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INTRODUCTION

Natural hemp fiber (NHF) is a semicrystalline poly-
mer (Cannabis Sativa L.). The NHF is one of the most
important fibers, which has lignocellulosic used as a raw
material for the manufacture of cost effective environ-
mentally friendly composite materials. It is also one of
the most important materials used in several industries,
in particular textile industry[1]. This natural polymer con-
sists of Cellulose (70.2-74.4%), Hemicellulose (17.9-
22.4%) and lignin (3.7-5.7%)[2]. Cellulose the most
abundant biopolymer on earth, is poly (â-1, 4, D

anhydroglucopyranose), which through a regular net-
work of inter and intramolecular hydrogen bonds is or-
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An experimental study was undertaken to investigate the effect of micro-
wave (MW) heating on natural hemp fibers (NHF). The changes in micro-
structural parameters in these natural polymer fibers have been studied
using wide angle X-ray scattering (WAXS) method. The crystal imperfec-
tion parameters such as crystallite size <N>, lattice strain (g in %) and
enthalpy (á*) have been determined by line profile analysis (LPA) using

Fourier method of Warren. Exponential, Lognormal and Reinhold functions
for the column length distributions have been used for the determination of
these parameters. The goodness of the fit and the consistency of these
results suggest that the exponential distribution gives much better results,
even though lognormal distribution has been widely used to estimate the
similar stacking faults in metal oxide compounds.
 2010 Trade Science Inc. - INDIA

ganized into perfect sterioregular configuration.
Natural cellulose fibers widely used are cotton fi-

bers and bast fibers such as flax, hemp and kenaf. Natural
cellulose fibers are replacing synthetic fibers in many
applications due to their biodegrability, improved acous-
tics of products, higher processing and operational
safety, higher strength and stiffness, lower weight and
lower production cost[3]. NHF have low density than
the glass fibers with almost similar stiffness. This stiff-
ness arises due to high crystallinity in the NHF[4]. Lighter
polymer materials can potentially be made with hemp
fibers as an additional reinforcement[5]. Natural cellu-
lose based fibers are increasingly gaining attention as
their application are diverse, a few of them used as
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building materials, and also as structural parts for mo-
tor vehicles.

Enormous work has been carried out and reported
on the effect of various solvents on hemp fibers. NHF
is used as a renewable source of hygienic and environ-
mental friendly fibers[6-8]. Recently thermal studies have
been carried out on lignocellulosic fibers and fabrics[9-

11]. With appropriate composition of NHF in polymer
materials, and by varying relevant quality parameters
one can prepare blends appropriate to applications[12].
For this purpose it is essential to have knowledge of
micro crystalline parameters in NHF. The changes in
crystal imperfection parameters like crystallite size <N>,
lattice strain (g in %) and enthalpy (á*) and surface
weighted crystallite size (D

s
) in NHF have not been

studied so far. Hence we have carried out X-ray line
profile analysis (LPA) on NHF samples exposed to
microwave (MW) irradiation for different time dura-
tion. These changes are correlated with other physical
measurements, in this paper.

EXPERIMENTAL

Sample preparation

The raw material used in this study was NHF
samples (Cannabis Sativa L.) taken from Gulbarga
region of Karnataka state (India). The samples were
made into small bundles and subjected to microwave
(MW) irradiation for a given period of time, with the
power of 800 Watt and frequency 2450 MHz.

X-Ray diffraction measurements

The XRD diffractograms of the NHF polymer
samples were recorded using a Bruker D8 Advance
X-ray diffractometer with Ni filtered, CuKá radiation

of wavelength ë = 1.5406 Å, with a graphite mono-

chromator. The scattered beam was focused on a de-
tector. The specifications used for the recordings were
40kV, 30mA. The samples were scanned in the 2è range
10-50º with a scanning speed and step size of 1º /min

and 0.01º respectively.

Theory

Micro structural parameters such as crystal size
(<N>) and lattice strain (g in %) are usually determined
by employing Fourier method of Warren and

Averbach[13,14], and Warren[15]. The intensity of a pro-
file in the direction joining the origin to the center of the
reflection can be expanded in terms of Fourier cosine
series;
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where the coefficients of the harmonics A(n) are func-
tions of the size of the crystallite and the disorder of the
lattice. Here, s is sin ()/(), s

o 
being the value of s at

the peak of a profile; n is the harmonic order of co-
efficient and d is the lattice spacing. The Fourier coeffi-
cients can be expressed as;
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For a paracrystalline material, A
d
(n) can be obtained,

with Gaussian strain distribution[16],
A

d
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Here, �m� is the order of the reflection and g = (d/d)
is the lattice strain. Normally one also defines mean
square strain <å2>, which is given by g2/n. This mean
square strain is dependent on n, whereas not g[17,18].
For a probability distribution of column lengths P(i), we
have;
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where D = <N>d
hkl

 is the crystallite size and �i� is the

Figure 1 : X-ray diffractograms of hemp fibers
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number of unit cells in a column. In the presence of two
orders of reflections from the same set of Bragg planes,
Warren and Averbach [13,14] have shown a method of
obtaining the crystal size (<N>) and lattice strain (g in
%). But in polymer it is very rare to find multiple reflec-
tions. So, to determine the finer details of microstruc-
ture, we approximate the size profile by simple analyti-
cal function for P(i) by considering only the asymmetric
functions. Another advantage of this method is that the
distribution function differs along different directions.
Whereas, a single size distribution function that is used
for the whole pattern fitting, which we feel, may be in-
adequate to describe polymer diffraction patterns[17-19].
Here it is emphasized that the Fourier method of profile
analysis (single order method used here) is quite reli-
able one as per the recent survey and results of Round
Robin test conducted by IUCr[20]. In fact, for refine-
ment, we have also considered the effect of background
by introducing a parameter [see for details regarding
the effect of background on the microcrystalline pa-
rameters[21].

The exponential distribution

It is assumed that there are no columns containing
fewer than p unit cells and those with more decay ex-
ponentially. Thus, we have[22],
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where,  =1/(N - p) Substituting this in equation (4),
we get;
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Here,  is the width of the distribution function, �i� is
the number of unit cells in a column, n is the harmonic
number, p is the smallest number of unit cells in a col-
umn and <N>, the number of unit cells counted in a
direction perpendicular to the (hkl) Bragg plane.

The lognormal distribution

The Lognormal distribution function is given by;
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where,  is the variance and m is the median of the
distribution function.

Substituting for P(i) in equation (4) and simplifying[5],
we get,
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The above equation is the one used by Ribarik et al[17].
The maximal value A

s
(0) is given by;

3
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The area-weighted number of unit cells in a column
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and the volume- weighted number of unit cell in a col-
umn is given by
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The reinhold distribution

With the exponential distribution function, P(i) rises
discontinuously at p, from zero to its maximum value.
In contrast, the Reinhold function allows a continuous
change by putting,
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where,  is the width of the distribution which has been
varied to fit the experimental results. p is the smallest
number of unit cells in a column, <N> is the number of
unit cells counted in a direction perpendicular to the
(hkl) Bragg plane; d is the spacing of the (hkl) planes; 
is the wavelength of X-rays used; i is the number of unit
cells in a column; n is the harmonic number and D

s
 is

the surface weighted crystal size (<N>d
hkl

).
All the distribution functions were put to test in or-

der to find out the most suitable crystal size distribution
function for the profile analysis of the X-ray diffraction.
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The procedure adopted for the computation of the pa-
rameters is as follows. Initial values of g and N were
obtained using the method of Nandi et al[23]. With these
values in the equations give numbers earlier give the
corresponding values for the width of distribution. These
are only rough estimates, so the refinement procedure
must be sufficiently robust to start with such values. Here
we compute;
2 = [I

cal
 - (I

exp
+ BG)]2 / npt (14)

where, BG represents the error in the background esti-
mation, npt is number of data points in a profile, I

cal
 is

intensity calculated using equations (1)-(13) and I
exp

 is
the experimental intensity. The values of  were di-
vided by half the maximum value of intensity so that it is

expressed relative to the mean value of intensities, and
then minimized.

X-ray profile analysis

For the analysis, we have used X-ray diffraction
data in the above equations to simulate the intensity pro-
file by varying the necessary parameters till one gets a
good fit with the experimental profile. For this purpose,
a multidimensional algorithm SIMPLEX is used for mini-
mization[24]. We have used pure and Microwave (MW)
irradiated NHF samples. The computed crystal imper-
fection parameters along with reported physical param-
eters are given in the TABLE 1 for different distribution
functions for each of the samples.

TABLE 1 : Microstructural parameters of microwave (MW) irradiated polymer samples computed by various distribution
functions.

Exponential Reinhold Lognormal 

Sample <N> g in % á* Ds delta <N> g in % á* Ds delta <N> g in % á* Ds delta 

Pure 7.58±0.24 0.5±0.02 0.014 30.36 0.032 7.55±0.26 0.5±0.02 0.014 30.24 0.035 8.04±0.41 0.5±0.03 0.014 32.20 0.050 

10 min 7.35±0.26 0.5±0.02 0.014 29.08 0.035 7.30±0.29 0.5±0.02 0.014 28.89 0.040 7.91±0.53 0.5±0.03 0.014 31.29 0.060 

20 min 7.63±0.33 0.4±0.02 0.011 30.68 0.043 7.60±0.24 0.3±0.01 0.008 30.56 0.031 8.19±0.52 0.4±0.02 0.011 32.93 0.060 

30 min 7.62±0.67 0.5±0.03 0.012 30.26 0.049 7.56±0.23 0.5±0.02 0.014 30.02 0.037 8.17±0.43 0.5±0.03 0.014 32.44 0.050 

RESULTS AND DISCUSSION

Figures 2(a-d), 3(a-d) and 4(a-d) show the com-
parison between simulated and experimental profiles
for Microwave (MW) irradiated and pure NHF poly-
mer samples for clear Bragg�s reflection. The simulated

profile was obtained with the above equations using
appropriate model parameters. This procedure was fol-
lowed for all the other samples heated at different time
duration. The computed microcrystalline parameters
such as crystallite size (number of unit cells) <N>, lat-
tice strain g in %, the width of the crystallite size distri-
bution (á), surface weighted crystallite size (D

s
) are given

in TABLE 1. It is evident from TABLE 1 that all the
asymmetric distributions used give more or less similar
results. By and large, exponential distribution function
gives a better fit than Reinhold/Lognormal distributions.
Here we emphasize that the standard deviation in all
the cases for the microstructural parameters are given
in TABLE 1 as delta.

From the TABLE 1, it is clear that the crystallite
size <N> is 7.58, and surface weighted crystallite size

(a) (b)

(c) (d)

Figure 2 : (a-d) Experimental and simulated intensity
profiles of  x-ray reflection of hemp polymer fibers obtained
with exponential column length distribution function.
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wave irradiated sample crystallite size is 7.35 and D
s
 is

29.08 Å, in the case of 20 min heated sample crystallite

size 7.63 and D
s
 is 30.68 Å and 30 min heated sample

has 7.62 and D
s
 is 30.26 Å. From all the cases it was

found that the crystallite size and surface weighted crys-
tallite size (D

s
) is almost same, there is no much change

occurs during the treatment.
The variation of the lattice strain (g in %) lies be-

tween 0.4 and 0.5% in case of exponential distribution
for NHF polymer samples. From the obtained microc-
rystalline parameters (<N>, g in %), one can estimate
the minimum enthalpy (á*), which defines the equilib-
rium state of microparacrystals in all the polymer fibers,
using the relation postulated by Hosemann[25]

)g2/1N(*  (15)

The estimated minimum enthalpy is given in TABLE 1.
It is observed here that the value of á* lies between
0.011 and 0.014 for these fibers. The value of enthalpy
decreases with increasing exposure time, which corre-
sponds to the state with lower ordered polymer net-
work. We have observed that the lattice strain and its
variation are very small and are almost insignificant.

CONCLUSION

From the wide angle X-ray scattering (WAXS) study
of microwave (MW) irradiated NHF polymer samples;
we have observed that even though there is not much
change in the position of the X-ray reflections, a small
change in the values of micro structural parameters oc-
curs. The small change in microstructural parameters in
polymer is due to microwave irradiation. We have
shown that among the three asymmetric crystallite size
distributions, Exponential gives a better fit in polymer
fibers. The only justification for the good fit that we
observed with Exponential distribution in these poly-
mers can be interpreted on the basis of extensive usage
of this function in condensed matter to explain various
phenomenon�s like dielectric relaxation, luminescence

decay law and other physical properties. Single order
method that we have used here is capable of estimating
both the size and the distortion parameters and could in
general measure crystallite size, only upto a certain limit.
The changes in polymer network with different expo-
sure time are quantified here in terms of microstructural

(a) (b)

(c) (d)

Figure 3 : (a-d) Experimental and simulated intensity
profiles of  x-ray reflection of hemp polymer fibers obtained
with reinhold column length distribution function.

(a) (b)

(c) (d)

Figure 4 : (a-d) Experimental and simulated intensity
profiles of x-ray reflection of hemp polymer fibers obtained
with lognormal column length distribution function.

(D
s
) is 30.36 Å for pure sample. For 10 min micro-
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parameters. Our study indicates that microwave irradi-
ated polymer samples have a slightly higher values of
crystallite size than pure sample. Surprisingly we ob-
served that the intrinsic strains are very small. It is evi-
dent from this study that microwave irradiation of NHF
polymer samples, the duration upto 30 min is not suffi-
cient to break the hydrogen bonds. This indicates that
these fibers are resistant to microwave irradiation.
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