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Abstract

Small particles of PbFe;,0,9 have been synthesized. X-ray diffraction, thermal analysis
and magnetic investigations have been conducted in order to obtain information on the mecha-
nism of lead hexaferrite formation.
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Introduction

The ferrites of magnetoplumbite type with the general formula MFe;;01y
(M=Ba, Sr, Pb) are hard ferrites used as permanent magnets.

In order to obtain hexaferrites with high performance parameters, methods of
synthesis which lead directly to small particles, thus eliminating grinding proce-
dures are necessary. Breaking and grinding introduce strains in the crystalline
lattice which change the magnetic properties in an uncontrolled manner [1-3].
Among the synthesis procedures used to obtain such oxide systems coprecipita-
tion [3-7], crystallization [8—10], sol-gel techniques [11-16], hydrothermal
techniques [17-18], decomposition of organometallic compounds [19], and lig-
uid mixt techniques [21-22] are to be mentioned.

This work, the first from a series dedicated to the synthesis of hexgonal fer-
rites using unconventional methods aims a generalization of some procedures
applied to spinellic ferrites in order to obtain hexaferrites [22-26].
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Experimental

Lead nitrate Pb(NOs), and iron oxalate FeC,042H,0, reagent grade, sup-
plied commercially (Romanian production — Reactivul) were used as raw mate-
rials. A suspensions of the two compounds with a stoichiometric ratio FeC,04-
2H,0/Pb(NOs)2=12 in hot water is brought to pH ~13 by adding NaOH solution
(25% wiw). The reaction mixture is kept under stirring with or without boiling
for periods changing from 5 min to 20 h. The precipitate obtained by hydrolytic
decomposition of the raw materials is then filtered off and washed with water.

Three forms of the synthesized precursors were further investigated: P, (time
of mixing 5 min, with boiling), P, (time of mixing 10 h, at room temperature)
and P; (time of mixing 20 h, with boiling).

In order to characterize the precursors as well as their calcination products, IR
spectrometry, X-ray diffraction, thermal analysis and magnetic measurements were
applied.

The IR spectra were recorded with a SPECORD M—-80 ZEISS JENA spectro-
photometer, in the range 400—-4000 cm™ using the KBr pellet technique.

The X-ray diffractograms were recorded with a DRON 3 X-ray diffractome-
ter with CoK, radiation.

The heating curves (TG-DTG-DTA) were obtained by using a Paulik-Paulik-
Erdey type Q-1500 derivatograph, in static air atmosphere, at various heating
rates. 100 mg samples were used. In order to record the DTA curves, o-alumina
was used as an inert material.

The magnetic properties (the saturation magnetization) at room temperature
were determined by means of the permeameter method.

Results and discussion

Precursors

X-ray diffraction data pointed to the presence of a mixture consisting of two
crystalline phases, magnetite and lead carbonate hydroxide, hydrocerussite (Ta-
ble 1). These crystalline phases are characterized by broad diffraction lines in-
dicating small particles. The mean crystallite sizes calculated by the Sherrer for-
mula [28] from the most intense four diffraction lines are listed in Table 2.

The same phases have been identified in the IR — spectra (F1g 1) exhibiting
a band characterlstm of the bending modes of water and OH ' group [28] (at
1600 cm™), the bands corresponding to the vibration modes of the carbonate anion
slightly shlfted with respect to the same anion in Na,CO; (900, 1050 and
1400 cm ") and the band characteristic of the Fe—O bonds [29] (at 450 and
600 cm™) corresponding to iron located in octahedral and tetrahedral positions, re-
spectively.

J. Thermal Anal., 50, 1997



127

LEADHEXAFERRITE

CARP et al.:

— - ~ - LT 0€  TI'T  #20
- - - - $9  €TT 05 €TT 20T
- - - - - - 0l  6¥T 120
- - - - - = 0¢ 19T 810 6y 6¥1 €€ 8T 8y 8FL  Ob  S8P'1  Obb
600
001 99T 001 ¥9C 9L €9T 00L 9T OIl 6T T9T LT TOL 8T 79T  OE 9191 TIS
- - - - v TLT 0T 1LT L01 €1 TLT st 7Ll 1T ILT ol SILT T
- - $6 0£€ 00l 6TE€ 06 60C SI0 6T TI'T €€ Ol'T  1F OI'T 0T 600C 00b
6 €€€ 1L €9C  ¥8  19C 06 19°€  t01 - - - - ~ - 8 vTY'T  TeC
08 89¢€ € 8T¥ 0S STY 09 STHF TIO 000 95T 00l SST 001 €ST 001 TEST I1¢f
~ - 9 0SY v 9%v 09  Lbb 101 vy 00 I 00'€ 8§  L6T 0T L96T 0T
- - - - - - S 08L €00 - - - - - - 8 $8'% 111
‘i ™ o e Cmr ™p mr ™p oy Cmr Mo mr Moo o Moo pr ™po gy
. . ﬁ I€1-€1 WISV . . ~ 62961 WISV
407/°d qo1/5d uru g/'q (O C0n)ad q07/°d yol/4d uw /g I

QILLISJEXAY pes] Jo s10smoa1d ot 10y Blep uonoriIp Avi-X | 9[qe],

J. Thermal Anal., 50, 1997



128 CARP et al.: LEAD HEXAFERRITE

The presence of magnetite was also confirmed by the ferromagnetism exhib-
ited by the three investigated precursors.

Considering the experimental conditions of the synthesis of the precursors,
the following statements can be made:

— the two crystalline phases are Fe;04 and Pb3(CO;3)2(OH), and they are
formed even after a short mixing (5 min);

—on increasing the time of mixing, the amount of crystalline Fe; Oy increases
and the amount of hydroxocarbonate decreases. This statement is supported
qualitatively by: a decrease in the intensities corresponding to the IR bands of
the carbonate anion with the time of mixing and the existence of only the most
intense diffraction lines of hydroxocarbonate in the X-ray diffractogram re-
corded after 20 h of mixing. Qualitatively the same statement is supported by the
ratio of the most intense diffraction lines I311Fe304/Io09Pbs(COs), (Table 2) and
the values of the saturation magnetization which both increase with the time of
mixing.

Table 2 Properties of the precursors

Precursor P,/5 min P,/10h P20 h

Mean crystallite size

Fe,0, (A} 210 215 245

Pb,(CO,),(OH), (A) 336 262 210

Lattice parameters

Fe,0, (A)* a,= 8.386 a,~ 8.434 a,= 8.462

Pb,(CO,),(OH), (A)** a= 524 a,= 5.30 a,= 5.37
c,=23.82 c,=23.70 c,=23.87

V Fe,0,/V,sm Fe;0, 0.996 1.014 1.024

V Pb,(CO),(OH),/

V sstmP b3(CO),(OH), 1.003 1.021 1.024

I;,,Fe;0,/14,,Pb5(CO),(OH), 1.078 2400 4.556

os(uem/g) 2437 34.36 54.38

*a (ASTM 19-629)=8.396
**q (ASTM 13-131)=5.24; ¢ (ASTM 13-131)=23.74

The mean crystallite sizes of magnetite remain practically constant with the
mixing time while decrease is recorded for the lead hydroxocarbonate. Probably
the latter phenomenon is due to the destruction of the compound during the re-
action.

J. Thermal Anal., 50, 1997
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Fig. 1 IR spectra of precursor P,(a), precursor P,(b) and precursor P;(c)

Thermal analysis

The derivatograms (Fig. 2) and the data listed in Table 3 show that: —the de-
composition of the precursors obtained after 5 min and 10 h of mixing (P; and
P>) occur in three steps corresponding to the release of humidity, absorbed water
and to the decomposition of the lead hydroxocarbonate. The thermal behavior of
the precursor P3 obtained after 20 h of boiling and mixing is different in com-
parison with the other two precursors. The first step corresponding to the release
of humidity (0.77%) is followed by an increase in mass corresponding to the oxi-
dation of Fe;04 to y-Fe»03 (0.88%). This change of magnetite confirmed by the
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Fig. 2 Simultaneous TG/DTG/DTA curves. a — precursor P,, b — precursor P,, ¢ — precursor Py
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Table 3 Thermal analysis of the investigated precursors

Mass loss/ The thermal

Precursor  T-T; % offoct Assignation
P,/5 min 60-140 2.15 endo release of humidity
140-300 527 endo release of absorbed water
300410 1.15 endo decomposition of hydroxocarbonate
685%*  phase change exo iﬁﬁ::ﬁ;ﬂ or crystallization of
P,/10h 75-130 1.48 endo release of humidity
130-305 297 endo release of absorbed water
305421 0.89 endo decomposition of hydroxocarbonate
703**  phase change ex0 }fleer;:é:iciitoen or crystallization of
P;/20h 50-96 0.77 endo release of humidity
186-278 0.88*** endo oxidation of Fe,0, to y-Fe,0,
278-375 0.94 endo decomposition of hydroxocarbonate
762%%  phase change exo ferritization or crystallization of

hexaferrite

*T-initial temperature of thermal transformation
T-final temperature of thermal transformation
**maximum temperature of DTA peak

***mass gain

IR spectra as well as by X-ray analysis detected only for this precursor, is due to a
certain overlap between the release of absorbed water and the oxidation of Fe;0,.
The slight mass decrease (0.94%) which has been evidenced in the temperature
range 240—400°C could be assigned to traces of hydroxocarbonate from the precur-
sor. The final decomposition temperatures for all the three precursors are relatively
low (400°C).

An exothermic peak in the range 670—700°C for P; and P, and 750~775°C for
P35 which can be associated with the ferritization or to the crystallization of the
hexaferrite was observed. The activation energy associated with this change was
evaluated using Kissinger’s method [30], from the variation of the peak tem-
perature T« with the heating rate.

Using four heating rates (1.7, 4.8, 7.8 and 10.5 K min™") the following values
were obtained for the activation energy:

P~347.7 kJ mol™
P>-333.6 kJ mol™
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For the compound P; we could not evaluate accurately the activation energy
of the phase change, due to the difficulties in determining the Tmax value as the
corresponding exothermic effect on the DTA curve is very small.

Oxide products

The phase compositions of the calcination residues were found by using X-
ray diffraction and magnetic data. For the evidenced phases, changes in the com-
position with time were evaluated by the ratio of the average main XRD intensi-
ties (higher than 10 relative intensity). The mean size of crystallites was evalu-
ated using the Sherrer formula for the same peaks. The temperatures of the ther-
mal treatments were chosen before and after the phase transformation.

Before commenting the results, it has to be mentioned that in the investigated
residues the X-ray diffraction lines belonging to PbO were not found. This is
probably due to the small sizes of crystallites dispersed in the residue.

Before the phase transformation, after a thermal treatment of one hour at
600°C the crystalline phase of the residue consists mainly of y-Fe,O5 (Table 4)
and contains small amounts of a mixed oxide, namely PbFe;O;. The content of
this mixed oxide decreases with the time of mixing, which can be explained by
taking into account that the generation of oxides with a higher PbO/Fe,O; ratio
than that in hexaferrite is favoured by the reduced homogeneity of the precur-
SOrs.

Table 4 Structural data for the calcination products at 600°C (1 h)

Precursor Crystallinity /% a /A VIV vsrm d*/A
P,/5 min 80 8.3654 1.0051 235
P,/10h 87 8.3591 1.0069 243
P./20h 100 8.3602 1.0037 304

*mean crystallite sizes

Thermal treatment performed after the phase transformation (calcination at
800°C for one hour) leads to the formation of the lead hexaferrite PbFe 201 as
the main product containing an impurity of o-Fe,O5 (Table 5). The values of the
lattice parameters are higher than those given by the ASTM 31-686 file. This lat-
tice deformation is probably due to the formation of two mixed oxides with hex-
agonal lattice, namely PbFesO; (a,=5.88 A, ¢,=23.02 A) and PbFe ;09
(a:=11.86 A, c,=47.04 A). A decrease in hexaferrite content with respect to
PbFe,40O7 is favoured by higher mixing times of the reactants, which leads to a
higher homogeneity of the precursors. The amount of the hexaferrite formed
with respect to the amount of o-Fe,O; (Table 8) decreases with the time of mix-
ing. The transformation of y-Fe; O3 to o-Fe,0; is accompanied by a significant de-
crease in the saturation magnetization.

J. Thermal Anal., 50, 1997
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A longer treatment at the same temperature (800°C, eight hours) leads to the
formation of well crystallized lead hexaferrite. The values of the mean size of
crystallites are close to those obtained for the same compound after one hour at
the same temperature. This result shows that the increase of the calcination time
does not affect sample sintering. All the calcination residues contain small
amounts of a-Fe;Os3. The ‘cleanest’ residue with respect to 0-Fe,O; is obtained
from the precursor P, as shown in Table 6.

Table 6 The phase composition of the calcination products (800 and 1000°C) expressed as the
ratio PbFe,,0,,/0-Fe,0, obtained from diffraction data

Thermal treatment P, (5 min) P, (10 h) P, (20 h)
800°C (1 hy 3.70 3.11 0.69
800°C (8 h) 533 6.71 1.754
1000°C (1 ) 2.00 1.85 -

A higher temperature of calcination (1000°C, one hour) leads to the genera-
tion of o-Fe,Os3 as well as to a decrease in the crystallite sizes of PbFe ;0,4 and
its dispersion in the residue. This phenomenon connected with the precursor’s
homogeneity (Table 6) may explain the apparently contradictory results ob-
tained by X-ray diffraction and magnetic measurement techniques. So, while the
magnetic measurements evidenced the presence of a magnetic phase in all three
residues in the X-ray spectra the diffraction lines belonging to lead hexaferrite
are identified only in the residues of P, and P,. In other words, PbFe;;0;9 crys-
tallites of very small sizes present in the third residue P; are X-ray amorphous.
The reasons for such an unexpected behaviour are not yet clear. The values of
the lattice parameters for the PbFe ;09 in the calcination products of precursors
Py and P; are close to those given in the ASTM 31-686 file.

Table 7 Saturation magnetization of the calcination products

P, (5 mi h

Thermal treatment 1 (5 min) P, (10R) P 20h)
os (emu/g) os (emu/g) os (emu/g)

600°C (1 h) 8.320 24.520 47.860

800°C (1 h) linear behaviour, 7.830 5.003

could reach Gs
800°C (8 h) 8.324 9.933 3.812

The following overall mechanism is proposed for the thermal transformation
of the precursors to hexaferrites:

J. Thermal Anal., 50, 1997
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[mixture of Fe;0. + Pb3(CO3)(OH),]-nH,0

l release of water in two steps

[mixture of Fes04 + Pb3(CO;)(OH)

oxidation of Fe;O4to y-Fe;O;
decomposition of lead hydroxocarbonate

y-Fe, 03 + PbO

l phase transformation

PbFe 2019 + 0-Fe 203 + PO

This mechanism describes the changes occurring in the crystalline phases of
the original mixture and its decomposition intermediates.

Conclusions

1. A procedure was suggested for the synthesis of some precursors of lead
hexaferrite.

2. The properties of the precursors were investigated.

3. The calcination products of the precursors obtained at 600, 800 and
1000°C were analysed and characterized.

4. The investigations revealed that 800°C is the optimum temperature for the
preparation of mixed oxides with the properties of lead hexaferrite and with
small particles.
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