CHAPTER 4
RESULTS & DISCUSSION

4.1 Effect of calcination temperatures on the chemical and physical properties.

4.1.1 Undoped specimens.

chemical constituents g S ate lisiéd in Table 4.1. The amounts of
Fe and Ba range fromgb4 129 ¢ dto 4.78 %, respectively. Small
amounts of Na (0.67 ) _ te prosk : owder. These Na ions belong to
\. ound in the specimen calcined
at 1100° C. This could” bef BEu Aation by the alumna mortar. In the

sample fired at 1000 °C, carbd o -—---J-; d. The small amount, 0.89 % may be due

S BN
to the measurementsof ¢ “of sample | impurities such as Sn, Co and Si
were present at le %P—_— 1%, ,ﬁ'ﬁj Jetection limits (0.1%) of the

EDX. The chemical fﬂnulas 0 ol

were determined by charge balancing

using the valences; Fe (84, Ba (2+) and @ 2-). The chemical formulas of the different

s 348 VIS VLI T coors 0

stoichiometric %l)mposmon The Fe; Ea ratios weregetween 12.21 n 12.82. Surig et

» RWIRIAR A IHER) ﬁeilthev usec e

stonchtometnc powder concentration (i.e., Fe,0,/Ba0 ratio = 6.0) and the nearly ideal

BaFe,, 30,5 59 When the ratio was equal to 5.25.
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Table 4.1 Relative chemical compositions of undoped specimens soaked for 4 hours at

various calcination temperatures

Temperature Atomic (%)
°c) Fe | Ba o) Sn | Co | A Si C Na
950 54.93 | 4.29 |39.69 | 0.04 : . - . 1.08
1000 54.68 | 4.46 | 38.76 | 0.01 | 0.06 - - 0.89 | 0.93

1100 58.53 | 4.70_4n36.5 0.18 | 0.08 -

1500 58.75 | dB2umpdt - - 0.88

1200 61.209WH 75 | - - . | 067

Table 4.2 Relative chemigal jormulas “of il c \: imens soaked for 4 hours at
various in
Temperature
o Stoichiometry
(°C)

950 BaFe ;50,054
1000 BaFe, ;0193
1100 n-:" BaFe,, ;01068

W
1150 12.%.115 1.00 o 19.32 | BaFe,;,,0,94,
¥ ' il
o AUBINBRATNBING o

o L g a o .
Y NI RN RT3 A R
sampleqare etermined from the rge balancing.

4.1.1.1.2 TG and DTA.
The curves of TG and DTA are shown in Figure 4.1. During the heating of

the precursor mixture, about 17% of the initial mass of the samples were lost at
temperatures below 600°C. The weight losses slightly increased (1%) when the

temperature was increased to 800°C. This may be due to the decomposition of some
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salts such as NaCl. The differential thermal analysis (DTA) showed exothermic peaks at
227.5, 662 and 762.5°C. The first peak was attributed to the transformation of iron
hydroxide into oxides. The peaks at 662.2 and 762.5 °c correspond to the formation of
BaF. As described by Roose (1980), barium ferrite formation occured at 760°C. Janasi,

(2000) report that the barium ferrite peak can be observed at 638 °C in the presence of
NaCl.
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Figure 4.2 shows the X-ray diffraction (XRD) patterns of the undoped
specimens before and after calcination at temperatures between 950 to 1200°C for 4
hours. The specimens before the calcination consist of BaCO,, and a small amount of
FeO(OH) (responsible for the peak at 20 ~ 28° in the XRD pattern). This small peak is

caused by very fine particles of this hydroxide. These results corresponded to the

chemical reaction which used in calculation done in chapter 3. As the calcination
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temperature is raised, O-Fe,O, (an impurity phase) slowly disappears from the BaF,
leaving behind more pure BaF. Ol-Fe,O, often appears as an intermediate phase in the
formation of BaF. According to Bahadur et al. (1998), Fe,O, coexists in BaF products

even when calcination temperatures of 1100°C is used. This impurity results when

some Ba and O are removed by exposure to high temperatures (removal of Ba and O

leaves behind Fe,,0,4 (which is 6 moles of Fe,O,). Mishra et al. (2004) observed that in

The latticemparameters = swweresobtained by taking the position of

ely. The values of these lattice

5,1 "l-. \\"‘\H

parameters for the undg@€d &7 S d: v. ed at "dif ent temperatures are listed in

Table 4.3. The lattice 4f 2 ? tly (~0.5%) as the calcined

temperature was raiSed. ameter a remained the same. The

% \ gstrom (A) and 23.14 to 23.21 A,

3! \ 295 . The increasing of a :c result

values of a and ¢ were
respectively. The ratios

from the growth of particle

ﬂ‘lJEl’J'VIEWIﬁWEI’]ﬂ‘i
amaﬂﬂimum'mmaa
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®=BaFe, O, @= a-Fe O,
" O= BaCO,  &=FcO(OH)
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Figure 4.2 The XRD pattg 3 3aF Seaked for 4 hours at various
calcination .
Table 4.3 The lattice paramgters.a‘a > undoped BaF soaked for 4 hours at

Temeperature é:" r(A)
(°c) y cla
950 I ¢a 5.86 3.94
ol YR IMBNINEING | =
1100 4 . 75.§7 ¢ | nzrs.mr | 3.94
ARIANNTEUNRIINE QL °*
§1200 5.88 23.21 3.95

4.1.1.2 Physical properties.

4.1.1.2.1 Particle size, surface area and volume

The diameter (d), thickness (t), surface area, and volume of primary
particles of sample were obtained from the micrographs. Their mean values are given in

Table 4.4. The average diameters (for each calcination temperature) of the particles
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ranged from 83.33 to 881.39 nm. The maximum size particles in each BaF sample
increased as calcination temperatures was increased. The largest particle found from
samples calcined at temperature 1200° C (diameter = 881.39nm, thickness = 249.69
nm). Janasi et al. reported that the size of BaF prepared by co precipitation was about
0.5 lm when heated between 860 to 1000° C. The surface area and volume were
calculate using equation 3.2 and 3.3, respectively. The surface area to volume ratio

increased with increase temperature. Their values are in the range of 0.013 - 0.123. As

. [eiz 38 of the particles also increased.
\\ f
-j

Table 4.4 Particle size, sUrface.area afid ve wme Of Undoped specimens soaked for 4

surface area to volume ratio incre

I‘L WV "‘b.

hours at varig /1/,/ emp \
1 1.9 ,

o
".

Didmetsg ' Volume Surface
Temperature / 5
o ) (nm) area /
(FC)
Volume
950 14.29 x 10° 0.123
1000 227.55 x 10° 0.043
1100 945.17x 10° 0.028
1150 4B 5 362.00 9= 4043.95x 10° | 0.016
1200 31 19.6 56.04 x 104112,508.80 x 10°|  0.013

-y L ,

AN ANENINEINT
‘ Micro%:ﬁi ﬁf the ¢ dopﬁ ﬁﬁeﬁoﬁﬁm ngeratures between
950 %ua ﬁre uﬂJu .‘ a) to 14.3F(e)! eay en, the grains or
particles are hexagonal crystals. The sizes are nearly homogeneous. One sees in

general that the sizes increase as the calcination temperature is raised.
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d) 1150 °C

4

e) 1200 "C

Figure 4.3 Micrographs of the undoped specimens soaked for 4 hours at various
calcinaton temperature (a) 950° C( TEM,150,000X), (b) 1000° C, (c) 1100°

C, (d) 1150° C, and (e) 1200° C .( SEM ,b-e,50,000x)
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4.1.2 Doped specimens having nominal dopant x = 0.25 level

4.1.2.1 Chemical analysis

4.1.2.1.1 EDX analysis
The atomic percent of doped sample having the nominal x = 0.25 level

of dopants calcined at various temperatures are seen in Table 4.5. For calcination

temperatures between 950 and 1200 °C, the amounts of the different elements detected

by EDX do not exhibit any systematic 1 datiofs, However, in the range of 1100 to 1200
C, there is a slight increasefinthe relative &gf all the chemical constituents. The

chemical formulas (based on these relative ""““‘&2’ are listed in Table 4.6. As we
see, the amount of Sn g . s iSuless than that of Co. The Ba-rich

compositions is found i@*all&Sp E ed, to obtain better single-phase

samples. Instead of a e Ba should be added. Surig et

N

al. found that, it is neces IIZ the hexaferrite completely at

low temperature withodt inger

Table 4.5 Relative chemicé Ccafir samples nominal dopant x = 0.25 level

soaked for 4 hours-atvagous .. » mperatures
Temperature , :if;. %
i ' .HJI
(°c) Co c
AU | = |
1000 ¥ A8 | 4030 | 055 217 1.77
oLdn Uf’?@i. VINEAGR | -
9 1100 49.69 4.64 39.89 0.56 2.1 3.24
1150 52.34 5.00 39.87 0.57 2.19 -
1200 55.11 5.25 36.82 0.57 2.22 -
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Table 4.6 Relative chemical formulas of the samples nominal dopant x = 0.25 level

soaked for 4 hours at various calcination temperatures

Temperature Ratio*
o Formula
(‘Cc) Fe Ba Sn Co 0
950 10.21 | 1.00 | 0.12 | 0.45 | 17.01 BaFe, ;1SN 41, C0 4450470

1000 10.27 BaFe, 52,91 o441 €0:5,4047.08

1050 10.39 | BaFe 250 5.1{C0 1,075

1100 10.7 BaFe 5745 ,45C0 4504776

1150 Ay, BaFe 7SN 4,C0 44,0115
1200 . . ‘\ ’ : ’ i BaFe5505N 0.11C0 0420173
* The ratio Fe ,Sn ,Co b@Sedfo m“ % \} 2 4.5. The amounts of O in each
J" - F

sample are determined frof

__.,ef 4
fl’ﬂ.@ “'.—:‘_J»
4.1.2.1.2 TG andBFA

exothermic peaks -Wf

DTA curve shows two distinctive
OF eight losses between room

& evaporation of A yater. The transformation of the

:;e:) ::::: ﬁﬂﬂeﬁﬁﬂ mﬁ ﬁo_th r%c peak at 324.4°C. The
AN ﬁ@ﬂim URIAINYIAY

temperature and 200 n are due {0
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The sehtaining the nominal x = 0.25

impurity levels calcim o at the different temperature ‘4] re shown in Figure 4.5. The
samples befo EI %‘ﬁ ounts of FeO(OH). The
FeO(OH) i aﬁ) lﬁcﬁgm y ﬁﬁ ﬁ\ the samples calcined
betw ﬁ rﬁi ;e] ﬁz ﬁ’

ﬁ ﬂﬁﬁuﬁﬁ Zrﬁ ﬁe%je}j zélj from the XRD

patterns and are listed in Table 4.4. The lattice parameter a remains the same (at about
5.87 A). The value of the lattice parameter ¢ increases slightly as the calcination
temperature is increased. As the temperature is increased to 1200° C, the value of ¢
increases from 23.14 to 23.28 A. The lattice parameters for the sample nominal dopant
x = 0.25 level are larger than those of the pure hexagonal ferrites, especially the one

calcined at 1150° C. The increase is expected since the ionic radii of Co> (0.82 A) and
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sn*'(0.71 A) are larger than that of Fe’* (0.64 A). The oxides of Co and Sn are not seen
in any the XRD patterns.

Table 4.7 The lattice parameters a and c in the samples nominal dopant x = 0.25 level

soaked for 4 hours at various calcination temperatures

Temperature Lattice parameters(A)
(°c) c cla
950 / 23.20 3.95
1000 - 7 * 23.14 3.94
1050 557 A s 15 3.95
1100 587 21 3.95
1150 " 5 17 3.95
1200 - : 2 3,08 3.97
v
p
i m-Rife 0, 9-FeOOH)

2719

=BF 0, o- Ba(O,

S
i“-, 1
z P
‘B 059°C
15 n
= ;
— o
; _ _ | 950° _ _ ~ _ ‘ : _ “ ;
v Q ” AL= uq Ej
q o
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20

Figure 4.5 The XRD patterns in the samples nominal dopant x = 0.25 level soaked for 4

hours at various calcination temperatures
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4.1.2.2 Physical properties

4.1.2.2.1 Particle size, surface area and volume

The values of the diameter and the thickness for the samples nominal
dopant x = 0.25 doped level are listed in Table 4.8. As the calcination temperature is
increased, one sees that diameter increases from 99.50 to 956.nm and that thickness
increases from 33.40 to 279.92 nm. From the analysis of the micrographs, the surface

areas were seen to range from 2.28x10™ to 199.09x10™ nm’. The ratio of surface area to

volume decrease with increasing it

Table 4.8 Particle size ,SUFfACe aiea , d@e samples nominal dopant x =

0.25 level soaked for 4 hotlirs } Y }ro \:;».ﬁh\ peratures

Surface
Temperature Volume
° 3 areal
(°c) (nm)
Volume
950 21.48x 10" | 0.106
1000 122.92x 10" | 0.056
1050 315.48x 10° | 0.043
1100 1,066.48 x 10° | 0.027
1150 - 8,291.86x 10" | 0.014
1200 16.625.97 x 10°| 0.012

ﬂumwmw 8113

he TEM and SEM Wnages of the gmpes nommah‘ppant x = 0.25 level
 FWARIA D R B1% B Veees noreasea o
higher Balcination temperatures were used. The average dimensions of the particles are
listed in Table 4.8. The observed shapes are those of the hexagonal crystals. The sizes

are rather homogeneous and appear to increase in size as the calcination temperature

is increased.
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Figure 4.6 Micrographs of the samples nominal dopant x = 0.25 level soaked for 4 hours
at various calcination temperatures (a) 950°C (TEM, 150,000X) (b) 1000°C

(c) 1050°C, (d) 1100°C, (e) 1150°C and (f) 1200°C (b-e,SEM,50,000X)
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4.1.3 Doped specimens having nominal dopant x = 0.5 level

4.1.3.1  Chemical analysis

4.1.3.1.1 EDX analysis

The atomic percentage of doped sample having the nominal x = 0.5
levels of dopants calcination at various calcination temperatures were determine by

EDX. The relative amounts of the chemicals in the calcined samples are listed in Table

1.91 to 2.13 %. The Fe to Ba ratio

8.6. The loss of Ba,causing the

stability of the precipi Fe,0, as determine by the XRD

patterns). The stability O (West, 1987) ,FeO(OH) and

Y-Fe,0, are a rather stah 2 or preparing BaFe,,0,, by the co-
il .
tahlishe e 0

\

D i'i Od.

precipitation method iS noffwell & e uncertainty of what the ratio

iU

should be for preparingthe @opeé (BaF The ratio should be somewhere

l‘ -J‘

T
in the range between 10 and 1 —--_::;::.-i

e

Pse, Surig et al.and Chen et al.1998).

, ................... )¢

= "E-‘ ominal dopant x = 0.50 level
A

soaked en@eratures
Temperatur A7 Atomic(?

(°c) G Al Si
95Q y 51.38 4.73 39.10 i 0.12
5 8 0.11
1050 48.02 4.30 43.40 2.01 1.96 0.18 0.13
1100 49.83 4.38 4211 1.97 2.03 0.19 0.08
1150 52.40 4.70 38.38 2.10 2.43 0.17 0.12
1200 51.33 4.41 39.96 1.94 2.02 0.24 0.10
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Table 4.10 Relative chemical formulas of the samples nominal dopant x = 0.50 level

soaked for 4 hours at various calcination temperatures

Temperature Ratio*
Formula
(°c) Fe Ba (o) Sn Co
950 10.86 | 1.00 | 18.90 | 0.49 | 0.46 | BaFe, gSN 145C0 4401500
1000 11.45 | 1.00 | 19.54 | 0.46 | 0.46 | BaFe,; ;SN 15,C0O 40195
1050 11.17 | 1.00 0.46 | BaFe,, 7SN 4.47C0 146010.14
1100 11.39 | 13 46 | BaFe,; 345N 45C0 4601945
1150 11.14 | 0 BaFe,; 145N (45C0 44501006
1200 11.63 \ BaFe,; 55N 0.44C0 04601070
"The ratio of Fe,Sn, Co L 4.9. The amounts of O in each
sample are determined &
e
4.1.31 -
The curv £ seeniin Figure 4.7. The TG curve shows a
total weight loss of 18.3% whendis i heated up to 750° C. The major losses
A2

occur as the specimens

water and decom

exhibit exothermic region

orresponds to the evaporation of
FeO(OH). The DTA curves

1o Degins to form (Roose).

AULINENINYINS
RINNIUUNININY
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Figure 4.7 TG and DJ# SC \ re of the sample nominal
dopar;
121
4.1.3.1.3 Ph@se/ghalysis-
The XRD r_P"f- Of/ cODE ples containing the nominal x = 0.5

dopant levels calgination-at th c_different temper esare seen in Figure 4.8. The

samples before calc il ° and FeO(OH). At cacination

!
temperatures up to 109 C, most samples consist of BaF with a small amount of Y-

Fe,0, . As thﬁﬂlﬂaﬂé‘] wﬁmdw(ﬂ (?lsﬂ‘? Fe,O, remains in these

doped BaF. THg oxide of Co ad Sn can not be detected in any of the XRD patterns of

mmaammnim mﬂﬂﬂiﬂaﬂ

e lattice constant a and b have been determined from the XRD
patterns. The lattice parameter a range between 5.87 to 5.90 A as the calcination
temperature is increased from 1000 to 1200°C. Cacination in the same temperature
range the lattice parameter c increases from 23.21 to 23.28 A. The lattice parameters
for the nominal x = 0.5 doped BaF are larger than those of the pure and lightly doped

(nominal x = 0.25 levels) hexagonal ferrites.
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Table 4.11 The lattice parameters a and c in the samples nominal dopant x = 0.5 level

soaked for 4 hours at various cacination temperatures

Lattice parameters (A)
o
Temperature( ~c)

a c cla
950 5.88 22.73 3.87
1000 5.89 2321 3.94
1050 23.27 3.95
1100 3.95
1150 3.95
1200 3.95

®=BaFe O, O=BaCoO,

12709
Q= y-Fe 0, ®#=FeO(OH)
o

Intensity (a.u.)

1 20 30 40 50 60 70
¢ a Q-

YWIANNNIUNAIINYINE

Figure 4.8 XRD patterns of the samples nominal dopant x = 0.5 level soaked for 4 hours

at various calcination temperatures
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4.1.3.2 Physical properties

4.1.3.2.1 Particle size , surface area and volume

The diameter (d) and the thickness (t) were measured from the TEM and
SEM micrograhs of the powder in the ways described in Chapter 3. The values of the
diameter and the thickness for the samples nominal dopant x = 0.5 level are listed in
Table 4.12. As the calcination temperatures increased, one sees that d is in the range

117.50 to 481.06 nm and that t is in the range 25.00 to 169.83 nm. Calculating the ratio

Table 4.12 Particle size the samples nominal dopant

x=0.5levg alcination temperatures

" : Volume Surface /
Temperature (- C) 3
(nm) Volume
950 22.42x10" | 0.119
1000 195.73x 10* | 0.048
1050 381.70x 10" | 0.043
1100 288.92x 10° | 0.045
1150 o | J| 615.85x10° | 0.038
b | i
1200 ') 481.06 5083 | 5457xb° |2552.73x10°|  0.021

AU ININTNYINT
%1322 Morphology
OVAMGNIAT BN .
particlég show typicai'hexagonal crystal of BaF. Theirs size are homogeneous. With
increasing the temperature, the particle size increase. The particles show the direction

of ¢ parallel to the page.
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Figure 4.9 Micrographs of the samples nominal dopant x = 0.5 level soaked for 4 hours
at various calcination temperatures (a) 950°C (TEM, 150,000X). (b) 1000°C,

(c) 1050°C, (d) 1100°C, 1150°C, and 1200°C.(SEM,b-e,50,000X)
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4.1.4 Doped specimens with nominal x value = 0.75

4.1.4.1 Chemical analysis

4.1.4.1.1 EDX analysis

The chemical compositions of samples calciantion at 950-1200°C when
the nominal x value is 0.75 are shown in Table 4.13. The atomic percentages of the

samples were measured by EDX. Their chemical formulas are shown in Table 4.14. The

contain Na residues except for the

one fired at 1000°C.This_miay*be-d : @t error. As shown in Table 4.14,

the ranges of the amou fitlients in speeim ere Fe 10.25 to 10.47, Sn 0.62-

\ owed Ba-rich compared to the
stoichiometry. This re€ rTg ) :\‘w- y*doped x = 0.25 and x = 0.50

samples. This result

Table 4.13 Relative chg compositions of the samples nominal x value = 0.75

soaked for 4 halirs 4 e indtion temperatures
Temperature
( °c ) | ——Br—t—O——S—— C Na
950 - 0.65
1000 46.15 ‘é41 4011 |, ,2.74 2.94 3.63 -
oo (@ B8] IYNBAIWE Y - | o
1100 , 46.827 74.55 | .04 2'89ﬂ‘ 2.97 u- 0.67
WR)ERANTRRRINGY | o
190 | 41.84 | 457 | 4130 | 282 | 302 < 0.51
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Table 4.14 Relative chemical formulas of the samples nominal x value = 0.75 soaked for

4 hours at the various calcination temperatures

Temperature Ratio*
{°c} Fe Ba (o) Sn Co Formula
950 10.34 | 1.00 | 18.47 | 0.64 | 0.68 | BaFe ;SN 16CO oesOrpar
1000 10.46 | 1.00 | 1861 | 0.62 0,67 | BaFe s8N 56C0 60051
1050 10.25 | 1.00 | 18. 4 0.65 | BaFe,,55n (6,C0 16018
1100 10.29 | 1.00. 0.65 | BaFe ;565N 46:C0 0650156
1150 | 10.20 - 4 fp 0.6 BaFe 5,65 06:C0 550 10e
1200 10.47 | BaFe, ;SN ¢ 6C0 06601560
* The ratios Fe, Sn, g1 lis 4.13. The amounts of O in

each sample are de i

a.1.4.1 g gt AR

The curv; 5 i e ure 4.10. The total weight losses
of these doped-specimen’ re’labout: _ ermic reaction occurred at 100°C
due to the evaporation of : ter. At temperature 750 °C, there is
exothermic reacti » — f BaF as explained in the

AULINENINYINS
RN TUNIINGIAE
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4187 ')
The X@ patterns of samp aving the@)minal doping level of x = 0.75
calcined at different tendpesatures are similagto those in the patterns of in the previous

secton. The %Mﬂﬂcﬂi&l Fh2 VLol Tk Boior. e pater are

shown in Figure 4.11 .As the calcifiation temperature was increaggd, the XRD pattern
begaﬂoﬁoﬂtam&ﬂeﬁwm tu“,:agim&laﬁe&hng to Y-Fe,O,.
The Iatt‘ilce parameters of these samples are given in Table 4.15. The values of a and ¢
range between 5.88 and 5.89A and between 23.24 and 23.34 A, respectively.
Comparatively, the lattice parameters of samples having a nominal doping of 0.75 are
larger than those of the undoped sample and of the doped samples having the nominal

compositions 0.25 and 0.50.
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value =0.75 soaked for 4 hours

les nominal x value =0.75

tures

Lattice

rameters(A)
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Table 4.15 The lattice oY
soake
o]
Temperatures( ka

cla

3.95
3.94
3.95
3.95
3.96
3.96
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4.1.4.2 Physical properties

4.1.4.2.1 Particle size, surface area and volume

The measurement of the particle size was done on the TEM and SEM
micrographs taken from each specimen. The surface area and volume of particles and
ratios of surface area to volume (S/V) are given in Table 4.16. The diameters and
thickness are between 122.50 and 924.29 nm and between 28.50and 313.36 nm,

respectively. The values of the surfaces area, the volumes and S/V ratios are between

Table 4.16 Particle size, aBier And Ve me e.samples nominal x value =0.75

Aperatures

; ! - Surface

Temperature i ] Hess! 1./ 3Ce area ~ Volume
o 5 area

(°c) (nm)
Nolume
950 27.78 x10° 0.108
1000 215.77 211.31x10" 0.050
1050 224.93x10" 0.049
1100 fXZ56.96x10° | 0.046
1150 || 388.21x10" 0.041
1200 18,187.19x1o‘ 0.011

9 W’iﬁ\iﬁ?‘ﬁw RAVUINL.. . ..

temperatures are shown in Figure. 4.12 a) — 4.12 f). All samples have the hexagonal
crystals and similar particle sizes. As the temperature increases, the particle size also

increases. This is corresponding to the decreasing of S/V ratios.
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Figure 4.12 Micrographs of the samples nominal x value =0.75 soaked for 4 hour at
various cacination temperatures a) 950 °C, (TEM,150,000X) b) 1000 °C,
c) 1050 °C, d) 1100 °C, e) 1150 °C and f) 1200 °C,(SEM,b-e, 50,000X)
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4.1.5 Doped specimens with nominal dopant level of x value = 1.00

4.1.5.1 Chemical analysis

4.1.5.1.1 EDX analysis

The chemical compositions of samples calcineded at 950-1200°C when
the nominal x value is 1.00 are shown in Table 4.17. The atomic percentage of the

samples was measured by EDX. Their chemical formulas are shown in Table 4.18. All

Table 4.17 Relative chegit®lq ns of thessamples nominal dopant level of x

=1.00 soakae r' / J & \\i\

eV u S Cacination temperatures

Temperature P I l r ""\ “%w\

() | Fo 4 fof | o] \\ c | na

4 / |
950 42.84 Fand \ 0.77 0.52
1000 30.54 | | a4 o . 4.76 :
1050 | 46.95 | 4.807f; 20.39 0| wth? . 023 | 049
1100 | 2508.4% 443 | 4102 05 | 115 | 038
1150 4652 - 0.54

1200 30644| 4.16 . ; L 3.42 0.58

ﬂumwﬂmwmni
awwmﬂimummmaﬂ
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Table 4.18 Relative chemical formulas of the samples nominal dopant level of x = 1.00

soaked for 4 hours at various calcination temperatures

Temperature Ratio*
Formula
(°Cc) Fe Ba o Sn Co
950 9.58 1.00 18.10 0.93 0.86 | BaFeysSN 4550 05604010
1000 9.62 1.00 18.14 0.93 0.85 | BaFeyg,Sn (4,C0 40,5 14
1050 9.78 1.00 0.86 | BaFeg 45N 45:C0 450,529
1100 10.16

de 091 |BaFe, SN (C0 400

18.93

1150 9.86 L e 88 BaFeg g5Sn 4,C0 (6501547

1200 9.52 m"" 3,02 |08 :\ \ BaFe, 5,5N 465C0 0501502

S
* The ratios of Fe, Sn, Ca !// ‘\\\\\\N able 4.17. The amounts of O in

each sample are deté i 9

/5 ‘:,.

The TG ap@ A Cl ﬁ gure 4.13. During the heating of

the precursor, about 13 % of thgdaikial mas 810st This was due to the evaporation of
water. An exothermic peak g€ ,,';, ‘C due to the formation of BaF. The
temperature of Bak-formation wa / higher than pre yjious sample. Panov et al.

(1993) found that ‘:—' ferrite increased when the

concentration of Co ané Ti increased.

ﬂ‘UEJ’JVIEW]?WEJ']ﬂ‘i
QW]&\W?EN!JWTJVIEJ’]@EJ
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Figure 4.13 The TG and D !}‘._,-. SEpixture 'If the samples nominal dopant level
of x =1.00 -
41573 Phase analysis N
The ﬁ) patte of samp avinmthe nominal doping level of

x = 1.00 calcined at diiffegent temperaturgsy are shown in Figure 4.14 . The unfired

sample ﬁ}! $E0 A AEL D E Mg are scen in Figure 4.14.

At 950-1200 °C, the XRD pattern show BaFe,,0 gand Y-Fe,O, in allithe samples expept
the aow gr&Qnmlw&m;lgm r&llgﬁpﬂmeters of these
sample"ls are given in Table 4.19. The values of a and ¢ range between 5.88 and 5.91 A
and between 23.30 and 23.44 A, respectively. There were no systematic changes in
either a or ¢ with the increase in the calcination temperature. Comparatively, the lattice
parameters having a nominal doping of 1.00 are larger than those of all the lower doped

samples.
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Temperature(
950 E 5.88

”FHJEI VIEW]‘B'WMT’I?

AR AT

W=BaFe 0,
©=FeO(OH)
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60

ant level of x = 1.00 soaked

rs a of the samples nominal dopant

ious calcination temperatures

ers (A)

cla

2344 3.99

3.96

23.38 3.96
MBEHY ==
23.30 3.96

23.34 3.96
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4.1.5.2 Physical properties

4.1.5.2.1. Particle size , surface area and volume

The measurements of the particle size were done on theTEM and SEM
micrographs taken of each specimen. The surface area and volume of particles and
ratios of surface area to volume (S/V) are given on Table 4.20. The diameters and
thickness are between 90 and 224.46 nm and between 27.50 and 78.18 nm,

respectively. The values of the surface

he volumes and S/V ratios are between 1.79

Table 4.20 Particle si ace 864 di\vol \- e samples nominal dopant level

of x = 1.00.¢ 20 . 78 atya lousicaleination temperatures

o Volume Surface /
Temperature (" C) 5
(nm) Volume
950 14.47x10° 0.124
1000 128.50x10* 0.056
1050 £])197. 76x10° 0.050
1100 B i' 209.09x10° |  0.050
|
1150 1318 1086188 | 22867x10" | 0.047
1200 i .84x10° 0.046
$25 TGE
Frd VeV 4 1R

41522 Morp hoIo

AR AR TRU BN NUABZ o o v

temperatures are shown in Figure. 4.15 a) — f). All samples have the hexagonal crystal

and similar partlcle sizes. For the sample calcined above 1050 °C, the particle size is

not much different in theirs size of which in the range of 211.17-224.46 nm.
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Figure 4.15 Micrographs of the samples nominal dopant level of x = 1.00 soaked for 4

hours at various calcination temperatures a) 950 °C (TEM, 150,000X), b)
1000 °C, ¢) 1050 °C, d) 1100 °C, e) 1150 °C and f) 1200 °C, (SEM, b-e,
50,000X)
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4.2 Effect of calcination temperature on magnetic properties

The values of many magnetic properties can be obtained by a visual analysis of

the hysteresis loops (see Chapter 2). Among these properties are the saturation
magnetization M, the remanent magnetization M, and the coercivity H_. In Tables 4.21

and 4.22, we list the values of these properties of the undoped and doped M-type

hexagonal ferrite, respectively. In this part of the study, only the amounts of Sn and Co in

do@ type ferrite soaked for 4 hours at

the samples were varied.

various ca
Nominal composition o M, (emu/g) H. (Oe)
A 48 30.00 5122
% it 38.71 5291
BaFe,,0,, 1 i ) 38.58 5145
) : 39.24 4592
33.28 3965

Table 4.22 Magnetic ?iﬂies of the diff:::ent nominal x level soaked for 4 hours at
FIEHINENTNEINT
- ¢ ‘ —o ”
48 A RS R 8T, [ o
9

a) 950°C
x=025 | BaFe,SN 1, CO 4401101 68.71 35.16 2746
x=0.50 | BaFe,;gSNy s COp 401 re 56.72 27.42 1706
x=0.75 | BaFe,;4,5N 46,C0 1501047 55.85 22.27 895

X=1 BaFeg 555N 493C0 66018 10 46.44 20.35 821
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Table 4.22(continued) Magnetic properties of the different nominal x level soaked for 4

hours at various cacination temperatures

Condition Relaitve chemical formula M M K
(emu/g) (emu/g) (Oe)
b) 1000°C
x=025 | BaFe,,Sn 411 CO 440170 68.92 33.44 2686
x = 0.50 40.15 2002
x =0.75 35.93 1012
x =1.00 12.77 382
c) 1050°C
x = 0.25 33.05 2136
x = 0.50 38.20 1965
x=0.75 30.31 1141
x = 1.00 11.16 409
d) 1100°C A
x=025 |BaFé,,, 'f; 31.72 1458
x = 0.50 36.58 2050
x =0.75 29.67 1092
x = 1.00 “p 11.37 291
e) 1150°C ¢a 'y
~@UBARUAIWPART oo | 100
X = O.g!) BaFe,, 1,5, .¢C00.45010.06 - 76.72 t3“,3.89 1912
O AHN M BLIA D B ) |Peds | oo
TX=1.00 | BaFe, ,Sn g4CO 30,01es 45.08 9.31 281
f) 1200°C
x=0.25 | BaFe.;SN g1 CO 0401737 79.21 34.78 1049
x=0.50 | BaFe,; 14SMy4s C%.4:0 1006 81.73 36.78 1420
x=0.75 | BaFeq,5N 46:C0 060152 70.29 14.81 432
x=1.00 | BaFey,SN 40:CO 050102 40.73 7.71 231
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4.2.1. Saturation magnetization

Table 4.21 shows that the saturation magnetization of the undoped
ferrites calcined at different temperatures are in the range between 57.48-76.30 emu/g.
We see that saturation magnetization increases when the calcination temperatures is
increased up to 1150° C where it has its highest value. It then becomes smaller when

the calcination temperature is raised to 1200°C. The increase in the saturation

ray data. As reported by e -=- B he Meoistieispure BaFe,,O,, increased from 55
to 63 emu/g when the 3 eased from 800 to 1100°C. The

similar result was reportg lgure 4.16, we see that the M
of the doped sample ha 0.25-1.00. The change in M, of
the nominal x = 0.25 andyf \. ation temperatures is increased

can be explained by the | dopants into the 4f sites. From

equation 2.16, the substitu >Ethe ato the 4f, sites causes the decrease of
spin up moment, so the tota ﬂ_,.b.é' " J, .r es. This leads to the decrease in the

saturation magnetiz -)_ Q 0 u aghetization with temperature in

the other samples car b A

.ll i
nll ] iF |

ﬂ‘UEI’JVIWﬁWEI']ﬂ‘i
QW]&\W‘?WNWTN]H’]QB
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x=0.00

1 x=0.25

85j x=0.50
80 - ;

Figure 4.16 Effect of the gélci Aemperature I M, (emu/qg) for various dopant level

betwee g0

4.2.2. Remanan

The remana ':,F specimens calcined at different

temperatures are GiBA-in-Table 4 22-and-shown-in- Gure4i17. As can be seen, all the
, ;
I

curves of M. reach __:‘1 ‘ e #€manent magnetization of the

J U]

nominal doping X Ievels of 0.25 and 050 specimens increase as the calcination

temperature ﬂaﬁﬂcﬂﬁm tE]WH}dTﬂ ﬁthe other doped ferrites

decreases as g calcination temperature is mcreased

ammn‘:mumfmmaa
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Figure 4.17 The dependg I0n temperature of the doped BaF

when the nomj ﬁ;;'-;-;:—-—:--: etween 0.00 and 1.00

4.2.3. CoerCiyit; '
| Z - =
Table 72

W
the BaF leads to decrea.g;es in the coercivity of most sa

thetsubstitution of Co and Sn into
i |
mples. Ram et al., attributed the

o .
decrease to ﬂlﬁﬁ qrﬂtWMﬁ WE?\W ions were substituted

into the structiyre. Gonzalez-Angeles et al. (2004), attributed the decreases to the
¢

. . . = ./ .
decrea“jﬁw Qﬁlmrﬁwqﬂvﬂvﬂﬂrﬁrﬁlent ions replace
the Fesqloca ed on the 4e (2k'site) in the magnetoplumbite Structure. ;
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Figure 4.19 The dependéncg of ig “Sulrface @feato volume ratio of sample soaked

i

for 4 hours at vari .J": 1perature when nominal x=0.00 -1.00

424 The ;,m‘: 'netization
7 o

|

In Tabl

r

elation ="!-’ particle size and saturation
magnetization n ﬁ d do ed M-tyBe hexaferrite. e 0 not see any systematic
change of gﬁrﬁ iﬁﬂﬁiﬁyﬁﬁid samples and doped
samples. Gen:rlaa the magnetiza‘on depends&nr the amount of#homent in samples.

How%m’;lt N Flod el W dndal itk fder ncrease it

increase the particle size for temperature above 1050 °C. This may be due to the

" 4.23 show the

crystallization effect more than the effect of grain size. The maximum saturation

magnetization seen 84.25 emu/g in the sample of the nominally x=0.75 doped BaF.



Table 4.23 The relation of particle size and saturation magnetization

75

Nominal x T(°C) D (nm) Ms (emu/g
0.00 950 88.33 57.48
1000 216.65 75.24
1100 312.89 75.29
1150 485.55 76.30
1200 881.39 62.43
0.25 99.50 68.71
41 68.92
ol 67.19
69.00
76.95
7 79.21
0.50 & = 56.72
00 62.02
050 p¥2i2 64 78.82
Zia) 37.29 76.30
e 337.46 76.72
81.73
0.75 55.85
21 84.25
¢ o 1050 217.91 69.81
ﬂ Eak 26F) 69.81
q 1150 268.'4; 68.47
| ¥ o] 70
a" 0! L 4644
1000 166.73 41.20
1050 206.79 40.26
1100 211.17 45.38
1150 213.18 45.08
1200 224.46 40.73
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4.3 Mossbauer measurement

The mossbauer spectroscopy is used to determine the internal magnetic field of
ordered magnetic materials. We have selected the codoped barium hexaferrites which were
calcined at 1000°C for 4 hours to study by the Mossauer spectrometer. The reason for

choosing this series is that their coercivi dear to change systematically but that their

saturation magnetization does nots e I 5Shal easurements might tell why. The
' iven in Table 4.23. It can be

seen that for the undoped aving a value of 402 kOe. If

the Fe3+ ions enter in su \i 12k and form into a sublattice, one
would expect a hyperfine ¥ V stQid inuthe"spectrum. This implies that
either the lattice containin 4 ’ 35 : 3 >c Cination temperature of 1000
°C or there is a greater d of the Fe*" ions among the
different lattice sites) presen ould be noted that the XRD
patterns for these BaF specim oW tha ali chture has formed. Supporting
this view, we note that a dopant of x '

oot e s
kOe. Since the additiof S / giCination temperature which

a ferrite having hyperfine field of 407.1

would be equivalent to 'V-_' Y. ordered crystal structure

rit
would occur. Also, the gt n size would ge . This would enhance the interactions

that give rise to theFrfperf ineffigts,

‘IJEI’JVIEJW'V]?WEI’]ﬂ‘ﬁ
QW]Nﬂ‘iﬂJﬂJﬁﬂmﬂﬂﬂ
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 Table 4.24 Mossbauer spectrum of specimens containing nominal Co/Sn dopant levels

between 0.00 and 1.00 which were calcined for 4 hours at 1000°C

Mossbauer parameter

Chemical formula Hpot A IS r Area

(koe) (mm/s) | (mm/s) | (mm/s) (%)

X=0 0.200 0.051 47.36

0.171 0.234 33.30

0.435 0.420 477

1.76 7.30

0.237 7.7

0.905 <0.1

X =0.25 (BaFe,y,,Sn, ,,Co, . Ol A 4 0.289 52.72
| -0.308 11.87

0.165 15.41

1.231 8.26

0.256 11.74

X = 0.50 (BaFe,, ;sSM C0%.45O1054) 022 | 0845 69.1
- -0.011 17.78

v_ 0.250 6.94

: 1.772 6.11

J 0.906 <1
X = 0.75 (BaFe, 51y ,C0, T 2 | 365 1721 | 0246 | 0.772 75.890
AT ANINTW A o | e

Y é27 0.3(& 0.193 -0&90 8.23
YRIANNWPRANRTINEI]E =

q - 0.22 ; .69 1.5

X = 1.00 (BaFe, ,5n, 4,C0% 5:O15.12) 365 1721 | 0246 | 0.077 68.8
445 0.377 0.184 0.029 14.32

427 0.307 0.193 -0.100 8.23

336 0.262 0.353 1.583 7.24

- 0.224 0.659 1.694 1.5
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