Rare Metal Materials and Engineering
Volume 45, Issue 12, December 2016
Online English edition of the Chinese language journal

Available online at www.sciencedirect. com

ScienceDirect

Cite this article as: Rare Metal Materials and Engineering, 2016, 45(12): 3095-3098.

Characteristics Improvement of Low-temperature Sintered
SrFe12019 Ferrites in LTCC System Applications

Peng Long"“?  LilLezhong!,  Wang Rui’,

Guo Cheng?

Tu Xiaogiang®,  Hu Yun'!,  Hu Yuebin?

! Chengdu University of Information Technology, Chengdu 610225, China; ® Post Doctoral Innovation Practice Base, Chengdu Industrial

Vocational & Technical College, Chengdu 610213, China

Abstract: In order to improve the sintering characteristics of the low-temperature sintered M-type hexagonal strontium ferrites
(SrFe12010) prepared by a solid phase method, the Bi,O; additive was used as a sintering aid. The crystal structure, electrical
properties, and magnetic properties of the ferrites were investigated. The results show that the single phase structural SrFe;2O19
ferrites can be obtained even with a low sintering temperature of 900 <C. The Bi,Osadditive is found to possess a significant effect
on the electrical properties and magnetic properties for the ferrites sintered at low temperatures enhancing resistivity p, saturation
magnetization M;, intrinsic coercivity H, and magnetic anisotropy field H,. It is suggested that the low-temperature sintered
SrFe;,010 ferrites with p of 0.42>108 Q-cm, M of 285.6 kA m™, He; of 347.3 kA m™, and H, of 1546.6 kA m™ provide an important
potential application in nonreciprocal LTCC (low temperature co-fired ceramics) ferrite devices.
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M-type hexagonal strontium ferrites (SrFe;,049) can be
used in microwave and millimeter wave ferrite devices due
to their relatively high saturation magnetization, moderate
intrinsic coercivity, large crystalline anisotropy field, and
appropriate resistivity. To meet the demand of various
ferrite devices, a lot of efforts have been put into the doping
effect of different elements on the microstructure and
magnetic properties of SrFe ;0.9 ferrites, which typically
includes Al substitution, Cr substitution, rare-earth element
(La, Nd, Gd, Pr and Sm) substitution, and La-Co combined
substitution™®!. Some very compact inductors, capacitors,
transformers, filters, and transmit/receive (T/R) modules
have been demonstrated by low temperature co-fired ceramics
(LTCC) technology™®®. However, the nonreciprocal compo-
nents like isolators, circulators, and phase-shifters are
difficult to be integrated by LTCC technology ™. It is
believed that the low-temperature sintering of gyromagnetic
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ferrite materials is a crucial problem for microwave LTCC
ferrite devices!™ ™. Because of high sintering temperature,
the traditional and commercial gyromagnetic ferrite
materials are unable to co-fire with the inner electrode
metal silver (Ag) providing a melting point of 961 <C in
LTCC systems. In the present work, the stoichiometric
SrFe;,0,9 ferrites were prepared by a solid phase method,
and the Bi,0O; additive was used as a sintering aid to reduce
the sintering temperature. Subsequently, the crystal
structure, electrical properties, and magnetic properties of
the ferrites were investigated.

1 Experiment

High purity (299.99%) SrCO; and Fe,0; were weighed in
the composition of SrFe;,0,4 for preparing stoichiometric
ferrites. These raw materials were mixed and ball-milled at
300 r/min for 6 h, then dried and calcinated at 1250 <C for 2 h.
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The powders were further ball-milled with 5 wt% sodium
dodecyl sulfate (SDS) as a dispersant at 500 r/min for 4 h.
Subsequently, different content of Bi,O; additive from 1
wt% to 5 wt% was added to the powders, and then ball-
milled at 300 r/min for 6 h again. Powders were pressed
into disks with a diameter of 10 mm using 8 wt% polyvinyl
alcohol (PVA) as a binder at 18 MPa for 1 min, and sintered
at temperatures from 800 <C to 1200 <C for 2 h. The particle
size of powders was tested by a laser particle analyser
(JL-1178). The sintering density was measured by precision
density balance (FA2004J) with resolution of 0.1 mg based
on the Archimedes method. The crystal structure was
detected by X-ray diffraction (XRD, DX-2700) with Cu Ka
radiation. The magnetic hysteresis loop and magnetization
curve were tested by a vibrating sample magnetometer
(VSM, Versalab) of Quantum Design. The room temperature
direct-current resistivity was measured by precision power
supply (Agilent, B2912A) with resolution of 10 fA/100 nV.

2 Results and Discussion

It is well known that the formation of SrFe;,0,4 ferrites
prepared by the solid phase method mainly bases on the
reaction as SrCOs+ 6Fe,03=SrFe;,0,9+ CO,1, where the
sintering temperature usually reaches above 1200 <C.
Generally, Fe,O; can not fully participate in the reaction to
produce SrFe;,0,9 at low sintering temperatures.

Fig.1 shows the XRD patterns and lattice constants
calculated by a cell refinement method for the strontium
ferrites sintered at 900 <C with different Bi,O; contents.
Coexistence of a-Fe,O; phase with SrFe;,0,5 phase is
observed in the ferrites without additives, which is in well
agreement with the above formation mechanism. However,
the a-Fe,O; phase is hardly detected when the addition of
Bi,0O; reaches 3 wt%, and the SrFe;,044 ferrites with single
phase structure are obtained. This indicates that the reaction
process is significantly improved by adequate addition of
Bi,0; for the SrFe;,0,4 ferrites sintered at low temperatures,
which is suggested to be correlated with the formation of
Bi,O; liquid phase during the sintering process. In addition,
the precise lattice constants of the ferrites are calculated by
the cell refinement method. It is worthwhile to note that the
lattice constant c nearly stabilizes at a value over 2.3011 nm
when the Bi,O; content does not exceed 3 wt%, but it
rapidly decreases to 2.2932 nm with the Bi,O; content
further increasing to 5wt%. Bi** is extremely possible to get
into the lattice of SrFe;,049 structure for the ferrites with an
exorbitant Bi,O; content. Due to the large ionic radius of
0.103 nm, Bi** preferentially occupies the hexahedron site
(2b1) or the octahedral site (2at, 12k1, and 4f,]) of Fe**
(0.064 nm), leading to the lattice deformation. Simulta-
neously, the substitution of Fe®** by Bi** more or less
changes the binding energy of SrFe;,Oy4 structure, which

also makes contribution to the lattice deformation.

Current-voltage curves and resistivity-voltage curves of
the strontium ferrites sintered at 900 <C with different Bi,O4
contents are shown in Fig.2, and the inset also gives the
sintering density of the ferrites. Linear relationship of
current-voltage curves is observed for the ferrites with
different Bi,O5 content without the unstable low field region,
providing an almosts constant resistivity p. When the Bi,0;
content increases from 0 to 5 wt%, the p gradually increases
from 0.18x10°to 0.61x10% Q-cm. Formation of Bi,O5 liquid
phase can promote the low temperature sintering for the
ferrites, resulting in enhanced sintering density ds. The d; is
raised to 4.76 from 3.95 g/cm3 when the Bi,O; content
increases from 0 wt% to 5 wt%. It is suggested that the
elevated sintering density is preferably responsible for the
increased resistivity in the low temperature sintering ferrite
systems. Interestingly, the ferrites sintered at low sintering
temperatures can still provide a compatible resistivity for
use in microwave and millimeter wave bands.

Effect of the Bi,O; content and sintering temperature on
the magnetic properties of the strontium ferrites are shown
in Fig.3. The Bi,O; additive is found to possess a significant
effect on the magnetic properties of the ferrites sintered at
900 <C. The saturation magnetization M, quickly increases
from 33.2 Am?kg’ to 60.7 Am° kg’ when the Bi,O;
content increases from Owt% to 3wt%, and then it slightly
decreases to 59.6 A m’ kg™ with the Bi,O; content further
increasing to 5 wt%. Similar dependence of the intrinsic
coercivity H.; on the Bi,O; content is observed too, and the
maximal H;of 347.3 kA m™ is obtained in the ferrite with
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Fig.1 XRD patterns (a) and lattice constants (b) of the strontium
ferrites with different Bi,O3 contents sintered at 900 <C
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Fig.2 Current-voltage curves (a) and resistivity-voltage curves (b)
of the strontium ferrites sintered at 900 <C with different
Bi,O3 contents
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Fig.3 Magnetic properties of the strontium ferrites versus Bi,O3
content (a) and sintering temperature (b)

3 wt% Bi,03. Moreover, the elevated sintering temperatures
are certainly beneficial to the saturation magnetization
improvement. When the sintering temperature increases to
1100 <C, the M, of the ferrites with 3 wt% Bi,O; increases
to 64.2 Am>kg”, but the H; decreases to 256.5 kA m™

simultaneously. Promoted sintering of the ferrites using
Bi,O; additive as a sintering aid is suggested to be
responsible for the enhanced magnetic properties. To the
contrary, the redundant non-magnetic Bi,O; liquid phase
results in the depressed magnetic properties. Moreover, if
Bi®" occupies the 2b1 site, 2a? site, or 2k1 site of Fe**, the
magnetic moment of SrFe;,044 phase will be weakened, and
then there is a great opportunity to observe the decreased
saturation magnetization.

Magnetic hysteresis loop and magnetization (M-H) curve
of the SrFe;,0,9 ferrites sintered at 900 < with 3 wt%
Bi,O; are shown in Fig.4, and the inset gives the
susceptibility (dM/dH-H) curve accordingly. It can be seen
that the ferrites provide an unsatisfactory remanence ratio
under 0.6, which can be improved by applying magnetic
field during the moulding process. With a sintering density
d;0f4.68 g <m®, the saturation magnetization M, transforms
from 60.7 A m” kg™ to 285.6 kA m™. The fully saturation is
not observed from the M-H curve, even when the external
magnetic field H reaches 1600 kA m™, where the dM/dH
arrives at a minimum value of 17.8%. Hence, the
paramagnetic susceptibility can be still negligible. Similar
magnetic hysteresis loops and M-H curves are observed in
other ferrites sintered at 900 <C with different contents of
Bi,0, additive.

Subsequently, the effective magnetic anisotropy constant
Ker @and magnetic anisotropy field H, of the strontium
ferrites sintered at 900 <C with different Bi,O, contents are
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Fig.4 Magnetic hysteresis loop (a) and magnetization curve (b)
of SrFe1,01, ferrites sintered at 900 T with 3 wt% Bi,03
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Table 1 Effective magnetic anisotropy constant Ker and compatible characteristics for use in microwave LTCC
magnetic anisotropy field H, of the strontium technology.
ferrites sintered at 900 <C References

Bi,O; content/wt% Kefi/10°x) m’ Ha/kA m™

0 1.26 1526.3 1 Liu XS, Zhong W, Gu Benxi et al. Rare Metal Materials and
1 1.99 1562.8 Engineering[J], 2002, 31(5): 385 (in Chinese)
3 282 1546.6 2 Litsardakis G, Manolakis I, Serletis C et al. J Magn Magn
5 275 1463.2 Mater[J], 2007, 316(2): 170

3 Liu X S, Hernandez-Gomez P, Deng Y X et al. J Magn Magn
Mater[J], 2009, 321(16): 2421

4 Lechevallier L, Le Breton J M, Wang J F et al. J Magn Magn
Mater[J], 2004, 269(2): 192

5 Wang J F, Ponton C B, Harris | R. J Alloy Compd[J], 2005,
403(1): 104

6 Kim H J, Kim Y J, Kim J R. IEEE Trans Magn[J], 2006,
42(10): 2840

7 Zhou C X, Guo Y X, Yan S L et al. Electron Lett[J], 2011,
47(22): 1230

8 LiY X, Liu YL, Zhang H W et al. J Appl Phys[J], 2009,
105(7): 07A745

9 Xu Z Q, Zhang B, Xu M J et al. Rare Metal Materials and
Engineering[J], 2013, 42(S1): 68 (in Chinese)

3 Conclusions 10 Jensen T, Krozer V, Kjaergaard C. Electron Lett[J], 2011,
1) The Bi,O;additive possess a significant effect on the 47(2): 111

crystal structure, electrical and magnetic properties for the ~ 11 Ganne JP, Lebourgeios R, Pate M et al. J Euro Cera Soci[J],

strontium ferrites prepared by solid phase method. 2007, 27(8): 2771
2) When the Bi,Os content reaches 3 wt%, the single 12 Karmazin R, Dernovsek O, Ilkov N et al. J Euro Cera Soci[J],

phase structural SrFe;,0,4 ferrites are obtained even with a 2905’ 25(12_): 2029

low sintering temperature of 900 <C. 13 Liu Y L, Li Y X, Zhang H W. J Appl Phys[J], 2010, 107(9):

. . _ 09A507

3) The sintering characteristics of the low-temperature . .

. . . . . . 14 Chen D M, Liu Y L, Li Y X et al. J Magn Magn Mater[J],

sintered ferrites are improved with appropriate addition of 2012, 324(4): 449

BIZ?;idd:\;NeAszdmg ds ? ::/lsf H°i_‘ Keffi and l;a' 500 C 15 Peng L, Tu X Q, Li L Z et al. J Nanoelectron Optoelectron[J],

e M, Hgi, Ha, and p of the ferrites sintered at 2013, 8(5): 458
with 3 wt% Bi,O; reaches 285.6 kAm™, 347.3 kKAm™, ’

1 8 . . 16 Peng L, Tu X Q, Li L Zetal. J Rare Earths[J], 2013, 31(10):
1546.6 kA m™ and 0.42x10" Q-cm, respectively, providing 988

calculated based on the law of approach to saturation
(LATS) within a external magnetic field region of 1200
kAm? to 1600 kA m™ ™ which are listed in Table 1
accordingly. It is worthwhile to note that the M, H;, and H,
of the ferrites sintered with 3 wt% Bi,O; reaches 285.6
kAm? 3473 kKAm™ and 1546.6 kA m™, respectively,
which provide a potential application in nonreciprocal
devices like the self-biased LTCC isolators and circulators.
Large coercivity effectively counteracts the influence of
shape-dependent demagnetization field on the magnetic
hysteresis loop, and then the ferrites can be self-biased with
a large magnetic anisotropy field.
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