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Abstract. We have analysed the broadening of X-ray reflections observed in non-
mulberry silk fibres in terms of stacking faults and microstructural parameters using a
single-order method and have, with these parameters, developed, for the first time, a pro-
cedure to compute the whole pattern of these silk fibres. The essential deviations in the
values of microstructural parameters obtained from line profile and whole pattern fitting
procedures are discussed in this paper.
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1. Introduction

Line profile analysis is a powerful method to investigate the microstructural pa-
rameters like crystal size ((IV)), lattice strain (g) and stacking faults in polymer
materials [1-7]. Currently, several software packages which employ whole powder
pattern fitting, to derive the microstructural parameters are commerically available
[8-10]. Recently IUCr also conducted Round Robin test to evaluate the different
procedures used to determine the crystallite size and lattice strain [11]. All these
approaches, in principle, are based on multiple-order method proposed by War-
ren and Averbach [5]. A majority of these methods employ a single distribution
function for the whole pattern from which result an average set of microstructural
parameters. In most of the materials examined in the present study, the crystal
size is found to change with crystallographic direction. These studies also empha-
size upon the importance of line profile analysis [12] and suggest that single-order
method is a reasonably good approach to obtain microstructural parameters [13].
Keijser et al [14] have also suggested a single-order method employing Voigt function
and integral breadth of reflections. For silk fibres and for most of the other natural
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fibres, it is very rare to find experimentally, multiple reflections. To overcome this
inherent difficulty, a method employing simple, analytical asymmetric function [12]
for individual size profile has been proposed in this paper. This method also en-
ables the use of a single crystal size distribution function to account for the whole
diffraction pattern which is adequate to quantify stacking faults in materials like
metal oxide compounds, but may be inadequate for describing diffraction patterns
from silk fibres [15,16]. In this context, we would also like to emphasize that as per
the recent Round Robin survey conducted by IUCr [17], Fourier method of profile
analysis (single-order method used here) is quite reliable.

This paper describes a method to compute crystallite size, lattice strain and
stacking faults in silk fibres, using single-order method, essentially the crystallite
size. Using the parameters computed from the single line analysis, the whole pattern
observed in three non-mulberry silk fibres Tassar, Muga and Eri has been simulated,
and the necessary procedure for doing this is given in this paper. The extent
of variation of these parameters obtained from single-order method while refining
against the whole pattern refinement is also discussed.

2. The theory

The contribution of crystallite size, lattice strain and stacking faults to a Bragg
reflection profile can be written as [10]

Ihkl(shkl) _ / TIP (nd)e[27riC(nd)]e[27ri¢>(nd)]e[27rindshkl]d(nd)’ (1)

where T is the Fourier transform of instrument profile, e[27¢("d)] is the average
phase factor due to crystallite size and e2™¢("d] i due to lattice distortion and
stacking faults. L = nd (with d = dpy;) is the column length. This equation can
also be written in the form of Fourier series as

Ihkl(s) = i Ahkl(n) cos{27rndhkl(s — 80>}7 (2)

n=—oo

where Ay (n) are Fourier coefficients corrected for instrumental broadening using
the method of Stokes [18]. Hereafter crystallite size will be referred to in terms of
the number of unit cells measured in a direction perpendicular to the Bragg plane
with a notation (N) and the crystallite size in A is given by Dy = (N)dpgi. These
Fourier coefficients Apy;(n) are functions of the size of the crystallite, the disorder
of the lattice and stacking fault coefficients, i.e.

Angi(n) = A (n) - Al (n) - Afyy(n). (3)

Fourier analysis of a Bragg reflection profile must always be performed [19] over
the complete cycle of the fundamental from d(s — sg) = —1/2 to +1/2, which
is rarely possible, experimentally. The analysis was carried out using correction
for truncation [13]. For a paracrystalline material like silk fibre, with Gaussian
distribution the expression A¢, (n) has been given in refs [5,12,13,19,20]. Using the
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exponential distribution function for column length an expression for A7,,(n) had
been reported earlier [12,13].

Warren [19] has given an integral analysis for deformation faults and twin faults
in various crystal systems. According to this paper, the shift, broadening and
asymmetry of the profile are proportional to these fault densities. Here stacking
fault density is defined as the chance of finding a stacking fault between any two
adjacent layers causing a Bragg reflection and is denoted by a?. a? is normally
expressed in percentage and the average number of Bragg planes between stacking
faults is given by 1/a?. The twin fault probability 3 is defined as the chance of
finding a twin fault between any two adjacent (hkl) layers and the average number of
(hkl) layers between twin faults is 1/3. Veltrop et al [21] have obtained an equation
for Fourier coefficients A}, (n) in terms of the deformation fault (a?) and twin fault
(B) probabilities as

A]}ikl(n) _ (1 _ 304d _ Qﬁ + 3(ad)2)\(1/2)ndhkzs(Lo/h(2])a'L0)|, (4)

where Ly = h+ k +1, h2 = k2 + k2 + 12, of
reflections studied here.

The whole powder pattern of silk fibre was simulated using individual Bragg
reflections represented by the above equations using

I(s) =Y (wnkilnw — BG), (5)
hkl

, is assumed to be positive for all

where wpy; are the appropriate weight functions for the hkl Bragg reflection. Here s
takes the whole range of X-ray diffraction of the sample. BG is an error parameter
introduced to correct the background estimation.

Exponential function has been used for the crystallite size distribution and the
microstructural parameters are evaluated using eqgs (1)—(3). Using these equations
the parameters IV, a, the background correction factor and ¢ for individual Bragg
reflections have been initially computed. For this purpose, SIMPLEX program [22]
has been employed. Then the whole pattern fitting was done by introducing weight
factors for the individual profiles and also taking into account the average stacking
faults derived using eqs (4) and (5) in the final stage of refinement with the whole
experimental diffraction data of the sample. Computational procedure is given in
the flow chart (see figure 1).

3. Experimental
3.1 Sample preparation

Cocoons are the raw material for reel silk fibres. Hence, cocoons of various wild
varieties were collected from the germplasm stock of the Department of Sericulture
and were reeled following the standard procedure. First, cocoons were cooked in
boiling water for 2 min to soften the sericin and later transferred to the water bath
at 65°C for 2 min. Then the cocoons were reeled in warm water with the help of a
reeling equipment known as Epprouvite. Among the Indian races, there are three
different types of raw wild varieties of silk fibres such as Tassar, Muga and Eri.
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Figure 1. Flow chart for the computation of microstructural parameters.

3.2 X-ray diffraction pattern

The XRD diffractograms of the polymer samples were recorded using an X’Pert Pro
X-ray diffractometer with Ni filtered, CuKa radiation of wavelength A = 1.5406 A,
with a graphite monochromator. The specifications used for the recordings were
40 kV, 30 mA. The samples were scanned in the 20 range 12—60° with a scanning
step size of 0.017°. Figure 2 shows the X-ray diffraction patterns obtained for
Tassar, Muga and Eri silk fibres. Here the fibre reflections have been identified
using the cell parameters a = 9.44 A, b= 6.95 A, ¢ = 10.6 A and the space group
P2,2,2; [23].

3.3 Computational procedure

Equatorial scan of the X-ray diffraction pattern recorded from silk samples was
used for the estimation of microcrystalline parameters like crystal size (N) and
lattice distortion (g). Further, PEAK-FIT program [24] has been used to extract
profiles using Gaussian deconvolution procedure in the overlapping regions and also
for background correction. After extraction of the profiles, single-order line profile
analysis has been carried out. The instrumental broadening corrections were carried
out using Stokes method [18]. For this purpose, ball-milled iron powder was used.
These corrections, though relatively small (less than 5%) in polymeric samples
compared to metal oxide compounds, were included. The procedure adopted for the
computation of the parameters is as follows. Initial values of g and [N were obtained
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Figure 2. X-ray diffraction patterns obtained for Tassar, Muga and Eri silk
fibres for the reflections (020), (210), (121) and (320)/(212)/(040).

using the method of Nandi et al [25]. With these values, the equations mentioned
earlier in the text, gave the corresponding values for the width of distribution. These
are only rough estimates. Hence the refinement procedure must be sufficiently
robust to start with such values. The computation is as follows:

A = /ST — (15 + BO)R /npt, (6)
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Figure 3. Simulated and experimental profiles for Tassar silk fibre. (a) 20 =
16.62°, (b) 20 = 20.08°, (c) 20 = 22.42° and (d) 20 = 33.47°.

where BG is the error in the background estimation and npt is the number of
data points in a profile. The values of A were divided by half the maximum value
of intensity so that it is expressed relative to the mean value of intensities, and
then minimized. Further, with these model parameters for individual Bragg reflec-
tions, the whole pattern has been simulated and then the refinement against the
whole pattern of experimental data has been carried out to compute the final mi-
crostructural parameters. For refinement against intensities, the multidimensional
minimization algorithm was used [22].

4. Results and discussion

Figures 3-5 show the experimental and simulated intensity profiles for various silk
fibres using exponential distribution functions. In all the cases the goodness of the
fit was less than 5%. The intensity profiles appear smooth, because we have used
interpolation procedure to generate a set of equi-spaced intensity data points from
experimental profile. This is essential to compute Fourier coefficients. Comparison
between multiple-order and single-order method has been carried out in low density
polyethylene (LDPE) and Kevlar™ fibres and appropriate discussions were given
in our earlier papers [12,13].

According to Young et al [26], the criteria for profile analysis is that a minimum
of about 3—4 experimental points must fall within the intensity profile at half height.
This condition has been met in our analyses for all the reflections observed in all the
samples. The background level was taken as that at which intensity either began to
increase with distance from the peak, or became uniform. This was subtracted from
all the points and the intensity was assumed to remain zero over the rest of the range
required by theory. In the X-ray diffraction intensity profile, we have subtracted
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Figure 4. Simulated and experimental profiles for Muga silk fibre. (a)
20 =17.04°, (b) 260 = 20.08°, (c) 20 = 22.28° and (d) 26 = 33.19°.
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Figure 5. Simulated and experimental profiles for Eri silk fibre. (a)
20 =16.76°, (b) 26 = 20.08°, (c) 20 = 22.70° and (d) 26 = 34.02°.

only background intensity and not amorphous scattering intensity. A parameter in
the refinement process has also been introduced to take care of further error in the
estimation of the background as defined in eq. (6). The values of crystallite size,
lattice strain, deformation fault probability and twin fault probability are given
in table 1. The advantages of single-order line profile analysis is evident in table
1. Tt is clear that, the crystallite size is different for different Bragg angles (26)
indicating that the non-spherical distribution of crystallite size is prevalent in these
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Table 1. Microstructural parameters of Tassar, Muga and Eri silk fibres using
exponential distribution function.

Sample 26 g dukt (A)  (N)  Dnw (A) o at B

16.62 0.14+0.01 5.3£0.5 5.7+0.6  30+3  0.49£0.05
Tassar 20.08 0.09+0.01 4.44+0.4 6.24+0.6 27+3  0.87£0.09
silk 22.42 0.07£0.01 3.9+0.4 8.7+£0.9  34+£3 9.5+0.9
fibre 33.47 0.04+0.01 2.7£0.3 6.2£0.6 16%2 2.7+£0.3 (7.9+0.8)E-5 (4.24+0.4)E-6

17.04 0.03£0.01 5.24+0.5 6.0+0.6  31+3 7.0+£0.7 (1.6+0.2)E-5 (1.24+0.1)E-4

(1.340.1)E-7 (2.840.3)E-7
(
(
(
(
Muga  20.08 0.03+0.01 4.440.4 5.14+0.5 2242  0.67+£0.07 (3.940.4)E-8 (1.10.1)E-6
(
(
(
(
(1.
(

8.04£0.8)E-7 (2.4+0.2)E-7
3.840.4)E-5 (9.9+0.1)E-4

silk 22.28 0.09£0.01 3.9+£0.4 7.1+£0.7 28%£3 1.6+0.2 (4.6+0.5)E-6 (2.2+0.2)E-4
fibre 33.19 0.05+0.01 2.7+0.3 4.4+04 11#+1 2.440.2 (4.1+£0.4)E-5 (5.1+£0.5)E-5

6.0+0.6)E
8.4+0.8)E

16.76 0.03£0.01 5.3+£0.5 5.2+0.5  27+3 3.3+0.3
Eri 20.08 0.04£0.01 4.4+0.4 6.1+0.6  26=£3 1.440.1
silk 22.70 0.02+0.01 3.9£0.4 8.44+0.8 3243  0.41+0.04
fibre 34.02 0.04+0.01 2.6+£0.3 5.2£0.5 13+1 2.240.2

5 (3.0£0.3)E-7
8 (7.640.8)E-5
E- 9 (4.2+4£0.4)E-7
5 (1.3+0.1)E-4

fn
o
H—
=3
—
v\/\/v

34:|:03

fibres. The variations of crystallite size in different directions are nearly 50% in
Tassar, 67% in Muga and 60% in Eri silk fibres.

These parameters have been further refined against the whole pattern recorded
from silk fibre by minimizing a term given by an equation similar to eq. (6) but now
the summation extends over the whole pattern [eq. (5)]. Subtle changes in these
parameters have been observed with the set convergence of 1%. These changes are
also given in table 2. The goodness of the fit between simulated and experimental
profiles for the three different silk fibres are given in figure 6 along with the difference
graph.

The observed variations in the microstructural parameters given in tables 1 and
2 are due to a two-fold refinement. First, the line profile analysis of the extracted
profiles from overlapping regions were carried out. This is the standard procedure
to compute microstructural parameters. Secondly, the range of overlapping regions
do determine the extent of broadening of the reflections. In fact, the broadening
may decrease, if the reflections are closeby and hence result in an increase in the
crystallite size values. A closer examination of the values in tables 1 and 2 indicates
such a result. It is also worth noting that none of the other parameters like lattice
strain and stacking fault probabilities varied much during the refinement against
the whole pattern data of silk fibres.

To check the reliability of the computed deformation and twin faults, a simple ap-
proximate method suggested by Warren [19] has been used here and the expression
for the twin fault is given by

(2086 — 20B01)nkt = —14.6 X g tan 0 x 3, (7)

where 29&; is the centre of gravity of the profile and 263, is the peak maxima. 3
is the twin fault and X},z; is the constant value which we have taken to be 0.23. For
all the three samples the average twin fault probabilities have been computed and
the values are 5.2 x 1077, 1.2 x 1076 and 2.7 x 10~7, which are of the same order of
twin fault probability which have been computed by incorporating an appropriate
expression in the Fourier coefficients as given in eq. (3). These values are logically
reliable and do represent the extent of twin faults present in a fibre in a direction
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Figure 6. Simulated and experimental profiles for Tassar, Muga and Eri silk
fibres along with the diffrences.

perpendicular to the fibre axis. In fact 1/0 is very large in fibres and very small
in metal oxide materials. Approximate values of the deformation fault probability
a? have also been estimated by making use of the following expression given by
Warren [19]:

o3 — (T?) + (1.5 + 5)/dhkz}[z |Lol/(u + b)ho, (8)
s b

where u is the unbroadened component, b is the broadened component and
Ly = 3N + 1 reflections. We have taken the values of [}, |Lo|/(u + b)ho] to
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Table 2. Microstructural parameters computed from whole pattern refine-

ment.

Sample 20 (N) w BG g

16.62 5.7£0.6 0.85£0.09
Tassar 20.08 6.2+0.6 1.0940.11 0.01+0.001 0.02+0.002
silk fibre 22.42 8.7+0.9 0.83£0.08

33.47 6.2+0.6 0.01+0.01

17.04 6.0£0.6 0.88+0.09
Muga 20.08 5.1£0.5 1.0840.11 0.001£0.0001 0.11+£0.011
silk fibre 22.28 7.1£0.7 0.73£0.07

33.19 4.440.4 0.01+0.01

16.76 5.2+0.5 0.87+0.09
Eri 20.08 6.1+£0.6 1.20£0.12 0.02040.002 0.13+0.013
silk fibre 22.70 8.4+£0.8 0.92+0.09

34.02 5.2+0.5 0.01+0.01

be 0.471 and 1.33 for (200) and (210) reflections respectively. Approximate val-
ues of deformation fault probability a® have also been computed for the three silk
samples and they turn out to be 2.5 x 1072, 7.6 x 103 and 3.3 x 1072 respectively
for Tassar, Muga and Eri. A comparison with the deformation fault probability
values obtained by Fourier coefficient method (given in tables 1 and 2) indicate
that the values are low in fibres because there are too many layers between two
successive deformation fault layers. This is due to the fact that there are pockets
of crystalline-like order in a matrix of amorphous regions. It is well-known that
the Fourier method gives a reliable set of microstructural parameters and it is also
shown here that in addition to these values, one can also compute reliable fault
probabilities. In this context, it is necessary to draw attention to the fact that as
per the survey and results of Round Robin test conducted by IUCr [17] in which
the author of the present paper also took part, it is clearly indicated that Fourier
method of single-order analysis gives reliable results with regard to crystallite size.
Coming to the computation of lattice strain, there is a limited allowed range of
values for g. This region is represented by a straight line on graphs of g against
(1/N)'/? that includes all the good points [27-29]. The longer the gradient of this
line, known as correlation factor, the greater the range of input values which will
produce good estimations of size and distortion. Since the present investigation
uses Hosemann’s paracrystalline model to describe the lattice distortion g in these
natural polymers, a plot of g vs. (1/N)/2 will highlight a correlation effect as the
theoretical value of the slope is limited to a value of 0.4 [30]. It must be stressed
here that the correlation factor is dependent on the error in the estimated crys-
tal size which is deemed acceptable since otherwise, the slope of the straight line
representing them will change. The results presented in figure 7 indicate that the
experimental points are good points and that we are not measuring the correla-
tion length but the crystallite size. Inaccurate values of g will however, affect the
magnitude of the correlation factor.
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The quality of the whole pattern fitting can be appreciated from figure 6 wherein
the experimental and modelled patterns are shown by considering twin and defor-
mation faults. Here, the average deformation fault (a?) is 2.340.1 x 107°, the twin
fault (3) being 5.8 + 0.1 x 10~° in non-mulberry silk fibres. A comparison with
plastic deformation of Ni powders is done wherein the reported values for o and 3
are 5.0 x 1075 and 10.0 x 1075 respectively [10,31,32]. This indicates that the order
of magnitude is in reasonable agreement. This comparison has been made just to
highlight the fact that the whole pattern analysis carried out here does include the
contribution of faulting, crystallite size and lattice strain present in the fibres for
the first time.

5. Conclusion

Whole pattern fitting based on single-order line profile analysis for the refinement
of experimental diffraction data from fibres in order to compute crystallite size,
lattice strain and faulting probabilities proposed here can be regarded as a use-
ful method. An important contribution of such a method is that there are finer
changes in the modelled parameters when compared to single-order line profile
analysis method, which reduced the systematic error components present in line
profile methods. Here, we would like to emphasize that while refining against whole
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pattern we have adhered to the basic requirement of Warren’s theory that the in-
dividual allowed profile range sy has been used, which may be absent in the earlier
methods.
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