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Abstract

We have investigated the formation of barium hexaferrite via the coprecipitation method. Fine precursor powders were obtained with coprecipitation
from water and ethanol solutions of various reagent salts. The coprecipitates were calcined at 300-800 °C for 0-50 h. The samples were characterized
with X-ray powder diffraction, thermal analysis, electron microscopy and magnetometry. The formation of barium hexaferrite was a combination
of two competing mechanisms and was not influenced by the reagent salts or the solvent. The formation temperature of the barium hexaferrite was

reduced to 500 °C by optimizing the coprecipitation conditions.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

As a result of its specific magnetic properties barium hexa-
ferrite and its derivatives can be used for permanent magnets,
magnetic recording media and microwave applications. The
best-known representative of the hexaferrite family, barium hex-
aferrite, has the chemical formula BaFe,019 (BaM). BaM has a
magnetoplumbite structure with a close-packed oxygen lattice.!
Baions replace O ions on specific positions, resulting in a partic-
ular sequence of O- and Ba—O-mixed layers. The smaller metal
cations occupy the interstitial positions. The most significant
property of BaM, its magnetocrystalline anisotropy, originates
from the highly anisotropic crystal structure. In addition, the
grain growth of such structures is also anisotropic, with a typi-
cal hexagonal plate-like morphology, which gives rise to a shape
anisotropy. As a consequence, BaM exhibits the high coerciv-
ity required for permanent magnets.” Fine hexaferrite powders
with a moderate coercivity are suitable for magnetic-recording
media.> Moreover, due to their high anisotropy field, hexafer-
rites can be used at much higher frequencies than spinel ferrites
or garnets. For this reason they are interesting for applications
above 30 GHz.* Low-loss materials for microwave applications
need to be defect free, from the compositional, the structural and
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the microstructural points of view. Finer starting powders exhibit
a superior sintering behaviour than coarser powders, resulting in
lower sintering temperatures and denser ceramics.’ In addition,
the number of structural defects can be decreased by the use of
finer powders, which can be prepared at lower temperatures than
coarser powders.®

Various methods have been reported for the prepara-
tion of fine hexaferrite powders: chemical coprecipitation,’”
sol-gel'®!! and others.'>1° Although none of these methods
enable the formation of BaM at room temperature, its formation
temperature is lower than for the classic solid-state reaction, in
which BaM is formed indirectly via BaFe,O4. The formation
of BaM normally involves the degradation of BaCO3. BaCOs3 is
either present in the initial reaction mixture!>?° or it is formed
from precursors during the preparation process.’ The formation
of BaFe;O4 and BaM starts with the degradation of BaCOj3 at
700-900°C.>1320 The preparation methods by which the for-
mation of BaCO3 was more or less successfully prevented are
based on relatively complex procedures.®!'!-!® We showed pre-
viously that the formation of BaM is possible at temperatures as
low as 500 °C.21-22

Here we report on the formation mechanism of BaM via
coprecipitation. In order to elucidate the origin of the low-
temperature formation of BaM from ethanol solutions we have
conducted a thorough research on the influence of reagent salts
and solvents. The coprecipitation conditions proved to have no
influence on the formation mechanism of BaM, and it will be
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shown that suppression of the formation of BaCOs3 resulted in
the low-temperature formation of BaM.

2. Experimental procedure

The samples were prepared via coprecipitation, as described
in detail previously.?? Stoichiometric amounts of Ba and Fe salts
— BaCl, (Ventron, ultrapure, Lot No. 044770307) or Ba(NO3)»
(Alfa Aesar, 99.995% metals basis, Lot No. 22331) and FeCl3
(Alfa Aesar, 98%, anhydrous, Lot no. K05J02) or Fe(NOs3)3
(Alfa, AR, Lot No. BA08255) — were dissolved in water or in a
75 vol.% solution of ethanol in water. The ethanol solution will
be referred to as ethanol in the rest of this manuscript. The Ba**
and Fe** concentrations in the starting solutions (with pH < 1)
were 0.06 and 0.74 mol/l, respectively. The obtained solutions
of Ba—Fe salts were added to a NaOH solution (in water or in
ethanol) with pH 13. After that the overall pH decreased and
was corrected to a minimum value of 13 with a NaOH solution.
The coprecipitation conditions we used are listed in Table 1.
Dried, coprecipitated precursors were calcined at 300-800 °C
for 0-50 h with heating and cooling rates of 10 K/min. The cal-
cination time O h refers to the case when a sample was quenched
by pulling from the furnace onto a cold metal plate immediately
after reaching the final temperature.

The synthesis was monitored with thermogravimetric and dif-
ferential thermal analysis (TGA and DTA) with heating and
cooling rates of 2-20K/min using a TG/DT analyzer (Net-
zsch STA 429 system) with a Pt crucible, and X-ray powder
diffraction (XRD) using a diffractometer with Cu Ko radiation
(D4 Endeavor, Bruker AXS, Karlsruhe, Germany). Additional
experiments used simultaneous TG-DTA/DSC apparatus with
the Gas Analytical System QMS 403 C A&olos (STA 449 C/6/G
Jupiter®-QMS 403 C). The microstructures of the powders were
observed using a transmission electron microscope (TEM, Jeol-
2000FX). The magnetic properties of the calcined powders were
measured using a magnetometer (Drusch & Cie Voltreg 1.4 T)
and the magnetization values (M) reported here were measured
in a maximum magnetic field of 1.2'T.

The kinetic parameters, reaction rate constant (k) and reac-
tion order (n), were determined by fitting various kinetic models
to o =«(t) curves, where « is a fraction of the product (BaM).
Since the magnetization is directly proportional to the mass of
the BaM the ratio M/Mp,.x Was taken as a quantitative measure
of a. M is the magnetization of a sample, calcined at a particular
temperature for a particular time, measured at 1.2 T, and Mpax
is the maximum M measured for the sample. The detection limit
for the BaM using our magnetometer was 0.2 wt.%, which is
approximately 10x lower than the detection limit of the XRD.

Table 1

Coprecipitation conditions

Sample Reagent salts Solvent
Wel? Chlorides Water
ETcl Chlorides Ethanol
ETni Nitrates Ethanol

2Final washing step with absolute ethanol.

The activation energy (E;) for the formation of BaM was deter-
mined in two ways: (1) from k values determined at different
temperatures using the Arrhenius equations (1?3 and (2) from
DTA curves measured at different heating rates using Eq. (2).%*
Here, R is the general gas constant (8.314 g/mol K), / stands for
the heating rate, Ty, for the temperature corresponding to the
maximum of the DTA peak, while A and C’ are constants:

E,
Ink=InA - — (1
RT
E, 1 ,
logh = — — +C 2
°8 4577, + @
3. Results

3.1. The influence of the preparation conditions on the
magnetization

The formation of BaFe 2,019 (BaM) during the thermal treat-
ment of the precursors obtained via the coprecipitation of Fe*
and Ba®* salts in alkaline media was monitored with XRD
analysis (The exact details are reported in Ref. 22) and with mag-
netic measurements. The magnetization of the samples calcined
below 500 °C was negligible and there was no evidence of BaM
peaks in the XRD patterns of these samples. The crystallization
of BaM started at 500 °C (Fig. 1, Table 2). There was no evidence
of other magnetic phases that could contribute to the measured
magnetization. Fig. 1 shows the room-temperature magnetiza-
tion (M) measured at 1.2 T of the ETcl samples calcined at
500-800 °C. The M values increased with the calcination time
up to ~54 emu/g, and then stabilized at this value. This indi-
cates that the crystallization of BaM was completed at that point.
However, the M values of the samples calcined at 500 °C were
lower than 50 emu/g. BaM did not crystallize completely in the
samples calcined at 500 °C, not even after 50 h of calcination;
however, it crystallized completely after Sh when calcined at
600 °C and after only 1h when calcined at 700 or 800 °C. It is
evident that the calcination temperature strongly influenced the
formation rate of BaM.

A similar increase in the magnetization (M) was measured
for the other samples, Wcl and ETni (Table 2). In general, the
M values of the ETni samples were lower than those of the
other samples. This is in accordance with the XRD data: BaCOj3
or BaFe;O4 were detected in all the ETni samples. BaCOj3

Table 2
Measured magnetizations of the Wcl and ETni samples at 1.2 T (M)
Sample Calcination M (emu/g), M (emu/g),
temperature (°C) 1 h calcinations 10 h calcination
Wel 500 2.3 31
600 47 53
700 52 57
800 56 55
ETni 500 6 36
600 33 49
700 45
800 45 46
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Fig. 1. Magnetization (M), measured at 1.2T, of the ETcl samples with the
respect to calcination time (#) and temperature.

as a diamagnetic impurity and BaFe,O4 as a paramagnetic
impurity dilute the ferrimagnetic BaM and consequently lower
the magnetization. In contrast to the ETni samples, only BaM
was detected in the ETcl samples when calcined at >600 °C.
Although a minor hematite peak was observed in the XRD pat-
terns of all the Wcl samples they exhibited a similar M to the
ETecl samples.

3.2. Thermal analysis

The TGA/DTA curves of the as-coprecipitated ETcl mea-
sured at a heating rate of 10 K/min are shown in Fig. 2. Based
on the XRD analysis the processes associated with the observed
DTA peaks can be explained as follows. A huge endothermic
peak with a minimum around 131 °C is associated with a huge
mass loss due to the evaporation of water. A minor exother-
mic peak, also associated with a significant mass loss, can be
observed at around 288 °C. This peak can be attributed to the
formation of a-Fe;O3. Although at this temperature y-Fe, O3
could form'® we found no such evidence from the XRD anal-
ysis or from the magnetic measurements. The mass loss up to
600 °C is around 20%. This observed mass loss can be attributed
to the degradation of the hydroxide precursors and the conse-
quent evaporation of HyO. At 600-700 °C an additional mass

DTA (uV/mg)

0 200 400 600 800
T (°C)

Fig.2. TGA/DTA curves of the as-coprecipitated samples, measured at a heating
rate of 10 K/min: full black line (ETcl), broken black line (ETni), and gray full
line (Wcl).

loss of 1% was detected in the ETcl sample. This was attributed
to the reaction of intermediates and the final degradation of
the precursors involved in the associated chemical reactions,
i.e., the temperature of the mass stabilization coincides with the
temperature of the termination of the chemical reactions in the
samples. A pronounced exothermic peak with a maximum at
633 °C is associated with the 0.9% mass loss and corresponds
to the formation of BaM.

Similar TGA/DTA behaviour was observed for the other two
samples (also shown in Fig. 2) with a slight difference in the
temperatures of the DTA peaks and in the mass loss. The Wcl
precursors did not exhibit a clear exothermic peak associated
with the formation of a-Fe;O3. This peak was much more pro-
nounced for the ETni precursor.

There is a notable difference between the formation temper-
ature of the BaM determined from the magnetization and the
XRD (500 °C) and the formation temperature of the BaM deter-
mined from the DTA (>600 °C). This can be partly explained
by the long calcination times that were applied in the first case,
and it was confirmed with the DTA measurements performed
at various heating rates, 2-20 K/min. As shown in Fig. 3 the
temperature of the corresponding maximum of the BaM DTA
peaks decreased with the decreasing heating rate. When the
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Fig. 3. Dependence of the maximum temperature (7p,) of the DTA peak related
to the formation of BaM on the heating rate.
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Fig. 4. XRD diffractograms of the ETcl samples calcined at 700 °C. o and
B correspond to the a-Fe;O3 and BaFe,Oy4 structures, respectively. Other
peaks correspond to the BaFe 209 structures and are indexed according to
the P63/mmc (194) space group.

heating rate was decreased to 2 K/min, the temperature of the
DTA peak decreased to 600°C. The 600 °C was also deter-
mined as the minimum temperature required for the complete
crystallization of BaM (see Section 3.1). Additional evidence
and an explanation are given in Section 4.2. Nevertheless, we
can conclude that the formation of BaM is strongly kinetically
dependent.

4. Discussion
4.1. The mechanism of BaM formation

The formation of BaM started at lower temperatures and the
final reaction was accomplished at a higher temperature. Such
a sluggish process of BaM formation results from the appear-
ance of BaCO3 and consequently of BaFe>Ojy in the early stage
of the reaction, since their formation was not completely pre-
vented. BaCO3; was detected in the aged coprecipitates and
in the samples calcined below 500 °C (or even at 600 °C for
the ETni samples). The XRD analysis of the quenched sam-
ples (0 h) revealed the formation of BaFe;O4, even in the ETcl
(Fig. 4) and the Wcl samples. No such evidence was reported
previously.”$21-22 The reason for this discrepancy is the calci-
nation time. The older data included only samples calcined for a
minimum of 1 h. Fig. 4 shows that a calcination time of only 0.5 h
resulted in BaFe,O4-free powder. Finally, the similar TGA/DTA
behaviours of all the precursors indicate the same mechanism of
BaM formation using the described coprecipitation procedure.
Based on all the presented data we can summarize the main
chemical reactions associated with the formation of the BaM in

Egs. 3)-(8)):

NaOH, H;O, alcohol
BaA; + 12FeAj———2= =%

Ba-prec(a) + Fe-prec(a)

3)
vBa-prec(a) + CO, (g)a—ir>vBaCO3 @)
(12v)Fe-prec(a)——22 @ (6u)a-Fe, 05 5)

(1 — v)Ba-prec(a) + 12(1 — v)Fe-prec(a)

7>, —H;0
o 7O © 1 )BaFe;20p0 (6)

vBaCO3 + v(5z + 1)a-Fe, O3
B 7C% ©)) BaFe2050 + v(1 — z)BaFe,04 7)

5vu(1 — 2)a-Fe, O3 + v(1 — z)BaFe, 0y
L4 0(1 — 7)BaFe 2059 (8)

where A stands for a chloride or nitrate group, ‘a’ denotes the
amorphous state, while the other phases are crystalline, and prec
denotes a precursor. Note also the variables, v < 1andz <1, and
that 71 =290°C, T, =500°C and T3 =T4 =600 °C.

The as-coprecipitated precursors were mostly amorphous
(Eq. (3)). The Ba-precursor, most probably having the chemi-
cal composition of Ba(OH),-xH,0,% partially reacted with CO,
from the air and formed crystalline BaCOs3 (Eq. (4)) after the
coprecipitation. If BaCO3 was to form quantitatively, the mass
loss due to its degradation prior to the formation of BaM would
be 3.8%. The mass loss associated with the formation of the BaM
is significantly lower (around 1%, see Section 3.2). Therefore,
we can conclude that the decomposition of the Ba-precursor and
the consequent formation of the BaCO3 were only partial. The
Fe precursor partly decomposed into a-Fe; O3 (Eq. (5)). During
the heating to 75 (500 °C) BaM crystallizes directly from the
amorphous precursors (Eq. (6)). However, the BaM formation is
not completed at 500 °C, but it is at 600 °C (Eq. (8)). Obviously,
BaCO3 cannot react below T, (600 °C). This was confirmed by
the TG/MS measurement of the ETcl sample that contained the
maximum possible amount of BaM obtainable at 500 °C (calci-
nation 50 h at 500 °C). When this particular sample was heated
to 800 °C with a heating rate of 10 K/min, ~1% of the mass loss
due to CO; evaporation was detected. This is in accordance with
the mass loss associated with the DTA peak for the BaM forma-
tion (Fig. 2). The degradation of BaCO3 results in the formation
of BaFe;O4 (Eq. (7), Fig. 4) and maybe BaFe|,019. At this stage
it is not clear if z> 0. Finally, at 600 °C BaFe;O4 reacts with a-
Fe> O3 (Eq. (8)). This reaction is typical for a pure solid-state
synthesis.”>* Hence, it is proposed that the formation of BaM
using coprecipitation is composed of at least two different mech-
anisms: (i) the direct formation from amorphous precursors, and
(i) the indirect formation via BaFe;O4. The dual mechanism for
the formation of BaFe|,019 results in the formation of particles
with a broad size distribution. An example is shown in Fig. 5.
Here, well-defined plate-like particles with diameters of more
than 100 nm can be observed together with irregularly shaped
nm-sized particles.

4.2. The influence of temperature and time on the formation

of BaM

Both processing parameters, the solvent and the reagent salts,
influenced the kinetics of BaM formation. As described in Sec-
tion 2, the M/Mn,x values were taken as a quantitative measure
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50nm

Fig. 5. TEM image of the ETni sample calcined at 600 °C for 10h with the
corresponding electron diffraction pattern.

for the mass fraction («) of the formed BaM. Therefore, the
shape of o = (%) is the same as that of M = M(¢) (Fig. 1). Similar
M = M(t) dependences were observed for all three types of sam-
ples. A sharp increase in M with no distinct induction period
indicates instantaneous nucleation. The temperature strongly
influences the BaM formation rate and the overall shape of the
o =«(f) curve resembles those typical of diffusion-limited reac-
tions resulting from a deceleratory type of process.>> Here, the
nucleation and the reaction are very rapid at sufficiently high
temperatures. The product is formed at the boundary between
the reactants and represents a barrier through which the reactants
have to diffuse for the continuation of the reaction. From among
the most common kinetic models applied to solid-state reactions,
the shape of the o = «(¢) curves fitted well to the general kinetic
equation (Eq. (9)):

—In(1 — @) = (kt)" )

The determined kinetic parameters are listed in Table 3. The
reaction order (n) varied with the temperature and the type
of sample. The n-values were the highest at 500 °C (~1) and
decreased with temperature. The reaction-rate constants (k) of
all the samples were similar at 500 °C (~1 03 s~ 1) andincreased
with temperature, exceeding 10'°s~! at 800 °C. The tempera-
ture’s influence on the k-values increased in the same order as the
activation energy (E,): Wcl<ETcl<ETni. The high E, values

Table 3
Kinetic parameters derived from Eqgs. (1), (2) and (9)

Sample

Wel ETcl ETni
n (500°C) 13 0.85 0.84
k(500°C) (s71) 23x107° 14x107° 22x107°
n (600°C) 0.18 0.54 1.2
k (600°C) (s71) 6.3x 1073 1.8 x 1073 49 %1074
n (700°C) 0.3 0.13
k(700°C) (s71) 23x1072 0.25
k (800°C) >1010 >1010 >1010
E, (Egs. (1)+(9)) (kJ/mol) 220 299 338
E, (Eq. (2)) (kJ/mol) 310 310 394

indicate that the rate-limiting process is bulk diffusion. There are
some differences between the differently determined E, values:
they are lower when determined from the isothermal data (Egs.
(1) +(9)) than when they are determined from the dynamic data
(Eq. (2)). And in the latter case, E,(Wcl) = E;(ETcl) < E4(ETni).
The difference in the differently determined E, values can be
partly attributed to the errors related to the determination meth-
ods and may originate from the experimental error associated
with the determination of the k-values (Eq. (1)) or from the
assumptions related to the derivation of Eq. (2).2* However, we
believe that the main difference results in the different reactions
taking place at different temperatures (Egs. (6)—(8)), and the fol-
lowing explanation is proposed: The DTA peak corresponding to
the formation of BaM (Eq. (2)) does not represent the complete
formation of BaM. The formation of BaM starts below the tem-
perature of the corresponding DTA peak at the same time as the
decomposition of the precursors (Eq. (6)). Similar findings have
been reported previously for the citrate-precursor method.'>!?
The change in enthalpy associated with the decomposition of
the precursors must be similar to that associated with the for-
mation of BaM, since no distinct DTA peaks were observed for
these processes. The reaction occurs at 500 °C and results in the
nearly complete formation of BaM, « ~ 0.8. After that the for-
mation of BaM proceeds from the crystalline intermediates (Eqs.
(7) and (8)). This corresponds to the high-temperature exother-
mic DTA peak (Fig. 2) and to the mass loss of ~1%. The E,
for the indirect formation of BaM is higher than the E, for the
direct formation of BaM. Consequently, the indirect formation
of BaM takes place at higher temperatures than the direct forma-
tion of BaM. All this also explains the discrepancy between the
formation temperature of BaM determined from the XRD and
from the magnetic measurements, and the formation tempera-
ture determined from the DTA (Section 3.2). Hence, it is evident
that the formation mechanism of BaM is essentially sensitive to
the in situ formation of BaCO3 due to the manipulation of the
precursors in air.

5. Conclusions

The mechanism of BaFe 2,09 formation via coprecipitation
was studied. Samples were prepared by the calcination of pre-
cursors coprecipitated from chlorides and nitrates in water or an
ethanol solution. The formation of BaFe 1,019 takes place via
two competing processes, regardless of the coprecipitation con-
ditions: directly from amorphous precursors and indirectly via
crystalline intermediates. The direct formation of BaFe ;019
takes place at lower temperatures due to its lower activation
energy than the indirect formation of BaFe|,019 with a higher
activation energy. It can be concluded that the suppression of
the formation of BaCOj3 is necessary for the low-temperature
formation of the BaFe ,019.
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