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bstract

e report the development of a ceramic injection moulding (CIM) process to produce complex-shaped structures using high-performance microwave
eramic materials. In particular, we describe the synthesis methods and the structural, chemical and dielectric properties of Ba(Zn Ta )O (BZT)
1/3 2/3 3

oped with Ni and Zr ceramics produced using ceramic injection moulding. Sintering the ceramic injection moulded Ba(Zn1/3Ta2/3)O3 to a relative
ensity of ∼94% was possible at a temperature of 1680 ◦C and a time of 48 h. The best samples to date exhibit a dielectric constant, εr, of ∼30, a
value, of ∼31,250 (i.e. tan δ < 3.2 × 10−5) at 2 GHz, and a temperature coefficient of resonance frequency, τf, of 0.1 ppm/◦C.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Rapid progress in electromagnetic simulation methods has
nabled a significant improvement in the performance of state-
f-the-art microwave devices. A growing number of these
evices require intricately shaped microwave materials. This
as placed increasing demand on the ceramic research com-
unity to develop a low-cost process that can manufacture high

erformance microwave materials in complex-shapes. The use
f dielectric ceramics with low loss, high dielectric constants,
nd near-zero temperature coefficient of resonant frequency is
lso essential in achieving the required microwave performance
or the devices of interest.1,2 Ni-doped Ba(Zn1/3Ta2/3)O3, for
xample, is commonly used for many microwave materials
s it exhibits excellent high frequency properties with a high
ielectric constant (εr ∼ 30), a low loss tangent (<2 × 10−5 at
GHz) and has a near-zero temperature coefficient of reso-
ant frequency, τf.3 Zr is often alloyed with this compound

ince it has been found to improve the manufacturability of
he material by allowing shorter annealing times to achieve low
oss.4
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Several traditional ceramics have been successfully manufac-
ured in high volume and with great dimensional precision using
eramic injection molding (CIM), including silicon nitride,5

irconia,6,7 and alumina.8,9 Another advantage of ceramic injec-
ion moulding is that it can economically produce ceramics of
omplex shapes. However, most research to-date has focused on
nvestigating the mechanical properties of ceramics parts, while
ittle attention has been paid to the electronic and dielectric
roperties. Further, in this area, no work has so far been pub-
ished that would concern this technically important microwave
ielectric ceramics. For microwave devices for practical appli-
ations, it is important that ceramic injection moulded ceramics
ave sufficiently high dielectric constant, low loss tangent and
ear zero temperature coefficient of resonant frequency.

Our initial attempts to produce parts with the complex-shaped
tructure using conventional ceramic forming technology failed
s a result of the intrinsic hardness and brittleness of
a(Zn1/3Ta2/3)O3. Through a collaborative effort with Jeff
ond at NRL, we developed methods to fabricate these devices
sing ceramic injection moulding. In this paper, we report:
a) the development of a ceramic injection moulding process

hat can produce complicated geometric structures from high-
erformance microwave dielectrics [i.e. Ba(Zn1/3Ta2/3)O3] and
b) the microwave, structural and sintering properties of the
aterials produced. We have chosen to demonstrate the ceramic
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the density achieve a respectable value of ∼94%. Thus, high
temperatures and extended sintering times had to be used to
achieve high density with our Ba(Zn1/3Ta2/3)O3 ceramic injec-
tion moulding process.
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njection moulding capability by synthesizing a recently
roposed microwave high power filter that uses a dual-mode
öbius geometry resonator to achieve a four-fold reduction

n volume over conventional designs.10 Further reduction in
ize is achieved in our device by using dielectric loading with
aterials exhibiting a high dielectric constant [e.g. ∼30 for
a(Zn1/3Ta2/3)O3].11

. Experimental procedure

Ba(Zn1/3Ta2/3)O3 doped with Ni and Zr was made from
eagent grade BaCO3, ZnO, Ta2O5, NiO, and ZrO2 powders.
he raw materials were blended by using ZrO2 ball milling
edia and distilled water for 16 h to deagglomerate the pow-

er and provide a homogeneous distribution of raw powder. The
lurry was dried and then filtered through 14-mesh screen. It is
ubsequently heated to 1350 ◦C for 10 h with an initial ramp of
00 ◦C/h in air to form single-phase Ba(Zn1/3Ta2/3)O3 powder
y solid state reaction. For the ceramic injection moulding pro-
ess, low viscosity feedstock comprised of wax-based binder,
eramic powder and lubricant is used. The binder is composed
f paraffin wax, carnauba wax, polyethylene, and stearic acid
n a weight ratio of 70:10:19:1. Stearic acid serves as the lubri-
ant in this process. The Ba(Zn1/3Ta2/3)O3 powder was loaded to
0 vol.% and the ceramic feedstock was stirred at 130 ◦C for 4 h
o homogenize the mixture of powder and binder. The feedstock
as subsequently fed into a plastic injection-moulding machine

Gluco, type LP20, Jenison, MI, USA) to form the Möbius struc-
ure with 100 MP pressure at 180 ◦C. The moulded samples were
hermally debound in air with a ramp rate of 20 ◦C/h up to
00 ◦C. Note that the organic binder is removed at moderate-
emperatures (150–250 ◦C), and it is important that the ramp
ate is sufficiently slow to ensure that this process is complete
efore exposing the sample to temperatures at which the poly-
ers decompose. The debound samples were then sintered at

520 ◦C, 1550 ◦C, 1580 ◦C, 1650 ◦C, or 1680 ◦C using a ramp
ate of 300 ◦C/h. In order to minimize ZnO evaporation when sin-
ering Ba(Zn1/3Ta2/3)O3 at very high temperature, the ceramic
njection moulded samples were packed by powder of the same
omposition and the Pt crucible was sealed with Pt foil.

The structural properties of the samples were characterized
sing a Rigaku D/MAX-IIB diffractometer equipped with single
rystal graphite Cu K� monochromator. The microstructure of
he samples was characterized using a Hitachi S-4200 scanning
lectron microscope. SEM specimens were prepared for exami-
ation in a two-step process in which they were first polished and
hen a thin gold film was sputter-deposited. The sintered density
f high quality samples was measured using the Archimedes
ethod. The bulk density of low-density samples was evaluated

y measuring the dimension and weight of the specimen.
The microwave quality factor (Q) and temperature coeffi-

ient of resonant frequency (τf) were measured using the TE01�

ode of the dielectric resonator. The TE01� mode was measured

sing S11 reflection data at the terminals of the one port cavity
hat is connected to a vector network analyzer. The resonator was
nclosed in an Au-coated test cavity with dimensions about three
imes larger than the sample size. Low-loss supports were used to
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c
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uspend the specimen in the center of the cavity. The quality fac-
or was measured in reflection at room temperature. Microwave
oupling was tuned to ∼40 dB loss by carefully adjusting the
osition of the electric probes. The temperature coefficient of
esonant frequency τf at microwave frequencies was measured
etween 25 ◦C and 60 ◦C.

. Results and discussion

.1. X-ray analyses and microstructure

Fig. 1(a) and (b) compares the X-ray diffraction (XRD) pat-
erns of Ba(Zn1/3Ta2/3)O3 samples prepared with conventional
owder processing and ceramic injection moulding methods.
here is not significant structural difference between the two
ethods for ceramics sintered at 1520 ◦C and 1680 ◦C. These

wo samples do not exhibit ordering, as indicated by absence of
dditional superstructure peaks in the XRD patterns. Also, there
s not evidence of any second phases that would be produced
rom decomposition as a result of preferential ZnO evaporative
oss during sintering. This is important as significant levels of
econdary phases can lead to enhanced microwave loss.

Fig. 2 shows the dependence of density on the temperature.
he rate of heating during sintering for all the samples was the
ame (5 ◦C/min). The low sintering density that was observed
fter sintering at 1520 ◦C for 48 h (72%) demonstrated that
eramics injection moulded Ba(Zn1/3Ta2/3)O3 does not undergo
ignificant densification under the same conditions that con-
entional powder processed Ba(Zn1/3Ta2/3)O3 samples do (i.e.
96%). Surprisingly, a sintered density of only∼82% was found

fter the ceramic injection moulded samples were sintered at
650 ◦C. Only when the sample was sintered at 1680 ◦C does
ig. 1. X-ray diffraction patterns of Ba(Zn1/3Ta2/3) doped with Zr and Ni: (a)
onventional powder processed sample sintered at 1520 ◦C and (b) ceramic injec-
ion moulded sample sintered at 1680 ◦C.



S. Liu et al. / Journal of the European Cer

F
i
i

i
s
s
t
d
i

m
i
t
t
i
p
o
i
i
a
W
a
t
p
i
t
2
o
m
∼
o
t
s

F
p
1

ig. 2. Dependence of relative density on the sintering temperature for ceramic
njection moulded Zr- and Ni-doped Ba(Zn1/3Ta2/3)O3. The theoretical density
s 7.94 g/cm3.

Densification usually accompanies the elimination of poros-
ty and grain growth during high temperature sintering. The
tructure and homogeneity of pores in the powder compact

trongly affects the sintering behavior.12 Agglomerates, in par-
icular, limit the attainable green density, interfere with the
evelopment of microstructure, and impede initial-stage sinter-
ng kinetics. This is especially characteristic of powder injection

u
l
(
t

ig. 3. SEM photomicrograph of: (a) ceramic injection moulded Zr- and Ni-doped B
repared using conventional powder processing methods sintered at 1520 ◦C; and (
680 ◦C.
amic Society 26 (2006) 3273–3278 3275

oulded samples, which may have poorly dispersed powders
n the powder and binder-mixing step.13,14 Previous investiga-
ions have clearly shown that large pores and pore clusters in
he sample, as a result of viscous binder flow at the debind-
ng temperature; result in microstructure inhomogeneity, e.g the
resence of agglomerate that subsequently affects the diffusion
n sintering, in the powder compact, which is often preserved
n the final microstructure even after completion of the sinter-
ng process.13,14 Such microstructure inhomogeneity can cause
significant reduction in the driving force for densification.12,15

e suggest that this is the mechanism responsible for requiring
significantly higher sintering temperature in ceramic injec-

ion moulding of Ba(Zn1/3Ta2/3)O3 than in conventional ceramic
owder processing. Fig. 3(a) is an SEM micrograph of a ceramic
njection moulded sample sintered at 1520 ◦C that shows that
here exist a large number of pores with sizes ranging from
�m to 4 �m. There is no evidence for densification outside
f the small areas of attachment of neighboring particles and a
inor amount of grain coarsening (i.e. an increase in size from
1 �m in the raw powder to ∼5 �m). In contrast, pores are not

bserved in Ba(Zn1/3Ta2/3)O3 samples prepared using conven-
ional powder processing techniques when sintered under the
ame conditions (Fig. 3(b)). Furthermore, the sample prepared

sing conventional powder processing techniques sintered at
ower temperatures (1520 ◦C) exhibits significant grain growth
i.e. a grain size twice than that (∼16 �m) of the ceramic injec-
ion moulded sample processed under the same conditions).

a(Zn1/3Ta2/3)O3 sintered at 1520 ◦C; (b) Zr- and Ni-doped Ba(Zn1/3Ta2/3)O3

c) ceramic injection moulded Zr- and Ni-doped Ba(Zn1/3Ta2/3)O3 sintered at
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We did not find evidence for secondary phases in XRD resulting
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hus, the significant grain growth is an important factor in the
ensification of pressed sample.16

Fig. 3(c) shows an SEM micrograph of a ceramic injection
oulded sample with an average grain size of ∼8 �m that was

repared by sintering at 1680 ◦C. Similar to the pressed samples,
o obvious large pores are visible, as might be expected given
ts high density. Thus, to achieve enough high density ceramic
njection moulded samples; a very high sintering temperature
s required. Factors that affect the kinetics of processing such
s the sintering time and atmosphere must be carefully con-
rolled to minimize the loss of volatile Zn and its compounds. It

ight also be possible to choose additives that facilitate densifi-
ation and reduce the required sintering temperature as a result
f the liquid sintering mechanism, as we have accomplished for
a(Cd1/3Ta2/3)O3, a similar perovskite compound.17

.2. Dielectric properties of ceramic injection moulded
a(Zn1/3Ta2/3)O3

Fig. 4 shows Q × f (quality factor times frequency) of ceramic
njection moulded Ba(Zn1/3Ta2/3)O3 ceramics as a function of
intering temperatures. It is noteworthy that relatively high qual-
ty factors are achieved even in the absence of any direct evidence
or Zn/Ta B-site ordering in the XRD patterns. The realization
f high Qs in the absence of ordering is similar to that found
or Zr-doped Ba(Zn1/3Ta2/3)O3 samples prepared by conven-
ional powder processing methods.4 As noticed, the relationship
etween Q × f values and sintered temperatures reveals the same
rend as that between density and temperature. The highest Q × f
alue corresponds to the highest sintering density.

The Q × f values of the sintered Ba(Zn1/3Ta2/3)O3 ceram-
cs ranged from ∼16,000 to ∼63,350. In contrast, the Zr- and
i-doped Ba(Zn1/3Ta2/3)O3 ceramics prepared by conventional
owder processing methods that were sintered at 1520 ◦C for

8 h shows higher Q × f products(∼95,000). Further investi-
ation is necessary to clarify the difference in the microwave
erformance between ceramic injection moulded and pressed
a(Zn1/3Ta2/3)O3 samples.

ig. 4. Dependence of the Q × f product on the sintering temperature for ceramic
njection moulded Zr- and Ni-doped Ba(Zn1/3Ta2/3)O3.
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There is no obvious difference in the dielectric constant
∼30) of Ni- and Zr-doped Ba(Zn1/3Ta2/3)O3 samples prepared
ith conventional processing methods sintered at 1520 ◦C and

eramic injection moulded samples sintered at 1650 ◦C for the
ame 48 h. The dependence of the temperature coefficient of
esonant frequency on the sintering temperature for ceramic
njection moulded Zr- and Ni-doped Ba(Zn1/3Ta2/3)O3 samples
s shown in Fig. 5. A near zero temperature coefficient of res-
nant frequency was achieved for samples sintered at 1680 ◦C
or 48 h. A maximum temperature coefficient of resonant fre-
uency value of ∼1.4 ppm/◦C is observed after sintering at
580 ◦C. In contrast, a near-zero (0.1 ppm/◦C) temperature coef-
cient of resonant frequency for a Ba(Zn1/3Ta2/3)O3 sample
ith the same composition prepared using conventional pow-
er processing could be achieved. The dependence of τf on
intering temperature did not show the same trends as that of
× f and density. Earlier experimental results have also found

hat τf can depend on synthesis parameters.18,19 For exam-
le in ABO3 perovskites, τf can be directly correlated to the
ature and extent of B-site ordering, as reported in a study of
axSr1−x(Zn1/3Nb2/3)O3.20 As the order–disorder transition in
a(Zn1/3Ta2/3)O3 (1500–1625 ◦C)21 falls in the range of the sin-

ering temperatures used in our study, the changes in τf with
intering temperature may be attributed to variation in the type
nd extent of ordering. Note that large changes in the degree of
rdering as monitored by X-ray diffraction in our study were
ot found. This technique is, however, known to have limited
ensitivity for detecting this effect, especially since the extent
f ordering and the total volume of the ordered phases may
e small. Earlier work by Davies et al. had reported ordering
n regions at and near the grain boundary in Ba(Zn1/3Ta2/3)O3
hich would be difficult to detect with X-ray diffraction.22 The
resence of secondary phases can also significantly influence τf.
rom the evaporation of zinc during the elevated sintered tem-
erature (1680 ◦C) used in this study. However, we do need to

ig. 5. Dependence of the temperature coefficient of resonant frequency on
he sintering temperature for ceramic injection moulded Zr- and Ni-doped
a(Zn1/3Ta2/3)O3.
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Table 1
Resonant frequency and Q of the dielectric-loaded Möbius wire resonator

Sample Resonant frequency (GHz) Q

1# 1.2507 928
2# 1.2888 954
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ig. 6. Black and white photograph of a Möbius resonator synthesized from Zr-
nd Ni-doped Ba(Zn1/3Ta2/3)O3 using ceramic injection moulding. The sample
tself has a light yellow color.

ote that the secondary phases that constitute a small volume
raction, are randomly oriented and/or are possibly defective in
ature can also be very difficult to detect.

Although the physical mechanism(s) responsible for changes
n τf are just being uncovered, a number of workers
ave shown that variations can be correlated with structural
arameters.20,23,24 For example, Colla et al.20 reported an empir-
cal correlation between τf and the extent of octahedral tilting
n perovskites. It is clear that to uncover the fundamental issues
elated to τf, further investigation is needed.

.3. Dielectric-loaded Möbius bandpass filter

Fig. 6 shows a dual-mode Möbius resonators fabricated from

i- and Zr-doped Ba(Zn1/3Ta2/3)O3 prepared by ceramic injec-

ion moulding. Fig. 7 shows a schematic drawing of the Möbius
ire resonator structure. The structures consisted of two parallel
u loops recessed into grooves in the Ba(Zn1/3Ta2/3)O3. With

ig. 7. Schematic drawing of the dielectric-loaded Möbius wire resonator illus-
rating the geometry of the dual mode Möbius resonator.
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ote that the Q is smaller than anticipated from the dielectric alone as a result
f losses in the gold wire.

he Ba(Zn1/3Ta2/3)O3-loaded Möbius wire resonator inserted
nto the copper cavity, the weakly coupled microwave response
as measured. Two matched Ba(Zn1/3Ta2/3)O3-loaded Möbius
ire resonators were fabricated during the same sintering run.
able 1 shows that they have very similar microwave properties.

small difference in center frequency is found and proba-
ly arises from differences in the air gaps between the wire
nd the groove due to the imperfect fit. This is not surprising
ince the recessed gold wires were inserted into the grooves
anually.

. Conclusion

In this report, we described the synthesis methods
nd the structural, chemical and dielectric properties of
a(Zn1/3Ta2/3)O3 ceramics produced using ceramic injection
oulding. A high sintering density (∼94%) was achieved using
high temperature (1680 ◦C) and extended (48 h) sintering pro-
ess. The best samples to date exhibit a dielectric constant, εr,
f ∼30, a Q value of ∼31,250 at 2 GHz, and a temperature coef-
cient of resonance frequency, τf, of 0.1 ppm/◦C.
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