–
0.03 BCB]–yTiO2

y ¼ 0.05 875 �21.1
y ¼ 0.10 875 �9.6
y ¼ 0.15 875 �5.9
y ¼ 0.20 900 �15.0
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3.2 The effects of BCB addition on the sintering temperature
and microwave dielectric properties of LMT ceramics

Fig. S2† shows the room-temperature XRD patterns of the
(1 � x)LMT–xBCB (0.01# x# 0.04) ceramics. The XRD patterns
of all components were similar to that of LMT, and all
observed peaks of (1 � x)LMT–xBCB were indexed according to
Li2MgTi3O8 (PDF: 00-048-0263). Due to the low content of BCB
in the (1� x)LMT–xBCB ceramics, it could not be detected using
XRD. Fig. S3† presents the SEMmicrographs of the (1� x)LMT–
xBCB ceramics. The porosity increased and the average grain
size decreased with increasing BCB content, which illustrates
that the addition of BCB played a key role in changing the
microstructure of the (1 � x)LMT–xBCB ceramics.

The r, 3r and Q � f of the (1 � x)LMT–xBCB ceramics as
a function of the sintering temperature are illustrated in Fig. 3.
The r, 3r and Q � f of the (1 � x)LMT–xBCB ceramics rst
increased and then decreased with increasing sintering
temperature. With increasing the BCB content, the sintering
temperature of the (1 � x)LMT–xBCB ceramics gradually
decreased, because BCB has a low sintering temperature
(�810 �C). With increasing the BCB content, the r of the (1 � x)
LMT–xBCB ceramics slowly decreased, because the porosity of
the (1 � x)LMT–xBCB ceramics increased. The phase compo-
sition has a great effect on the microwave dielectric properties
of multiphase systems.20,21 Compared with LMT, BCB has rela-
tively poor microwave dielectric properties, with 3r of 7.4, Q � f
of 50 000 GHz and sf of �32 ppm �C�1.22 Therefore, the 3r

decreased from 21.1 to 20.9 and Q � f decreased from 58 807
GHz to 30 405 GHz. Table 1 shows that the sf decreased from
�17.3 ppm �C�1 to �28.5 ppm �C�1 with increasing BCB
content. The addition of BCB lowered the sintering temperature
but also deteriorated the microwave dielectric properties of the
ceramics. In particular, the 0.97LMT–0.03BCB ceramics showed
a low sintering temperature of 900 �C and good microwave
dielectric properties with an appropriate 3r of 20.9, a high Q � f
of 42 104 GHz and a more negative sf of �24.0 ppm �C�1. In
Fig. 3 The bulk density (r), permittivity (3r) and Q � f values of the
(1 � x)LMT–xBCB ceramics as a function of their sintering
temperatures.

44708 | RSC Adv., 2017, 7, 44706–44711
order to adjust the sf of the 0.97LMT–0.03BCB ceramic, (1 � y)
[0.97LMT–0.03BCB]–yTiO2 (y ¼ 0.05, 0.10, 0.15, 0.20) systems
were designed.
3.3 The effects of TiO2 addition on the sintering temperature
and microwave dielectric properties of LMT + BCB ceramics

The room-temperature XRD patterns of the (1 � y)[0.97LMT–
0.03BCB]–yTiO2 (y ¼ 0.05, 0.10, 0.15, 0.20) ceramics are shown
in Fig. 4(a). When y ¼ 0.05–0.15, all XRD patterns agreed well
with those of Li2MgTi3O8 (PDF: 00-048-0263) and MgTiO3 (PDF:
01-079-0831), and no other phases could be detected. When y ¼
0.05, the composition was (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4 as
a solid solution and MgTiO3 might be formed according to the
following reaction mechanism: Mg2TiO4 + TiO2 / 2MgTiO3.
When y ¼ 0.10 or 0.15, Mg2TiO4 disappeared and Li4/3Ti5/3O4

appeared. LiMg1/2Ti3/2O4 and Li4/3Ti5/3O4 had similar crystal
structures and ionic radii, so these compounds could form
solid solutions. The composition was (1 � m)LiMg1/2Ti3/2O4–

mLi4/3Ti5/3O4 as a solid solution. When y ¼ 0.20, the diffraction
peak of the MgTi2O5 (PDF: 00-020-0694) phase at lower angle
regions of 20–30� was observed, due to the addition of excessive
TiO2. MgTi2O5 may be formed according to the following
reaction mechanism: MgTiO3 + TiO2 / MgTi2O5.

Fig. 4(b) and (c) show the ternary phase diagrams of the
Li2O–MgO–TiO2 systems and the enlarged patterns of the
Mg2TiO4–MgTi2O5–Li4/3Ti5/3O4 concentration triangle, respec-
tively. The ternary phase diagrams were used to identify the
change in phase composition. The group point moved along the
red line, dashed to the TiO2 point with increasing TiO2 content.
When y ¼ 0 or 0.05, the group point was located in the MgTiO3–

LiMg1/2Ti3/2O4–Mg2TiO4 concentration triangle. With
increasing y value, the group point is far away from the Mg2TiO4

and LiMg1/2Ti3/2O4 points but closer to the MgTiO3 point, indi-
cating that the relative content of Mg2TiO4 and LiMg1/2Ti3/2O4

decreased, but the relative content of MgTiO3 increased.
Furthermore, comparedwith theMg2TiO4 point, the grouppointwas
closer to the LiMg1/2Ti3/2O4 point, which indicates that the relative
content of Mg2TiO4 decreased in (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4.
Because the relative content of Mg2TiO4, with a large ionic
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Room-temperature XRD patterns of the (1 � y)[0.97LMT–0.03BCB]–yTiO2 (y ¼ 0.05, 0.10, 0.15, 0.20) ceramics. (b) Ternary phase
diagrams of Li2O–MgO–TiO2 systems. (c) Enlarged patterns of the Mg2TiO4–MgTi2O5–Li4/3Ti5/3O4 concentration triangle.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 1
2:

44
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
radius, decreased in (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4, the unit
cell parameters of (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4 decreased.
When y ¼ 0.10 and 0.15, the group point was located in the
MgTiO3–LiMg1/2Ti3/2O4–Li4/3Ti5/3O4 concentration triangle. With
increasing y value, the group point is far away from the
LiMg1/2Ti3/2O4 point but closer to the Li4/3Ti5/3O4 point and
MgTiO3 point, indicating that the relative content of LiMg1/2Ti3/2O4

decreased, but the relative content of MgTiO3 and Li4/3Ti5/3O4

increased. Compared with the LiMg1/2Ti3/2O4 point, the group
point was closer to the Li4/3Ti5/3O4 point. When y ¼ 0.20, the
group point was located in the LiMg1/2Ti3/2O4–Li4/3Ti5/3O4–

MgTi2O5–MgTiO3 concentration quadrilateral, implying the
formation of MgTi2O5. Furthermore, the group point
continued to approach the Li4/3Ti5/3O4 point for the LiMg1/2-
Ti3/2O4–Li4/3Ti5/3O4 line. Because the relative content of
Li4/3Ti5/3O4, with a small ionic radius, increased in (1 � m)
LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4, the unit cell parameters of
(1 � m)LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4 decreased. Thus, LiMg1/2-
Ti3/2O4 peaks shied to high angles, as shown in Fig. 4(a).

The SEM micrographs of the (1 � y)[0.97LMT–0.03BCB]–
yTiO2 (y ¼ 0.05, 0.10, 0.15, 0.20) ceramics are given in Fig. S4.†
Compared with the undoped-TiO2 0.97LMT–0.03BCB ceramic,
the average grain size of the 0.95[0.97LMT–0.03BCB]–0.05TiO2

ceramic was decreased, because the phase composition had
changed as follows: [BCB and LMT solid solutions, y ¼ 0] /
[BCB, (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4 solid solution and
MgTiO3, y ¼ 0.05]. With increasing the amount of TiO2 added
from 0.05 to 0.20, the phase composition changed as follows:
[BCB, (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4 solid solution and
MgTiO3, y ¼ 0.05] / [BCB, (1 � m)LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4

solid solution and MgTiO3, y ¼ 0.10 and 0.15] / [BCB, (1 � m)
LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4 solid solution, MgTiO3 and
MgTi2O5, y ¼ 0.20]. The average grain size of (1 � y)[0.97LMT–
This journal is © The Royal Society of Chemistry 2017
0.03BCB]–yTiO2 gradually increased, but the porosity of the
ceramics rst decreased and then increased. Overall, the
density of the ceramics increased rst and then decreased.
Furthermore, the EDS analysis of the 0.85[0.97LMT–0.03BCB]–
0.15TiO2 ceramic is inserted in Fig. S4.† For “grain I”, the
atomic number ratio of Mg to Ti is close to 1 : 4, so “grain I” is
the (1 � m)LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4 solid solution. For
“grain II”, the atomic number ratio of Mg to Ti is close to 1 : 1,
so “grain II” is MgTiO3. BCB grains could not be found due to
the low content of BCB.

The r, 3r and Q anf of the (1 � y)[0.97LMT–0.03BCB]–yTiO2

ceramic as a function of the sintering temperature are demon-
strated in Fig. 5. With increasing the sintering temperature, the
r, 3r and Q � f of the (1 � y)[0.97LMT–0.03BCB]–yTiO2 ceramic
presented a similar trend. When the TiO2 content was increased
from 0 to 0.05, the phase composition changed from BCB and
LMT solid solution to a BCB, (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4

solid solution and MgTiO3, and the bulk density and
microwave dielectric properties of ceramics changed as
follows: (r� 3.39 g cm�3, Q� f� 42 104 GHz, 3r� 20.9, and sf�
�24.0 ppm �C�1) / (r � 3.41 g cm�3, Q � f � 35 300 GHz, 3r �
21.9, and sf � �21.1 ppm �C�1). When the amount of TiO2

added was increased from 0.05 to 0.15, r and the Q � f
increased because the porosity decreased. By further increasing
the amount of TiO2 added to 0.20, r and Q � f decreased due to
the existence of MgTi2O5 and the increase in porosity.

The 3r of the multiphase system was related to the phase
composition. However, the polarizability also played an
important role in the 3r of each phase. The polarizability (az) of
(1 � z)LiMg1/2Ti3/2O4–zMg2TiO4 (z decreased from 0.2 to 0) and
(1 � m)LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4 (m increased from 0 to
positive value) was calculated as follows:
RSC Adv., 2017, 7, 44706–44711 | 44709
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Fig. 5 The bulk density (r), permittivity (3r) and Q � f values of the
(1 � y)[0.97LMT–0.03BCB]–yTiO2 (y ¼ 0.05, 0.10, 0.15, 0.20) ceramics
as a function of their sintering temperatures.

Fig. 6 XRD pattern and backscattered electron image of 0.85
[0.97LMT–0.03BCB]–0.15TiO2 with 20 wt% Ag powder sintered at
875 �C.
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a ¼ xLi+ � aLi+ + xMg2+ � aMg2+ + xTi4+ � aTi4+ + xO2� � aO2� (2)

where xLi+, xMg2+, xTi4+ and xO2� are the mole numbers of Li+,
Mg2+, Ti4+ and O2�, respectively. aLi+(1.20), aMg2+(1.32),
aTi4+(2.93) and aO2�(2.01) are the ion dielectric polarizability
values of Li+, Mg2+, Ti4+ and O2�, respectively.23,24 The polariz-
ability values of (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4 and (1 � m)
LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4 could be expressed as: az ¼ 14.30–
0.69z and am ¼ 14.30 + 0.23m. az increased with decreasing
z value and am increased with increasing m value. The
permittivity (3z) of (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4 and (1 � m)
LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4 could be calculated as follows:

3z ¼ 3Vz þ 8paz

3Vz � 4paz

¼ 1þ 12p

3Vz

az

� 4p

(3)

where Vz is the molar volume of (1� z)LiMg1/2Ti3/2O4–zMg2TiO4

or (1 � m)LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4.25,26 For the unit
cell parameters of the ceramics, Vz decreased with increasing
TiO2 content. The formula (3) shows that the 3z of (1 � z)
LiMg1/2Ti3/2O4–zMg2TiO4 (or (1 � m)LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4)
increased with increasing az (or am) and decreasing Vz. The
increase of the 3r of (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4 (or (1 � m)
LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4) improved the 3r of (1 � y)[0.97LMT–
0.03BCB]–yTiO2. So, the 3r increased from 21.9 to 23.1 with
increasing the TiO2 content from 0.05 to 0.15. When the TiO2

content increased to 0.20, the 3r decreased to 22.0, due to the
existence of MgTi2O5.

The phase composition is the key factor affecting the sf in
multiphase systems. The sf of (1 � z)LiMg1/2Ti3/2O4–zMg2TiO4

increased with a decrease in the z value and the sf of (1 � m)
LiMg1/2Ti3/2O4–mLi4/3Ti5/3O4 increased with an increase in the
m value, because Li4/3Ti5/3O4 exhibited a positive sf (15 ppm �C�1),
LiMg1/2Ti3/2O4 showed a near-zero sf (3.2 ppm �C�1) and
44710 | RSC Adv., 2017, 7, 44706–44711
Mg2TiO4 presented a negative sf (�50 ppm �C�1).27,28 With
increasing the y value from 0.05 to 0.15, the sf increased from
�21.1 ppm �C�1 to �5.9 ppm �C�1, because the sf of (1 � z)
LiMg1/2Ti3/2O4–zMg2TiO4 and (1 � m)LiMg1/2Ti3/2O4–mLi4/3
Ti5/3O4 increased. However, the sf decreased to �15 ppm �C�1

due to the existence of MgTi2O5, which had a negative sf when
y was increased to 0.20.29

The 0.85[0.97LMT–0.03BCB]–0.15TiO2 ceramic sintered at
875 �C exhibited good properties with a small r of 3.42 g cm�3,
high Q� f of 37 700 GHz, moderate 3r of 23.1 and near-zero sf of
�5.9 ppm �C�1, satisfying the requirements of microwave
devices, such as a light weight, low loss, miniaturization and
high stability. To identify whether the 0.85[0.97LMT–0.03BCB]–
0.15TiO2 ceramic could be used in LTCC, the chemical
compatibility between the 0.85[0.97LMT–0.03BCB]–0.15TiO2

ceramic and Ag powders was investigated. An XRD pattern and
a backscattered electron image of 0.85[0.97LMT–0.03BCB]–
0.15TiO2 with 20 wt% Ag powder sintered at 875 �C are dis-
played in Fig. 6. The results show that the 0.85[0.97LMT–
0.03BCB]–0.15TiO2 ceramic did not react with the Ag powder.
The 0.85[0.97LMT–0.03BCB]–0.15TiO2 ceramic show good
chemical compatibility with Ag. The results indicate that the
0.85[0.97LMT–0.03BCB]–0.15TiO2 ceramic is a good commer-
cial LTCC material.
4. Conclusion

LMT ceramics have been prepared using a solid-state reaction
method and excellent microwave dielectric properties were ob-
tained in ceramics sintered at 1100 �C. The addition of BCB
could reduce the sintering temperature of the ceramics to
900 �C. TiO2 was introduced to improve the 3r and sf values. The
Q � f, 3r and sf values rstly increased and then decreased with
increasing the TiO2 content. The 0.85[0.97LMT–0.03BCB]–
0.15TiO2 ceramic exhibited a low sintering temperature
(�875 �C), good microwave dielectric properties (Q � f ¼
37 700 GHz, 3r ¼ 23.1 and sf ¼ �5.9 ppm �C�1) and chemical
This journal is © The Royal Society of Chemistry 2017
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compatibility with silver powder, indicating that it is a prom-
ising candidate material for LTCC devices.
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