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On the basis of wide-angle X-ray scattering measurements on seven cellulose II samples of different origin, the 
effects of finite crystallite size and lattice distortions on the linewidth of the (10 1) reflection are discussed. In 
this context the paracrystal model and the microstrain concept are compared and a single-line technique 
recently published is employed. Separate determinations of lateral crystallite size and lattice distortion 
parameters are given for the first time for cellulose II samples. The lateral crystallite size distribution was 
found to be rather narrow in each of the samples. The crystallite sizes obtained were between 3.3 and 5.8 nm 
and the corresponding root-mean-square strains were between 0.034 and 0.025. The contribution of lattice 
distortions to the total linewidth does not exceed 10 ~o, thus showing the order of magnitude of deviation that 
has to be taken into account in employing the Scherrer equation for crystallite size determination and 
neglecting lattice distortions. 

(Keywords: cellulose II; wide-angle X-ray scattering; reflex profile analysis; single-line method) 

I N T R O D U C T I O N  

Crystallite size is an essential parameter in characterizing 
the physical structure of cellulose as a partially crystalline 
polymer. Lateral crystallite size (LCS), i.e. the average 
diameter of the ordered regions perpendicular to the 
chain direction, can greatly influence the chemical 
processing of cellulose, such as for example during 
alkalization ~-3. With regard to viscose rayon 
manufacture, LCS depends significantly on the process 
parameters, on ttke. one hand, and on the other hand the 
dimensions of the predominant ly  axially oriented 
crystallites are an important factor in determining the 
textile properties of viscose rayon filaments and staples 4. 
LCS is frequently determined by measuring the halfwidth 
of reflections in the wide-angle X-ray scattering (WAXS) 
pattern~-12. But in this connection, the often neglected 
influence of lattice distortions on WAXS peak broadening 
and on crystallite size determination should be 
considered. 

Up to now, crystallite sizes and lattice distortions of 
cellulose have been obtained separately only along the 
chain direction. This was performed on the basis of the 
paracrystal concept 8-~2, employing higher-order re- 
flections of the (0 10) lattice planes for the analysis. These 
results also led to the indirect assumption that in 
determining LCS via WAXS peak halfwidth the deviation 
due to lattice distortions does not exceed 10% 2-4. A 
direct and separate estimation of LCS and lattice 
distortions from the shape of equatorial reflections has so 
far not been considered possible, as only first-order 
reflections are visible in the WAXS pattern and suitable 
single-line methods were not available (cf. ref. 13). 

Quite recently, a single-line method based on the 
microstrain model for separating LCS and lattice 
distortions was published by us 14. This method is applied 

in this paper to cellulose II samples of different origin. 
This direct separate determination of lateral crystallite 
size and lattice distortion parameters is applied to 
cellulose II samples for the first time. The results are 
compared with those obtained with the paracrystal 
model 9-12. For  one of our samples also the relation 
between lattice distortions determined here and the 
crystalline disorder parameter k calculated previously 2 
according to Ruland is and Vonk 16 is discussed. 

Furthermore this investigation aims to give an idea of 
the influence of lattice distortions on WAXS line 
broadening in general. 

EXPERIMENTAL P R O C E D U R E  AND DATA 
TREA TMEN T 

Cellulose samples 
The samples investigated were characterized in Table 1. 

Most of them (B, C, D) are commercial rayon staple fibre 
samples, especially of the high-wet-modulus (HWM) type 
(B-1 to B-4). Samples C and D are normal-grade viscose 
staple fibres and viscose filaments, respectively. The 
HWM-type samples differ somewhat in their textile 
properties. The alkali-treated and subsequently 
regenerated cotton linters sample A was analysed earlier 
in connection with alkali cellulose formation 2 by the 
Ruland-Vonk method15,16. For  this sample the degree of 
crystallinity was x~= 0.434).48 and the lattice disorder 
parameter was k = 2.1 × 10- 2 to 2.4 x 10- 2 nm 2. 

For  further characterization, the cuprammonium DP 
and the level-off DP of our samples were determined. The 
values of these parameters increased in the order: normal- 
grade fibres, HWM-type fibres and slack mercerized 
cotton linters, probably indicating different super- 
molecular structures in the chain direction. 
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Table 1 Characterization of samples 

Sample Origin/preparation DPcu LODP 

Tenacity (mN/tex) 

Dry Wet 

Loop Wet  
tenacity modulus  
(mN/tex) (mN/tex) 

Elongation at 
break (%) 

Dry Wet 

A Linters, mercerized 1167 82 - 
B- 1 H W M  viscose staple 307 60 333 
B-2 H W M  viscose staple 330 - 335 
B-3 H W M  viscose staple 304 49 333 
B-4 H W M  viscose staple 307 54 364 
C Normal-grade viscose staple fibre 264 37 200 
D Normal-grade viscose filament 261 38 - 

192 72 989 16 16 
218 67 1296 14 18 
243 75 1100 15 17 
247 83 753 19 24 
115 66 515 19 24 

WAX S measurements 
A horizontal X-ray counter diffractometer HZG 4-A 

(Freiberger Pr/izisionsmechanik Freiberg/S., GDR) was 
used in symmetric transmission mode, employing Ni- 
filtered Cu K,  radiation (2 = 0.15418 nm) and an impulse 
height analyser with stepwise recording in the angular 
range 4 ° ~<20 ~ 40 ° at a step width of 0.1 °. Oriented fibre 
samples were positioned with their fibre axis 
perpendicular to the goniometer plane. With a measuring 
time of 120 s for each step the statistical error was less 
than 1% in impuse counting. The registered data were 
corrected with regard to parasitic scattering, absorption 
and polarization. Additionally a numerical correction for 
K .... doublet broadening according to Keating x7 was 
applied. The result was a scattering intensity curve I(s) 
with s = (2 sin 0)/2. 

Processing and evaluation of  data 
The single-line technique 14, which is highly sensitive to 

the shape of the WAXS peak profile, can be applied with 
high accuracy especially to the (10 1) reflection (notation 
according to Meyer and Misch I 8) as this peak is resolved 
distinctly in the pattern. Therefore only this WAXS 
profile was further treated. 

Separation of background scattering as a prerequisite 
for WAXS peak profile analysis was performed via an Is 2 
vs. s plot (cf. also Figure 1). A certain amount of cellulose 
IV modification was noticed for HWM-type fibres only. 
For the purposes of smoothing the reflection profile, 
before determining the integral width and the WAXS 
peak profile type (Gaussian or Cauchy), a Pearson-VII 
function was subsequently fitted to the (10 1) reflection 
profile 19 : 

P(s)=Im,x[1 +4fl-2(2S--Smax)2(2 l /m- 1)] -m (1) 

with Imp=maximum intensity, ~=halfwidth of the 
WAXS peak, s=amoun t  of scattering vector and 
Sma~=position of the maximum of the WAXS reflection. 
Using the parameter m the shape of the curve can be 
varied within wide limits, e.g. for Cauchy shape m = 1 and 
for Gaussian shape m ~ .  

Finally, the peak profiles were corrected according to 
the work of Stokes 2° for instrumentally induced 
broadening, employing an anthracene sample as a 
standard. As a result of this procedure, the Fourier 
transform cosine coefficients A, of the appropriate WAXS 
reflection profiles were obtained with a residual 
broadening resulting only from structural parameters of 
the cellulose sample. 

For comparison of the method formerly used in the 
literature and the new single-line technique of LCS 
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Figure 1 Equatorial WAXS of sample B-2 with background 
separation: Ic = intensity ofcrystaUine reflections; s = scattering variable 

20000 

determination, we started from the well known Scherrer 
equation correlating reflection broadening and crystallite 
size. The Pearson-VII function fitted to the (10 1) peak 
profile provides the integral linewidth fl, from which a 
minimum weight-averaged crystallite size H I ol = 1/fl was 
calculated. This value of Hi01 is not corrected for 
instrumental broadening nor for lattice distortions. But 
based on plausible assumptions these corrections can be 
made. The experimental WAXS profile is a convolution of 
the measurable instrumental broadening Ii(s) and the 
sample structure-related broadening. This latter 
broadening in turn is a convolution of Id(S) due to lattice 
distortions and Is(s) due to finite crystallite size. Assuming 
a Gaussian shape for all these partial profiles, then: 

f l=(f lz  flz_f12)x/2 (rad) (2) 

holds true for the completely corrected integral linewidth 
fl, (note that fl,(rad) = fls(nm- 1)2/cos 0). Using a Gaussian 
profile again the unknown integral width fld can be 
calculated from the local root-mean-square lattice strain 
(e2) 1/2 value la obtained by a single-line technique14: 

fld = ~ o o ) 2 ( 2 n )  1/2 tan 0ma x (rad) (3) 

With fl, fli and fld known, fls can be calculated, and using 
the Scherrer equation the fully corrected 'true' average 
crystallite size Hlo I can be obtained. To characterize the 
difference between Hlo 1 and /~1ol a parameter 
K = (/)1ol - n l o l ) / / t l o l  was used. 

In order to separate the effects of LCS and lattice 
distortions we employed a method based on Fourier 
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analysis of a single WAXS reflection. Using appropriate 
approximations for AS, and A~ the following relation 
between the Fourier cosine coefficients A, and some 
structure-related parameters can be obtained14: 

A. = A o [ 1 - n / N  a-2nzr2(e~)n  2 

+ (2n2r2(e~)/N3 -2n2r2(ee '))n a] (4) 

with n being the Fourier order and r being the order of the 
investigated WAXS reflection. N 3 c a n  be understood 
using the column cell model of Warren and Averbach 21. 
According to this model each of the crystallites is divided 
into columns perpendicular to the scattering lattice 
planes with each column composed of cells with an 
average height d. Then N3 denotes the mean number of 
cells perpendicular to the (h k 1) planes in one crystallite 
averaged over all the columns and all the crystallites. The 
number average of the crystallite size Lhk l is then obtained 
by multiplication of N 3 by the cell height d (cf. ref. 14). 

The average (e  2) is the local mean-squared lattice 
strain from which (e2) ,  the common mean-squared 
lattice strain, can be obtained: 

(e~) = (eo 2) + (ee ' )  ,~ (eo 2 ) (5) 

Fitting now a third-order polynomial in the Fourier 
order p , = a o + a n + b n 2 + c n  3 to the Fourier cosine 
coefficients of an experimental WAXS peak profile the 
structural parameters in question can be obtained by 
comparison of the coefficients according to equations (6)- 
(9): 

Ao = ao (6) 

N 3 = _ ao/a 

(e g) = -b/(2n2r2ao) 

( ee') = ( e2) /N  3 - c/(2n2rZ ao) 

(7) 

(8) 

(9) 

For further details the reader is referred to ref. 14. 

RESULTS AND THEIR P H E N O M E N O L O G I C A L  
INTERPRETATION 

The results of the (10 1) reflection profile analysis are 
listed in Table 2 for the cellulose II samples investigated 
here. For  a better understanding of the following 
discussion, the parameters given may be briefly 
considered. Smoothing the (1 0 1) peak profile by fitting a 

Pearson-VII function gives the halfwidth ~ and the form 
parameter m, by means of which the integral linewidth fl 
can be calculated. Because of the high values of m ~> 6 the 
WAXS reflection profiles of our samples can be 
considered nearly Gaussian. The instrumental broaden- 
ing as obtained using an anthracene standard specimen is 
also of Gaussian shape (m=20) and corresponds to an 
integral linewidth of fli=0.00403 (rad). The weight- 
averaged LCS obtained from fl are between 3.6 and 
5.1 nm. The deviation between H101 and the corrected 
values/41ol did not much exceed 10~.  The LCS Llo 1 
obtained from the Fourier coefficients represent number 
averages. They varied between 3.3 and 5.8nm and 
decreased in the order: mercerized linters > H W M  viscose 
staple > normal-grade viscose rayon. The small 
differences between the number averages L~ol and the 
corresponding weight averages/4101 indicate a narrow 
distribution of crystallite sizes in the cellulose II samples 
irrespective of their origin (cf. Table I). 

The course of LCS variation correlates quite well with 
that of the level-off DP, deafly indicating some coherence 
between lateral and longitudinal ordering in cellulose II 
samples. In spite of significant differences in LCS of the 
HWM-type samples B- 1 to B-4 a simple direct correlation 
of these values and textile properties could not be derived. 

There are probably further structural features 
including other structural levels (e.g. fibrillar 
morphology 4) determining the textile properties in a 
rather complex way. 

The large LCS of mercerized linters as compared to the 
different rayon samples can be traced back to the high 
LCS of native linters, which has been determined 
previously 2'3 to be 4.7 nm. As also shown in these papers, 
mercerization leads to a dissolution of smaller crystallites 
and a breakdown of bigger ones. This obviously produces 
the very narrow distribution of cellulose II crystallite sizes 
as demonstrated by the nearly identical values of/-)101 
and L101 in Table 2. 

Our LCS data are in good agreement with those of 
Haase et al. 9 12, who published values for the LCSlol of 
4.7 nm for Tufcel R and 5.7 nm for Fortisan R. The root- 
mean-square strain @2)1/2 of our samples amounted to 
about 3 ~ with a tendency to increase with decreasing 
LCS. 

GENERAL DISCUSSION 

The following discussion is centred on a comparison of 
the microstrain model 21'22 and the paracrystal model 23 
as the theoretical basis for separating crystallite size and 
lattice distortion effects in the analysis of WAXS p e a k  

Table 2 Results of the WAXS profde analysis concerning the (10 1) reflection of different cellulose II samples 

Sample 

Integral Half 
linewidth, linewidth, 
/~ (nm -t) j~ (nm -1) 

True True Root- 
weight- number mean- 

Shape LCS average average squared 
parameter, from/~, LCS, LCS, strain, 
m H101 (nm) /t101 (nm) K=(I21101-nlox)/ffllo 1 L101 (nm) @12) 1/2 

Hosemann Ruland 
parameter, parameter, 
~* k x 10 2 (nm 2) 

A 0.197 0.185 
B-1 0.218 0.198 
B-2 0.218 0.198 
B-4 0.254 0.230 
B-3 0.259 0.233 
D 0.266 0.244 
C 0.281 0.255 

12.5 5. I 5.9 0.137 5.8 0.027 0.078 0.52 
6.5 4.6 5.1 0.091 4.8 0.025 0.066 0.44 
6.0 4.6 5.0 0.091 4.7 0.026 0.067 0.45 
6.0 3.9 4.4 0.097 3.8 0.030 0.075 0.66 
8.0 3.9 4.2 0.084 3.9 0.031 0.074 0.67 
9.0 3.8 4.2 0.098 3.7 0.032 0.077 0.74 
6.5 3.6 3.9 0.095 3.3 0.034 0.078 0.80 
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profiles of the (101) reflection of cellulose II. The 
microstrain model is valid for slightly distorted 
crystallites only. But also in this case both concepts are 
usually regarded as competitive 23,25-27. 

One major point of consideration is the correlation 
between peak broadening and peak order. In the 
literature it is often assumed that in the case of a 
paracrystalline material the integral linewidth of a WAXS 
reflection broadened only by lattice distortions increases 
with increasing square of the reflection order r. In the case 
of microstrain lattice distortions, however, a linear 
relationship is assumed to exist (cf. ref. 23, 25-27). In this 
connection some critical comment seems to be necessary. 

A quadratic dependence of linewidth on peak order 
requires in the paracrystal case the distance statistics 
Hi(x) to be of the Gaussian type. This prerequisite is 
generally met in Hosemann's work. On the other hand, 
for the derivation of the linear relationship in the case of 
the microstrain model, the following approximation is 
usually applied to the Fourier cosine coefficients A~, of a 
WAXS profile depending on lattice distortions only2S: 

Ad. = exp(--2nZr2nZ(e2)) (10) 

with (e  2) being the mean-squared strain of nth order. 
(Note that this assumption is exactly valid only if a 
Gaussian distribution is assumed for these lattice strain 
variables25.) 

Furthermore, the following equation holds for the 
integral linewidth fla of a WAXS reflection broadened by 
lattice distortions only25: 

ft.-i/ ~ A. a (II) 
/ #i= - oo 

With the sum being approximated by an integral, we 
obtain with (10) the equation26: 

+CX3 

fla~ l /  ~exp ( -2nZr2nZ(e~ ) )dn  (12) 

Thus, the functional dependence of fla on the reflection 
order is decisively related to the course of the mean- 
squared lattice strain (eft) with the Fourier order n. The 
relation usually applied in the literature, fld ~ r, is thus 
based on the assumption (e f t )=  (ex 2) =constant.  

In this case the relation: 

fl ,,~ r(2n( e 2))1/2 (13) 

holds true (cf. ref. 26). But it should be stressed that the 
assumption (e  2) = constant is valid only in relatively few 
special cases. However, taking a hyperbolic relation 
(e  2) = (e21)/n for example, as was shown to be rather 
useful for some metallic samples 28,29, we arrive at: 

fla ~ 2nar2 ( e 2) (14) 

i.e at a quadratic relation between reflection width and 
reflection order. Thus, the dependence of WAXS peak 
width/3 d on peak order can obviously be modelled by 
functional relations of different kinds within the 
framework of the microstrain concept. From this 
discussion it may be concluded that the microstrain 
model is more versatile with regard to all possible 

functional relations fld=f(r). Consequently it is of more 
general applicability than the paracrystal model in 
describing the influence of lattice distortions on a WAXS 
pattern for only slightly disordered crystalline regions. 

On the basis of this theoretical background a more 
detailed comparison of our results obtained by the single- 
line techniques and some results of Hosemann et al. seems 
to be useful. Generally, a remarkably good compatibility 
of these data can be stated. The nearly Gaussian profiles 
of the cellulose II (101) reflections concluded from the 
shape parameters m of the Pearson-VII function fitting 
(cf. Table 2) have also been found by Hosemann et al. 
using a Guinier plot 1°a2. The indirect estimation of a 
lateral lattice distortion parameter 9101 published in refs. 
15 and 30 on the basis of axial g010 and ~'1o parameters 
for two cellulose II samples, Tufcel R and Fortisan R, covers 
the same range of 0.03 to 0.04 as calculated for the root- 
mean-square lattice strain (e2) i/2 of the cellulose II 
samples investigated here. As already mentioned, our 
Hlo  I values of the crystaUite size perpendicular to the 
(101) lattice planes of 3.6-5.1 nm (uncorrected values) 
are quite compatible with the corresponding data of 
Haase et al. l°a~ (4.7nm for Tufcel R and 5.7nm for 
FortisanR). 

The data of lattice distortions and crystallite size 
parameters presented in Table 2 can also be used for 
determining the true LCS/4101 using formulae (2) and (3). 
Furthermore it is possible to estimate the expected 
maximum deviation between/~1 Ol and Hlo  ~. It has to be 
mentioned that in all cases the correction concerning 
instrumental broadening is negligible in comparison with 
the lattice distortion correction. The relative difference 
between uncorrected and true LCS denoted by K (cf. 
Table 2) can therefore be related almost completely to 
lattice distortions with the K values generally not 
exceeding 10 ~o. This again is in really good agreement 
with the indirect estimation of Haase et al. 9 on the basis 
of the axial ~10 parameter, defined by the equation: 

* _ 1/2 ~o1 o-- 001o(Holo/dol o) (15) 

According to an empirical statement of Hosemann 24 this 
parameter is some kind of material constant for a certain 
class of materials. (This means from the physical point of 
view that the maximum crystallite size obtainable is 
limited by the amount of lattice distortions.) Indeed, our 
5 ~ 0 1  2 1/2 =((e l ) lo lL1ol /d lo l )  values calculated for 
rather different cellulose II specimens on the basis of 
the microstrain concept show a remarkable constancy. 
Its amount of ~0.8 agrees pretty well with the data 
given in ref. 9 of ~1o in the chain direction for 
two cellulose II samples, i.e. c¢~1 o = 0.07 for Tufcel R and 
~1 o =0 .1 0  for Ramie R. A larger difference, however, 
does exist between our ~*ol data presented in Table 2 
for cellulose II and the value of ~*Ol = 0.13 for the lateral 
direction in cellulose II published by Hosemann et al. 3° 
without further comments on the procedure of its 
determination. 

Finally, the relation between the lattice distortion 
parameters so far discussed and the crystalline disorder 
parameter k according to Ruland 15 will be considered. A 
priori, this k parameter can comprise first- and second- 
order lattice distortions as k is determined by the 
scattering-angle-dependent damping D of crystalline 
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W A X S  reflections of polymers ,  according  to  15: 

with 

D = exp( - 2ks 2) (16) 

k = k T + k  x + k  2 (17) 

The term kT denotes thermal lattice vibrations, and k 1 and 
k 2 represent first- and second-order lattice distortions, 
respectively; k2 can be estimated from Hosemann's g 
parameter or from the mean-squared lattice strain @2)  
according to 31 : 

k2 = 1 .4n2(e2)d  2 (18) 

F o r  our  cellulose sample  (alkal ized and subsequent ly  
neutra l ized linters) the k2 value of  0 .52× 1 0 - 2 n m  
est imated by equa t ion  (18) can be  c o m p a r e d  to Ru land ' s  k 
pa rame te r  de te rmined  previously  2'3 to be in the range 
(2.1-2.4) x 10-  2 n m  z. Second-orde r  la t t ice d i s tor t ions  
obviously  are  no t  the ma in  source for the damping  D or  
the damping  exponent  k here. This  is in agreement  with 
publ ica t ions  of  o ther  g roups  31 po in t ing  out  tha t  wi th  
po lymers  at  r oom tempera tu re  the thermal  la t t ice 
v ibra t ions  are the  domina t ing  factor  in de te rmining  k. 

C O N C L U S I O N S  

Summar iz ing  the exper imenta l  results and  the 
cons idera t ions  presented  here, the  following m a j o r  
conclus ions  m a y  be d r awn :  

Both  the micros t ra in  and  the pa rac rys ta l  concepts  are  
adequa te  and  sui table theoret ica l  models  for ana lys ing  
la teral  reflection profiles in the W A X S  pa t t e rn  of cellulose 
II  of  different origin. The  co r respond ing  s t ructura l  
pa rame te r s  show a r emarkab ly  good  compat ib i l i ty .  

Assuming  a sufficiently na r row  ins t rumenta l  
b roaden ing  funct ion,  the  l inewidth of la teral  W A X S  
reflections of cellulose II  samples  or iginates  to a very high 
extent  from finite crystal l i te  size effects. This  means  tha t  
L C S  de te rmina t ion  of cellulose by  mak ing  use of 
l inewidth  measurements  and  the Scherrer  equa t ion  and  
neglect ing the influence of la t t ice d i s tor t ions  arr ives at  
averaged  values with m a x i m u m  - 1 0  ~o devia t ion  f rom 
the t rue L C S .  These results confi rm earl ier  studies based  
on the pa rac rys ta l l ine  concept  9 as well as suppor t  ear l ier  
L C S  measurement s  2'3. 

The  re la t ionship  between Ruland ' s  i so t ropic  la t t ice 
d i sorder  p a r a m e t e r  and  the roo t -mean- squa red  lat t ice 
strain clearly indicates  thermal  la t t ice v ibra t ions  and  

lat t ice d i s to r t ions  of the first k ind  as the m a j o r  source of 
cellulose lat t ice d i sorder  at  r oom tempera tu re  
cor respond ing  to s imilar  f indings in the case of synthet ic  
polymers .  
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