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Abstract

The X-ray diffraction microstructure analysis has been performed on commercial samples of the silica and alumina porcelain insulators
obtained at 1300C, with the same time of firing. The study was carried out on mullite, corundum and quartz by applying several integral
breadth methods (i.e. the Williamson—Hall analysis, the Langford method and the Halder—Wagner approximation) and the Fourier analysis
(Warren—Averbach method). The apparent crystallite sizes determined for the mullite are direction-dependent (anisotropic) and within each
group of samples, on average, the greatest values are obtained along the direction [0 0 1]. With regard to the microstructure of the corundum
and the quartz, there are little differences between the two groups of samples. Considering all samples on average, the crystallite sizes follow
the order corundum > mullite > quartz. These microstructural data were related with the mechanical strength and with the chemical and
mineralogical composition of the samples. Due to similar conditions of formation of the porcelains studied, the content of corundum seems
to be the principal factor influencing their flexural strength, coinciding with small differences of crystalline microstructure.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction of porcelain insulators. Basically, manufacturers and re-
searchers must consider that the high-voltage porcelain

Porcelain has been used as an electrical insulating ma-insulators perform two important functions: they insulate
terial since more than 150 years. During this long period of electrically and fasten mechanically the components of

time it has been realised that several characteristic propertieshe electrical distribution networks. In relation to this, the
of porcelain (e.g. mechanical strength, high-power dielectric different formulations of green ceramic bodies are used in

strength and corrosion resistance) as a ceramic productmanufacturing porcelain insulators.

cannot be obtained in other materials. Today, the growing  Two types of porcelain insulators are mostly used, the
demand for porcelain in the field of electrical engineering, silica and alumina porcelains (classified, respectively, as C-
caused by the importance of electric energy in modern 110 and C-120 sub-groups according to IEC 672-3 standard).
society, motivates many research projects in order to obtainIn general, principal differences between silica and alumina
the best properties for the requirements and applicationsporcelains can be summarised as follows. In the silica porce-
lain, high temperatures or long firing time leads to a reduction
* Corresponding author. of the solid quartz content in the ceramic body because of the
E-mail addressjose.m.amigo@uv.es (J.M. Antiy melting of quartz grains. This reduction causes clearly the
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decrease of the mechanical strength of the porcelain; on theperformed on the same data collected. Furthermore, the re-
other hand, the differences between thermal expansion cor-sults of the XRD microstructure analysis set up statistical
responding to quartz grains and the surrounding liquid phasecharacteristics of the sample.
cause mechanical stress, which can produce micro cracks in In the field of ceramic materials, the XRD microstructure
the porcelain. Intense changes of piece temperature couldanalysis methods was firstly applied to study the growth of
lead to increase the already existing micro cracks, causingmullite crystallites in different raw materials and enabled to
reduction of mechanical strength under load. In the alumina relate the XRD microstructure with distinctive feature of this
porcelains the major portion of quartz is replaced by alu- material, the bimodality (the existence of the primary and
minium oxide. This leads to the increase of the mechanical secondary mullite), that occurs in some conditiRdn the
strength (related to smaller number of micro cracks). Dur- present work, an attempt is made to obtain an explanation of
ing the sintering process mullite and corundum are formed principal differences between silica and alumina porcelains
and the porcelain is obtained with high content of the glass by taking into account the results of the XRD microstructure
phase that leads to non-porosity but without the melting of analysis of the samples and considering them as a comple-
the aluminium oxide grains (thus, high temperature or long mentary information to establish the connections between the
time of firing do not affect the mechanical strength). The alu- XRD microstructure (crystallite parameters), the microstruc-
mina porcelains are insensitive to temperature changes andure (grain parameters) and the macroscopic physical proper-
the mechanical strength is mainly controlled by the quantity ties of technological importance (e.g. mechanical strength).
of corundum (and not by the amount of mullite as in silica
porcelains)-2

In a previous worlé a comparative study of the silicaand 2. Experimental procedure
alumina porcelain insulators was performed. The samples
of commercial porcelains were analysed by the X-ray pow- 2.1. Material
der diffraction methods and their mineralogical and chemical
compositions were related with thermomechanical properties  The experiments were carried out on the commercial
measured in these materials. The aim of the present work isporcelain samples obtained from an industrial firing (at
to complete that study with a microstructure analysis by the 1300°C) of different formulae of raw materials. These sam-
X-ray powder diffraction. It is known that the microstruc- ples correspond to the alumina and silica porcelains whose
ture of ceramic materials has a great importance because ichemical and mineralogical contents were analysed in a pre-
is related with their macroscopic properties like mechanical vious work together with their mechanical strerigth
strength. But it is to be remembered that the microstructure  Scanning electron microscopy (SEM) observations of
has frequently a meaning associated with the grain size of dif- fresh fracture of these fired porcelain insulators were made
ferent components following from microscopic observations using an Hitachi S-4100 microscope at 30 Kid. 1).
(e.g. by scanning electron microscopy). However, the mi-
crostructure determined by the X-ray powder diffraction has 2.2. X-ray diffraction data collection
a different meaning since it concerns the coherent diffraction
domains, named crystallites. This X-ray diffraction (XRD) The porcelain samples finely crushed were split using a
microstructure can be understood as the submicrostructureyotatory splitter and grounded in an agate mortar and pestle in
taking into account that mineral grains are formed by a mo- order to break the grain microstructure containing crystallite
saic of crystallites. In the field of ceramic materials, the ap- domains. XRD data were obtained from dried material. The
plication of XRD microstructure analysis is not habitual for samples were manually pressed into standard sample hold-
different reasons. One of themis the line overlapping, typical ers. The powder diffraction patterns were recorded at room
for ceramic materials, making an accurate treatment of line temperature (22 2°C) with a Bruker D5000 X-ray pow-
profiles corresponding to phases of interest difficult. Another der diffractometer in step-scanning mode, using QurH-
problem is caused by the narrowness of some line profiles,diation (. = 1.54178&) obtained with a secondary graphite
since in these cases the extraction of microstructural informa-monochromator. The diffraction patterns of the samples (h
tion sometimes is not possible. On the other hand, the resultsline profiles) were recorded over the range30° (20) with
obtained via the XRD microstructure analysis are referred to the scanning step of 0.0226) and the counting time of 10s
such parameters as the crystallite size (or X-ray coherenceper step. The standard line profiles for the instrumental line
lengths) which have a physical meaning different to the grain broadening evaluation (g) were obtained from the diffraction
size, frequently used for ceramic researchers. Neverthelesspattern of the standard reference material §$.6B8RM 660a),
in our opinion the XRD microstructure analysis offers some supplied by National Institute of Standards and Technology,
advantages with regard to the classic analytical methods; theand registered between28nd 132 (20) using variable step
sample do not need a special treatment and requires onlylengths and time&.” The goniometer was controlled by the
an adequate choice of the conditions for recording the XRD PC software package DIFFRAC plus for Windows NT, sup-
powder pattern. Thus, the mineralogical analysis (qualitative plied by Bruker/SocabimFig. 2 shows the XRD patterns
and quantitative) and the microstructure analysis could be corresponding to some studied samples.
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Fig. 1. SEM images: (a) S1 alumina porcelain showing corundum grains
(C) and mullite needles (M) (bar = 2u8m), (b) S5 silica porcelain showing
quartz grains (Q) and mullite needles (M) (bar = 1000 nm).

2.3. Diffraction line broadening analysis

The diffraction line broadening analysis of a crystalline
phase starts with registering the XRD pattern of a sample,
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line broadening analysis is selected and their experimental in-
tensity distributions are adjusted to analytical functions (e.g.
Voigt, pseudo-Voigt or Pearson VII) by means of the pattern-
modelling software. For each adjusted line profile the fol-
lowing parameters are obtained: the height of the p&ak,
the integral breadth of the line profilg,(=A/lo, whereA is

the peak area) and the full-width at half-maximum intensity,
FWHM (or 2w). The same procedure is applied to the in-
strumental profiles (g) to obtain in this way the instrumental
function giving the variation of instrumental broadening with
the diffraction angle £y versus®28, 2wq versus®29).

Two approaches are mostly used to extract microstructural
data by obtaining and analysing the corrected line profiles (f):
the integral breadth methods or the Fourier mettotdibe
Langford metho@1® and the Williamson—Hall analysisare
within the former ones and can be considered as simpli-
fied procedures based on the assumption that the line pro-
files have specific shapes. Although these assumptions can
be related with systematic errors, these methods are applied
frequently because of their simplicity. The Fourier methods,
as the Warren—Averbach analy$fsare more accurate pro-
cedures and therefore the requirements with regard to the
amount and quality of data are greater.

In the Langford method the observed h and g profiles are
assumed to be Voigtian, i.e. the convolutions of the Lorentz
and Gaussian profiles. The peaks (after the filtration of only
K., component) must be symmetrical and the line-shape
parameterp (= 2w/B) must lie within the Lorentzian limit
(¢ = 0.6366) and the Gaussian limip & 0.9394). When
observed B, values are corrected for the instrumental
contribution, the integral breadths of the both component,
the Gaussian and the Lorentzian, of the pure profifigs,
and Bic, are obtained. Frongig as the data, expressed
in the reciprocal space units &, = fic Cosé/A, the
apparent crystallite sizef = (ﬂ;‘G)‘l, is calculated. If the
line broadening is solely attributed to a size effect, then
the apparent crystallite size is calculated using the integral
breadth of the pure line profileg = (ﬂ;*G)_l. In both these
cases, the Scherrer formdfag = K1/D cos#, is applied
with taking the Scherrer constait = 1. The Scherrer
formula describes the mutual dependence between the line
profile integral breath and the crystallite siBe which is
the volume-weighted mean of the crystallite in the direction
perpendicular to the diffracting planes; the constamaries
with the reflection Bragg angle and the crystallite shape.

An alternative and more easy way to obtginparameter
from the h profiles, corrected for the instrumental contribu-
tion, is the Halder-Wagner approximatidit® based on the
following parabolic expression:

using the conditions good enough to obtain the reliable pure 5% X BiBn + /35,

line profiles. If the sample is of a polycrystalline material, as

occurs in the porcelain insulators studied in the present work,

the line overlapping can be severe, making difficult orimpos-

sible an accurate analysis of some reflections. The group of

reflections (h profiles) of quality enough for performing the

The size parametesy, is calculated frongs in the same
way as mentioned above in the case of the Langford method.

The Williamson-Hall plot g versusd®) is the basis of
the analysis, which is useful as the first-look estimation of
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Fig. 2. XRD patterns of alumina (S4) and silica (S5) porcelains. The inset shows (enlarged) the position of the 12 0 and 2 1 0 reflections of the mullite.

the nature of structural imperfections present in a sample. nition different to that otg. The strain parameter is defined
From this plot it is possible to know if there are both the asroot-mean-square strg(?nconstant or dependent on inter-
d*-independent and*-dependent contributions to the line planar distance equal to 5nm. This microstructural analysis
breadths. If all values of;* lie on a horizontal line, then  has been realised using the Win—Crysize program supplied
the strain broadening is negligible and the crystallites are by Brucker.

spherical on average. When the valuegpfcorresponding In the present study the pattern decomposition for the
to different reflection groups, lie on several horizontal lines, line profile analysis was carried out by means of the
the strain broadening is again negligible and the crystallite Brucker/Socabim program PROFILE. All the observed XRD
shape is not spherical. The size and strain parameters can bnes were approximated by using the pseudo-Voigt or Pear-
estimated by means of the Williamson—Hall plot, by applying son VII function. In this way, the following lines were se-

the following approximate formula: lected for the analysis: 110, 120,001, 220,201,121,
" 1 . 331 and 002 (finally only 110,220,001 and 002) for
Br = (ewH) ™" + 2ewnd”, mullite; 100, 101, 112 and 211 for quartz; 012, 104,

whereew is the apparent crystallite size (obtained from the 110,113 and 024 for corundum.

intercept of the straight ling; versusd*) andewy is the

strain parameter (obtained from the slope of the straight line

B versugd®). This expression assumes that all the constituent 3. Results and discussion

f profiles are Lorentzian. Neglecting the strain, one obtains

the Scherrer formula once again. The set of the Williamson—Hall plots was produced for
The Warren—Averbach methtidis based on the repre- analysing the corrected line profiles corresponding to the

sentation of the diffraction line profiles by means of Fourier mullite reflections from all samples-ig. 3). Two parallel

series. This method allows to separate the broadening effectstraight lines, corresponding to two pairs of the reflections

due to the crystallite size and the lattice strain, using at leastof different orders (each of them corresponding to the same

two orders of the same reflection, and gives size distributions direction, 11 0-220 and 00 1-002), were constructed for

of crystallites in the sample. The size parameter obtained each plot by taking the same slope of both the lines and using

from Warren—Averbach method is namgdand has a defi-  least-squares fitting, with good approximation. In all samples
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Fig. 3. Williamson-Hall plots for mullite in silica (S5) and alumina (S1) porcelains. Both the plots are presented in the same scale as applied for S1.

the anisotropy of the crystallite sizes (in different directions) all compounds are approximately strain-free materials; the
are observed. These results agree with the known fact, that theesults are showed ifable 2 The differences between the
growth of mullite crystallites is frequently anisotropic. The estimates of the crystallite size of the mulliteTiable 1and
Table 1shows the estimates of the apparent crystallite sizes Table 2are compatible with these approximations. The inter-
and microstrains derived from these lines, mentioned above,cepts of the straight lines Ifig. 3, due to their slight non-zero
of the Williamson—Hall plots irFig. 3 (i.e. only for [11 0] slopes, are less than the corresponding values of the integral
and [0 0 1] crystallographic directions). Although itwould be breadthg;’, what results in the crystallite size estimates in
useful to study the other phases, the corundum and the quartzTable lgreater than infable 2 The discrepancies between
in the same way to determine both the crystallite size and thethe size estimates for the mullite obtained for the difference
microstrains, only the crystallite size were estimated for them order of the same reflection (11 0and2200r001and 002,
by the Langford and Halder—Wagner methods, with neglect- in Table 2 can be either attributed to the existence of the
ing the microstrains, due to the lack of sufficient number of small microstrains, not taken into account.
reflections (especially those of different orders) which might It follows from the results collected ifable landTable 2
be analysed. The same was done for the mullite, taking into that the differences in the crystallite sizes of mullite for both
account that the microstrains were small, as it follows from groups of porcelains are slightly relevant, on average. In gen-
Fig. 3 eral the crystallites in the mullite are more elongated in the
In this way, the Langford and Halder—Wagner methods direction [0 0 1] than in the direction [1 1 0]. This property is
were applied to all the corrected line profiles, supposing that possibly consequence of the high content of the glassy phase

Table 1
Microstructural parameters obtained from the Williamson—Hall analysis for mullite in porcelain insulators (S1, S2, S3 and S4: alumina pesc&aiasd
S7: silica porcelains)

Sample [110] direction [001] direction
Apparent sizegwy (nm) Apparent straingwy Apparent sizegywy (nm) Apparent straingwy

S1 48.3 0.00298 88 0.00298
S2 76.3 0.00587 202 0.00587
S3 58.5 0.00361 133 0.00361
S4 40.8 0.00105 58 0.00105
S5 51.0 0.00240 85 0.00240
S6 62.5 0.00414 243 0.00414

S7 56.5 0.00358 158 0.00358
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Table 2
Apparent crystallite sizes £ expressed in nm) for mullite, M; corundum, C and quartz, Q in porcelain insulators (LM: Langford method, H-W: Halder—Wagner
approximation)

hkl Alumina porcelains Silica porcelains
S1 S2 S3 S4 S5 S6 S7
LM H-W LM H-W LM H-W LM H-W LM H-W LM H-W LM H-W
M
110 435 44.6 53 584 523 574 37.7 38.3 46.8 49 500 520 50.2 55.0
001 58.6 55.8 6B 660 693 743 A 52.9 62.3 618 891 864 76.1 74.3
220 37.3 37.6 42 432 396 401 39.3 40.1 40.8 47 426 432 39.2 39.7
002 46.6 45.9 32 374 515 511 46.0 43.3 50.6 43 537 505 55.1 53.8
C
012 93.0 98.9 102 1078 1109 1158 64.9 68.9 a 86.8 1237 1441 94.3 103.4
104 67.9 63.8 64 665 1006 1093 52.9 53.0 99.0 108 405 415 87.4 93.6
110 81.2 86.6 83 86.6 872 955 64.8 66.5 a 633 907 919 A 74.0
113 77.6 81.2 84 867 825 867 73.0 77.2 775 82 801 838 76.0 79.6
024 73.6 75.8 re 738 750 77.2 66.5 66.6 72.7 74 701 712 73.8 75.8
Q
100 48.8 47.3 53 527 A 465 A 40.3 53.8 573 561 545 51.0 50.0
101 65.0 70.1 64 750 57.6 622 49.6 52.3 57.4 62 545 584 57.5 60.7
112 35.8 36.1 34 343 329 328 A 33.0 34.4 347 300 302 30.0 30.2

2 In these cases the Langford method failed.

in porcelains. It is known that the glassy phase facilitates the than that of h. The Halder—Wagner approximation was still
mass transport in solid-state reactions and would accelerateapplicable in these cases.

the crystallite growth, especially in the preferable direction Results fromTable 2show that the corundum is the min-
[001]. The morphology of mullite grains observed by SEM eral phase of the greatest crystallite size valegs (70 nm)

(Fig. 1) seems to agree with these results. while quartz and mullite have smaller crystallite sizes. In or-
The crystallite size values obtained by means of the Lang- der to visualize the possible differences between the crystal-
ford method and the Halder—Wagner approximatitab{e 2 lite sizes of both groups of samples, an average value has

have been compared in order to reveal if there exists any sys-been calculated for each phadég. 5. In this way it is
tematic difference between the results from the two proce- possible to consider if the different mechanical properties of
dures used. The good correlation between both sets of num-both alumina and silica porcelathsan be related with mi-
bers Fig. 4) shows that it is not the case. It can be noticed, crostructural parameters. The crystallite sizes of quartz and
that in several cases the Langford method failed to calculatecorundum what can be seenkig. 5are very similar in both

the pure line profiles f from the pairs of peakandg with groups and therefore no influence of their XRD microstruc-
integral breadth of Gaussian or Lorentzian parg@freater ture could be attributed to mechanical strength differences
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Fig. 4. Correlation between crystallite sizes of mullite obtained in silica and alumina porcelains using Langford method and Halder—Wagmeatapproxi
(Results from the following lines are considered: 110,120,001,220,201,121,331and002).
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Table 3

Microstructural parameters obtained by Warren—Averbach analysis for mul- *S1

lite in porcelain insulators :; oss

Sample hkl Size,eg (Nm) RMS strain il = 5nm) :

Alumina porcelains f i (b) I: a8t
S1 110-220 43.4 0.00247 e i | ' | 0S5

001-002 48.0 0.00155 al
S2 110-220 43.0 0.00278 0 20 40 60 80 100
001-002 86.8 0.00227 L(nm)
S3 110-220 335 0.00000
001-002 85.8 0.00088 Fig. 6. Relative frequency of crystallite sizes distribution using a Pearson
S4 110-220 34.6 0.00237 VIl function for mullite in alumina (S1) and silica (S5) porcelains: (a) along
001-002 29.3 0.00000 [11 0] direction and (b) along [0 0 1] direction.

Silica porcelains lite (equiaxed grains) in the samples. This bimodal crystal-
S5 é gf—g 52 ;‘;-73 g-ggggol lite size distribution was detected through two maximums
<6 1 10__220 34.7 0.00213 of relative frequency. In the present work the application of

001-002 85.6 0.00141 .the Warren—Averbach method has. bet_'-zn pgrformed consider-
s7 110-220 36.3 0.00290 ing furthermore the crystallographic direction [0 0 1]. At the
001-002 48.5 0.00000 first glance, the results show in all porcelains only one maxi-

mum for the crystallite size distribution curve corresponding

between alumina and silica porcelains. On the other hand, al© [11 0] direction. Nevertheless, surprisingly, the data for

little bigger crystallite sizes of mullite corresponding to sil- [00 1] direction give a bimodal d|§tr|but|on curve with tWO_
ica porcelains do not seem to have a positive effect on the MaxXImMums of relatlvg frequency sl_lghFIy more accentuatedin
mechanical strength, as can be verified taking into accounttN€ @lumina porcelains=(g. 6. Taking into account that the

average values of both magnitudes. The differences betweerfluickest rate of growth of mullite crystallites has been ob-
the mechanical properties of both groups of samples shoulgS€"ved along the [00 1] directibpan interpretation of these
results could be as follows: At a temperature of 130Qhe

rather be related to larger corundum content in the alumina ; ) _ .
porcelains (on average, 34.4% versus 8.7%) quantity of secondary mullite present in the porcelain sam-

The same set of samples submitted to integral breadthP!€S must be very low. Accordingly, the SEM micrographs of
methods was analysed by means of the Warren—Averbach"€ Samples do not show evidence of a bimodal morphology

method Table 3. In a previous work this method was used in the mullite grains. However, the distribution curve for the
in order to evaluate crystallite size distributions of mullite [00 11 direction suggest that the process of secondary for-

corresponding to fired samples of kaolinite—alumina mix- mation has been initiated._Assuming this. hypothesi;, we can
tures. Only crystallite size distributions along the direction cOnclude thatthe observation of two fractions of mullite crys-
[110] were measured and the results were related to thetallltes corresponding to this early stage can be made only in

presence of primary (elongated grains) and secondary mu|_the nanometric scale, by means of XRD microstructural anal-
ysis methods. In our opinion, higher temperatures of firing

would origin the subsequent development of secondary mul-

90
] lite, giving as a result a crystallite size distribution curve for
‘____,__——-—0 CORUNDUM , . .
a8 the [1 1 0] showing also two maximums of relative frequency.
MULLITE [001]
o 4. Conclusions
E
‘?ﬂ 60 | The two groups of porcelain insulators analysed in this
w MULLITE [110] work have different macroscopic characteristics influenced
50 1 *——-——"——" mainly by their chemical and mineralogical compositions.
QUARTZ : _ . o :
This fact, considered as the point of departure of this investi-
40 gation, has been studied from the viewpoint of the crystallite
size parameters obtained by the XRD microstructure analysis
30 of mullite, corundum and quartz.
ALUMINA SILICA ; T
PORCELAING PORCEL AINS In general, the differences between the crystallite sizes

of each specific phase are small. However, when an average

Fig. 5. Average crystallite sizes for corundum, quartz and mullite in aluminaValue is calculated for each group of samples, we can verify

and silica porcelains determined by means of Halder—Wagner approximation the following results:

(corundum: average values for all studied lines, quartz: average values for . .
100, 101, and 112 lines, mullite [110]: average values for 110 line, (1) The microstructural analysis by means of XRD allows

mullite [00 1]: average values for 001 line). detecting the formation of secondary mullite, whose con-
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tent presentin the porcelain samples should be low. Thesetions. The financial support from the Spanish Department of
crystallites of nanometric scale are invisible in a textural Education (D.G.U. No. SB2001-0088) for the stay of M. A.

study realized only by SEM microscopy.

K. in the University of Valence is gratefully acknowledged.

The average crystallite sizes for corundum and quartz This research was supported by a OCYT-Generalitat Valen-
are similar in the two groups of samples and seem to ciana project (No. GV01-527).

not depend on the mass content of each of these mineral

phases.

The crystallite sizes of mullite are, on average, very sim- References

ilar for both groups of porcelains and show relevant dif-
ferences between the directions of growth (the greatest
values are obtained for the [0 0 1] direction).

In general the crystalline microstructure of the samples
analysed has no evident relation to their mechanical
strength, which seems to be influenced principally by
the content of corundum.

Although a slight dependence of the mean crystallite
sizes on mineral composition of sample can be noted,
the accuracy of the methods applied for the microstruc-
ture analysis is insufficient to characterise the differ-
ences quantitatively. The XRD microstructure is influ-
enced first of all by the conditions of the heat treatment
(time and temperature), the same for all samples.

The results of the average length using Warren—Averbach
method for mullite usually verify crystallite sizes eval-
uated from the Scherrer equation (simplified integral
breadth methods). The results of the Warren—Averbach
analysis suggest that these porcelains consists of two dif-
ferent kinds of crystallites, characterized by quite differ-
ent mean sizes; this is very clear in alumina porcelains in
the [0 0 1] direction. It appears also in silica porcelains
though slightly less marked. In both kinds of porcelains
mean sizes in the [1 1 0] direction are smaller than those
measured in the [0 0 1] direction.

The present study on silica and alumina porcelain insu-

lators obtained at 130, with the same time of firing, has
showed that the microstructural properties, at the nanome-

ter

scale, by X-ray powder diffraction can be used in ce-

ramic applications with areasonable precision. Inthe authors’
opinion, such analyses should be applied more often when
studying nanocrystalline materials and should complement
the evaluation by an scanning electronic microscopy study
that gives, to micrometric scale, particle sizes, whereas an X-
ray diffraction study detect crystallite sizes, down to 100 nm,
more related to structural properties.
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