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Abstract

A simple and elegant method to simulate single order reflection profile based on 1-D paracrystal-
line model has been proposed here. For variety of polymer films this approach has been applied to
compute microcrystalline parameters like crystallite size and lattice strain. Other metallic oxide
compounds are also analysed using this approach. Employing this model, X-ray diffraction pat-
terns from various polymer samples have been analysed and corresponding microstructure pa-
rameters have been reported in this article.
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1. Introduction

Broadening of Bragg reflections in polymer/metal oxide samples has drawn attention of many crystallographers
for developing a technique to quantify the patterns [1]-[13]. A modified Williamson-Halland Warren-Averbach
procedure was given by [14]. International union of crystallography has brought out a monograph on this subject
in 1999 for the benefit of investigators working on materials science [15]. For ball milled Ni X-ray powder sam-
ples, a whole powder pattern modelling based on modelling of diffraction pattern was reported [8]. Later on
several investigators also explored the possibility of computing crystallite size and lattice strain from single line
profile analysis X-ray data [16]. This was of main interest for investigators carrying out research work on natu-

“Corresponding author.

How to cite this paper: Nanda Prakash, M.B., Thejas Urs, G., Ananda, H.T. and Somashekar, R. (2014) 1-D Paracrystalline
Model to Simulate a Bragg Reflection: Computation of Crystallite Size and Lattice Strain. Crystal Structure Theory and Ap-
plications, 3, 48-55. http://dx.doi.org/10.4236/csta.2014.32006



http://www.scirp.org/journal/csta
http://dx.doi.org/10.4236/csta.2014.32006
http://dx.doi.org/10.4236/csta.2014.32006
http://www.scirp.org/
mailto:rs@physics.uni-mysore.ac.in
http://creativecommons.org/licenses/by/4.0/

M. B. Nanda Prakash et al.

ral and man-made polymers to bring out structure-property relation in these materials [17]. Employing various
distribution functions and Hosemann’s paracrystalline model, single line profile analysis was also proposed
during this period [18]. In fact this method was used during the participation of Round Robin analysis of stan-
dard samples [19]. A simple program for extracting microstructure information from X-ray diffraction patterns
has been reported [20]. The accurate powder diffraction peak profile by numerical procedure has been reported
[21]. An elegant method of computation of common volume fraction of any type of polyhedra has been reported
[22]. In this article it is very clear that the crystallite size is different along different Bragg angles and assump-
tion of symmetric crystallite size as done in various other methods is not appropriate. There is a continued inter-
est in this endeavour, as many have expressed the inability of obtaining a reliable set of parameters. This article
is in this direction of suggesting an improved method based on Hosemann’s 1-dimensional paracrystalline mod-
el which can be used to compute microcrystalline parameters for both polymer and metal oxide materials. If the
periodicity along one direction, with an assumption that the lateral size is infinitely large as compared to the
longitudinal periodicity, it can be treated as 1-dimensional problem even though it is, physically, a 3D problem.
The treatment of 1-D problem is rigorous, analytical and has been derived more than 80 years ago. Here we have
used the same result with slight modifications.

2. Theory

Let us consider, at random, a set of rods of length “d” such that this length is distributed around a mean value
“x”. Here let us assume that the distance probability is a Gaussianin shape and it is identified by Hy(x). The av-
erage length is given by

(x):xlzf:le(x)dx 1)

Using H;(x) we can calculate the probability distribution of length vectors by the propagation of errors. The po-
sition of second Gaussian is

Hz(x):Hl(X)*Hl(X) (2

where “x” represents convolution process. The average length of second vector is given the Equation (1) with
Hy(x). The probability distribution thus produced forms a one dimensional lattice with an atom/molecule at lat-
tice edge. The Gaussian function is normalised so that all the peaks have an area of 1. We can continue this to
find nth lattice point. This is done as follows:

H, (x) = Cexp(-a’x’) ©)
where C = ! , a’ :iz and ¢ is the lattice strain. Convolution of this function at x, is given by
(2m)s 26
H,(x)= .[‘” C_zexp(—ale2 exp(—a2 (x—xl)z))dxl 4)
~+J2a
With a substitution s = f(2)a(x ~x/2) andusing |*e~ds=[(x) we find
C 2,2
H,(X)=—=exp(—-a°x"/2 5
(x) =z ep(-a"x/2) (5)
Extending this to the nth Gaussian we get
C 2,2
H. =—exp(—a“x“/n 6
" p(-a*x*/n) (6)
Taking the Fourier cosine transformation, we have
1(s)=>." H,(x)exp(ixs)ds @)

the intensity profile due to convolution of “n” Gaussians. Figure 1(a) and Figure 1(b), and Figure 2(a) and
Figure 2(b) show the simulation of convoluted Gaussians and their intensity profile for.
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Figure 1. Convolution of Gaussians and their Fourier trans-
form: N (number of convoluted Gaussians) and g is percentage
of lattice distortion. First Gaussian Peak is located at 0.4 nm
and corresponding peak position in Fourier transformed is lo-
cated at 15.70.

No

Provision to Yes |Select a Bragg
go back to Inst_ >=2> pefection
Correction

Read Intensity Background
vs two - theta => Correction

Select new

Tnitial Refine for Compare with Bragg
Parameters => Nandg => Expt Profile ’:> Reflection or
Print Results

Figure 2. Flowchart for the computation of microstructural pa-
rameters and simulation of the experiment pattern.

Solution to the Equation (7) is

where

with a%= i
2

52

H(s) =21, (5)

1,(s)= Jﬁexp(—nzsz/@az ))

Crystallite Size Probability Distribution

The crystallite size distribution at t shifted by a distance equal to dth position (last Gaussian), we have

®)

©)
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/ 1
p(t)= 252 e—a(l—d) (10)

Jn
where o = 2—152 is the width of the distribution. Thus the contribution of the shape function at this point is
%
p(t)dt x(t—x) (11)
Here (t — x) is the shape function. Thus the resulting shape function will be
Q(x)=[ p(t)(t-x)dt (12)
We get
Q(x)=e 9" [1+(x—d)] (13)
The Fourier transform of this equation is given by
Icorrection (S) = .[:Q (X)eisxdx (14)

Substituting for Q(x) we get

Leoecion () = [ & e [“ \ ﬁ (x~d )J o (15)

Consider the first term. Since p(t) is +ve, we take x — |x| and then carry out the integration by breaking it into

two terms.
1- /Ld g {J'o e”eisxdx+j°°e’°‘xe‘“dx} (16)
n26° - 0

The first and second integrations give

a’ -5
I correction (S) = (l_ 1 d Jead (%) +qe®2 ( )Z (17)

12652 a’+s (a2+sz)

With this incorporation of correction we have an expression for the intensity as

Itotal =1 (S) * Icorrection (S) (18)

3. Application of the Procedure

For computation of crystallite size and strain from X-ray diffraction pattern, it is important to have good expe-
rimental data. We have used eight polymer samples wherein reasonably good X-ray data is available. The sam-
ples are two cotton fibers (SAHANA, JAYADHAR), two silk fibers (TASSAR, MUGA) and two polymers
(HPMC, PVA). The flowchart for the computation of crystallite size and strain is given in Figure 2. The results
are given in Table 1. To begin with X-ray powder data is corrected for instrumental broadening using Stokes
method [23]. Then onwards, X-ray data as input to the program, starts with number of profiles. Beginning, peak
position and end of each profiles are given as input using GUI method. Program searches for a good set of mi-
crostructural parameters including the width of asymmetric exponential column length distribution till one ob-
tains a reasonable goodness standard deviation between simulated and experimental whole powder pattern rec-
orded from the sample. This is checked visually also. An option is provided in the program for a slight variation
in the parameter for a possible good fitting between simulated and experimental whole powder pattern data. The
routine also give in the output appropriate standard deviation in these microstructural parameters. Figure 3 and
Figure 4 show the goodness of the whole powder patter fitting technique suggested here.

O,
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Table 1. Microstructural parameters for natural and man-made polymers using the present and earlier methods.

Samples Peaks dinnm Dinnm Strain (%) D in nm reported Strain (%) values
VA 1 0.4544 1.36 £0.11 10.0+0.8 2.92@ 1.0
2 0.2267 0.23+0.02 10.0+0.8
1 0.9528 3.81+0.30 10.0+0.8 7.320 1.0
HPMC
2 0.4492 1.35+0.11 222+16 2.45 05
1 0.5323 1.60 £0.13 11.1+0.9 3.0 14.0
TASSAR 2 0.4389 1.76 £ 0.14 11.8+0.8 2.70 9.0
3 0.2678 0.54 +0.04 7.7+06 1.60 40
1 0.5274 2.11+0.17 11.1+0.9 3.109 30.0
MUGA 2 0.4389 1.32+0.10 9.1+0.7 2.20 30.0
3 0.2654 0.53 +0.04 6.3+05 1.10 5.0
1 0.5822 1.75+0.14 10.0+0.8 2.34© 0.1
2 0.5352 1.61+0.13 8.3+0.6
SAHANA
3 0.3857 1.54+0.12 7.7+06 3.48 0.1
4 0.2584 0.52 +0.07 71+05 3.16 0.2
1 0.5704 2.28+0.17 10.0+0.8 2.460 0.1
2 0.5377 2.15+0.17 11.1+0.8
JAYADHAR
3 0.3870 1.16 £ 0.09 6.7+0.6 3.37 0.1
4 0.2562 0.51+0.04 8.3+0.7 2.16 2.0
@241 [25]; ®[26] [271; ©[29] [30]; ©[28] [29]; ©[31]; P[31] [32].
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Figure 3. Comparison of experimental and simulated whole powder pat-
tern X-ray profiles. Right side gives column length exponential distribu-

tion.
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Figure 4. Comparison of experimental and simulated whole powder
pattern X-ray profiles. Right side gives column length exponential
distribution.

4. Results and Discussion

Samples chosen here represents reasonably amorphous in nature, in a sense that a well defined delta-type Bragg
reflections are rarely observed. Scherrer and Williamson-Hall methods relay on 1) instrumental broadening cor-
rection, 2) background correction and 3) accuracy of measuring FWHM using peak fit and peak separation pro-
cedures. Multiple and single order Fourier methods by Warren and others do relay on initial Fourier coefficients.
In all these methods, our experience suggest that while refining the parameters against the profile and hence the
whole powder pattern, the program selectively choose to give more weightage to the crystalline parameter than
lattice strain parameter leading to either over or under estimation of crystallite size. Normally in polymers we
have a situation where in a few unit cells contributes for a Bragg reflection. Under these circumstances we look
for a method which can compute microstructural parameters with reasonable accuracy in a straight forward
manner. In this direction, present method is quite useful. As mentioned in the flow chart, an approximate crys-
tallite size is estimated using Nandi et al.’s initial slope method for a selected profile after all the corrections.
This is done using Graphic User Interface technique wherein the beginning, peak and end of the profile is se-
lected graphically in the program. Then the parameters like background, size and strain are varied continuously
such that the final parameters are used to simulate the profile. This process is continued for all the available pro-
files. At the end of the day, all the profile parameters are used to compute the whole powder pattern to an accu-
racy which is always less than 5 percent between the simulated and experimental profiles, which is also verified
visually using the graphics user interface in the program. The results are in broad agreement with single order
Fourier method based on Warrens approach used earlier.

5. Conclusion

Essentially, crystallite size is the region between defects. Associated with this, there are non-uniform strains

O,
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leading to shifts of atoms/molecules from their ideal positions. These two together along with other extended
defects lead to peak broadening. Absolute accuracy of these results is always a problem. The restrictions are less
stringent if one seeks results in a semi-quantitative manner. Here in a straight forward method, using exponential
column length distribution, crystallite size is computed by a visual inspection of the profile and also the whole
pattern. It is observed that it is difficult to extract accurate parameters from Rietveld analysis when the peak
shape is mixed Gaussian-Lorentzian. Here the accuracy can be improved by the goodness off it in terms of sim-
plified peak shape.
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