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Platelet-like particles of substituted barium hexaferrite
BaFe,, ,,Co,Ti, 0,, were prepared by the coprecipitation method
and the so-called liquid mix technique. The crystallite size (diame-
ter and thickness) has been investigated by X-ray diffraction line-
broadening. © 1995 Academic Press, Inc.

INTRODUCTION

The knowledge of the morphology and crystallite size of
fine powders is very important in many fields of materials
science, such as catalysts and magnetic recording. In this
sense, small particles of barium hexaferrite substituted
by Co?* and Ti** ions are suitable for magnetic recording
application (I, 2). The size of the platelet-like particles
(diameter, thickness) and the diameter/thickness ratio are
important factors governing the properties of the barium
ferrite medium (3, 4). In this work, the crystallite size of
Co-Ti-substituted barium hexaferrite particles has been
investigated by X-ray diffraction line-broadening.

EXPERIMENTAL AND DATA ANALYSIS

Samples of BaFe,,,,Co,Ti 0,4 {0 < x < [) composition
were synthesized by the so-called liquid mix technique
and by chemical coprecipitation. Extensive details on the
method of synthesis can be found elsewhere (5). In order
to study the influence of some synthesis conditions on
particle size, two series of the material were prepared by
each method.

In the liquid mix technique, chemically pure Fe(NO,),
9H,0, Co(NO,), - 6H,0, BaCO,, Til(CH;),CHO}],, citric
acid, and ethylene glycol were used as reagents. After
elimination of the organic resin, two material series were
obtained which differ in their thermal treatment:

' To whom correspondence should be addressed.

LMT samples: 600°C (70 hr) = 700°C (3 hr) —
800°C (2 hr) — 900°C (1 hn)

LMTR samples: 900°C (1 hr).

In the chemical coprecipitation process, stoichio-
metric amounts of Fe(NQ,),-9H,0, Co(NO,),-6H,0,
Ba(NO,),, and TiCl, were used as raw materials, copreci-
pitating in a Na,CO,/NaOH solution. The coprecipitate
obtained was washed with water to pH 7 (CCA samples)
or pH 11 (CCB samples). The two material series were
subjected to the same accumulative thermal treatment as
the LMT samples.

In order to determine the crystal size by the broadening
of the Bragg lines, X-ray diffraction patterns of samples
synthesized were recorded with a (8, 20) goniometer using
CuKa radiation, operating at 40 kV, 20 mA. The inten-
sities were collected with a step of 0.02° (26) and a time of
60 sec per step. Soller slits and a graphite monochromator
were interposed in the diffracted beam. Corrections for
the instrumental broadening were estimated from the
X-ray diffraction data of a bulk BaFe,;0,, sample pre-
pared by the ceramic method (see Fig. I). It is worth
mentioning that the shape and broadening of the bulk
BaFe,|,0,, diffraction lines, have been compared, under
the same experimental conditions, to those obtained with
well-crystallized malerials showing a large crystallite size.
The similarity of these lines is evidence that our instru-
mental profiles do not give great error in our analysis.

The background was removed following the method
proposed by Langford (6) which examines the depen-
dency of the variance function (w(A)) on the range width
of the measures (A) for different background values. Then,
when w(A) is linear with A in an extended anguiar range,
the background has been chosen correctly.

On the other hand, the apparent crystal sizes were de-
duced from the integral breadth line ( 8) and by the Fourier
method. In the first case, the instrumental correction was
performed by the Langford method (7): the recorded line
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FIG. 1. Diffraction pattern of the {114) Bragg line recorded for {a) a

sample obtained by chemical coprecipitation and (b) BaFe ;0 s reference
sample. The broadening of the line is clearly evident.

profiles were fitted to the Voigt function in order to obtain
the integral breadth (8). The corresponding apparent siZes
(83) were calculated by using the classic Scherrer formula
&g = A/ cos 6 (8).

In the Fourier analysis, the instrumental correction was
carried out by means of the Stokes method (9): (A,),
are the samples’ Fourier coefficients obtained from the
Fourier transform of () which were measured in a wide 8
range (8,, ..., 6;)around the Bragg angle of the reflection
considered. By the same method, the (A,), values corre-
sponding to the instrumental profile’s Fourier coefficients
were obtained. Then, the Fourier cosine coefficients (4,,),
once corrected for the instrumental broadening, were ob-
tained from the (4,),/(A,), ratio. The A, coefficients are
normally expressed as a function of a distance L in the
direction normal to the diffracting planes (10} where L =
nA/2(sin 8, — sin @,), A being the wavelength and n the
Fourier harmonic number. The mean apparent size, eg,
in a direction perpendicttlar to the diffracting planes con-
sidered, is obtained from the initial slope of the curve of
A, versus L (11) {Fig. 2). However, due to an error in the
estimated background level and the fact that the profiles
are necessarily truncated at the finite range, a “‘hook ef-
fect’ is observed for small values of L in the curve of A,
versus L. This correction was made by means of the
procedure suggested by Young et al. (12). All the calcula-
tions have been made on a Macintosh SE30 microcom-
puter with programs created by P. Germi.

535

RESULTS AND DISCUSSION

The chemical analysis performed by inductively cou-
pled plasma shows that initial cationic composition is
maintained in all samples. The analysis by flame spectros-
copy indicates the presence of 1% sodium in the CCB
samples synthesized from the chemical coprecipitation
process.

The X-ray diffraction patterns of all synthesized sam-
ples show the presence of characteristic reflections of
barium hexaferrite (SG P6;/mmc). However, due to the
strong overlap of the Bragg diffraction lines, only the
(1073, (114), (203), and (205} reflections were chosen for
the broadening X-ray analysis. According to the proce-
dure explained under Experimental, the apparent crystal
sizes obtained from the initial slope of the Fourier trans-
form of the line profile (), and those corresponding to
the integral breadth (gg) in the direction perpendicular to
the reflecting planes are listed in Table 1. It should be
mentioned that the estimated error for both &5 and &g
is around =5%, according to the calculations shown by
Langford (13) and Delhez et al. (14), respectively. The
A, versus L curves for the four reflections corresponding
to the samples synthesized by chemical coprecipitation
{samples CCA and CCB for an x = 0.5 value) are given
in Fig. 2. The results listed in Table 1 show that, in general,
the mean size determined by the Fourier method is always
smaller than those deduced from the integral breadth,
according to the different definitions of both sizes (11,
15). In the same way, the lower apparent size is observed
in the direction perpendicuiar to the (107) diffracting
planes, while, in general, the higher value is obtained for
the (203) diffracting planes.

In principle, it is difficult to propose some hypotheses
about the particle shape from the diffraction data. In addi-
tion, the SEM photographs show materials formed by
small particles, with no well-defined morphotogy (Fig. 3).

In general, the crystallite shape is irregular, but in prac-
tice the form often approximates, on average, to some
regular shape. In this sense, barium hexaferrite particles
have a high tendency to crystallize as hexagonal platelets
with a high diameter/thickness ratio (16, 17). Then, if we
suppose that crystallites can be regarded as cylinders,
close to a hexagonal symmetry, with the [001] direction
parallet to the cylinder axis (Fig. 4}, the angle (¢) between
this axis and the diffraction vector [hkI]* varies according
to [107]* < [205]* < [114]* < [203]* (Table 1). Then,
according to the results shown in Table 1, the smaller
apparent size corresponding to the direction perpendicu-
lar to the (107) planes could be indicative that cylinders
must show a high diameter/thickness ratio, so the higher
apparent size corresponding to the (203) diffracting planes
is associated with a higher cylinder diameter (Fig. 4).

In this sense, if the material belongs to the hexagonal
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TABLE 1
Apparent Crystallite Sizes, ep and &5, Obtained for Different Lines

(a) Samples obtained by the liquid mix technique
LMT Samples

x =035 x =07 x =09
(hkl) 2 () er (A) g (A) e {A) g (A) e (A) gy (A)
(107) =33 319 335 340 377 353 385
(114) =63 415 400 431 417 470 454
(203) =72 453 457 518 376 549 504
(205) =§2 400 413 410 436 430 488
LMTR Samples
(107) =33 310 347 331 348 324 356
(114) =63 425 402 452 436 435 421
(203) =72 490 502 460 475 497 532
{205) =62 400 437 400 428 400 431
{b) Samples obtained by chemical coprecipitation process
CCA Samples CCB Samples
x =03 x=0.5 x =03 x =0.5
(hid) ¢ © er (B g (A) e (A g5 (A) e (A gy (A) e (AY g5 (A)
(107) =33 330 384 308 360 360 406 370 428
(114) =63 432 474 413 469 550 592 550 600
(203) =72 500 511 460 473 660 725 650 700
{205) =62 380 412 330 A0 500 475 320 517
a 1]
An An
CCh
] 0.5
0.5 CCB cCh
CCA
o 300 00 ~o0 LA} 100 300 500 L(A)
b 1 ] 1 J
A, A,
CCR S
0.5 CCR 0.51 CCA
100 300 500 700 L(A) 100 300 500 700
FIG. 2. Fourier cosine coefficients A, versus L for CCA and CCB samples for (a) (107), (b) (114), (c) (205) and (d) {203) lines.
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FIG. 3. Scanning electron micrograph of a LMT sample (x = 0.5).

system with the ¢ axis parallel to the cylinder axis, the
thickness (H) and diameter (D} of the crystallites can be
obtained, respectively, from the apparent sizes &g follow-
ing the direction perpendicular to both the (001) and (110)
diffracting planes (18). However, this was not possible in
our case, due to the overlap of different lines.

On the other hand, the breadth of a small crystailite
profile yields an apparent size, &, which is the weighted
average of the dimension of the crystallites in the direction
perpendicular to the diffracting planes (19). In order to
obtain the cylinder dimensions from the apparent crystal
size, it is necessary to know the “‘true size” (p) generally
defined as the cube root of the volume of a crystallite, that
is, the product of the apparent size and the appropriate
Scherrer constant, Ky (p = Kgep). The value of this con-
stant depends on both the crystallite shape and the breadth
line used. In the case of the Fourier method and cylindrical
crystals (20},

p =vyD, wherey = (sH/4D)!? 1y
Ki = y[(D/H)cos ¢ + (H/m)sin @), 2]
[0Gi]"% {hki]*

H

FIG. 4. Platelet-like morphology of the crystallites (H < D). D is
the mean diameter, H is the thickness, and ¢ the angle between the
cylinder axis and the diffraction vector [AA{]*.
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TABLE 2
Mean Crystallite Size Obtained from &; (hkl) Values
Samples X D (A) H (A DIH
LMT 0.5 1000 = 50 344 = 7 29 £ 0.1
0.7 1052 = 66 67T £ 6 19 = (.1
0.9 1180 + 133 375 = 12 31 =02
LMTR 0.5 16l = 71 319 £ 4 3.6 0.1
0.7 1050 + 222 358 = 19 2903
0.9 1096 = 107 342 = 9 32+ 0.2
CCA 0.3 00 = 172 361 + 21 2.8 £ 0.3
0.5 1054 + 125 319 = 8 3302
CCB 0.3 2033 £ 292 344 = 7 59 £0.2
0.5 1937 = 150 37T x4 5.4 0.1

Note. D is the diameter, H is the thickness of the platelet and D/H
is the diameter/thickness ratio.

where D stands for the cylinder diameter, H for the height,
and ¢ for the angle between the diffraction vector and the
cylinder axis (Fig. 4). If we assume that the true size is
the same for the different refiections, then

Kpepy = Kgzpay - = yD (3]
Ky _ep _cosoD/H) + Hsing, [4]
KFZ Epy COS Cpl(D.'rH) + H sin 73] ’
thus
D _ 4w (asin ¢, — sin ;) 5]
H COS (o] — @COS ¢

where o« = 8F2/8F1 .

Then, the D/H ratio and cylinder diameter D can be
obtained from the apparent size (ep) tabulated in Table
i. The selected reflection pairs were (107) and (114); (107)
and (203); (107) and (203), since the vector [107]* is the
nearest to the cylinder height and the other vectors are
more related to the diameter (Fig. 4). The D and H values
obtained applying the above equations are tabulated in
Table 2.

It is worth mentioning that although each pair of &
values leads to slightly different D and H values, the
deviation is small. This can be due to the fact that the
above analysis is based on the assumption that all the
crystallites have the same size and shape. However, in
the actual case there exists a distribution of crystallite
sizes and, as a consequence, the definition of the true
crystal size is slightly modified (15).

Since the results obtained show a high D/H ratio, the
supposition of a platelet shape in our crystals can be
accepted. From this model, the crystal dimensions in the
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direction of the diffraction vector is, according to Lang-
ford and Louer (18},

7= Dfsing, fore = arctan(D/H)

7= H/cos ¢, fore=arctan (D/H)

and, 7[107]* < 7[205]* < 7[114]* < r[203]* according to
the results obtained (Table 1).

The results in Table 2 show that, for each synthesis
method, the mean values of D and H are independent of
the Co-Ti content. It is worth mentioning that samples
synthesized by the liguid mix technique where Co-Sn
was substituted by Fe ions, a progressive enhancement
of the mean crystal size with the x value is observed,
from 965 A for x = 0.2 to 2245 A for x = 0.8 (20).

In the same way, samples obtained by the same prepara-
tion route and with different thermal treatment (samples
LMT and LMTR) show equivalent dimensions of greater
than 1000 A for the mean diameter and 300 A for the
thickness. However, in the case of materials synthesized
by chemical coprecipitation, the Na presence leads to
bigger particles. Thus, in samples CCA, where no sodium
was detected, the mean particle size is of the same order
as that of samples obtained by the liquid mix technique,
with a high D/H ratio. In CCB samples with (% sodium,
the mean particle diameter is clearly higher than that of
other samples (~2000 A), keeping approximately the same
thickness when a higher D/ H ratio is observed. The differ-
ent particle size obtained for the samples synthesized by
different rouies is reflected in their magnetic properties
(5).

It may be remarked that, if line broadening is due to
the presence of both small crystallite size and microstrain,
the treatment becomes more complicated. In this work,
the effect of lattice strain has been underestimated. We
cannot test for the presence of lattice strain by the experi-
mental method proposed by Williamson and Hall (21)
because lines corresponding to multiple orders, for in-
stance, (100) and (200}, are not accessible. However, the
breadth evolution as a function of @ for comparable direc-
tions (for a cylindrical crystal model with the (001) direc-
tion parallel to the cylinder axis and D > H), such as
[114]* and [205]*, shows that if there are microstrains,
then they are weak and, as a consequence, could be under-
estimated. If the microstrains were significant, the breadth
of the (205) Bragg line (29 =~ 40°) should be larger than
the (114) one whose Bragg angle is lower (28 = 34°).
Since this is not the case (see Table 1), our assumption
underestimating the microstrains could be accepted.

The size obtained from the broadening of the Bragg line
analysis is of the same order as those obtained from the
scanning electron micrographs. This is not necessarily to
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be expected, as the micrographs give an average agglom-
erate or grain size, whereas the X-ray technique gives the
average size of domains which diffract coherently. Both
sizes will be similar only if every grain is a single crystallo-
graphic domain. Both techniques are complementary: the
scanning electron microscopy gives direct information
about the shape and particle size distribution, while the
analysis of X-ray diffraction broadening is a method for
obtaining the bulk average of the size of coherently dif-
fracting domains. Furthermare, it was possible to calcu-
late the thickness from the broadening of the X-ray diffrac-
tion lines. X-ray diffraction gives additional information:
¢ach particle observed by scanning electron microscopy
is a crystallographic domain, that is, individual particles
contain one crystallite.
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