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X-ray CDF study on the behaviour of the 
amorphous chain under extension 
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Department of Textile and Polymeric Materials, Tokyo Institute of Technology, Ookayama, 
Meguro-ku, Tokyo 152, Japan 

The behaviour of the amorphous chain in vulcanized natural rubber (NR) and styrene-butadiene 
rubber (SBR) under extension is studied by means of the cylindrical distribution function 
(CDF) derived from wide angle X-ray scattering (WAXS). In the case of the highly stretched 
vulcanized NR where the orientation-induced crystallization took place, the observed WAXS 
intensity was separated into a crystalline peak component and a broad amorphous one from 
which the CDF was obtained. The CDF calculated from the broad component shows that 
some of the amorphous segments of the highly stretched vulcanized NR are extended as fully 
as the crystalline chains and that the fraction of the segments increases with increasing exten- 
sion. In the case of SBR, such fully stretched segments as in the case of the vulcanized NR 
show higher degree of an interchain packing order than those in the vulcanized NR. 

1. Introduction 
It is well recognized that the structure of the amor- 
phous phase in the semi-crystalline polymers plays very 
important roles to improve the ability of the material; 
for example, the Young's modulus of semi-crystalline 
polymers depend much on the degree of amorphous 
orientation [1, 2]; according to Peterlin [3], the 
increase in the crystal fraction decreases its free vol- 
ume of the amorphous phase in some semi-crystalline 
polymers, resulting in the decrease in the permeabil- 
ities of the materials. However, there are very few 
techniques which can effectively characterize the 
structure of properties of the amorphous phase, con- 
trary to the many techniques applicable to the crystal- 
line phase. 

Some workers have applied the cylindrical distribu- 
tion function (CDF) technique to the investigation of 
non-crystalline polymers. Norman [4] first calculated 
the CDF of cellulose, and recently Mitchell et al. [5] 
obtained CDF's  for some non-crystalline polymers 
oriented by extension. The CDF is a Fourier trans- 
form of the X-ray scattering intensity from the sample 
which has a cylindrically symmetrical structure, and 
gives informations about the length and the direction 
of vectors relating pairs of atoms or electrons. It is the 
autoconvolution of the structure. Moreover, the CDF 
is calculated from the experimental scattering inten- 
sity without any assumptions for the structure. As for 
the orientation informations, all orders of Legendre 
polynomials are involved in CDF, in contrast to 
other techniques which relate only to limited orders 
of moments of the polynomials; birefringence and 
dichroism are determined by the second order moment, 
while Raman and fluorescence are determined by the 
second and the fourth order moments. 

In an earlier work [6], we measured the change in 
the CDF's  for the amorphous phase of Nylon-6 fibres 

as a function of the stretching stresses, to determine 
how the amorphous chains in a fibre behave under 
extension. It was the first case in which the CDF 
technique was applied to the study on the structure of 
the amorphous phase in the semicrystalline polymer. 

In this work, we measured the wide angle X-ray 
scattering intensity of vulcanized natural rubber (NR) 
and styrene-butadiene rubber (SBR) as a function of 
extension ratio, to calculate the CDF. Our interest is 
to know how the chains behave under extension from 
the changes of CDF. It should be remarked that an 
orientation-induced crystallization occurs under high 
extension of NR. 

2. Experimental procedure 
Vulcanized NR and SBR films 1 mm thick were 
prepared according to the recipes shown in Table I 
and II, respectively. Strips 25 mm wide and 10 cm long 
were cut from the films and stretched to a given exten- 
sion ratio at room temperature in an Instron type 
extensometer. After being held at the extension more 
than 1 h, the extended specimen was fixed to the 
sample holder for X-ray measurement. Nickel filtered 
CuK~ ray from Rigakudenki Ru-200 driven at 50 kV 
and 200 mA was used in pinhole collimation systems 
for the incident and the scattered rays. The scattering 
intensity was measured by a scintillation counter as a 
function of both the scattering angle 20 from 6 to 120 ° 
and the azimuthal angle ~ measured from the direction 
of stretching at intervals of 9 ° . The scanning speed was 
1 deg rain-~ and time constant was 1 sec. 

The orientation-induced crystallization took place 
during extension of vulcanized NR. In order to esti- 
mate the intensity of the amorphous phase the struc- 
ture of which we are interested in, the observed inten- 
sity was separated into a peak component and a broad 
one, under an assumption that the crystalline intensity 
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Figure 1 An equatorial X-ray scattering intensity from the vul- 
canized NR under extension of  2 = 6: ( ) the observed intensity; 
( .... ) the separated amorphous and crystalline intensities. 
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Figure 2 An equatorial X-ray scattering intensity from the vul- 
canized NR under extension of  2 = 4: ( - - )  the observed intensity; 
( -  -)  the separated amorphous and crystalline intensities. 

was involved only in the peak component and the 
amorphous one was in the broad one. 

Fig. 1 shows the scattering intensity at e = n/2 
from the vulcanized NR under extension of 2 = 6. 
This is an example of the most difficult cases in the 
separation of  the most difficult cases in the separation 
of the crystalline and the amorphous intensity, because 
the (120) diffraction peak is very strong and the amor- 
phous broad peak is overlaid by its tail. However, the 
separation was easy under lesser extensions, as shown 
in Fig. 2 for 2 = 4 at ~ = n/2. The degree of crystal 
orientation was very high in the case of  orientation- 
induced crystallization, and therefore a crystalline 
peak which appeared at a given azimuthal angle no 
longer appeared at the next azimuthal angle which 
was 9 ° away from that. On the other hand, the amor- 
phous intensity had less azimuthal angle dependency 
than that of  crystalline diffraction. In this case, when 
the separation of the amorphous intensity component 
at a given azimuthal angle c~ was carried out, the 
intensity curves at the angles ~ _+_ 9 ° was taken into 
consideration. It made the separation easier and more 
accurate. 

The profile of crystalline peak which depends on the 
size and the regularity of  the crystal lattice is expected 
to be symmetrical. This criterion of  the symmetry of  

T A B L E  1 A recipe for the vulcanized NR 

Material Composition 

NR 100 (phr) 
ZnO 5 
stearic acid 3 
antioxidant l 
vulcanization accelerator 1 
sulphur 1.8 

condition of  vulcanization 148 ° C, 20 rain. 

the profile helped us to separate the amorphous scat- 
tering, together with reference to the intensity data 
under lower extension ratio and at the neighbouring 
azimuth under the same extension. The diffraction 
peaks from ZnO crystals were also removed in the 
same way as that for the crystalline phase. 

The amorphous intensity data thus evaluated were 
fed to a computer with a digitizer, and then corrected 
for air scattering, absorption and polarization. The 
corrected data Icorr(S, ~) was then normalized by the 
factor Kwhich was calculated by Equation I from li~ d 
and Iav, assuming that the scattering intensity at 
20 = 120 ° was contributed only by its independent 
scattering of  atoms. 

K = Iind(20 = 120°)~lay(20 = 120 °) (1) 

where K is the normalization factor, and /~nd(20 = 
120 °) is the value at 20 = 120 ° of /i,d(S) which is 
calculated by Equation 2 

~,,d = ~ G(£(s) 2 + ~,~oc(S)) (2) 
j - I  

where Cj is the number fraction o f j t h  atom, fj(s) 
and ~,inc(s) are the atomic structure factor and the 

T A B L E  II A recipe for SBR 

Material Composition 

SBR(1502) 100 (phr) 
carbon black (HAF-HS) 50 
ZnO 5 
stearic acid 3 
antioxidant 1 
vulcanization accelerator 1 
sulphur 1.8 

condition of  vulcanization 148 ° C, 25 rain. 
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incoherent scattering, respectively. Iav(20 = 120 °) in 
Equation 1 is the intensity at 20 = 120 ° averaged over 
all azimuth by Equation 3. 

/av = I~ a Icorr( 120°, ~) sin ~d~ (3) 

where /tort(120 °, Ct) is the corrected intensity at 
20 = 120 ° and a given azimuthal angle c~. 

The independent scattering intensity was then sub- 
tracted from the normalized, corrected intensity 
Klco,r(s, ~) to obtain a reduced intensity i(s, cO. 

i(s, ~) = g[corr(S, o~) - -  Iind(S) (4) 

For the atomic structure factor ~(s) and incoherent 
scattering },~nc(S), the functions proposed by J. T. 
Waber [7] (Equation 5) and F. Hajdu [8] (Equation 6) 
were used, respectively. 

fjj(S) = ~ aj, i exp (-bj , ,s  2) + Cj (5) 
i = I  

where aj, i, bj,i and Cj are the parameters given in the 
article [7]. 

/j, inc(S) = (Zj - ~(s)2/Zj)(1 - Mj (exp ( - k j s )  

- exp ( -  ljs))) (6) 

where Zj is the atomic number o f j t h  atom, and Mj, kj 
and lj are the parameters given in the article [8]. 

In this work, an electronic CDF was obtained, for 
the sharpening function (I2 Cjfj(s)) 2 was not used, 
where Cj and fj(s) are the number fraction and the 
structure factor of j th atom, respectively. We were 
concerned that the modification by the sharpening 
function might exaggerate any termination errors. To 
obtain an atomic CDF, Equation 4 was divided by the 
sharpening function and usually multiplied by the 
damping factor exp ( - a s  2) to diminish the termina- 
tion error [9]. But in this work, the damping factor was 
not used, because we were concerned about possible 
effect of distortion of the function. There was, how- 
ever,  little difference between our method and the 
traditional one in which both the sharpening function 
and the damping factor were used, because the two 
functions had nearly the same shapes [10]; one of them 
was in the denominator and the other was in the 
numerator. 

The transformation of i(s, ~) was performed with 
Equations 7 to 10. 

i(s, ~) = ~ i2,(s) P2, (cos ~) (7) 
n = 0  

where P2, is the 2n th order of Legendre polynomials. 

i2,(s) = (4n + 1) f0/a i(s, e)P2, (cos e) sin ~d~ 

(8) 

(9) W2,(r) = (-1)'(2r/re) Io s2 i2n (S)j2n (rs) ds 

where J2, is 2n th order of spherical Bessel functions. 

W(r, ~) = ~ W2,(r)P2, (cos ~) (10) 
n - - 0  

The Legendre polynomials and spherical Bessel func- 

tions were prepared up to 2n = 12. In this work, a 
fairly good convergence was achieved for the expan- 
sion in a series of Legendre polynomials. Even for the 
sample with the highest degree of orientation, the 
amplitude of the 12th order il2(S) w a s  about 5% of 
that of the 0th order i0(s). 

The integration in Equation 9 was terminated at the 
s corresponding to 20 = 120 ° where the termination 
error for all components was minimized by a sampled 
transform technique proposed by R. Lovell et al, [10]. 
In this work, the final results of the CDF calculation 
are shown by rW(r, c~) defined by Equation l l .  

rW(r,  c 0 = 47zrZ(o(r, c~) - 00) ( l l )  

where 0 (r, e) is the auto correlation function of the 
electron density and 00 is the average electron density. 
The use of many subroutines for the computer pro- 
gram made the calculation much faster than in the 
previous report [6]. The contour maps of CDF's  were 
figured with Mori's program [11]. 

3. Results and discussion 
Figs. 3-6 show the contour maps of CDF derived 
from the amorphous intensity for the stretched vul- 
canized NR. The ordinate is parallel to the stretching 
direction, which is identical to the symmetry axis of 
cylindrical distribution of electron density, and the 
abscissa is normal to the direction. Broken thin con- 
tours are negative, and heavy full contours are zero, 
where the electron density is equal to the average 
density 00. 

Fig. 3 shows CDF for unstretched vulcanized NR at 
room temperature. The concentric contours indicate 
that the amorphous chain does not show any orienta- 
tion. The CDF's at various extension ratios are shown 
in Figs. 4-6.  There appear several "mountains" and 
"valleys" under extension, which are due to both the 
extension and the preferable orientation of amor- 
phous chains. The contours forming concentric circles 
decrease in number with increasing extension ratio, 
indicating the increase in the orientation of amor- 
phous chains. 
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Figure 3 A contour map of CDF for the unstretched vulcanized 
NR: ( ) positive; ( - - - )  negative; ( ) zero. 
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Figure 4 A contour map of  C DF  for the amorphous  of  the vul- 
canized N R  under extension of2 = 3: ( - - )  positive; ( . . . .  ) negative; 
( ) zero. 

In Fig. 6 the CDF for the highest oriented sample 
has the first equatorial peak near 0.6nm which is 
attributable to the interchain structure. Thus the 
broad peak at 0.6nm in the D R D F  of unstretched 
vulcanized NR which have been reported previously 
by many workers [12] is proved to be due to the 
interchain distance. 

On the other hand, there are interchain peaks near 
the meridian from which we are able to get the infor- 
mation about chain conformation. Particularly, we 
wish to focus attention on the meridional peak at 
0.8 nm which appears only under high extensions (see 
Figs 5 and 6). It is interesting to remark that the 
amorphous chain segments having a periodicity of 
0.8 nm in the stretching direction increase in number 
with extension. This 0.8 nm in a chain direction is in 
accord with the C-axis spacing of the NR crystal. Thus 
we suppose the strong meridional peak at 0.8nm 
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Figure 6 A contour map  of  C D F  for the amorphous  of  the vul- 
canized NR under extension of). = 6: ( - - - - )  positive; ( - - - )  negative; 

( ) zero. 

suggests that there is a significant number of highly 
stretched amorphous chains which have nearly the 
same conformation as that in crystals. 

The atomic auto correlation function o(r, ~) cal- 
culated for a single crystal chain of NR is shown m 
Fig. 7. In this calculation, we adopted the crystalline 
structure model obtained by Bunn [t3]. 
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Figure 5 A contour map  of  C D F  for the amorphous  of  the vul- 
canized N R  under extension of  2 = 4: ( - - )  positive; ( - - 3  negative; 
( ) zero. 
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Figure 7 The atomic ratio correlation function calculated for a 
single crystal chain of  NR.  The square pillar in a circle represents 
a unit height. 
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Figure 8 The meridional C D F  intensities for the vulcanized N R  
under various extensions as a function of  r: (a) 2 = I; (b) 2 = 3; 
(c) 2 = 4 ; (d )  2 = 6. 
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Figure 9 The intensity of  C D F  rneridional peak at 0 .Snm as a 
function of  an extension ratio (see equat ion 1 I). 

Since the chain conformation in the crystal is defi- 
nite, ~ (r, c~) is the point function. We calculated this 
function with the resolution of 0.02 nm, then we repre- 
sented it with a bird's eye view of the square pillars, 
each base area of which is 0.0004 nm 2 and each height 
of which is proportional to the sum of Q(r, c 0 in its 
base area. Comparing Fig. 7 with Fig. 6, some features 
of Fig. 7 appear in Fig. 6. The meridional peaks at 
0.15nm, 0.3nm (this meridional peak at 0.3nm is 
maximum in negative region as shown in Fig. 8d), 
0.52 nm and 0.8 nm in Fig. 6 correspond to those in 
Fig. 7. The peaks at 0.12nm, 0.17nm and 0.2nm in 
the abscissa and 0.08 nm, 0.18nm, and 0.6nm in the 
ordinate, respectively are also seen both in Fig. 6 and 
in Fig. 7. 

Fig. 9 shows the meridional intensity at 0.8 nm as a 
function of the extension ratio, indicating that the 
intensity is getting stronger with increasing extension 
ratio. The intensity reflects the number of pairs of 
atoms 0.8 nm away from each other and parallel to the 
stretched direction. As shown in Fig. 8, the peak at 
0.Snm appears only under high extension (2 >~ 4), 
and is getting sharper and stronger with increasing 
extension ratio. Usual amorphous polymers does not 
have any sharp peaks at such a long distance as 
0.8rim. These facts suggest that the peak at 0.8nm 
does not attribute to the interchain pairs of atoms, but 
to the intrachain pairs of atoms. Thus the amorphous 
chains which have the same conformation as that in 
crystals increase in number with increasing extension 
ratio. Furthermore, as shown in Fig. 8, the meridional 
peaks are getting sharper with increasing extension 
ratio. Thus under high extension, the fluctuation in the 
conformation of amorphous chains becomes smaller, 
approaching to that of crystalline chains. 

Although highly stretched amorphous chains and 
crystalline chains have almost the same conformation, 
they must have different modes of interchain align- 
ment which is reflected on the nature of CDF on the 
equator. The first equatorial peak in CDF for highly 
stretched vulcanized NR is at about 0.6 nm and the 
second relatively small one is at about 1.2 nm. Those 
equatorial peaks are as broad as that for monoatomic 
liquids [14], suggesting that the amorphous chains in 
highly stretched vulcanized NR have much less inter- 
chain regularity compared with crystalline chains, 
even if the former has the same conformation as the 
latter. 

Figs 10-12 show CDF's for SBR of 2 = 1, 2 = 3 
and 2 = 4, respectively. In contrast to NR, SBR does 
not crystallize by extension. In Fig. 12, the chain 
orientation is better than that in Fig. 11. It is interest- 
ing to remark that the CDF for SBR has much sharper 
equatorial peaks compared with these of vulcanized 
NR. In the case of SBR, the first relatively sharp 
equatorial peak at 0.5 nm is followed by the second 
one at 1.0 nm which is still discrete, while in the case 
of NR the equatorial peaks at 0.6 nm and 1.2 nm are 
very broad and weak. At the same time it should be 
noted that the 0.5 nm peak appears also on the meridian 
in Fig. 12, showing the maximum intensity stronger 
than that on the equator. This meridional 0.5 nm peak 
together with 0.25 nm one is considered due to the 
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Figure 10 A contour map of C D F  for the unstretched SBR: 
( ) positive; ( - - ~  negative; ( ) zero. 

intrachain electron pairs, and therefore the appear- 
ance of these peaks indicates the origination of highly 
extended and oriented segments. These features of 
CDF for SBR under high extension suggest that SBR 
chains are stretched and oriented in the direction of 
extension so that they can be packed side by side, as 
is the case of liquid crystals. This feature of SBR 
corresponds to our previous result [15] that under 
uniaxial extension an equatorial peak appears at 
20 = 20 ° for CuK~ ray on the X-ray scattering curve. 
The peak grew stronger and shifted the maximum to 
larger scattering angle with increasing extension ratio, 
indicating the increases in the packing density and in 
the fraction of the oriented and well packed segments. 

It may be interesting to point out that some of the 
amorphous segments can be extended almost as fully 
as the crystalline chains. In the case of crystalline 
polymers below the melting point, the highly extended 
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Figure 12 A contour map of C D F  for the SBR under extension of 
2 = 4: ( ) positive; ( - - - )  negative; ( - - )  zero. 

segments may contribute to the nucleus-formation to 
promote the crystallization. The very high degree of 
orientation of the segments necessarily causes highly 
oriented crystals, as is well known. In the case of 
non-crystalline polymers, the extended segments are 
forced to be packed side by side under extension force, 
forming a temporary structure like a nematic liquid 
crystal. 

Conclusions 
We applied the CDF technique to investigate a 
behaviour of the amorphous chains under extension 
in vulcanized NR and SBR. Under high extension, 
some of the amorphous segments were almost fully 
stretched and the fraction of the segments increased 
with increasing extension. In the case of vulcanized 
NR, such fully stretched segments seem to be possible 
only with coexistence of the crystals formed by exten- 
sion. In the case of SBR, such fully stretched segments 
are packed side by side. 
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Figure l l  A contour map of C D F  for the SBR under extension of 
2 = 3: ( - - )  positive; ( -  ) negative; ( - - )  zero. 
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