
A

W
f
w
b
S
a
©

K

1

c
h
a
o
t

t
r
I
m
o
t
b
f
f
f

S

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 28 (2008) 2057–2062

A two-step synthesis of NiZn–W hexaferrites
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bstract

e have investigated the formation of single-phase NiZn–W hexaferrites using two different approaches to the synthesis: a direct synthesis
rom an initial reagent mixture and a two-step synthesis from intermediates. As calculated, the probability of forming single-phase powders
ith a direct synthesis was lower than for the two-step synthesis. Powders were synthesized with both approaches via coprecipitation followed

y a calcination at 1200–1300 ◦C. The synthesis was monitored with X-ray powder diffraction, thermogravimetric and thermomagnetic analyses.
ingle-phase NiZn–W hexaferrite powders were only obtained with the two-step synthesis. The electromagnetic properties of the NiZn–W powders
nd ceramics were measured.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Due to the ever-increasing exploitation of microwaves and the
onsequent saturation of the microwave bands civil applications
ave started to move to mm-waves. One example is collision-
voidance systems (CASs), which are basically radar modules
perating at 24 and 77 GHz. These CASs have been developed
o reduce the number of traffic accidents.

Some of the most important parts of radar modules are
he circulators. Of the possible materials available, hexafer-
ites are the most suitable for applications at such frequencies.
n addition, no external magnet is required due to their high
agnetocrystalline anisotropy. Ba hexaferrites are complex

xides in the system BaO–Fe2O3–MeO, where Me = a bivalent
ransition metal.1 The magnetic properties of hexaferrites can
e tuned with their chemical composition and microstructure

or applications in the range 1–100 GHz.2,3 NiZn–W hexa-
errites with the composition BaNixZn1–xFe16O27 are suitable
or 20–30-GHz applications. The preparation of single-phase

∗ Corresponding author. Tel.: +386 1 4773 872; fax: +386 1 4773 875.
E-mail address: darja.lisjak@ijs.si (D. Lisjak).
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-hexaferrites, which requires high temperatures, is a very
emanding task and it has rarely been successful.6–12 In gen-
ral, for all complex hexaferrites the reaction kinetics is the
ain problem in the synthesis and preparation of single-phase

owders.8,13,14 The key parameter is the homogeneity. Since
ll complex hexaferrites are structurally different combina-
ions of S, R and/or T blocks, the Gibbs free energies of their
ormation are similar.13 Consequently, the thermodynamic con-
itions for their formation are also similar. Therefore, a local
nhomogeneity and/or non-stoichiometry in the reaction mix-
ures with the stoichiometry of a particular hexaferrite (e.g.,

-hexaferrite = (RSS)2) can result in the formation of another
exaferrite with a slightly different combination of structural
locks (e.g., X-hexaferrite = (RS)2S).13,14

Several studies have also highlighted the problem of sec-
ndary phases, which are in fact intermediates of the complex
exaferrite.7,6,10,12 Complex hexaferrites are not formed directly
rom oxides but via intermediates (which are structurally sim-
ler ferrite phases) in a so-called topotactic reaction.15 If the
omogeneity of the reaction mixture is not perfect, the interme-
iate mixture is composed of regions with an excess/deficiency

f one of the intermediates. Since the intermediate phases are
hermodynamically stable at the reaction temperature they do
ot react quantitatively in a short enough time due to too slow
inetics. Consequently, we obtain multiphase powders.

mailto:darja.lisjak@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2008.02.005
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In this study we overcame this problem by employing a
wo-step synthesis. In the first step the very fine intermedi-
tes, M-hexaferrite and spinel, were synthesized, and from the
ntermediates W-hexaferrite was synthesized in the second step.
n order to ensure the homogeneity, fine precursor and inter-
ediate powders, spinel and M-hexaferrite, were prepared via

he coprecipitation method. Nanosized spinel powders can be
btained after coprecipitation at room temperature16 and sub-
icron M-hexaferrite powders can be obtained after calcination

f the coprecipitates at 700 ◦C.17 The idea was that the prob-
bility of forming single-phase W-hexaferrite directly from
he reagents was lower than for its formation from intermedi-
tes. This is shown experimentally and mathematically in the
ollowing.

. Experimental procedure

W-hexaferrite with the composition BaNiZnFe16O27
NiZn–W) in batches of 5 g was synthesized using direct
ynthesis (W-1) and the two-step synthesis (W-2) via copre-
ipitation followed by a solid-state reaction at 1200–1300 ◦C.
he simultaneous coprecipitation of the Ba, Fe, Zn and Ni

ons was possible only with tetramethylammonium hydroxide
TMAH) at pH ∼ 13. The initial solutions and filtrates were
nalyzed with inductively coupled plasma atomic emission
pectroscopy (ICP-AES), performed with a spectrometer
ICP-AES Atomscan 25, Thermo Jarrell Ash). The content of
he dissolved Zn ions in the filtrates was a maximum of 1 at.%
ith the respect to the stoichiometric composition. Since even

ower concentrations of other ions were determined in filtrates
he deviation from stoichiometric composition of coprecipitates
an be neglected.

Direct synthesis (W-1): stoichiometric amounts of Ba(II)
itrate (99.95%, Alfa Aesar), Fe(III) nitrate (AR, Alfa), Ni(II)
ulphate (Kemična tovarna Podnart) and Zn(II) nitrate (flakes,
lfa) were dissolved in 210 ml of water. Despite the possible

oprecipitation of BaSO4 the solution remained clear and no vis-
ble precipitates were observed. The solution was added slowly
o the 200 ml-water solution of TMAH with pH ≥ 13. The final
H was corrected to pH 13 with an additional amount of TMAH
olution. The coprecipitates were filtered, washed with water and
bsolute ethanol, dried at 80 ◦C and calcined at 1200–1300 ◦C
or 3 h.

Two-step synthesis (W-2): the intermediates spinel (Ni0.5
n0.5Fe2O4) and M-hexaferrite (M = BaFe12O19) were prepared
ia coprecipitation in a similar way as described for W-1. The
pinel crystallized at room temperature, while M was obtained
fter calcination at 700 ◦C for 2 h. A homogenized mixture of
pinel and M-hexaferrite in a stoichiometric ratio was calcined
t 1200–1300 ◦C for 3 h.

The synthesis was monitored with X-ray powder diffraction
sing a diffractometer with Cu K� radiation (D4 Endeavor,
ruker AXS), with thermogravimetric and differential thermal

nalyses (TGA and DTA) using simultaneous TG/DTA/DSC
pparatus (STA 449 C/6/G Jupiter®, Netsch) and with thermo-
agnetic measurements using a vibrating-sample magnetometer

VSM, Lakeshore 7312). The Curie temperature (Tc) was deter-
eramic Society 28 (2008) 2057–2062

ined as the minimum of the derivative of the magnetization
ersus temperature. The detection limit of the ferrite phases was
0.2 wt.%.
The magnetization vs. magnetic field was also measured up

o 1 T with a VSM. The dependence of the permeability on
requency was obtained from the scattering parameters18 mea-
ured at 0.04–10 GHz with a vector network analyzer (Anritsu
7369C) in a coaxial line APC-7. The permittivity was measured
t 9.3 GHz within a waveguide arrangement (HP 8722D Net-
ork Analyzer). While investigating the resonance frequency,

he permittivity was calculated using a perturbation method.19

he ceramics for the electromagnetic measurements were pre-
ared with 2 h of preheating at 400 ◦C, with a heating rate of
.5 ◦C/min, followed by the reaction sintering at 1300 ◦C for
h, with a heating rate of 10 ◦C/min. A total of 0.5 wt.% of
iO2 and Al2O3 was added to promote the sintering and to
uppress the exaggerated grain growth, which is typical for
exaferrites. The preheating was necessary for the degrada-
ion of the possible remaining nitrate, sulphate and TMAH.
he microstructures were observed with the scanning electron
icroscope (SEM JEOL 840A) connected to a Tracor Northern
nalyser for energy-dispersive-spectroscopy (EDS) analysis.
he density of the ceramics was calculated from the dimen-
ions. The same density values, within an experimental error,
ere obtained with Archimedes’s method using Hg as an immer-

ion liquid. The densities of the ceramics were 4.6 ± 0.1 g/cm3,
hich is around 87% of the theoretical density.

. Results and discussion

.1. The formation of NiZn–W

The direct synthesis of NiZn–W (W-1) involves reactions
escribed with Eqs. (1a) and (1b). The precursor, which formed
fter the coprecipitation showed no distinct diffraction peaks
n the corresponding X-ray diffractogram (Fig. 1). This indi-
ates that the solid-state reaction begins from a homogeneous
ixture of the amorphous Ba, Fe, Ni and Zn precursors. The

wo-step synthesis (W-2) can be described with Eqs. (2a)–(2c).
he spinel crystallized at room temperature, while the M pre-
ursor crystallized as M-hexaferrite at 700 ◦C, as can be seen in
he corresponding X-ray diffractograms, also shown in Fig. 1.

solution (Ba2+, Fe3+, Ni2+, Zn2+)

coprecipitation−→ precursor (Ba + Fe + Ni + Zn) → (1a)

T1→BaFe12O19 + 2Ni0.5Zn0.5Fe2O4
T2>T1−→ BaNiZnFe16O27

(1b)

olution(Fe3+, Ni2+, Zn2+)
coprecipitation,drying−→ Ni0.5Zn0.5Fe2O4

(2a)
solution(Ba2+, Fe3+)
coprecipitation−→ precursor(Ba + Fe)

700 ◦C−→ BaFe12O19 (2b)
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Fig. 1. X-ray diffractograms of the as-coprecipitated precursors prepared with
the W-1 method (W) and with the W-2 method (S, M), and of the calcined
M
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precursor (M700). The spinel (S) peaks are indexed according to the Fd3m
227) space group and the M-hexaferrite peaks (M700) are indexed according
he P63/mmc (194) space group. For the sake of clarity the indices of the minor
eaks were omitted.

aFe12O19 + 2Ni0.5Zn0.5Fe2O4
1200−1300 ◦C−→ BaNiZnFe16O27

(2c)

ig. 2 shows the results of the TG/DTA of the as-coprecipitated
recursor prepared with the W-1 method. A sharp exother-
ic peak with a maximum at 250 ◦C accompanied by a huge
ass loss corresponds to the degradation of the leftover TMAH

nd/or nitrate. Such an exothermic peak and mass loss were
lso observed in the TG/DTA curves of the as-coprecipitated

pinel and M-precursor prepared with the W-2 method. No sig-
ificant mass loss can be observed above 400 ◦C. Due to the
mall sulphate (and the possible sulphate-leftover) content no
ignificant contribution to the mass loss can be distinguished.

ig. 2. TG and DTA curves of the as-coprecipitated precursor prepared with the
-1 method.
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ig. 3. X-ray diffractograms of the NiZn–W powders calcined at 1300 ◦C. S
enotes the spinel structure, the W-hexaferrite peaks are indexed according to
he P63/mm (194) space group.

n exothermic peak above 1200 ◦C can be associated with the
ormation of NiZn–W. The latter was confirmed with an XRD
nalysis. The formation of NiZn–W began at 1200 ◦C, but the
ingle-phase NiZnW-hexaferrite was obtained only with the W-
method at ≥1250 ◦C. In the case of the W-1 method, other

tructures were detected besides the W-hexaferrite. Fig. 3 shows
-ray diffractograms of the directly synthesized powder, W-1,

nd of the powder synthesized by the two-step synthesis, W-2.
oth diffractograms correspond to the W-hexaferrite structure.
n additional peak corresponding to the spinel structure can be
bserved in the X-ray diffractogram of the W-1 powder.

Due to the already-mentioned similarity of the different fer-
ite structures, some peaks of different structures overlap in the
-ray diffractogram. For example, the (3 1 1) spinel peak over-

aps with the (202) W-hexaferrite peak (Fig. 3). Consequently,
he detection of various ferrite structures present in minor
mounts with XRD analyses is not unambiguous. Therefore,
e performed thermomagnetic analyses (TMA) on all the pre-

umably single-phase powders. The corresponding TMA curves
f the NiZn–W synthesized with the W-2 method and calcined
t 1250 and 1300 ◦C are shown in Fig. 4. For both samples only
ne ferrimagnetic-to-paramagnetic phase transition, i.e., Curie
emperature (Tc), can be observed. From this we can conclude
hat only one ferrimagnetic phase is present in the two samples.
he Tc was determined at around 430 ◦C. Licci et al.5 reported
slightly lower Tc, 423 ◦C, for the BaNiZnFe16O27. Their
easurements showed an increase in the Tc with an increas-

ng Ni content in the BaNixZn1–xFe16O27. The Tc of around
30 ◦C agrees well with the composition BaNi1.1Zn0.9Fe16O27.
he lower Zn content in the studied samples can be explained
y the evaporation of Zn during the calcination. The latter
as previously5 suppressed with the use of oxygen during the

alcination and sintering. The exact chemical composition of
he obtained NiZn–W was not of prime importance for this
tudy. Regardless of this, we showed that the single-phase W-
exaferrite can be obtained after 3 h of calcination at 1250 or

◦
300 C only with the W-2 method. Although this result does
ot exclude the possibility of obtaining single-phase NiZn–W
ith the direct W-1 method using a longer calcination time

nd, maybe, a higher calcination temperature, it confirms the
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from 2.2 at 0.04 GHz to 2.0 at 1.2 GHz followed by a moder-
ate decrease at higher frequencies can be observed. These low
permeability values are to be expected for a material with a
Fig. 4. TMA curves of the NiZn–W powders prep

enefits of an additional step in the synthesis with an addi-
ional homogenization of the intermediates applied in the W-2

ethod. This is also in agreement with our principal idea and,
s shown below, with the calculated probabilities for each of the
owders.

.2. Probability of the formation of single-phase ZnNi-W:
alculation

The probability calculations were applied, as an addition to
he experimental evidence (Section 3.1). We assumed that the
robability for the formation of any of the hexaferrite structures
s similar due to the comparable Gibbs free energies for the for-

ation of various hexaferrite structures (see Section 1). The type
f structure that finally forms depends solely on the homogene-
ty: the amount and the distribution of the cations involved in the
eaction. Consequently, the probability of forming single-phase
iZn–W directly from the reagents, PW-1, and the probability of

orming single-phase NiZn–W from intermediates, PW-2, were
alculated with Eqs. (3) and (4), respectively.20

W-1 = PR4 Phf5 (3)

W-2 =
4∑

m=1

(Cm
4 )−1 (4)

ere, PR4 = ∑4
m=1(Cm

4 )−1 denotes the probability of the for-
ation of a compound from all four reagents, while Cm

4 =
!/m!(4 − m)! are all the possible combinations of four reagents
or a compound composed from m (m = 1–4) reagents. In the
ame way, Phf5 = ∑5

m=1(Cm
5 )−1 denotes the probability of

orming only W-hexaferrite from among five possible phases (Y-
W-, X-, Z- and U-hexaferrite) composed from all four cations
hat could form as a single- or multi-phase powder. The proba-
ility of forming single-phase NiZn–W from the intermediates

PW-2), according to Eq. (1b), is the probability of forming a
ingle-phase W-hexaferrite without any of the three possible
econdary phases: spinel ferrite, and M- and X-hexaferrite.

As expected, PW-2 was higher than PW-1; 0.67 and 0.40,
espectively.

F
t

with the W-2 method at 1250 ◦C and at 1300 ◦C.

.3. Electromagnetic properties of the NiZn–W ceramics

Fig. 5 shows magnetic hysteresis loops of the single-phase
iZn–W samples. The magnetization values measured at 10 kOe
ere 66 and 62 emu/g for the samples calcined for 3 h at 1250

nd 1300 ◦C, respectively. These values are lower than the bulk
alues of the saturation magnetization (around 75 emu/g)4,5.
he reason for this is that the maximum magnetic field of our
SM (10 kOe) was below the value of the NiZn–W anisotropy
eld (11–13 kOe). It is clear from Fig. 5 that the magnetiza-

ion did not saturate, but was continuously increasing up to
0 kOe. The coercivity was higher for the sample calcined at
250 ◦C (530 Oe) than for the sample calcined 1300 ◦C (250 Oe).
his is to be expected, since the hexaferrite particles usu-
lly start to grow extensively at 1300 ◦C. The coercivity is
ower in the larger particles due to the formation of magnetic
omains.

Fig. 6 shows the permeability of the NiZn–W ceramics mea-
ured at 0.04–10 GHz. A rapid decrease in the real permeability
ig. 5. Magnetization vs. magnetic field of the NiZn–W powders prepared by
he W-2 method at 1250 ◦C (full line) and at 1300 ◦C (dotted line).
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Fig. 6. Permeability vs. frequency dependence of the NiZn–W ceramics.

igh magnetocrystalline anisotropy, since the permeability is
nversely proportional to the anisotropy field. The imaginary
art of the permeability shows a maximum at around 1 GHz. This

an be attributed to domain-wall relaxation. The grain size of the
eramic (Fig. 7) was large enough for the formation of magnetic
omains. As already mentioned, the ferromagnetic resonance

ig. 7. Electron micrographs of the NiZn–W ceramics: secondary-electron
mage of the fractured surfaces (top) and backscattered-electron image of the
olished surface (bottom). W denotes the W-hexaferrite phase, S denotes the
pinel phase and A denotes the Si,Al-rich phase.
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ccurs above 30 GHz and has no influence on the permeability
n the measured frequency range.

The real permittivity of the NiZn–W ceramics measured at
.3 GHz was 14, which is a typical value for ferrites. However,
he tg δ was 0.0115, which is too high for applications in non-
eciprocal devices, like circulators. The high dielectric losses
an be explained by the relatively high porosity (around 13%)
nd by the presence of secondary phases. Besides the main W-
exaferrite phase, the spinel phase—NiZn ferrite (the dark phase
arked with S) and the Si,Al-rich phase (the white phase marked
ith A) were also observed in the backscattered-electron image

Fig. 7). The Si,Al-rich phase originated from the used sintering
dditives, SiO2 and Al2O3. It has to be noted that Si and Al were
etected only in the Si,Al-rich phase. The spinel was not detected
n the powder samples using XRD and TMA. Its formation was
bviously only promoted during the sintering, most likely due
o the reaction between the NiZn–W and the sintering additives.
he sintering will have to be optimized in future in order to
ecrease the dielectric losses.

. Conclusions

A two-step synthesis approach for single-phase NiZn–W hex-
ferrite powder was proposed. The key to the formation of
ingle-phase powders is the homogeneity. This was increased
y adding an additional step to the synthesis. The probabil-
ty of the direct formation of single-phase NiZn–W hexaferrite
rom the reagents was 0.40, which was lower than the prob-
bility for the formation of multiphase powders. In contrast,
he probability of the formation of single-phase NiZn–W hex-
ferrite from the intermediates was 0.67, i.e., higher than the
robability for the formation of multi-phase powders. This
as also observed experimentally with the synthesis based
n the coprecipitation method. Single-phase NiZn–W powders
ere obtained only from the pre-synthesized intermediates and
ot directly from the precursors. The same two-step approach
s also suggested for other complex hexaferrites (i.e., X, Z
nd U) that form via intermediates. The only condition is
he need to use very fine intermediate powders. The NiZn–W
owders and ceramics showed the expected electromagnetic
ehaviour.
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