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This study focuses on the change in the fine structure and tensile properties of ramie fibres by the treatment 
for crystalline conversion. Through the conversion from cellulose I into II, III I and IV I, the integral 
crystallinity index and the crystallite size decreased and the internal surface area increased while Young's 
modulus of the fibre decreased and the ultimate strain increased. Two phase parallel, series and parallel- 
series models which comprise two kinds of springs with different constants representing the crystalline and 
amorphous components, respectively, were applied to the tensile force-strain relationship of the fibres, The 
parallel model could not be applied to the samples because the crystal lattice strains were smaller than 
the fibre strains; the former strains were less than one fourth of the latter ones, at any given tensile load. On 
the basis of the series model, Young's modulus of crystalline component of cellulose IIIl was the highest and 
the next was that of cellulose I, followed by II and IV I. Young's modulus of amorphous component of 
cellulose I was the highest and the next was that of II, followed by III I and IV 1. Applying a parallel series 
model, the values for Young's moduli of crystalline and amorphous components were found to depend both 
on the feature of crystalline component and the density of amorphous region. Copyright © 1996 Elsevier 
Science Ltd. 
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I N T R O D U C T I O N  

It is well known that cellulose can exist as the crystalline 
microfibrils of  cellulose I, II, III  and IV 1. Cellulose I is a 

23 native form of cellulose and it is composed of  I n and I;~' . 
Cellulose II is easily obtained by the mercerization of 
native cellulose. Cellulose III  and IV are derived from 
cellulose I and II, and they are called cellulose III  I and 
IVI, IIIii and IV[I, respectively. Consequently, there are 
at least seven crystalline forms of  cellulose. It is also well 
accepted that those celluloses can be divided into two 
groups of  cellulose I and II by the fact that celluloses can 
convert to one another in the group. Cellulose I group 
consists of cellulose I, III1 and IV[, and cellulose II group 
consists of cellulose II, III  n and IVII. Celluloses of  the 
cellulose I group are able to convert irreversibly into 
those of the cellulose II group 4. This irreversibility might 
come from the change of  chain arrangement in the 
crystal. Namely, parallel chain arrangement of  the 
cellulose I group changes into more stable anti-parallel 
one of  the cellulose II group, If  this is true, it may 
probably be said that mechanical properties of cellulose 
II group is superior to those of  cellulose I group. Young's  
modulus of  cellulose II crystal, however, was reported 

* To w h o m  cor respondence  should  be addressed  

to be smaller than that of cellulose I crystal 5-8. Those 
values of cellulose III  and IV, scarcely reported, are 
smaller than that of  cellulose I without exceptions 8. 
Those values were conducted on the assumption that 
cellulose microfibrils are composed of a series of 
crystalline and amorphous regions. Is this assumption 
correct? We investigated tensile properties of ramie fibres 
and discussed the elastic modulus of those fibres using 
three mechanical models composed of  two springs 
representing crystal and amorphous region, respectively, 
to make clear what caused differences in the elastic 
modulus among polymorphs of celluloses. We also 
examined the dimension of microfibrils and the inner 
surfaces of different celluloses to discuss relationship 
with the properties. 

E X P E R I M E N T A L  

Sample preparation 

Purified ramie fibres supplied by Teikoku Bouseki K. 
K. were used as cellulose I. Cellulose II was obtained by 
immersing the fibres in 3.5N NaOH solution for 2h, 
followed by washing with 0°C water at ambient 
conditions 9. Cellulose IIIi (hereafter expressed as III  
for simplicity) was obtained by soaking the fibres in 75% 
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ethylenediamine for 1 h, followed by rinsing with 99% 
10 methanol . Each procedure was repeated until the 

respective fibre yielded the typical X-ray diagrams. 
Cellulose IV I (hereafter expressed as IV for simplicity) 
was prepared by immersing cellulose III in glycerol for 3 
days, followed by heating at 260°C in an autoclave for 
30min and washing with water and acetone 
successively ~l. Figure 1 shows the X-ray equatorial 

diffraction curves for each sample. The density of these 
samples measured with a pycnometer in xylene carbon 
tetrachloride as a medium was 1.58 for cellulose I, 1.55 
for II, 1.49 for III and 1.51gcm 3 for IV. A bundle of 
one hundred ramie fibres as illustrated in Figure 2a was 
used for X-ray measurements. 

X-ray d!ff~actometry and determination of d!ff?action 
profiles 

X-ray measurements were made with a symmetrical 
. . . .  1") . transmission technique previously reported ". NI filtered 

Cu K,, radiation (,~ = 0.1542 nm) generated at 40 kV and 
80 mA by a Rigaku RU-200BH generator was collimated 
through a pinhole collimator of 2 mm ~ with a length of 
7.5 cm. The diffracted beam was detected by a scintilla- 
tion counter with a pulse-height analyzer at 0.5 ° min - l .  
The diffraction intensity and the force applied to the 
specimen were recorded on a digital recorder at the 
interval of one point s- I. 

The reflection profile of 004 was derived by subtracting 
background scattering assumed to be parabolic from the 
meridional diffraction curve and fitting with a Gaussian 
by the least squares. The equatorial intensity curve was 
likewise decomposed into three characteristic reflections 
of 110, 110 and 200, with background scattering assumed 
to be composed of two Gaussian profiles. 

Integral crvstallinity index and crystallite size 
The integral crystallinity index was evaluated as the 

ratio of the sum of integrated intensities of 110, 110 and 
200 reflections to total integrated intensity in the range of 
20 = 10 30 ° for cellulose I, II and IV and 20 = 5-25" for 
cellulose IlI, respectively. The crystallite size was 
calculated from 110 and 110 reflection profiles based 
on Scherrer's equation 13 corrected by NaF reflection. 

Co,stal lattice strain (~c) 
Crystal lattice strain in the longitudinal direction was 

derived from deformation of 004 d-spacing induced by 
the force applied to the specimen. The deformation of d- 
spacing was calculated from the shift of the diffraction 
angle 20 relative to the (004) plane by the following 
equation obtained by differentiating Bragg's equation. 

Ad 
-- A0 cot 0 (1) Cc -- d 

where d is d-spacing. 

Young's modulus, ultimate strength and strain of the.fibres 
A single fibre 11 mm long was clamped between pieces 

of cardboard with epoxy resin as shown in Figure 3. 
Tensile testing was performed on a universal testing 
machine (Tensilon UTM-III-100, Toyo Baldwin Co., 
Ltd., Tokyo, Japan) at 65% RH, 20°C. The specimen 
was fastened with air chucks, and then both lateral sides 
of the cardboard frame were cut just before testing. 
Tensile speed was 10ram rain -1. In order to evaluate 
stress applied to the specimen the cross-sectional area of 
a fibre was carefully measured as follows. The fibre was 
put on double sided tape pasted on a transparency sheet 
and covered with another transparency sheet. Then the 
fibre was cut along its cross section and coated with gold 
for SEM (JEOL Ltd., Tokyo, Japan, S-4000) observa- 
tion. The cross-sectional areas of the samples were 
recorded on photograph, then scanned into a computer 
and calculated by means of image analysing software. 
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T a b l e  1 Properties of ramie cellulose I, II, III and IV 

Crystallinity Crystallite Crystallite Internal surface 
index (%) width (nm) length (nm) area (m 2 g-t) 

Cellulose I 64 (100) ~ 4.8 (100) 18.7 (100) 133 (100) 
Cellulose II 53 (83) 5.1 (106) 15.4 (82) 229 (172) 
Cellulose III 38 (59) 5.1 (106) 15.0 (80) 184 (138) 
Cellulose IV 57 (89) 3.8 (79) 16.1 (86) 153 (115) 
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F i g u r e  5 Relationship between calculated percentage of amorphous 
region (/4) and internal surface area of ramie cellulose I, II, III and IV 

Table 2 Tensile properties of ramie fibres 

E~ (GPa) o'~ (MPa) ~[, (xl0 2) 

Cellulose I 27 755 3.2 
Cellulose II 21 798 5.0 
Cellulose III 15 693 5.8 
Cellulose IV 13 345 5.0 

a Er: Y o u n g ' s  m o d u l u s  of  a s ingle fibre 
b G b : Strength  
c Zb: U l t ima te  s t ra in  

Figure 6 
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Y o u n g ' s  m o d u l u s ,  u l t i m a t e  s t r eng th  a n d  u l t ima te  
s t r a in  were eva lua ted .  U p  to a to ta l  n u m b e r  o f  50, the 
m e a s u r e m e n t s  were car r ied  ou t  wi th  the  samples .  

Measurements  o f  internal surface area o f  the f ibres  

H y g r o s c o p i c  i so the rms  o f  the fibres were o b t a i n e d  
(Figure 4): e q u i l i b r i u m  m o i s t u r e  c o n t e n t s  o f  the speci- 
m e n s  in  des icca tors  wi th  P 2 0  5, s a t u r a t e d  so lu t i ons  o f  
LiC1 a n d  K2CO3 (0, 11, 4 3 R H ,  respect ively)  were 
recorded  to the re la t ive  h u m i d i t y .  T h e n  the  i n t e r n a l  
surface  a rea  o f  the fibres in  the respect ive  c rys ta l l ine  
fo rms  was  eva lua t ed  a c c o r d i n g  to B E T  theory  14. 

R E S U L T S  A N D  D I S C U S S I O N  

Fine structure o f  the f ibres  and crystallite sizes 

In t eg ra l  c rys ta l l in i ty  index  (Crl)  a n d  i n t e r n a l  surface 
a rea  o f  the fibres,  a n d  crysta l l i te  size are l isted in  Table 1. 
The  in tegra l  c rys ta l l in i ty  index  decreased  a n d  the 
i n t e rna l  surface  a rea  inc reased  by  the t r e a t m e n t  o f  
crys ta l  c o n v e r s i o n  f r o m  cel lulose I to the o the r  forms,  
while  the crysta l l i te  w id th  a lmos t  r e m a i n e d  u n c h a n g e d  
except  cel lulose IV. This  resul t  ind ica tes  tha t  decrysta l l i -  
z a t i o n  occur red  in  the l o n g i t u d i n a l  d i r ec t ion  by  the 
c o n v e r s i o n  t r ea tmen t .  R e m a r k a b l e  increase  o f  in tegra l  
c rys ta l l in i ty  index  was obse rved  in  the  f o r m a t i o n  o f  
cel lulose IV. Th i s  is c o m p e n s a t e d  n o t  by  d e c o m p o s i t i o n  
b u t  by  c rys ta l l i za t ion  o f  a m o r p h o u s  c o m p o n e n t  t h r o u g h  
the hea t  t r ea t ing  o f  cel lulose IV. The  i n t e r n a l  surface  a rea  
o f  cel lulose II  seems to be r a the r  high.  W e  es t imated ,  
therefore ,  the ra t io  (H)  o f  a m o r p h o u s  cha ins  to the  to ta l  
cha ins  us ing  in tegra l  c rys ta l l in i ty  index  a n d  crys ta l l i te  
size. A h a l f  n u m b e r  o f  the  crys ta l  cha ins  wh ich  exist o n  
the surface  o f  the  crysta l l i te  was  a s s u m e d  to be 
a m o r p h o u s  ones .  C o n s e q u e n t l y ,  the ra t io  was e s t ima ted  
by  the fo l lowing  e q u a t i o n .  

! w ,  

H = 2 sc CrI  + (1 - CrI)  (2) 
w ¢  

where  Wsc is n u m b e r  o f  the  cel lulose cha ins  wh ich  exist  
o n  the  crysta l l i te  surface,  Wc is to ta l  n u m b e r  o f  cel lulose 
cha ins  in  the crystal l i te .  The  ra t ios  H o f  cel lulose I, I I I  
a n d  IV seem to be p r o p o r t i o n a l  to the  i n t e r n a l  surface  
area,  whereas  H o f  I I  devia tes  f rom the  o thers  (Figure 5). 
The  fact ind ica tes  tha t  crysta l l i te  o f  cel lulose I I  is m o r e  
imperfec t .  Otherwise ,  a m o r p h o u s  c o m p o n e n t  o f  r amie  
cel lulose I I  w o u l d  be m o r e  hydroph i l i c .  

Tensile properties o f  f ibres  

Basic d a t a  o n  tensi le  p rope r t i e s  o f  the fibres are  s h o w n  
in  Table 2. Y o u n g ' s  m o d u l u s  o f  the fibre (Eu) decreased  
20 50% a n d  the  u l t ima te  s t ra in  (eb) inc reased  m o r e  t h a n  
50% t h r o u g h  the  c o n v e r s i o n  f r o m  cel lulose I to the o the r  
forms.  W e  will d iscuss  this d a t a  in  deta i l  later.  

Two-phase model  interpretation 

R a m i e  fibres showed  stress r e l axa t i on  b e h a v i o u r  w h e n  
the fibres were c o n s t r a i n e d  a c o n s t a n t  l eng th  as in  Figure 
6. These  stress r e l a x a t i o n  b e h a v i o u r s  c an  be genera l ly  
r ep resen ted  by  m e c h a n i c a l  m o d e l s  wi th  dashpo t s .  Since 
the  crys ta l l i te  s t ra in  was m e a s u r e d  af ter  the  stress 
r e l axa t i on  had  a l m o s t  ended ,  we cou ld  a d o p t  the 
m o d e l s  c o m p r i s i n g  spr ings  w i t h o u t  da shpo t s ,  which  
m igh t  be able  to m a k e  the  d i scuss ion  easier.  

F i r s t ly ,  a para l le l  m o d e l  was examined .  Crys ta l l ine  
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and amorphous  componen ts  in the model  o f  fibres are 
represented by rods, C and A. This parallel model  shown 
in Figure 7 requires the crystal lattice strain (%) and the 
fibre strain (el) to be equal when the fibres were strained. 
However,  the value for % was smaller than one fourth o f  
q. shown in Figure 7. This result strongly suggests that  
the parallel model  is not  applicable to the fibres. 

Next, we examined a series parallel model shown in 
Figure 8. This model  consists o f  one crystal and two 
amorphous  rods. Elongat ion Af o f  the fibre rod by 
tensile load P is expressed with length L r, cross-sectional 
area A, compliance E r. 

PLf 
A f  = AEf (3) 

This is equal to the sum of  elongation o f  the crystal and 
the amorphous  rods, 

A f  = A c + A a (4) .  

Those are expressed in a same fashion with the fibre, 

PcmLf 
A c - (5) 

nAEc 

( P -  Pc)mLf 
(6) 

(1 - n ) A E ~  

e ( 1  - m)Lf 
A~ - - A f -  A c (7) 

AEa 

where Po is tensile load applied to the crystal rod, m and 
n are ratios o f  length and cross-sectional area o f  the 
crystal rod to those o f  the fibre rod, respectively, and Ec 
and E~ are Young ' s  modulus  o f  the crystal and 
amorphous  rod, respectively. We can measure strain, 

e0, o f  the crystal rod, therefore as 

A c = mLf% (8) 

By substituting Af = Lfer into the above equations, and 
eliminating P, Pc and A, we can represent Young ' s  
modulus  Ec, E~ with Ef o f  the fibre rod as 

Ec 1 { 1  (1 - m ) ( l  - n ) }  

Ef n k i ~ ~7i (9) 

E,  1 - m 
- -  ( 1 0 )  

Ef 1 - k m  

where k -  ~c/~f. We can derive an equat ion among  
densities, pr, Pc and Pa o f  the fibre, the crystal and the 
amorphous  rods, 

Pr = mnpc + (1 - mn)p a (l 1) 

further, using integral crystallinity index Crl 

pfCrI = mnpc (12), 

Density o f  the amorphous  rod is derived f rom equations 
(11) and (12), 

PcPf (1 - CrI) 
p~, (13)  

,o c - -  ,Of C r I  

The values o f p ,  were 1.49, 1.47, 1.45 and 1 .40gcm 3 for 
ramie cellulose I, II, I I I  and IV, respectively. The value Pc 

15 17 was calculated from unit cell parameter  - . Using 
equat ions (9), (10) and (12), E~ and E~ vs. n for each 
sample were shown in Figures 9 and 10. The series model 
n = 1 in the parallel-series model,  gives the values for E~ 
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Figure 9 Relationships between Young's  modulus  of  crystalline 
component (Ec) and ratio of cross-sectional area of the crystalline 
component to that of the fibre (n) in the parallel series model shown 
in Figure 8, : Cellulose I, : cellulose II. - . . . .  : cellulose Ill, 

- : cellulose IV 
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Figure 10 Relationships between Young's  modulus  of  amorphous  
component  (Ea) and ratio of  cross-sectional area of the crystalline 
component  to that of  the fibre (n) in the parallel series model shown 
in Figure  8. : Cellulose I. : cellulose II, - . . . .  : cellulose IlL 

- : cellulose IV 
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Figure 12 Young's modulus of amorphous component (Ea) as a function of ratio of cross-sectional area of the crystalline component to that of the 
fibre (n) with parameter of density of amorphous component (Pal based on the parallel-series model shown in Figure 8 

of cellulose I, II, III and IV (hereafter expressed as 
Eel, EcH, EJII and EclV ) as 90, 75, 115 and 54GPa, 
and the values for Ea of  cellulose I, II, III and IV 
(hereafter expressed as EaI, EaH, EalII and EJV) as 
13, 12, 10 and 7 GPa respectively. Except III, the values 
for E c are rather small comparing with previously 
reported 5 8. Namely, 120-138 for Eel, 88-112 for E~H 
and 75 for EclV. We can see the value of  87GPa for 
EJII reported by Nishino et al. 8. We demonstrated that 
the values for Ec and Ea will change by the structural 
feature ofcrystallite. Possible values are 90 140, 75 139, 
115-302 and 54 94GPa for EcI, EcH, EclII and EJV, 
respectively, and 1-13, 2-12,  1-10 a n d l - 7 G P a  for 
EaI, EaH, EalII and EalV. 

Next, we calculated values for E~ and E~ as a function 

of n and Pa on the basis of the parallel-series model 
without using CrL Figures 11 and 12 show that Young's 
moduli of crystalline and amorphous components 
decrease and increase, respectively, with increasing of 
n, and these values can be higher range with larger value 
of Pa" Here Pa can be given any value but we adopted 
a probable value of  1.3 1 .5gcm -3 as example. The 
series model, n = 1 in the model, gives 114, 89, 138 and 
65GPa as EcI, EcH, EclII and EclV, respectively. 
Consequently, Young's modulus of cellulose crystallite 
will be decided when we can estimate both the crystal 
feature and the density of the amorphous component. 

Finally, we considered the relationship between the 
irreversibility of the crystalline conversion from cellulose 
I group to II and Young's modulus of cellulose I group 
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and II. Young's modulus of cellulose II is not always 
higher than that of cellulose 1 group, depending on the 
width and density of amorphous component in the 
parallel series model. It was suggested that the changes 
in the lengths of intramolecular hydrogen bonds induced 
by the crystal transition will cause changes in the crystal 
moduli of  cellulose polymorphs 8. Consequently, the 
packing energy of crystal, which concerns irreversibility 
of crystalline conversion from cellulose I group to II 
group, is not directly related to Young's modulus of 
crystal. 

CONCLUSIONS 

The integral crystallinity index and the crystallite size 
decreased and the internal surface area increased while 
Young's modulus of the fibres decreased and the 
ultimate strain increased, through the conversion from 
cellulose I into II, III  and IV. Imperfection of cellulose II 
crystallite or high ability of adsorption of amorphous 
region in ramie cellulose II was indicated by the 
comparison of crystallite size and internal surface area. 
According to the calculation using integral crystallinity 
index, density of amorphous region of ramie cellulose I is 
the highest, the next was that of II followed by III and 
IV. Parallel model comprising crystalline and amor- 
phous component could not be applied to the samples. 
On the basis of  the series model, E J I I  is the highest and 
the next is E~I followed by EcH and E J V ,  and E,~I is the 
highest and the next is EaH followed by E J I I  and E J V .  
Using parallel-series model, we demonstrated that the 
values for Ec and E~ will change by these structural 
features of crystallite. Young's modulus of cellulose II is 
not always higher than that of  cellulose I group. 
Consequently, Young's modulus of crystal does not 
directly reflect the lower packing energy of cellulose II 
than that of cellulose I group. 
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N O M E N C L A T U R E  

cc crystal lattice strain 
d d-spacing 

CrI integral crystallinity index 
H ratio of amorphous chains to the total chains in the 

fibre 
W~c number of the cellulose chains which exist on the 

crystallite surface 
W~ total number of cellulose chains in the crystallite 
Ef Young's modulus of the fibre 
eb ultimate strain 
Af elongation of the fibre 
P tensile load 
Lf length of series-parallel model 
A cross-sectional area of series parallel model 
A c elongation of the crystal rod in series parallel 

model 
A~ elongation of the amorphous rod in series parallel 

model 
P~. tensile load applied on the crystal rod in series 

parallel model 
in ratio of length of the crystal rod to that of the fibre 

rod in series parallel model 
17 ratio of cross-sectional area of the crystal rod to 

that of the fibre rod in series-parallel model 
Ec Young's modulus of the crystal component 
E, Young's modulus of the amorphous component 
k ratio of crystal lattice strain to strain of the fibre 
g- strain of the fibre 
,of density of the fibre 
Pc density of the crystal component 
rOa density of the amorphous component 
EcI, E J I ,  Ecl l I  and E J V  Young's modulus of cellu- 

lose I, II, Ili and IV crystal, 
respectively 

E J ,  Fail ,  E J I I  and E J V  Young's modulus of amor- 
phous component in ramie 
cellulose I, II, II1 and IV, 
respectively 
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