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NOTES 

EXPERIMENTAL DETERMINATIONS OF THE COHERENT SCATTERING 
DOMAIN SIZE DISTRIBUTION OF NATURAL MICA-LIKE 
PHASES WITH THE WARREN-AVERBACH TECHNIQUE 
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INTRODUCTION 

X-ray diffraction (XRD) has recently undergone a 
complete transformation with the availabili ty of  com- 
puter-driven diffractometers. The resulting digitized 
data, combined with increasingly powerful computers,  
allow numerous calculation routines for numerical data 
processing to get more information out of  an X R D  
profile. A decomposi t ion routine, for example, enables 
the separation of  the respective contributions of  phases 
with distinct but  closely related crystallographic char- 
acteristics from a complex X R D  profile (Lanson and 
Champion,  1991; Righi and Meunier,  1991). In ad- 
dition, quoting Klug and Alexander (1974), "Appro-  
priate analysis o f  the line profile should yield such 
information a s . . .  the mean size of  coherent crystalline 
domain,  distribution of  crystallite sizes, and the nature 
and extent of  lattice imperfections." Kodama  et al. 
(1971) developed a Fourier  analysis of  XRD profiles 
to establish the mean coherent scattering domain  size 
(CSDS) of  microcrystalline muscovites, as well as the 
variat ion of  their interlayer spacings. More recently the 
Warren-Averbach (WA) technique (Warren and Av- 
erbach, 1950) has been used to determine the CSDS 
distribution (Eberl and Srodon, 1988; Eberl et al., 1990) 
ofsericite- and illite-rich samples. Information on CSDS 
is especially important  when looking at mineral trans- 
formation and/or  growth. 

This paper has been inspired by some unusual results 
and correlations obtained by using the W A  technique 
to determine CSDS distributions on various samples 
containing mostly illitic phases. It does not answer any 
of  the questions it asks, but  is intended to be a warning 
signal to some of  the l imitat ions of  the newly available 
calculation routines. The increasing number  of  algo- 
rithms, often presented as "black-box" packages, made 
us wonder about the reliability and the l imitat ions of  
these programs. These routines are obviously very use- 
ful and provide a significant amount  of  information, 
but  could be even more relevant i f  the user is aware 
of  the theoretical limitations of  these programs. It would 
also be useful for the user to know if  any simplifying 
hypotheses, including the convergence criteria for the 
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fitting routines (e.g.), have been used while developing 
the algorithm and what their possible effects are. 

The purpose of  this note is not to provide a detailed 
description of  the various methods that may be used 
to determine crystallite size, as well as lattice distor- 
tions, through X-ray diffraction line profile analysis. 
The interested reader may refer to Klug and Alexander 
(1974), Kodama  et al. (1971), Delhez et al. (1982), and 
Keijser et  al. (1982), for a comprehensive description 
of  these methods. However,  a basic knowledge of  line- 
broadening Fourier  analysis is necessary to understand 
the l imitat ions resulting from the different steps of  data 
processing. The presentation below follows essentially 
the description of  LouSr (1986). 

An X-ray diffraction pattern (also denoted as h pro- 
file) contains three components  that are convoluted: 
the diffraction profile of  the specimen (also denoted as 
f profile), which is of  interest; the geometrical aberra- 
tions of  the instrument; and the emission profile o f  the 
radiation. The convolution of  the latter two (also de- 
noted as g profile) is determined experimentally by 
using a s tandard specimen with the same chemical 
composit ion as the unknown, and negligible diffraction 
broadening. A deconvolution procedure is applied to 
obtain the line profile f, which is expressed then as a 
Fourier  series. The Fourier  cosine coefficients, An, are 
the product of  a size coefficient, An s, and of  a distort ion 
coefficient, A~D(1), with l being the order of  reflection. 
A method for separating the two components  was pro- 
posed by Warren and Averbach (1952). The mean ap- 
parent size is obtained from the initial slope of  the 
curve An s versus L [where L = n/A~, n being the har- 
monic number,  A s = 2sin 0 2 / ~ k  - -  2sin 01IX, when (01, 
02) is the angular range over which the profiles are 
measured, and X is the wavelength of  the radiation]. 
In strain-free materials, the distr ibution P(n) of  column 
of  length n unit cells can be evaluated from the second 
derivative of  An s with respect to n (Bertaut, 1950) or 
directly from f (Lou~r, 1986). 

EXPERIMENTAL METHODS 
Unrelated examples from extremely varied locations 

and origins were chosen to evaluate the W A  method.  
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Forty-three samples of drill cuttings were selected from 
a deep borehole in the Eastern Paris Basin. These sam- 
ples are Stephanian to Permian in age, and have been 
extensively described by Lanson and Champion (1991 ) 
and Lanson and Velde (1992). An additional ten sam- 
ples came from the Upper Cretaceous Niger Delta 
mudstones described by Velde et al. (1986). Four more 
samples were from the Glarus thrust (Swiss Alps) de- 
scribed by Burkhard et al. (1992), and four others from 
the Helvetic nappes of Western Switzerland. The latter 
samples are Maim in age (S. Huon, personal com- 
munication). An iUite-rich sample was supplied by D. 
K. McCarty from a surface outcrop of the middle De- 
vonian Tioga bentonite in the Onondaga limestone 
Formation (central New York State). All these samples 
contain mostly micaceous clays. However, some sam- 
ples (e.g., from Paris basin) contain a slightly expand- 
able (<10% smectite) illite/smectite mixed-layer co- 
existing with purely illitic clays (Lanson and Velde, 
1992). The different size fractions (usually the <2.0 
#m fraction) were obtained by centrifugation or sedi- 
mentation, and oriented slides were prepared accord- 
ing to the procedures described by the various authors 
listed above. 

The oriented glass slides were all step-scanned on a 
Siemens D500 XRD system using CuK~(1 + 2) ra- 
diation, a graphite monochromator,  1 ~ divergence and 
receiving slits, soller slits on the diffracted beam, and 
the Siemens D5000 software (version 2.3) running on 
a Microvax 2000. The WA analysis was performed 
using the 002 and 005 XRD reflections as suggested 
by Eberl and Srodon (1988). XRD patterns were col- 
lected from 14 to 24*20 (6.3 to 3.7/~) and from 42 to 
50*20 (2.15 to 1.80/~), counting respectively 6 and 6 
to 10 seconds per 0.02*20 step. Prior to the Fourier 
analysis, the fit procedure was performed with a split- 
Pearson function using separate exponents; the use of 
this asymmetrical profile makes it possible to fit either 
reflection with a unique set of parameters. XRD pro- 
files were fitted usually from 16.0 to 19.5"20 (5.5 to 4.5 
A) and from 43.0 to 47.5*20 (2.10 to 1.90 /~). The 
results were considered adequate when the R value, 
that is (IExp - Calcl)/(IExPl) where Exp and Calc 
represent respectively the experimental and fitted pro- 
files, is lower than 0.05; most often, R values were 
about 0.02. The WA analysis was performed then, us- 
ing as starting values the results of  the fit procedures 
carried out on the 002 and 005 peaks of both the sample 
of interest and of the reference. The ground muscovite 
standard pattern used to determine the broadening of 
the pure diffraction line profile induced by instrumen- 
tal factors is the one collected by Eberl and Srodon 
(1988). The Fourier analysis was performed mostly on 
the profiles obtained from air-dried samples, as sug- 
gested by Eberl and Blum (1993). The patterns of eight 
ethylene-glycol solvated samples from Switzerland were 

also analysed. Basically, the results are consistent with 
the air-dried samples, and are not discussed separately. 

To determine the CSDS one can use also the Scherrer 
equation (Klug and Alexander, 1974): L = KX/(B cos 0), 
where L is the mean crystallite thickness, in A, along 
c* axis, K is a constant equal to 0.91 (Brindley, 1980), 
0 is the diffraction angle, and B is the peak breadth at 
half maximum intensity measured in radians. In this 
study, experimental peak breadths have not been cor- 
rected for instrumental broadening; consequently, mean 
CSDS may have been slightly underestimated. 

RESULTS AND DISCUSSION 

Experimental  results 

The Paris Basin samples (Figure 1) have been char- 
acterized thoroughly by image analysis of transmission 
electron micrographs, X-ray fluorescence chemical 
analysis (Lanson and Champion, 1991) and decom- 
position of XRD profiles (Lanson and Velde, 1992). 
The simultaneous occurrence of three "illitic" phases 
(i.e., highly illitic illite/smectite mixed-layer or I/S, 
poorly crystallized illite and well crystallized illite) has 
been shown on the various diffraction peaks (001,002, 
003 and 005 bands) of the 2-50~ (44 to 1.8/~) range 
(Lanson and Velde, 1992). Because of the relative in- 
tensity (Table 1) of the well crystallized (CSDS > 20 
layers) illite peak, one could expect the presence of 
some high CSDS values (above 20 nm) in the distri- 
bution determined with the WA technique. Converse- 
ly, the WA analysis of sample C1730 indicates that 
99.1% of the particles are less than ten layers thick. 
The total absence of these high values (Figure 2) is 
quite surprising. Further, the mean CSDS of sample 
C 1730 has been determined by using Scherrer equation 
(Table 2). Except for the 8.1 nm value estimated from 
the 00I peak which is affected by interstratification 
broadening, the mean CSDS values obtained from 002, 
003 and 005 peaks are very consistent around 11.5 nm. 
These values are consistent with the mean CSDS of 
about 12-15 layers deduced from the intensity ratio 
(Ir ~- 1.87) versus Kubler index (KI = 1.03"20 Cu) plot 
of Eberl and Velde (1989). This plot also confirms the 
highly illitic nature of sample C 1730, indicating 7% of 
expandable layers, in agreement with the results from 
XRD profile decomposition (Lanson and Velde, 1992). 
Conversely, the WA analysis of sample C 1730 (Figure 
2, Table 3) indicates a mean CSDS of 1.6 nm that is 
totally inconsistent with other mean particle thickness 
data. 

In summary, the total absence of large CSDS values 
(above 15 nm) is inconsistent with the presence of well 
crystallized illite demonstrated by Lanson and Velde 
(1992). Further, the CSDS distributions obtained with 
the WA technique for the Paris Basin samples are in- 
consistent with previously available data. The very low 
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Figure 1. X-ray diffraction pattern of sample C 1730, from 
the Paris Basin borehole C. 
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Figure 2. Example of coherent scattering domain size fre- 
quency distribution determined with the Warren-Averbach 
technique on sample C1730, from the Paris Basin borehole 
C. The algorithm was performed using a split-Pearson (sep- 
arate exponents) function to fit both the 002 and the 005 
XRD peaks of the air-dried sample. 

mean CSDS values (from 1.0 to 3.0 rim, i.e., 1 to 3 
layers on average, for 29 out of  the 43 samples) seem 
unrealistic for such highly illitic samples (the I/S, as- 
sociated with pure illite, contains less than 10% smec- 
tite) and are contradictory with the values derived from 
Scherrer equation and from the diagram of  Eberl and 
Velde (1989). X R D  diagrams of  highly illitic I/S (94% 
illite) were simulated with CALC (Lanson and Besson, 
1992) assuming an average CSDS of  twelve layers on 
the one hand and using the CSDS distribution obtained 
from WA analysis on the other hand (Figure 3). The 
latter profile is influenced mostly by the structure factor 
of  illite and is very different from the experimental 
pattern, whereas the profile calculated using a twelve 
layer mean CSDS agrees reasonably well with the ex- 
perimental pattern and supports the validity of  this 
CSDS data. Such unrealistic very low mean CSDS val- 
ues, that are less than three layers on average, have 
been determined not only for 29 samples out of  the 43 
from the Paris Basin but for all samples from Niger 
Delta mudstones, and for the various size fractions of  
the Devonian bentonite as well. 

Additionally, when plotting the width at half max- 
imum of the CSDS frequency distribution versus the 
mean CSDS (Figure 4) one can observe a very good 

correlation (r 2 = 0.990) between these two parameters. 
At first, there seems to be no reason for both param- 
eters to be so closely related. However, one can think 
of  various hypotheses to explain such a correlation: 1) 
chance in the sample selection; 2) this relation is in- 
duced by the calculation algorithm; 3) the CSDS dis- 
tributions are similar (lognormal tendency) because the 
formation and growth mechanisms are the same for 
all these micaceous phases, as suggested by Eberl et al. 
(1990); or 4) the WA technique could not be applied 
to our samples because of  their nature, or the method 
was not applied the right way. The first three hypoth- 
eses will not be discussed because we lack any infor- 
mation about them. 

Fourier analysis of  X-ray diffraction 
profile broadening 

Prior to addressing the fourth hypothesis, one should 
be convinced that the Fourier analysis o f  X-ray dif- 
fraction profile broadening itself, which has been wide- 
ly used in the last four decades, especially in the field 
of  metals, and whose results have been checked suc- 
cessfully against other measurements, is not question- 
able. For example, Kodama et aL (1971) developed an 
original Fourier analysis of  X R D  profile broadening to 

Table 1. Illite content, mean coherent scattering domain size (CSDS), and relative intensities of the phases producing the 
three elementary peaks fitted to the various peaks of sample C1730. 

W e l l  c rys ta l l i zed  i l l i te  Poor ly  c rys ta l l i zed  i l l i te  I l l i t e / smec t i t e  m i x e d - l a y e r  

I l l i te  M e a n  R e l a t i v e  n l i t e  M e a n  R e l a t i v e  lUi te  M e a n  R e l a t i v e  
c o n t e n t  C S D S  in t ens i ty  c o n t e n t  C S D S  in tens i ty  c o n t e n t  C S D S  i n t e n s i t y  

001 96% 22-25 25% 100% 6-9 41% NA NA 34O/o 
002 NA NA 28% NA NA 36% NA NA 36% 
003 97% 22-25 39% 99% 6-9 42% 91% 6-9 19% 
005 96% 22-25 39% 100% 6-9 39% 92% 4-7 22% 

Illite content and mean CSDS as determined by Lanson and Velde (1992) by comparison with calculated patterns. NA: 
identification data not available because of the mismatch between experimental and simulated position-full width at half 
maximum intensity values. 
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Table 2. Mean crystallite thickness determined by applying 
the Scherrer equation to the various peaks of sample C1730. 

Peak  M e a n  crys ta l l i te  th i ckness  

001 8.1 nm 
002 11.5 nm 
003 11.4 nm 
005 11.4 nm 

estimate at first the mean deviation from the ideal 
d-spacing (i.e., strain), and as a second step the mean 
CSDS for microcrystalline muscovites. Their  results 
correlate well with the total number of  interlayer cat- 
ions. 

The standard WA approach has been used on binary 
alloys or metallic oxides by various authors (Wagner 
and Aqua, 1963; Roof, 1971; Baggerly, 1974; Huang 
and Parrish, 1978) to determine either the mean CSDS, 
the strain in the lattice, or the CSDS distribution. The 
measurements may be performed along any crystal- 
lographic direction, and usually are checked against 
other X R D  measurements (integral breadth or vari- 
ance methods) or by direct transmission electron mi- 
croscope (TEM) observations. Lou~r (1986) used the 
WA technique to follow strain-free zinc oxide crystal- 
lite growth along several hkl directions and conse- 
quently to characterize a change in the morphology of  
the crystallites from a cylinder to a hexagonal prism. 
He demonstrated that the apparent sizes obtained us- 
ing the variance method agree with the ones deter- 
mined from the WA analysis, and that crystallite shape 
observed with TEM confirms the model proposed from 
X R D  profile analysis. 

However  the initial question of  why the WA tech- 
nique gives an answer inconsistent with previously 
available data for our samples remains unanswered. 
The successive steps of  the procedure are examined 
and the various implied limitations are checked in or- 
der to point out the possible restrictions to the use of  
the WA analysis for clay minerals on the one hand, 
and the special care that should be taken to perform a 
correct analysis on the other hand. 

Determination o f  the instrumental profile. The g profile, 
which results from the convolution of  the geometrical 
aberrations of  the instrument and of  the emission pro- 
file of  the radiation, is determined experimentally by 
running a standard specimen with the same chemical 
composition as the sample. According to K_lug and 

Table 3. Mean crystallite thickness and mode of the CSDS 
frequency distribution determined by performing the WA 
procedure (see text for details) on sample C 1730. 

Mean crystallite thickness 1.6 nm 

Mode of CSDS distribution 0.9 nm 

l 
io z~ 20 2$ 3O 3~ ~ ,;5 ~0 

Position (~ Cu) 

Figure 3. X-ray diffraction patterns calculated with CALC 
(Lanson and Besson, 1992). Both profiles were simulated as- 
suming a 94% illite mixed-layer illite/smectite with maximum 
ordering (R = 1). The upper profile has been calculated with 
the CSDS distribution obtained from the WA analysis of sam- 
ple C 1730. The lower profile has been calculated assuming a 
triangular distribution of CSDS from 7 to 17 layers (mean 
CSDS = 12 layers). 

Alexander (1974) the chosen reference powder should 
"produce diffraction lines in the immediate  neighbor- 
hood of  the lines of  the unknown to be measured.'" 
Obviously by using a mica standard, this requirement 
is fulfilled. Additionally, these authors point out that 
the reference should be "a  substance not subject to 
lattice distortions, which would produce line broad- 
ening." Indeed, as pointed out by Lou~r and Langford 
(1988), "a common source of  systematic error in line- 
profile analysis is the use of  an ' instrumental '  standard 
which itself exhibits sample broadening." Kodama et 
al. (1971) show that for microcrystalline muscovites 

20.O * 
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Figure 4. Full width at half maximum of the coherent scat- 
tering domain size distribution versus the mean coherent scat- 
tering domain size as determined by the Warren-Averbach 
technique. There are more data points than listed samples 
because some samples were run on both air-dried and ethylene 
glycol-solvated states and because various size fractions were 
run for some other samples. Linear regression coefficient of 
determination r 2 = 0.990. 
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the d-spacings may vary by up to 0 .036/k about the 
ideal d-value, if the distribution of interlayer cations 
is irregular. Consequently, the mica standard should 
be selected very carefully to prevent the presence of 
strain-broadening. It would be interesting also to in- 
vestigate both feasibility and influence of a thermal 
processing similar to annealing of alloys for the ref- 
erence powder. 

Determination o f  the background. Klug and Alexander 
(1974) point out that most often the determination of 
the pure line profile, which is an essential step to the 
calculation of the crystallite size, is not satisfactory 
because of noise in the experimental data and/or of 
misplacement of the background. With modem dif- 
fractometers, experimental noise is not a major prob- 
lem any more if counting times sufficient to obtain a 
good statistics (i.e., at least 104 counts at peak maxi- 
mum) are used. However, the determination of back- 
ground remains a difficulty in line profile analysis, es- 
pecial ly for very broad  peaks. Inaccuracies  in 
background determination translate usually in Fourier 
space into a "hook" effect, that is a negative curvature 
of the A, s curve near n = 0, but may lead to large errors 
in the structural parameters obtained from line profile 
analysis (Delhez et al., 1982). 

Presence o f  strains. Klug and Alexander (1974) also 
state that "an estimate of the size distribution," may 
be obtained only "in favorable circumstances," that is, 
in the absence of strains inducing lattice distortions. 
This condition, which is unlikely to be matched even 
for purely non-expandable material, severely impairs 
the application of the method to clay minerals. Ko- 
dama et al. (I 971) measured variations (i.e., strains) 
up to 0.036 A about the ideal d-spacing on micro- 
crystalline muscovites. Both the assumptions of a con- 
stant strain broadening associated with interparticle 
swelling at 17 ~, (Eberl and Srodon, 1988) and of the 
absence of broadening induced by mixed-layering for 
even-order reflections of Ca-saturated (2 water-layer 
smectite) illitic I/S (Eberl and Blum, 1993) also seem 
unrealistic. Srodon (1980) and Sato et al. (1992) indeed 
showed that the basal spacing ofa  homoionic smectite 
(hydrated or ethylene-glycol solvated) varies signifi- 
cantly as a function of layer charge, charge location, 
relative humidity, and expansion energy. 

Small  crystallite size. Klug and Alexander (1974) in- 
dicate that the approximation of sinZ(Trh3) by 0rh~) 2 
made by Warren and Averbach (1950) is less accurate 
for small crystallite sizes (Bienenstock, 1961), which 
is undoubtedly the case for clay minerals. For very 
broad diffraction lines, induced by fine-grained mate- 
rials, it may be necessary also to take into account the 
variation of the structure factor within the considered 
angular range. Siemens (1990) actually warns the user 

of its WA program that average crystallite sizes smaller 
than 5 nm may lack any physical meaning. 

Finally, the WA method was run on our samples 
taking only two reflections into account, but Klug and 
Alexander (1974) argue that an extrapolation from three 
or more orders is preferred. For the reasons detailed 
above, it seems that the use of the WA technique on 
clays is inappropriate. However, one should note that 
the results obtained with this technique by Eberl and 
Srodon (1988), using the same instrumental standard 
and a procedure very similar to the one used for this 
study, correlate well with their TEM thickness mea- 
surements. 

SUMMARY AND CONCLUSIONS 

Our results show that there is a large difference (in- 
consistency) between the grain-size estimations deter- 
mined by using a decomposition and simulation ap- 
proach, Scherrer equation or the diagram proposed by 
Eberl and Velde (1989) on the one hand or the WA 
technique on the other hand. These differences are 
probably due to initial conditions required to apply the 
WA procedure that are not met by our samples (e.g., 
presence of strains, very fine-grained minerals). One 
should note that the above results have been obtained 
using the WA calculation procedure as a routine with- 
out any special care, and their inconsistency with pre- 
viously available data is possibly induced by an im- 
proper use of the method. However, because these 
conditions may be used commonly it seemed interest- 
ing to point out that assumptions made to use the WA 
method on clay-size micas and micaceous phases may 
be unwarranted. Consequently, one must be aware that 
the effects of neglected parameters may not be small 
enough to justify the approximations. 

Despite these limitations the WA technique remains 
a very interesting technique: it is easy and fast to per- 
form, and provides statistical information that can be 
obtained otherwise only with transmission electron mi- 
croscopy (high resolution or Pt-shadowing) and a huge 
amount  of t ime-consuming particle thickness mea- 
surements. 
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