
A

T
t
b
a
S
f
©

K

1

s
m
a
u
b
e
t

i
s
s
a

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 29 (2009) 2333–2341

Preparation of barium hexaferrite coatings using atmospheric
plasma spraying

Darja Lisjak a,∗, Kirsten Bobzin b, Katharina Richardt b, Marion Bégard b, Giovanni Bolelli c,
Luca Lusvarghi c, Arto Hujanen d, Pertti Lintunen d, Massimo Pasquale e, Elena Olivetti e,

Miha Drofenik a, Thomas Schläfer b
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bstract

hick coatings of barium hexaferrite with the compositions BaFe12O19 and BaCoTiFe10O19 were prepared using atmospheric plasma spraying (APS)
echnology. The coatings were prepared from pre-reacted powders of the desired composition. The as-deposited coatings were poorly crystallized,
ut their crystallinity was improved with a subsequent annealing. The crystallization mechanism of the sprayed hexaferrites was studied during

nnealing up to 1300 ◦C, using X-ray powder diffraction combined with thermal analysis and with electron microscopy including microanalysis.
ingle-phase coatings were obtained after annealing treatments at 1100–1300 ◦C. Their magnetic properties showed that they would be suitable
or absorbers at microwave and mm-wave frequencies, depending on the coating phase’s composition, the crystallinity and the thicknesses.

2009 Elsevier Ltd. All rights reserved.

s; Die

b
s
t
o
t
T
n
t
t
B
B
o

eywords: Ferrites; Thermal spraying; Solid-state reaction; Magnetic propertie

. Introduction

Barium hexaferrites are well-known ferrimagnetic materials
uitable for various applications, such as motor components,
agnetic recording media, microwave and mm-wave devices

nd absorbers. These absorbers of electromagnetic waves are
sed to suppress the electromagnetic noise and pollution caused
y the ever-increasing exploitation of electromagnetic waves in
veryday life, e.g., in electronics, wireless communication, and
elecommunications devices.

The basic compound of barium hexaferrites has the chem-
cal composition BaFe12O19 and a complex magnetoplumbite

tructure.1 The BaFe12O19 unit cell is a combination of two
tructural blocks aligned in the direction of the hexagonal c-
xis: RSR*S* (* indicates the 180◦ rotation of the structural
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lectric properties

lock with respect to the c-axis). The S block has a spinel
tructure with cubic closed-packed O ions and Fe ions on its
etrahedral and octahedral sites. The R block is formed of hexag-
nally closed-packed O ions and one Ba ion. Fe ions occupy
he interstitial, tetrahedral, octahedral and bipyramidal sites.
he main intrinsic magnetic properties – the saturation mag-
etization and the magnetocrystalline anisotropy – result from
he specific site occupancy of the magnetic Fe ions and from
he anisotropic structure. The saturation magnetization of bulk
aFe12O19 is 72 emu/g and its anisotropy field is 17 kOe.1

oth properties can be varied by substituting the Fe ions with
ther ions. Due to its very high magnetocrystalline anisotropy
aFe12O19 exhibits a ferromagnetic resonance at around 50 GHz
nd is suitable for special mm-wave applications like radar, as
he highest losses and the absorption of the electromagnetic

aves occur at frequencies close to resonance. For mass-market
icrowave applications, operating in the 1−10 GHz range the
agnetocrystalline anisotropy and the frequency of the ferro-
agnetic resonance have to be reduced. This is possible with

mailto:darja.lisjak@ijs.si
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Table 1
Spraying parameters.

Composition Current (A) Gas: Ar (SLPM) Gas: H2 (SLPM) Carrier gas (SLPM) Spray distance (mm) Grain size (�m) Substrate

BaFe12O19 500 50 6 3.5 130 20–5 Steel
B 3.5
B 3.5
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aFe12O19 500 50 6
aFe10CoTiO19 400 50 0

he substitution of Fe ions by MeIIMIV, i.e., Me = Mn, Co, Ni,
n and M = Ti, Sn, Ir, Rh.2–7

The demands for the production of microwave absorbers have
een increasing steadily. Typical commercial absorbers are in
he form of ceramics or polymer composites filled with absorb-
ng powders. These absorbers represent a special element in
lectronic modules and have only a limited possibility to be
djusted to the various shapes of the components that require
lectromagnetic protection. However, this can be overcome with
he application of spraying technologies for the preparation
f absorbent coatings. Spraying technologies are well-known
ethods for the preparation of coatings on various objects that

ave a range of geometries.8,9 Despite this, only a few exam-
les of using spraying for the preparation of electromagnetically
ctive coatings have been reported. Bartuli et al.,10 for example,
sed thermal spraying for the preparation of different absorbent
oatings based on a combination of lossy conductors, dielectrics
nd/or NiZn ferrites. However, the final composition of their as-
prayed coatings was not the same as the starting composition in
ll of the samples. The reason for this was the interaction of the
owders with the plasma gas. There have also been a few reports
n the use of thermal spray technologies for the preparation of
iZn and MnZn ferrite coatings.11–13 The as-sprayed coatings
ere amorphous and subsequent annealing was necessary for

he crystallization of the ferrite phases. The same was true for
he BaFe12O19 coatings prepared from Ba- and Fe-nitrate solu-
ions with inductively coupled plasma technology.14 However,
hen the substrate was heated to 600–900 ◦C during the deposi-

ion, the BaFe12O19 crystallized together with hematite. In this
aper we present the preparation of barium hexaferrite coatings
ith atmospheric plasma spraying (APS) technology using the

eedstock powders with the desired composition. The selected
ompositions of BaFe12O19 and BaCoTiFe10O19 are suitable
or mm- and microwave absorbers, respectively.15,16 The crys-
allization of barium hexaferrites in the APS coatings will be
resented and discussed together with their magnetic properties.

. Experimental procedure

The powders for spraying with the compositions BaFe12O19
Ba hexaferrite) and BaCoTiFe10O19 (Ba-CoTi hexaferrite)
ere synthesized with solid-state reaction from BaCO3 (Merck,
8.5%), Co3O4 (Alfa Aesar, 99%), TiO2 (Alfa Aesar, anatase,
9%) and Fe2O3 (NK-� SEW, 99.65%) in 1–2 kg batches. The

eagents were homogenized with a Fe/Ba ratio of 11.5 (Ba hex-
ferrite) and with a stoichiometric ratio of elements (Ba-CoTi
exaferrite) in a water/ethanol slurry for 1 h using a Turbula
omogenizer. After drying at 80 ◦C the powders were calcined

m
a
c
t

130 20–40 Glass
130 60–80 Glass

t 1100 ◦C for 6 h (Ba hexaferrite) or 3 h (Ba-CoTi hexafer-
ite). The as-calcined powders were milled in an attritor for 2 h
t 200 rpm, resulting in submicron particles with a relatively
omogeneous particle size distribution. Such powders were suit-
ble for agglomeration using the spray-drying process. After this
pray drying the powder-agglomerate size was determined using
Lecotract-LT100 (St. Joseph, Michigan, USA) particle size

nalyzer. The two powder fractions 20−85 �m and 20−40 �m
ere used for the APS. The BaFe12O19 powder was sprayed on

teel by APS with an F4 torch from Sulzer Metco, using a plasma
omposed of argon and hydrogen. The hydrogen has a good ther-
al conductivity and imparts a higher temperature to the plasma.
n additional Ba hexaferrite sample was produced with similar
lasma parameters, but was sprayed on glass and with a smaller
rain size, 20–40 �m instead of 20–85 �m for the first sample.
ith respect to the Ba-CoTi hexaferrite sample, in order to keep

he temperature as low as possible, the sample was sprayed on
lass without hydrogen and with a lower current than for the Ba
exaferrite sample. The spray parameters are listed in Table 1.
he as-deposited coatings were annealed at 380–1300 ◦C for
p to 3 h in air. In parallel with this process, the finely ground
oatings removed from the substrate were annealed using the
ame conditions. It was found out that the Fe from the steel
ubstrate reacts with the coating at 600 ◦C and higher, while the
lass substrate proved to be chemically compatible with the coat-
ng material. Therefore, the results presented in the subsequent
ext are obtained from the coatings prepared on glass substrates
nd/or on powdered coatings.

The synthesis of the powders and the structural evolution
f the coatings were monitored with X-ray powder diffraction
XRD) using a D4 Endeavor Diffractometer (Bruker AXS) and
n X’Pert PRO MPD Diffractometer (PANalytical). XRD in a
ombination with thermogravimetric analyses and differential
canning calorimetry (TGA and DSC) with heating and cool-
ng rates of 1 and 5 K/min using a TG/DT analyzer (Netzsch
TA 429 and DSC 404 systems) with a Pt crucible was con-
ucted for the investigation of the crystallization mechanism of
he BaFe12O19. For this investigation the coating was removed
rom the substrate and finely ground in an agate mortar. The
icrostructures of the powders and the phase composition of

he coatings and of the coatings’ cross-sections were observed
ith the scanning electron microscope (FEI XL30) combined
ith energy-dispersive X-ray analyses (EDX) for the phase

ompositions. The coatings were cold-mounted in resin, ground
sing SiC papers (up to 2500 mesh) and polished using a dia-

ond slurry (down to 0.5 �m). Further SEM observations were

lso performed on fracture surfaces, prepared by breaking the
oated samples in liquid nitrogen. The magnetic properties of
he powdered coatings were measured with a Lakeshore 7400
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Fig. 1. XRD patterns of the raw Ba hexaferrite powder and the as-deposited
coating. M denotes BaFe O , B denotes BaFe O , S denotes Fe O , F denotes
F
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eO, X denotes peaks from the substrate. The unmarked peaks of the raw powder
ll correspond to the BaFe12O19 (�PDSM 84-0757).

ibrating-sample magnetometer (VSM) at a maximum field of
.2 T. The permeability and the permittivity of the samples
ere obtained from the S-parameters measured with a Vector
etwork Analyzer (Agilent 8510C VTT). The measurement
ethod is basically the same as described in the 8510 prod-

ct note.17 A coaxial sample holder with an inner diameter of
mm and an outer diameter of 7 mm was used at frequencies of

.4–18.0 GHz. The length of the Ba-CoTi hexaferrite sample was
.16 mm. A standard rectangular waveguide, 1.88 × 3.76 mm,
as used at 46–60 GHz. The length of the Ba hexaferrite sample

p
o
a

ig. 2. SEM micrograph (backscattered electrons) of the polished cross-section of
nclusion), detailed views of two spherical inclusions (B and C) and EDX microanaly
eramic Society 29 (2009) 2333–2341 2335

as 0.47 mm. The permeability and the permittivity of the sam-
les were obtained from the measured S-parameters using the
ransmission line analogy. The transmission-line method itself
s broadband, but the inaccuracies in the sample preparation and
ts dimensions might decrease the accuracy of the measurements
r limit the measurement’s bandwidth. Bulk samples for the
M measurements were prepared by sintering milled powders
t 1300 ◦C for 3 h with final machining to achieve the required
imensions.

. Results and discussion

.1. The Ba hexaferrite coatings

Fig. 1 shows XRD patterns of the Ba hexaferrite feedstock
owder and the as-deposited coating. The XRD peaks of the
a hexaferrite powder all correspond to the BaFe12O19 struc-

ure, while various structures can be identified in the XRD
attern of the as-deposited Ba hexaferrite coating. The most
ntense peaks in the XRD pattern fit best to the FeO (wuestite)
tructure. The other peaks correspond to BaFe2O4 and Fe3O4
magnetite). Only two minor peaks with very low intensities
an be attributed to the BaFe12O19. An increased background
oorly crystallized phase. The presence of the BaFe2O4 and Fe
xides indicates that the crystallization of BaFe12O19 from the
morphous melt is not direct. Instead, it follows a similar route

the as-deposited Ba hexaferrite coating (A – the circle indicates a spherical
ses of the regions labelled 1 and 2 in panel A (D).
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ig. 3. SEM micrographs (secondary electrons) of the fracture surfaces of the as

o that reported for the solid-state synthesis of BaFe12O19 from
xides or from amorphous precursors.18,19 The only difference
s the presence of the Fe2+ in FeO, which is not a stable oxida-
ion state of Fe. This can be explained by two factors. Firstly,
he reducing atmosphere of the Ar–H2 plasma jets is known to
ause a partial reduction of oxide ceramics: the formation of Ti
uboxides during the deposition of TiO2 coatings or the partial
eduction of Cr2O3 (with the possible appearance of metallic Cr
n the coatings) are well-documented examples.20–22 Secondly,
he very rapid quenching of lamellae upon impact with the sub-
trate favours the retention of metastable phases in thermally
prayed coatings.23–26 Based on known thermodynamic data
aFe12O19 is the most stable compound at 727–1727 ◦C.14,27

bove 1727 ◦C the Fe3O4 and FeO are in equilibrium with
ompounds having Fe/Ba = 2, 1, 2/3 or 2/5. For this reason it
s most likely that the S peaks correspond to magnetite and
ot to �-Fe2O3 (maghemite), which is an oxidized magnetite
ith a structure so similar to magnetite that they cannot be
istinguished with the XRD.

The partial reduction of the original BaFe12O19 composition
nd the formation of a multi-phase system is reflected in the SEM
icrographs of the coating’s cross-section (Fig. 2A), exhibit-

ng a layered microstructure with various shades of grey. EDX
icroanalysis, indeed, reveals that a higher or lower Ba/Fe ratio

xists in the brighter or darker regions, respectively (Fig. 2B).
ifferent phases are therefore present in different lamellae and

lso inside the same lamella, due to chemical and structural
lterations occurring during the plasma-spraying process. It
hould also be noted that some rounded inclusions are some-
imes present in the plasma-sprayed coatings (Fig. 2A). They

ight be either partially unmelted agglomerates (i.e., spheri-
al spray-dried agglomerates that are not completely molten in
he plasma jet) or re-solidified agglomerates (i.e., fully-molten
roplets that are beginning to solidify before they impact on the
ubstrate). As-spray-dried agglomerates are highly porous, they
hould retain a significant share of that porosity if they remain
artially unmelted, and some of the micron-sized primary fer-
ite particles should still be recognizable, at least in the core

f the agglomerate. By contrast, the spherical inclusions found
n the present coatings (for details, see Figs. 2B and C) look
uite dense, without any primary particle: they only possess a
ew spherical pores that originate from the entrainment of gas

1
c
h
t

sited M coating: (A) low-magnification view and (B) high-magnification view.

ubbles inside the molten material. Moreover, these rounded
nclusions show a clear dendritic microstructure (Figs. 2B and
: dark dendrites surrounded by a bright matrix), which is a
ore strong evidence of a melt re-solidification process. The

ark dendrites possess a radial orientation (Fig. 2C), i.e., they are
irected from the periphery of the inclusion towards its centre.
his is the obvious consequence of the re-solidification process:

he crystalline phases nucleated on the droplet surface and then
rew towards its core, along the heat-flow direction.

The EDX spectra reveal that the dark dendrites are iron-rich
with an EDX spectrum similar to the one shown for “area 1” in
ig. 2D). It should be noted that these dendrites are very small
nd that the corresponding EDX spectrum also includes some
f the surrounding area. Therefore these dendrites may be pure
e oxide or they may also contain a small fraction of Ba. We
an conclude that both the dendrites and the surrounding bright
Ba-rich) matrix represent a frozen high-temperature phase equi-
ibrium (see the preceding paragraph), which was retained due
o the fast cooling: Fe3O4 and FeO are in equilibrium with com-
ounds having Fe/Ba = 2, 1, 2/3 or 2/5 at temperatures above
727 ◦C.

The above results show that the crystallization of the Ba
exaferrite was not completed during the deposition, neither
nside the fully-molten lamellae which solidify upon impact with
he substrate, nor in the partially re-solidified inclusions. The
eedstock Ba hexaferrite powder melted completely during the
praying process. The fracture surface of Fig. 3A indeed exhibits
any well-flattened lamellae, which are a clear sign of a high

egree of melting of the feedstock powder. Such a degree of melt-
ng is further confirmed by the presence of some rounded pores,
ue to gas entrapment in the molten material, as seen in Fig. 3A.
urthermore, a coating primarily made up of fully-molten lamel-

ae generally exhibits excellent interlamellar cohesion, resulting
n a few longitudinal interlamellar defects, and several transverse
ntralamellar microcracks, due to the accumulation of quenching
tresses in strongly adherent lamellae28,29; this is clearly con-
rmed by Fig. 2A. Once the melt is deposited on the substrate

t cools down very quickly, with an approximate cooling rate of

07–109 K/s,23,24 which severely hinders the complex, indirect
rystallization process of the hexaferrite phase. Accordingly,
igh-magnification views of the fracture surface (Fig. 3B) reveal
he presence of very small columnar grains (width ≤100 nm),
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Table 2
Results from the TA analyses and the assigned chemical processes determined in a combination with the XRD analysis.

Temperature range (◦C) DSC peak TGA Chemical process
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itnessing the high nucleation rate and slow grain-growth rate,
ypical of a significantly undercooled liquid. Under these con-
itions, a subsequent reaction between iron oxides and Ba-rich
hases to form the thermodynamically stable hexaferrite is very
ifficult. We can conclude that the Ba hexaferrite phase only
egan to crystallize but the process was not finished since the
oating cooled too quickly to room temperature. It is also pos-
ible that some of the Ba hexaferrite phase present comes from
mall amounts of unmelted material embedded in the coating.
t has been shown previously that the crystallization of hexafer-
ites is a very slow process30 and that other techniques for film
reparation also require annealing.31–35 The substrate tempera-
ure reached a maximum of 400 ◦C for these experiments; this
s too low, if we consider that 600–900 ◦C14 is necessary for the
igher crystallinity of the hexaferrites.

In order to promote the crystallization of Ba hexaferrite the
oatings were annealed. This was studied with thermal anal-
ses (TA, Table 2) in combination with XRD (Fig. 4), and
upported by magnetic data (Table 3). Knowing that the crystal-
ization of BaFe12O19 is a highly kinetically dependent process
he TA experiment was carried out with two different heating
ates: 5 and 1 K/min. The major differences between the TA
ata obtained from the different heating rates were the temper-
tures and the width of the DSC peaks. The DSC peaks were
roader and were detected at lower temperatures when a slower
eating rate was used. The temperature ranges of the identi-
ed processes listed in Table 2 include the temperature ranges

f both measurements. The TGA curve showed an increase in
ass during the heating at 200–600 ◦C, while no significant
ass difference at higher temperatures or during the cooling
as detected. A broad exothermic peak was detected in the

ig. 4. XRD patterns of the Ba hexaferrite samples heated to various tempera-
ures, where B denotes BaFe2O4, S denotes Fe3O4 and �-Fe2O3, F denotes FeO,

denotes �-Fe2O3, and X denotes peaks from the substrate. The unmarked
eaks correspond to BaFe12O19 (�PDSM 84-0757).
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rease 5FeO−→�-Fe2O3 + Fe3O4, 2Fe3O4−→3�-Fe2O3

�-Fe2O3 → �-Fe2O3

BaFe2O4 + 6�-Fe2O3 → BaFe12O19

SC curve over the same temperature range. To identify which
hemical processes are related to the observed DSC peaks, sam-
les were heated to various temperatures with heating rates of
and 1 K/min (the same as in the DSC measurements). Once

he final temperature was reached the samples were pulled out
rom the furnace to be quickly cooled to room temperature. The
RD pattern of the sample heated to 485 ◦C (Fig. 4) is simi-

ar to the one of the as-deposited sample (Fig. 1). However, in
ddition to others, �-Fe2O3 (hematite) peaks were also detected
n the sample heated to 485 ◦C. At the same time, the relative
ntensities of the FeO (wuestite) peaks decrease with the heat-
ng temperature (see also Fig. 1). From this we can conclude
hat the low-temperature DSC peak corresponds to the oxida-
ion of wuestite to hematite and of magnetite to maghemite. The

agnetite cannot be distinguished from the maghemite in the
RD pattern since their crystal structures are so similar. Due to

he paramagnetic/antiferromagnetic nature of both main oxide
hases, wuestite and hematite, the maximum magnetization
Mmax) values of the samples annealed at low temperatures are
ow (Table 3). The slight increase of the Mmax measured for the
ample annealed at 485 ◦C can only originate from the increasing
mount of magnetite and/or maghemite. This suggests that FeO
oes not oxidize only to hematite but also to magnetite. Two
dditional exothermic peaks in the DSC curve were detected
uring the heating of the sample: at 560–800 ◦C and at >800 ◦C.
he first peak corresponds to the transformation of maghemite

o hematite, which usually takes place above 600 ◦C.36 Conse-
uently, the Mmax value decreases again for the sample annealed
t 700 ◦C. The high-temperature peak corresponds to the crys-
allization of the BaFe12O19. In accordance with this, the XRD

attern of the sample heated to 800 ◦C showed no obvious dif-
erence from the one heated to 485 ◦C. However, the XRD
attern of the sample heated to 900 ◦C showed very intense Ba

able 3
he magnetic properties of the as-deposited and annealed Ba hexaferrite coat-

ngs: magnetization measured with a maximum field of 1.2 T (Mmax) and
oercivity (Hc).

nnealing Mmax (emu/g) Hc (Oe)

s-deposited 7.5 321
80 ◦C 1 h 6.1 374
85 ◦C 1 h 14.0 228
00 ◦C 1 min 4.8 234
00 ◦C 1.5 h 3.8 340
00 ◦C 1 min 26 2662
000 ◦C 3 h 22 2970
100 ◦C 3 h 58 3205
200 ◦C 3 h 59 2230
300 ◦C 3 h 58 651
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ig. 5. Measured electromagnetic material parameters of the sintered Ba hexafe

exaferrite peaks. This was also consistent with the magnetic
roperties of these samples (Table 3). The Mmax increased
ogether with the coercivity (Hc) of the samples annealed above
00 ◦C due to the crystallization of BaFe12O19. No DSC peaks
an be distinguished during the cooling, indicating that all the
eactions were irreversible.

There is lack of kinetic data on the crystallization of
aFe12O19 from the melt. Nevertheless, similar findings were
btained here to those reported for the crystallization mechanism
f BaFe12O19 from amorphous coprecipitates.37 The copre-
ipitation study showed that the nucleation of BaFe12O19 is
nstantaneous and that the crystal growth via diffusion is the rate-
etermining step. Obviously, the small BaFe12O19 crystallites
ere present from the beginning and a high enough temperature
as necessary for their growth. In addition to this, the already

rystallized secondary phases (hematite, BaFe2O4) need to over-
ome a certain activation energy, i.e., a high enough temperature
nd a long enough time are required for the two to react and
o form BaFe12O19. In order to obtain single-phase Ba hexa-
errite coatings the annealing was carried out up to 1300 ◦C.
he XRD pattern of the sample annealed at 1300 ◦C (Fig. 4)
hows only the BaFe12O19 structure, with the very narrow XRD
eaks indicating a high degree of crystallinity. The Hc value
f 651 Oe (Table 2) is typical for BaFe12O19 with multidomain
rains. The Mmax value is 58 emu/g, which is in the range of the
sually reported bulk values for the saturation magnetization
around 52–72 emu/g).1,16,30 When the annealing temperature
as decreased to 1100 and 1200 ◦C, the Mmax value remained

oughly the same, while the Hc value was higher, by several
housand Oe. This suggests that the Ba hexaferrite coatings
nnealed at 1100 and 1200 ◦C contained only a small fraction
f multidomain grains and the rest are still in the single-domain
tate.

Another Ba hexaferrite sample, which was prepared with dif-
erent processing parameters on a glass substrate (see Section
), showed similar crystallization behaviour to that described

bove. From this we can conclude that the APS process does
ot provide enough time for the recrystallization of BaFe12O19.
nstead, annealing above 1000 ◦C was required to obtain single-
hase crystalline coatings. Nevertheless, the formation of the

(
t
m
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ample: (A) complex permittivity (εr) and permeability (μr), and (B) loss factor.

ingle-phase coatings proves that there was no significant loss
f cations during the APS process.

The measured electromagnetic properties of the sintered Ba
exaferrite are shown in Fig. 5. Fig. 5A shows the measured
omplex permittivity (εr) and the permeability (μr), where the
erromagnetic resonance of the Ba hexaferrite sample is shown
learly at 46.5 GHz. At the ferromagnetic resonance the real
art of the permeability drops rapidly and the imaginary part
magnetic losses) reaches its highest value. Fig. 5B shows the
easured dissipation factor or loss factor. The loss factor is the

atio between the imaginary and the real parts of the propaga-
ion factor (Im(

√
με)/Re(

√
με)). The Ba hexaferrite sample has

ery high losses at the ferromagnetic resonance, which is seen
s a high peak in the loss factor. The high losses caused prob-
ems with the measurement accuracy, which can be seen as a
eak in the measured permittivity in Fig. 5A. The transmission
oss through the 0.47-mm-thick bulk sample was over 25 dB.
he calculations based on εr and μr showed that the reflection

rom the coated metal plate has its minimum when the coating
hickness is 0.15–0.25 mm at 46 GHz, when only a few percent
f the incoming power is reflected backwards.

.2. The Ba-CoTi hexaferrite coatings

Fig. 6 shows the XRD patterns of the feedstock Ba-CoTi
exaferrite feedstock powder and the as-deposited coating. The
RD peaks of the Ba hexaferrite and the magnetite struc-

ures can be identified in the XRD pattern of the as-deposited
a-CoTi hexaferrite coating. In contrast to the Ba hexaferrite
oatings the degree of crystallization of the Ba-CoTi hexafer-
ite was extensive during the deposition (see Section 3.1). A
ossible explanation for this obvious difference is the follow-
ng. The results on Ba hexaferrite coatings showed that fully

olten droplets could not form the hexaferrite phase, neither
pon impact quenching, nor during in-flight re-solidification.
he deposition parameters for the Ba-CoTi hexaferrite coating
Table 1) were therefore chosen in order to limit the heating of
he agglomerates during spraying, so that some more unmelted

aterial was retained in the as-deposited coating. This coating
ccordingly retained more crystalline hexaferrite phase than the
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ig. 6. XRD patterns of the raw Ba-CoTi hexaferrite powder and the as-
eposited coating. S denotes the magnetite structure. The unmarked peaks
orrespond to the Ba hexaferrite structure (�PDSM 84-0757).

a hexaferrite coating examined in the previous section (see
ection 3.1)

The presence of the magnetite peaks in the as-deposited
oating (Fig. 6) could be a consequence of Ba loss during the
praying as was concluded by Vidal and Taylor.14 However, this
as not the case here. The formation of single-phase coatings

fter annealing suggests that no significant loss of Ba occurred
uring the APS. Fig. 7 shows the XRD patterns of the samples
nnealed for 3 h. A similar explanation is valid here as in the case
f the Ba hexaferrite coatings (see Section 3.1). The formation
f hematite (�-Fe2O3) from maghemite (�-Fe2O3) takes place
t a minimum of 600 ◦C.36 This can also be seen from the XRD
ata, where the intensities of the hematite peaks increase at the
xpense of the magnetite/maghemite peaks, with the annealing
emperature. Finally, the samples annealed at 800 ◦C show only
eaks corresponding to the Ba hexaferrite and hematite struc-
ures. The relative intensity of the hematite peak decreases with
further increase of the annealing temperature (i.e., at 900 ◦C).
iffractograms of the samples annealed at 1000–1200 ◦C were
ot included in Fig. 7 for the sake of clarity. They are simi-
ar to the diffractogram of the sample annealed at 900 ◦C. The

ingle-phase Ba-CoTi hexaferrite coatings were obtained after
nnealing at 1300 ◦C for 3 h. A slight shift in the 2-theta values
f the Ba hexaferrite peaks with respect to the XRD patterns

ig. 7. XRD patterns of the samples annealed for 3 h at various temperatures. S
enotes maghemite, H denotes hematite and the unmarked peaks correspond to
he Ba hexaferrite structure (�PDSM 84-0757).
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Fig. 8. Hysteresis loops of the Ba-CoTi hexaferrite coatings.

f the samples annealed below 1300 ◦C indicates the difference
n the crystal-lattice sizes. The latter must originate from the
ifferent degree of Fe3+ substitution with Co2+Ti4+.

The evolution of the magnetic behaviour of the Ba-CoTi hex-
ferrite coatings with the annealing temperature is shown in
ig. 8. The hysteresis curves of the samples annealed below
00 ◦C show a kind of double-S shape, which is typical for
amples containing two magnetic phases. This is in accordance
ith the XRD data (Fig. 7), where the magnetite and hexafer-

ite structures were detected in the corresponding coatings. The
max and Hc values are small and increase significantly for the

amples annealed at ≥800 ◦C due to the crystallization of the
exaferrite phase. However, these samples were not completely
aturated at the maximum applied field of 1.2 T, as can be seen in
ig. 8. This is consistent with their large anisotropy field, which
urther results in large Hc values, typical for pure BaFe12O19.
amely, the Hc values increased from 2400 to 3000 Oe as the

nnealing temperature increased from 800 to 1000 ◦C. This sug-
ests that the chemical composition of the hexaferrite phase
etected with the XRD in the samples annealed at 800–1000 ◦C
s not BaCoTiFe10O19. The substitution of the Fe3+ with the
o2+Ti4+ reduces the magnetocrystalline anisotropy field and
t x ∼ 1 the uniaxial anisotropy switches to planar.2,40 Conse-
uently, the coercivity within the plane becomes very low. The
c value started to decrease when the annealing temperature

ncreased above 1000 ◦C and reached a minimum of 82 Oe when
he coatings were annealed at 1300 ◦C. Such a low Hc value38,39

uggests that the chemical composition of these coatings was
ndeed BaCoTiFe10O19. This is also consistent with the high

max value, 59 emu/g, measured on the coatings annealed at
300 ◦C. We can conclude that no significant mass loss for any
f the cations occurred during the APS process and the APS tech-
ique can also be used for the preparation of CoTi-substituted

a hexaferrite coatings.

The measured electromagnetic properties of the Ba-CoTi
exaferrite ceramic samples and the reflection of the respective
oatings were obtained in the same way as for the Ba hexafer-
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ig. 9. Measured electromagnetic material parameters of the sintered Ba-CoTi h

ite, except that the Ba-CoTi hexaferrite sample was placed in
coaxial waveguide holder. The measured permeability and the
ermittivity are shown in Fig. 9A. The ferromagnetic resonance
f the Ba-CoTi hexaferrite material can be seen at 9 GHz. The
oss factor (Fig. 9B) is not as high as for the Ba hexaferrite mate-
ial (Fig. 5B) and it reaches its maximum near the ferromagnetic
esonance. Our calculations have shown that the reflection from
he coated metal plate has a minimum when the coating thick-
ess is 1–4 mm at a frequency range 3–9 GHz, when less than
0% of the incoming power is reflected backwards.

. Conclusions

Thick hexaferrite coatings with compositions of BaFe12O19
nd BaCoTiFe10O19 were prepared with atmospheric plasma
praying technology. The feedstock powder melted completely
nd formed a semi-crystalline precursor on the glass substrate.
he degree of crystallization of the BaCoTiFe10O19 was sig-
ificantly higher than that of the BaFe12O19. Annealing above
000 ◦C was necessary for the complete crystallization of both
ompositions. No significant loss of any metal ion occurred
uring the APS process. BaFe12O19 and BaCoTiFe10O19
oatings with thicknesses of 0.15–0.25 mm and 1–4 mm, respec-
ively, showed electromagnetic properties suitable for mm- and

icrowave absorbing applications. Coatings of an appropriate
hickness were prepared in this study, and we have shown that
PS is a promising technology for the production of absorbent

oatings.
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