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a  b  s  t  r  a  c  t

Li2.08TiO3-LiF  Glass-free  Low  temperature  co-fired  ceramic  (LTCC)  green  tapes  were  prepared  by  tape
casing  technique.  The  rheology  of  the  slurry  was  characterized  using  rheometer.  The  slurry  exhibited
pseudoplastic  behavior.  The  sintering  kinetics  of  the  green  tape  was  investigated  using heating  micro-
scope.  The  sintering  activation  energy  was  determined  to  be ∼173 kJ/mol.  The  green  tape  could  be
densified  at  900 ◦C/2  h. Microwave  dielectric  properties  of the  sintered  tape  were  characterized  in  a
split-post  dielectric  resonator  using  a network  analyzer.  The  ceramic  sheet  with  thickness  of  0.11  mm
eywords:
ape casing
lass-free LTCC
icrowave dielectric properties

intering  kinetics

demonstrated  good  microwave  dielectric  properties:  εr = 22.4  and  Q  × f = 35,490  GHz.  The cross  sectional
microstructure  of the  cofired  multilayer  stack  was observed  by  scanning  electron  microscopy  (SEM).  The
green  tape  demonstrated  good  chemical  and  shrinkage  compatibilities  with  Ag  electrode  during  sintering
process.  The  thermal  expansion  coefficient  and  thermal  conductivity  of  the  ceramic  is  22.4  ppm/◦C  and
4.75  W  m−1 K −1, respectively.

© 2016  Published  by  Elsevier  Ltd.
. Introduction

Low temperature co-fired ceramic (LTCC) technology has large
enefits in microwave applications including miniaturization,
ulti-functionality, lighter weight, lower cost and higher perfor-
ance of the devices. High conductive metal such as Ag is used as

nternal electrode in general. It requires that the sintering temper-
ture of the ceramic should be less than 950 ◦C so as to be co-fired
ith Ag electrode. Chemical and shrinkage compatibilities with sil-

er electrode up to sintering temperature are indispensable [1]. In
ddition, good microwave dielectric properties including suitable
elative dielectric permittivity, low dielectric loss and tempera-
ure stable of dielectric properties for the ceramic are also strongly
equired. High thermal conductivity is also desirable to conduct and
issipate the excess heat generated in multifunctional modules [2].
he metallization pastes will be screen printed layer by layer upon
he green ceramic tape followed by stacking and lamination under
ressure. The multilayer stack will be sintered below the melting
oint of the metal. Therefore, the development of flexible green
Please cite this article in press as: J.J. Bian, et al., Tape casting and c
applications, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j.jeurce

apes is one of the critical technological issues in practical LTCC
pplications.

∗ Corresponding author.
E-mail address: jjbian@shu.edu.cn (J.J. Bian).
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955-2219/© 2016 Published by Elsevier Ltd.
Tape casting is a suitable forming technique to produce the
thin flat green ceramic tape with large area and widely used in
the production of ceramic substrate and multilayer component.
Preparation of homogeneous ceramic slurry with good flowing
properties is a key step for tape casting process. The slurry for
tape casting should have good dispersion stability, suitable vis-
cosity, pseudoplastic (shear-thinning) rheology property and high
solid loading [3]. In a typical non-aqueous tape casting ceramic
slurry the organic components usually consist of solvent, disper-
sant, binder and plasticizer. Preparing a dense, homogeneous green
ceramic tape is a prerequisite to achieve dense, homogeneous, sin-
tered ceramic sheet. High solid loading slurry is helpful to obtain
a dense green tape with well packed microstructure [3]. However,
achieving a high solid loading for tape casing slurry is not straight-
forward. The higher the solid loading, the more difficult dispersion
becomes, especially for the starting ceramic powders with high spe-
cific surface area. Choice of solvent, dispersant, particle size and
morphology of the powders will all affect the loading limit of the
slurry, and consequently the drying behavior of the cast tape as
well as the microstructure of the green tape3. Similarly, the choice
of binder and plasticizer, and their loading levels, will affect the
strength, durability and resistance to cracking of the green tape [4].
Finally, all of the above factors will influence the sintering shrinkage
haracterization of Li2.08TiO3-LiF glass free LTCC for microwave
ramsoc.2016.09.022

and final microstructure of the fired tape.
Glassy or eutectic forming additives is the general approach

to reduce the sintering temperature of the ceramic. Recently

dx.doi.org/10.1016/j.jeurceramsoc.2016.09.022
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Table  1
LTFO  Glass-free slurry composition for tape casting.

Component Function Concentration (wt%)

Li2.08TiO3-LiF Ceramic powder 50–60
Citrate acid (C6H8O7·H2O) Dispersant 0.3–1.2
Polyvinyl Butyral (PV)B binder 6–10
Dibutyl phthalate (DBP) Plasticizer 3–20
Polyethyleneglycol (PEG) Plasticizer
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Ethanol  Solvent 30–40
Methyl ethylene ketone (MEK) Solvent

lass-free LTCC material with appropriate microwave dielectric
roperties is strongly desired for the multilayer structure applica-
ions because it simplifies the chemical interaction with the metal
lectrode and reduces the possibility of cracking caused by the
ismatch of the coefficient of thermal expansion (CTE) between

he ceramic and glassy phases [5,6]. A number of glass-free LTCC
icrowave dielectrics have been reported [7–14]. Although dozens

f glass ceramic composite LTCC green tapes have been devel-
ped [15–21], only a few reports are available on the literature
bout the tape casting of glass free LTCC materials [22,23]. In our
revious work we reported Li2.08TiO3-LiF glass-free LTCC material
hich could be densified at 900 ◦C/2 h and has good microwave

ielectric properties: εr ∼22.8, Q × f ∼63 000 GHz (∼8 GHz) and �f
1.0 ppm/◦C [24]. The ceramic is also chemically compatible with
g. In present paper we optimized different variables to prepare
i2.08TiO3-LiF glass-free LTCC green tape by tape casting process,
nd characterized the thermal and microwave dielectric proper-
ies of the sintered sheet. The sintering kinetics of the green tape
nd cofiring behavior with Ag electrode were also investigated.

.  Experimental

Li2.08TiO3-LiF (LTFO) ceramics were prepared by conventional
olid-state reaction process from the starting materials including
i2CO3 (99.9%), TiO2 (99.7%) and LiF (99.9%). The starting materi-
ls were weighed according to the above formula and ball milled
n ethanol with zirconia milling media for 24 h. Cylinder milling

ith 70 rpm was adopted. The slurry was then dried and calcined
t 700 ◦C for 2 h in alumina crucible. The calcined powders were
ulverized again by ball milling in ethanol for 24 h. The phase

ormation was confirmed by X-ray powder diffraction with Ni-
ltered Cu Ka radiation (Rigaku D/max2200, Tokyo, Japan). The
article size distribution of the ground powder was  determined
y Dynamic Light Scattering (DLS) technique (Mastersizer-2000,
alvern, Worcestershire, UK). The BET surface area of the pow-

er was measured from nitrogen adsorption isotherm using surface
rea analyzer (Nova-2000, Quantachrome, USA). The morphology
f the particles was observed by transmission electron microscopy
TEM) (JEM-200CX, 100KV, JEOL, Japan).

Firstly dispersion studies were carried out with 8 wt%  ceramic
oading and varying dispersant amount from 0.3 to 1.5 wt%. The
ffectiveness of the dispersant was evaluated from the sedimen-
ation of ceramic powders/dispersant/solvent system. A binary
zeotropic mixture of ethanol (40 wt%) and methyl ethylene ketone
MEK, 60 wt%) was used as solvent. Citric acid was used as dis-
ersant. The sedimentation analysis was carried out in a 10 ml
raduated measuring cylinder. The initial height (H0) and sedi-
ent height (H) at different time interval were noted. The first

tage of slurry preparation is the dispersion of the ceramic pow-
ers in the solvent during which precalculated amount of ceramic
owder was mixed with solvent and dispersant by ball milling for
Please cite this article in press as: J.J. Bian, et al., Tape casting and c
applications, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j.jeurce

 h. The second stage involves mixing with the binder (polyvinyl
utyral (PVB)) and plasticizer (Dibutyl phthalate (DBP) and further
all milling for 24 h. The tape casting slurry composition in this
tudy is given in Table 1. The viscosity and rheological property
 PRESS
ramic Society xxx (2016) xxx–xxx

were  measured at room temperature using rheometer (RS6000,
Thermofisher scientific, Germany). The final homogenized slurry
was vacuum degassed and casted into thin tapes (∼140 �m)  using
a tape-casting machine (LYJ-150, Dongfang Taiyang, Beijin, China).
The casted tape was  then allowed to dry at room temperature in
ambient atmosphere for 24 h. Tensile strength of the green tape
was measured using a Universal Testing Machine (Biaxial-10KN,
ZWICK, Germany) at crosshead speed of 5 mm/min. The specimen
gauge length was 40 mm,  width 10 mm and thickness 0.11 mm.  The
debindering temperature of the green tape was determined by dif-
ferential thermal analysis (DTA) and thermogravimetric analysis
(TGA) (STA409C, NETZSCH, Germany). While sintering, the green
tape was  kept in between two thin Al2O3 substrates in order to
avoid warping and also to control the lateral (x, y) shrinkage. The
sintering shrinkage of the green tape at different heating rate was
measured using heating microscope with automatic image analysis
(EM201-15, Hesse Instruments, Germany).The microstructures of
the green tape and sintered sheet (900 ◦C/2 h) were characterized
by scanning electron microscopy (SEM) (Model JSM-6700F, JEOL,
Tokyo, Japan). The sintered tape for SEM observation was  polished
and thermally etched at the temperature of 100 ◦C lower than its
sintering temperature for 30 min. The density of the ceramic sheet
was measured by the Archimedes method. The microwave dielec-
tric properties of the ceramic sheet with thickness 0.11 mm were
measured in a Split Post Dielectric Resonator operating at 20 GHz
with the aid of a vector network analyzer(N5242A, Agilent,USA).
The linear coefficient of thermal expansion (CTE) of the LTFO bulk
ceramic sintered at 900 ◦C was  measured using dilatometer (NET-
ZSCH STA 449C, Netzsch Instrument, Germany) up to 300 ◦C. The
thermal conductivity was measured using a laser flash thermal
properties analyzer (LFA467, Netzsch Instrument, Germany). The
break down strength of the ceramic sheet with thickness 0.11 mm
was measured in silicon oil at room temperature with internal bias
voltages up to 10,000 V by Ferroelectric analyzer (Model TF ana-
lyzer 2000E, aix ACCT system, Germany). Silver electrodes were
coated on both polished surfaces of the sample and fired at 800 ◦C
for 30 min  to form a metal–insulator–metal capacitor for electrical
test. In order to the investigate the cofiring behavior of the green
tape and Ag pastes, metallization pastes were screen printed layer
by layer upon the green ceramic tape followed by stacking and
lamination under the cold isostatic pressure of 40 MPa. The mul-
tilayer stack was sintered at 900 ◦C/2 h. The cross sectional surface
of the sintered multilayer stack was polished and used to observe
the interface microstructure and interdiffusion by back scattering
SEM and corresponding EDS analysis.

3. Results and discussion

The  powder XRD pattern of the LTFO calcined at 700/2 h shown
in Fig. 1 demonstrates main phase with monoclinic rock salt struc-
ture with small amount of Li2CO3. The particle size distribution
of the calcined powder after milling for 8 h is shown in Fig. 2a.
It shows monomodal distribution. The average diameter is about
1.96 �m and BET specific surface area is about 6.24 m2/g, respec-
tively. The TEM image of the calcined powders exhibits spherical
particles (Fig. 2b), which is helpful to achieve high packing density.

Stabilization of ceramic suspension is critical for preparation
of homogeneous tape casting slurry with good flowing properties.
The stability of the suspension is usually evaluated from the sed-
imentation of ceramic powders/dispersant/solvent system. Fig. 3
shows the relative change of sediment height (�H/Ho) of the sus-
haracterization of Li2.08TiO3-LiF glass free LTCC for microwave
ramsoc.2016.09.022

pensions containing 8 wt%  LTFO powders after keeping for 12 h
as a function of citrate acid dispersant amount. The suspension
containing 0.5 wt% citrate acid has the lowest rate of sedimenta-
tion. The stability of the suspension usually depends on the total

dx.doi.org/10.1016/j.jeurceramsoc.2016.09.022
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Fig. 1. XRD pattern of the LTFO powders calcined at 700 ◦C/2 h.

F
m
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m

Fig. 3. Relative change of sediment height (�H/Ho) of the suspensions after keeping
for 12 h as a function of citrate acid dispersant amount.
ig. 2. (a) Particle size distribution and (b) TEM image of the calcined powders after
illing for 8 h.

nterparticle potential energy, mainly including attractive energy
Please cite this article in press as: J.J. Bian, et al., Tape casting and c
applications, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j.jeurce

rom long-range van der Waals interaction and repulsive potential
nergy from electrostatic and steric interactions between particles
25]. Since the effective steric stabilizing agent is usually macro-

olecular polymer [3]. So, in nonaqueous media like in this case,
Fig. 4. (a) Flow curves (shear stress vs. shear rate) and (b) viscosity vs. shear rate
for the slurries with different binder content.

the stabilization by citrate acid (C6H8O7·H2O)  dispersant should be
dominated by electrostatic repulsion. The citrate acid adsorbed on
the basic surface sites of the ceramic oxide particle was dissoci-
ated by transferring H+ to the surface site. Some dissociated anions
desorbed into the solution leaving a positive charge on the particle
surface. The powder loading depends on the density and particle
size of the powder and the effectiveness of dispersant. The maxi-
haracterization of Li2.08TiO3-LiF glass free LTCC for microwave
ramsoc.2016.09.022

mum powder loading attainable in this case is 54 wt%. Fig. 4 shows
the rheological properties of the slurry with different binder con-
tent. Although the viscosity of the slurry increases with the increase

dx.doi.org/10.1016/j.jeurceramsoc.2016.09.022
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Fig. 5. (a) Photograph of the LTFO green tape and (b) SEM images of the green tape.

Fig. 6. Tensile strength of the LTFO green tape as function of ratio of
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Fig. 7. DTA/TG analysis of the LTFO green tape. (For interpretation of the references
to  colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Shrinkage curves of the green tape multilayer stack fired at different heating
inder/plasticizer. (For interpretation of the references to colour in this figure leg-
nd, the reader is referred to the web version of this article.).

n binder content as expected, all slurries demonstrate typical pseu-
oplastic (shear-thinning) behavior, which is essential to tape cast.

Fig. 5a shows the photograph of the LTFO green tape. The SEM
mages of the green tape shown in Fig. 5b demonstrate homoge-
eous microstructure. The relative density of the LTFO green tape

s about 50% of theoretical density. The tensile strength of the
TFO green tape as function of ratio of binder/plasticizer is shown
n Fig. 6. It indicates that the tensile strength decreases with the
ncrease in plasticizer content as expected. The green tape with 1:3
atio of binder/plasticizer exhibits plastic deformation as the stress
xceeds 0.2 MPa. Maximum tensile strength of 0.9 MPa could be
btained when the ratio of binder/plasticizer is 1/2. Fig. 7 shows
he DTA/TG analysis of the LTFO green tape. The burnout process of
rganic additives mainly occurred at 300 ◦C and completed at about
00 ◦C with total weight loss of ∼30%. In order to study the sinter-
Please cite this article in press as: J.J. Bian, et al., Tape casting and characterization of Li2.08TiO3-LiF glass free LTCC for microwave
applications, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.09.022

ng kinetics of the LTFO green tape, shrinkage curves of the green
ape fired at different heating rates in air are shown in Fig. 8. As
xpected, the shrinkage curves shift to higher temperatures as the

rates in air. (Inset shows the photographs of the multilayer stack fired at different
temperatures).  (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

dx.doi.org/10.1016/j.jeurceramsoc.2016.09.022
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Fig. 9. Constant heating rate data in Fig. 8 reconstructed as ln[Td(�L/Lo)/dT] vs ln(�)
at various firing temperatures.
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ig. 10. Activation energies of the LTFO green tape determined at various heating
ates.  (For interpretation of the references to colour in this figure legend, the reader
s referred to the web version of this article.)

eating rate is increased. The tape sintered at 900 ◦C/2 h demon-
trated shrinkage of 17% and 18.5% vertical and along the casting
irection, respectively. The densification kinetics is determined on
he basis of Kingery’s analysis of liquid phase sintering using the
ollowing equation [26,27]:

n[Td
(
�L/Lo

)
/dT = ln(

1
n
K

1
n

0 ) − 1
n
l  na − Ea

nRT
(1)

here  �L/Lo is the fractional shrinkage, T is the absolute temper-
ture, n is the exponent, K0 is the preexponential term, � is the
eating rate, Ea is the apparent activation energy of sintering and

 is gas constant. The detail procedure was described in reference
Please cite this article in press as: J.J. Bian, et al., Tape casting and c
applications, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j.jeurce

28]. Curves in Fig. 8 reconstructed as ln[Td(�L/Lo)/dT] vs ln(�) at
arious firing temperatures, as shown in Fig. 9. The slope of the
traight line can be used to determine the values of n at different
emperatures. The average value of n is about 2.5, which can be used

Fig. 11. SEM images of the tap
Fig. 12. XRD pattern of the LTFO tape sintered at 900 ◦C/2 h.

to determine the apparent activation energy of the densification for
LTFO green tape according to Eq. (1) by replotting data in Fig. 8 as
ln[Td(�L/Lo)/dT] vs 1/T at various heating rates, which is shown
in Fig. 10. The average activation energy, Ea, is determined from
the slopes of the straight lines to be ∼173 kJ/mol. The low sintering
activation energy can be ascribed to the presence of transient liq-
uid phase from the melting of Li2CO3 and defects during sintering
process [24].

The  microstructure of the sintered tape shown in Fig. 11 demon-
strates well packed grains with fractional porosity. The relative
density of the LTFO ceramic sheet is ∼96% TD after sintering at
900 ◦C/2 h. The backscattering SEM images shows a monophasic
microstructure, which is in well agreement with the XRD result
shown in Fig. 12. The excessive Li2CO3 phase remained in the cal-
cined powders (Fig. 1) worked as transient reactive liquid phase
sintering aid, decomposed at high temperature and precipitated
into the matrix after sintering [24,29]. The microwave dielectric
properties of the LTFO ceramic sheet are illustrated in Table 2.
The microwave permittivity of the sheet is ∼22.4, which is almost
the same as that of the bulk sample (22.8), while the Q × f value
of the LTFO ceramic sheet is ∼36,000 GHz, which is much lower
than that obtained for the bulk counterpart (63,000 GHz). The BDS
of the LTFO ceramic sheet measured at 50 Hz is 50 KV/mm and
that obtained at DC bias condition is 120 KV/mm, which exhibits
excellent insulating property (Table 2). Thermal properties includ-
ing thermal expansion coefficient and thermal conductivity of the
ceramic material are also important in LTCC technology, especially
for the multichip module (MCM)  applications. The thermal expan-
haracterization of Li2.08TiO3-LiF glass free LTCC for microwave
ramsoc.2016.09.022

sion coefficient (Fig. 13) and thermal conductivity obtained for the
bulk LTFO ceramic is about 22.4 ppm/ ◦Cand 4.75 W m−1 K, respec-
tively. In order to the investigate the cofiring behavior between the
Ag paste and LTFO green tape, Fig. 14 shows the typical cross sec-

e sintered at 900 ◦C/2 h.

dx.doi.org/10.1016/j.jeurceramsoc.2016.09.022
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Table  2
Microwave dielectric properties and BDS of the LTFO sintered tape.

Thickness Measured frequency εr Q × &z.hfl

0.11 mm 20 GHz 22.4 35790 GH
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ig. 13. Thermal expansion characteristics of the LTFO ceramic sintered at
00 ◦C/2 h.

ional SEM image and corresponding EDS analysis of the multilayer
tack (8 layers) after isostatic pressure at 40 MPa  and sintering at
00 ◦C/2 h. No warpage, crack and delamination could be observed.
he corresponding EDS analysis demonstrates clear interface and
o interdiffusion occurred between the layers of LTFO and Ag
lectrode. It indicates good chemical and sintering shrinkage com-
atibilities between the LTFO green tape and Ag thick film, which

s crucial for practical LTCC fabrication.

. Conclusions

A  glass-free low firing Li2.08TiO3-LiF ceramic has been pre-
ared through the solid state ceramic route. The tape casting
lurry of Li2.08TiO3-LiF with typical pseudoplastic behavior has
een prepared and cast into thin tapes of thickness 110–140 �m.
i2.08TiO3-LiF green tape shows a tensile strength of 0.9 MPa. The
intering activation energy of the green tape was determined
o be ∼173 kJ/mol. The tape sintered at 900 ◦C/2 h demonstrated
hrinkage of 17%–18.5% and relative density of 96.6% TD. The sin-
ered single layer tape (110 �m)  demonstrates good microwave
Please cite this article in press as: J.J. Bian, et al., Tape casting and c
applications, J Eur Ceram Soc (2016), http://dx.doi.org/10.1016/j.jeurce

ielectric properties: εr = 22.4 and Q × f = 35490 GHz. The ceramic
heet also demonstrates excellent insulating properties with BDS
ver 50 kV/mm.  It has a coefficient of thermal expansion of
2.4 ppm/◦C and thermal conductivity of 4.75 W m−1 K −1. The

[

ig. 14. Typical cross sectional SEM image and corresponding EDS analysis of the multila
; BDS@50 Hz (kv/mm) BDS@DC (kv/mm)

z 50 120

isostatic-laminated tape (8 layers) sintered at 900 ◦C/2 h shows
good chemical and shrinkage compatibility during cofiring pro-
cess.
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