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E f f e c t of annealing on crystal size in pure Mysore silk fibres
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Abstract. Wide angle X-ray diffraction studies of pure Mysore silk fibres, annealed at
various temperatures at different periods of time were carried out to evaluate crystal size
and latti~ distortion parameters as these determine the properties of silk fibres.
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1. Introduction
The determination of crystallinity and disorder of fibres is important for textile
industri.cs, as they determine the properties of silk fibres. X-ray diffraction studies
show that silk fibres are partially crystalline (Mathews 1951). X-ray scattering at
wide angle ( - 20 °) is due to the crystal lattice planes. For perfect crystalline lattice
the crystal size can be obtained from the width of diffraction peaks using Scherrer's
equation. However paracrystalline disorder of the lattice, which is also thought to
exist in natural silk fibres also broadens the X-ray diffraction spots (Klug and
Alexander 1954). In this paper we have attempted to determine the crystal size and
lattice distortion parameters from the intensity profile of a fairly clear (210) X-ray
reflection obtaine.d from annealed natural silk fibres at various temperatures and at
various length of time. Such studies have not been reported earlier, except for
determining the cell parameters (Marsh et al 1955; Shaw and Smith 1961;
Warwicker 1961) and percentage of crystallinity (Bhat et al 1978) for natural silk
fibre (Bombyx mori).
Both multiple and single-order methods used to separate crystal size and
distortion parameters derive from the theory of Warren-Averbach (1950), utilizing
the Fourier cosine coefficients of the intensity profile. Somashekar et al (1989) and
Hall and Somashekar (1990) have considered various aspects of multiple and singleorder methods and suggested a suitable single-order method to obtain crystallite
size and lattice distortion parameter from polymer fibres. Recently we have
extended, this method to natural polymers (Somashekar et al 1990).
2. Theory
The intensity profile of the X-ray reflection from a partially crystalline sample like
natural fibre is a function of the distribution of crystal sizes (D) and of the lattice
distortion (0) and these are related through the Fourier Coefficients A(n) to the
profile intensity l(s) by the equation
l(s)=

~, A(n) cos{2~nd(s-So) }.
n =

-.

(!)
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Here So is the value of s = (sin 0/4) at the peak of the profile and d the mean do
spacing of lattice planes causing the reflection and n the harmonic number.
Also the Fourier coefficients can be factorized into size As(n) and disorder
coefficients Ad(n)

a(n) = a~(n). Ad(n).

(2)

These are not normalized. By taking exponential distribution function for crystal
sizes, we have the following relations for A,(n)

As(n) = A(O) [ 1 - n / ( N ) ]

n<<.p,

As(n) = A(O) [ e x p { - g ( n - p ) } / ( N ) ] ,

n>~p,

(3)

where ( N ) is the average number of unit cells in a column through the crystal
direction normal to the lattice planes causing reflection. Here p is the smallest
number of unit cells in a column.
The crystal size is given by

D = ( N >dhkl

(4)

and Aa (n) is the disorder coefficient for paracrystal with separation of neighbouring
lattice planes having Gaussian distribution of standard deviation given by
Aa (n) = exp ( - 21r2 ra2 n 02),

(5)

where m is the order of reflection and g the lattice distortion parameter.
The reasons for using non-normalized Fourier coefficients are (i) truncation of the
profile and (ii) error in the background estimation and these affect the low-order
Fourier coefficients of the intensity profile as explained in detail by Somashekar et
al (1989). We have therefore used asymmetric exponential distribution function for
the crystal size distribution which gives fairly good results.
Using (1), (2), (4) and (5) along with experimental intensity data it is possible to
obtain crystal size and lattice distortion.

3.

Experimental and computation

Pure Mysore silk fibre is an indigenous multivoltine race of mulberry silk worm
(Bombyx mori). The cocoons are kept in boiling water for about 2-3 min and
fibre reeling is processed at 45°C. Samples of silk fibres were annealed at 100, 140
and 200°C for various length of time without stretching the fibres.

3.1 X-ray diffraction pattern
The X-ray diffraction profile of equatorial reflections from silk fibres, recorded us~g
an X-ray diffractometer (JEOL, Japan) (target Fe, ), = 1.934 A) is given in figure 1
and has only two reflections. Of these, the (100) reflection has too' much of
background and we were not able to record a clear profile of the (100) reflection,
using an X-ray diffractometer. We have therefore used (210) reflection for our study.
The reflections were identified using cell parameters reported earlier (Marsh et al
1955). The profile of (210) reflection used to obtain the crystal size and lattice
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X-ra), diffractometer recording of pure Mysore silk fibre along equatorial

Figure 1.

direction.

distortion was assumed to be symmetric and the half where the overlap with the
neighbouring reflection is minimum was used to determine the cosine Fourier
coefficients A(n). The background level was taken as that at which the intensity
became uniform and this was subtracted from all the points. The scattering angle
was transformed to sin (0)/2 and the Fourier coefficients were calculated from these
intensity data after they were corrected for Lorentz and polarization factors.
In order to correct for instrumental line broadening using Stokes method (194"8),
X-ray diffraction pattern was recorded for aluminium foil under the same
conditions as used for silk fibres. This procedure was repeated for all the samples
annealed at various temperatures for various time periods.
3.2

The refinement procedure

The calculation of intensity profile using equations (1), (3) and (5) requires four
parameters namely lattice distortion g, crystal size (< N> or D = <N> dhkl), error in
the background and a parameter defining the width of the exponential distribution
function of column lengths. Initial values of g and <N> were obtained using the
method of Nandi et al (1984). Using these values in the above mentioned equations
gave the corresponding values for the distribution width. These are only rough
estimates but the refinement procedure must be sufficiently robust to start with such
inaccurate values. Here we compute
A2

= [lcaj

-

(lexp + BG)]2/number of points.

(6)

The value of A was divided by half the maximum value of intensity so that it is
expressed relative to the mean value of intensities and this function is minimized.
For refinement, the multidimensional minimization algorithm of SIMPLEX method
was used (Press et al 1986). Here BG refers to inaccuracy in background estimation.
It was observed that the variation of < N >, p and ~ defined in (3) with respect to g
for exponential distribution function are almost constant and under these
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circumstances, the average values of parameters ( N ) , p and • were used to
determine the g value and these are given in table 1.
All the necessary computer programs were written in FTN77 language and were
compiled and executed using Archimedes 310 M, Acorn (UK make).
4. Results and discussion
Table 1 gives the parameters needed for recalculating the intensity profile, using the
equations mentioned earlier in the text. Figure 2 shows good agreement between
experimental and the intensity calculated.on the basis of the paracrystalline model
suggested in this paper for (210) reflection in silk fibre annealed at different
Table 1. Paracrystalline parameters obtained from (210) X-ray reflection by silk fibres.
Fibre

( N>

Pure Mysore silk (PMS)
PMS annealed at 100°C 7 h
PMS annealed at 100"C 14h
PMS annealed at 140°C 7 h
PMS annealed at 200°C 7 h

p

2.85-4-0-14
3.404.0.21
3.494.0-15
4.584-0-29
3.65

0-584-0-27
0-804-0.05
1-264.0.07
2-20±002
0-58

=

g

A (0)

BG

D (in ~)

0-424-0.02
0"384-0-03
0-45±0.02
0"424-0.02
0-33

5'7%
2.8%
9-2%
7.5%
3-0%

50"6
30-6
42-0
33-9
26'2

1.0
1.0
-006
-0-85
-0-55

12"05
14.38
14.76
19-37
15-43

(5)
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Figure 2. Experimental and calculated intensity of (210) X-ray reflection b y silk fibres
annealed at various temperatures for various length of time. (1) 200°C 7 h, (2) 140°C 7 h,
(3) IO0°C 14 h, (4) IO0°C 7 h and (5) native pure silk fibre.
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temperatures. This clearly indicates that the parameters obtained here are quite
reliable. The reliability of this procedure has been investigated (Hall and
Somashekar 1990) by comparing with the existing multiple order method of Warren
and Averbach (1950). The D values shown in table 1 increase with increase in
annealing temperatures as well as with the increase in length of time. This is
because at higher temperatures, the protein molecules (in this case p-pleated
structure) may arrange themselves such that when frozen may result in increase of
crystalline region; in other words, the number of unit cell increases with annealing
temperature. The decrease above 150°C is due to the marked transition that occurs
both internally and externally and which is seen in the form of total decoloration
(brownish red) of silk fibres but still retaining all the features of fibres. Variation of
g with annealing temperature which is about 3-9% gives the extent of lattice
distortion in silk fibres along [210] direction and to some degree depends on the
model used to separate the crystal size and distortion coefficients from the Fourier
coefficients. It is well known that the strength of fibres increases with increase in
crystal size in the case of man-made fibres and hence we can infer that the strength
of silk fibres can be improved by annealing the fibres.

5. Conclusion
The crystal size in natural silk fibre is less compared to annealed, silk fibre, is
maximum in the fibre annealed at 140°C for 7h and decreases above this
temperature. Also, the variation of distortion parameter at different temperatures is
small. This study shows that one can improve the strength of the pure Mysore sllk
fibres by annealing at 140°C for 7 h without loss of lustre of the silk fibres.
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