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ABSTRACT: This paper discusses the mechanical properties of syndiotactic 1,2-poly
butadiene with 25-% crystallinity in relation to the unrecoverable strain, stress relaxation, 
and orientation properties under large deformation in the range of melting temperature 
from 30 to 90°C. 

The following results were obtained: 
(I) The mechanical properties of the stretched films obtained by large uniaxial and 

biaxial deformations depend mainly on two factors: A) the ambient temperature during 
the stretching, and B) the types of deformation. 

(2) This dependence may be ascribed to the molecular orientation of the amorphous 
chain and some type of disintegration of the crystal structure; the orientation of crystal 
axes seems to be contribute little for such a polymer with a low degree of crystallinity. 
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crystalline polymers. When a film sample of 1 ,2-polybutadiene is 
stretched beyond the yielding point, it does not 
return to the original state after the removal 
of the external force applied. The mechanical 
properties also become different from those of 
the initial (unstretched) specimen. 

The main purpose of the present study is to 
obtain some information which may be useful 
in designing a process of making stretched film 
with desirable mechanical properties. On the 
analogy of a similar problem in melt spinning, 
the main factors affecting the mechanical prop
erties of the stretched film may be (1) tempera
ture during stretching, (2) degree and type of 
deformation, (3) strain rate, and (4) cooling con
ditions after the stretching. Very few studies, 
however, have been done to connect the final 
properties with the conditions of making the 
stretched film, especially in the case of semi-

Another interest is in obtaining the relation
ship between the mechanical properties and the 
change of the morphology. It is well known 
that the orientation of molecular chains affects 
the stiffness and strength of the stretched film 
or fiber. 3 ' 8 

In this study, stress and strain under the 
uniaxial and different types of biaxial strain 
histories were observed in the temperature range 
of crystal fusion by using an lnstron type tensile 
testing machine and a biaxial tensile testing 
machine called Bistron. 4 Further, stress relaxa
tion behavior after the release of the stretching 
and the unrecoverable strain after the release 
of the stress were also observed. The orienta
tion of molecular chain axes in both crystalline 
and amorphous phases was observed by X-ray 
diffraction and angular distribution of polarized 
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components of fluorescent intensity, respec
tively. The results are discussed together in 
connection with the final properties of the 
stretched film. 

PREPARATION OF SAMPLES 

A sample of 1,2-polybutadiene with 25-% 
crystallinity (designated by S25 in a previous 
paper1) was used in this study. Some sheets 
of film were prepared by two different methods; 
press molding, mentioned in the previous paper, 
and extrusion with a T-die. The thickness of 
the film prepared by press molding was about 
0.8 mm, the one by extrusion was about 0.2 mm. 
The press molded specimen (designated hereafter 
by Pms) was cut into a long rectangular or ring 
shape and used for the uniaxial experiment. 
Specimens made with the T-die (designated here
after by Tdf) were cut into a square of 12.4x 
12.4 cm2 and marked by a stamp with two sets 
of nine parallel lines, so as to form a square 
grid of 1.5-cm spacing; they were used for the 
biaxial stretching. In the results of X-ray dif
fraction analysis and the angular distribution of 
polarized components of fluorescene intensity, 
no anisotropy was observed in either specimen. 
Further, the degrees of crystallinity of Tdf and 
Pms were found by X-ray diffraction analysis 
to be the same within experimental error. The 
Tdf, however, was found to be slightly aniso
tropic in the stress and strain relation. Figure I 
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Figure 2. DSC thermograms of T-die and press 
molded film scanned at l6°Cjmin. 

shows stress-strain curves of two test pieces 
of Tdf under the uniaxial elongation: one was 
cut in the direction parallel to the machine 
direction and the other was cut perpendicular 
to the machine direction. Comparing the two 
stress-strain curves in the figure, a slight dif
ference was found in the flat region of the 
stresses. It will be shown later that anisotropy 
as slight as this is negligible when it is com
pared with the change of the mechanical prop
erties induced by the deformations in this study. 
No considerable difference was seen in the 'stress
strain curves of Pms. 

Figure 2 shows DSC thermograms of Tdf and 
Pms at a heating rate of l6°Cjmin. They in
dicate that both specimens have nearly the same 
thermal histories. 

DESIGN OF STRAIN HISTORY 

It is expected that the mechanical properties 
of stretched film are closely related to the fol
lowing properties in the process of making the 
film: stress-strain, stress relaxation in the pro
cess of stretching, and unrecoverable strain after 
the stretching. In order to investigate some 
of the mechanical behavior in the process of 

0 
1.0 1.5 2.0 2.5 3.0 the stretching, the following experimental design 

Figure 1. Stress-strain curves of T-die film pa
rallel to machine direction (--) and perpendicular 
to machine direction (---), measured at 40°C at 
constant rate of strain )'= 12.5/min. 
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was made; a schematic representation is shown 
in Figure 3. In the figure, a test specimen is 
set into the testing apparatus and annealed for 
10 min (stage I), stretched up to the predeter
mined amount of strain at a constant rate 
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Figure 3. Schematic representation of controlling 
strain and stress designed for the investigation of 
the mechanical properties of a specimen under 
large deformation. 

(stage II), kept at the strain state for 5 min to 
observe the stress relaxation (stage Ill), quenched 
by the vapor of liquid nitrogen or cooled slowly 
by room air, while the strain is kept to the 
previous state (the stress increases rapidly with 
decreasing temperature), and then allowed to 
shrink by releasing the external stress (stage IV). 

In stages II and III, the stress was measured 
as a function of the time. In stage IV, stretch 
ratios in two orthogonal machine directions (X 
and Y) were measured after cooling was com
pleted and the specimens were exposed to room 
air; then the specimens were released from 
force for 10 min and the stretch ratios were 
measured again. The former was designated 
by Am and the latter by Ar· 

In the biaxial stretching, various ways of 
stretching are possible by controlling strains of 
both X and Y directions independently. In this 
study, biaxial stretching in one step and biaxial 
stretching it two steps were performed. Changes 
in stresses fz and [y under the biaxial stretchings 
in one step and in two steps are shown in 
Figure 6 with changes of Az and Ay· 

In the measurements of X-ray diffraction and 
fluorescene measurements, the stretched speci
men was clamped by a pair of ring-shaped chucks 
after it was quenched (in stage IV). Stretch 
ratios Am and Ar were obtained by measuring 
the distances between two marks before and 
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after deformations. The details of each ex
periment will be described in the respective 
sections. 

STRESS AND STRAIN UNDER LARGE 
DEFORMATION 

The Dynamic tensile Young's modulus E' and 
tan o responsible for the viscoelasticity under an 
infinitesimal deformation were shown in a pre
vious paper. 1 From this data, it was expected 
that the stress-strain behavior under large de
formation would depend considerably on the 
temperature. And such temperature dependence 
of the stress-strain curve was observed under 
the uniaxial deformation using ring-shaped speci
mens of Pms. Figure 4 shows hysteresis loops 
under a constant rate of strain, 1.25jmin, at 
temperatures ranging from 30.7 to 79.2°C. The 
decrease of the stress with increase of the tem
perature may be easily understood as the de
crease of the degree of crystallinity with the 
temperature, as has been examined in the pre
vious paper. Further, it was noticed that the 
unrecoverable strain observed in each loop be
comes smaller with increasing temperature. This 
will be discussed later with the data from other 
types of deformation. 

The dependence of stress-stain curves on the 
rate of strain was observed at temperatures rang
ing from 29 to 83°C and was found to be very 
small. For example, the values of the 100-% 
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Figure 4. Temperature dependence of hysteresis 
loop of Pms measured at temperatures ranging 
from 30.7 to 79.2°C at constant rate of strain 
i=l2.5jmin. 
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Figure 5. Stresses and [v under uniaxial and 
various types of biaxial deformations: (ps.), 
(-); f., (uni.), (-0-); (nb.), (-- -); (ub.), 
(---). The same identifications are applied to 
fy. 

modulus at the strain rates f= 12.5jmin and 
2.5jmin were 28.1 and 27.0 kgjcm2 , at 4PC. 

Another factor affecting the stress-strain re
lation may be the type of the deformation. 
Figure 5 shows engineering stresses and fv 
under uniaxial and various types of biaxial de
formations measured at 40°C, t= 1.25jmin. Des
ignations of the stresses were made as follows: 

f(uni. ): stress under uniaxial defor
mation. 

f.,(ps.): stress in X direction under 
pure shear, i.e., Ay=l. 

): stress under equal biaxial, i,e., 

f.(nb.), fv(nb.): stresses and fv stretched in 
the orthogonal directions at 
different strains, such as 

Ay-1=kyt; 
12.5/min, ky=5.8jmin. 

From the figure, the relation between [., and 
A., is nearly independent of the type of defor
mation in the range of deformations less than 
15%. Beyond the yielding point, values 
depend considerably on the types of deforma-
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Figure 6. Stress-strain curves and [v of Tdf 
under biaxial extension in two steps (--) and 
in one step (--) and in one step (-- -) measured 
at 40°C at constant rate of strain t= 12.5/min and 
changes of and 2v with time. 

tion. The relations between the stresses were 
found to be 

> fx(nb.) > , fx(ps.) > fx(uni.) . 

Thus, the stress fx at pure shear is larger than 
those at uniform biaxial and uniaxial stretchings. 
In rubber vulcanizates, the following simple 
relation is valid for fx and fv under any type 
of deformation: 

[(a, b)> [(a, c) for b > c 

In order to illustrate how the stresses and 
fv change under equal biaxial deformations in 
one step and in two steps, typical curves of 
and fv are shown in Figure 6 as a function of 
time through the change of and Ay· In the 
deformation in one step, Ax is always equal to 
Ay and consequently In the deforma
tion in two steps, Ay is fixed to unity until A, 
attains to a fixed value and then Ay increases, 
while being kept at the fixed value. The 
result of Figures 5 and 6 suggests that some 
kind of morphological changes of the specimen 
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may arise in the course of stretching and that 
the degree of this change depends somewhat 
on the type of deformation. In order to in
vestigate how the morphological change depends 
on the type of stretching and the stretching 
temperature, the following experiments were de
signed. Test specimens from Tdf were stretched 
biaxially in one step and in two steps at 30, 
35, 40, 50, 60, and 70°C, according to the 
process shown in Figure 3. Test specimens of 
Pms with ring shape were stretched uniaxially 
at the corresponding temperatures in the same 
process as above. Stress relaxation behaviors 
were observed in the stress relaxation curves 
after the stretching along both X and Y direc
tions were fixed. A ratio of the stress after 
5 min stress relaxation (/s) to the stress at the 
beginning of the relaxation (/0) was measured 
for each stress time curve in the process III. 
The ratio fslfo defined is rather like a survival 
rate and it is unity for a completely elastic 
material. 

A morphological change of the specimen in
duced by the stretching may be reflected by the 
unrecoverable strain after the removal of the 
external force. Thus the ratio Ar/Am was defined 
as a measure, where Am, which is the maximum 
stretch ratio obtained, was set to be 6.0 and 
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2.5 for uniaxial and biaxial (for both X and Y 
directions) stretching, respectively. The reason 
for choosing these values of Am is not due to 
any concrete criterion but to the experimental 
demand that the specimen could be stretched 
without rupture over the range of temperature 
mentioned. 

Figure 7 shows AriAm and fslfo of both the 
uniaxial and the biaxial stretching as a func
tion of the ambient temperature at stretching. 
In the figure, it should be noted that the stress 
relaxation behavior Uslfo) does not depend on 
the type of deformation below 45°C, but it does 
at higher temperatures. And it is easily seen 
that the unrecoverable strain Ar/Am of biaxial 
stretching is much larger than that of uniaxial 
stretching and that its dependence on the tem
perature at stretching is affected by the type of 
deformation. That is, the stress-strain behavior 
becomes more elastic with increase of the tem
perature in the case of uniaxial deformation, 
while it becomes more plastic in the case of 
biaxial stretching. This suggests that some kind 
of plastic flow or failure of initial structure may 
arise and will depend greatly on the stress field 
induced. Thus it is expected that stretched films 
with different mechanical properties can be pro
duced by selecting the temperature and type of 
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Figure 7. J.r/J.m and /s//o in the process indicated by Figure 5 under uniaxial (Q), biaxial 
in two steps cut along Y direction (()) or along X direction (e). Specimens in the figure 
were all quenched after the stress relaxation. 

Polymer J., Vol. 7, No. 2, 1975 221 



Y. 0BATA, C. HOMMA, C. TOSAKI, and N. SHIRAISHI 

3 

<;' 
$2 

" ] 
' 01 

"' --
---- ------------- Tdf 

2 4 5 6 

Figure 8. Stress-strain curves measured at room 
temperature of specimens cut from biaxially 
stretched film (biaxial in two steps, quenched) in 
the direction parallel to Y axis. 

deformation. Some mechanical properties 
discussed hitherto are those observed in the 
process of making stretched film. 

The following discussions concern the me
chanical properties of a stretched film which 
was obtained by the process shown in Figure 
3. Test specimens were cut in a long rectangular 
shape in both X and Y directions from the 
stretched film. Stress-strain curves were ob
served at a constant rate of strain, 1.25jmin, at 
room temperature. Figure 8 shows a series of 
stress-strain curves of the test specimens cut 
in the Y direction from the films stretched 
biaxially in two steps. Marks x in the figure 
indicate failure points. The figure shows that 
stress-strain under the finite and ultimate de
formation is greatly affected by the temperature 
at stretching. Some other factors affecting the 
mechanical properties, such as strain rate, cooling 
conditions, and type of strain history were ob
served; it was found that their contributions 
were relatively small compared to the effect of 
temperature at stretching. In order to illustrate 
the dependence of the stress-strain on the 
temperature at stretching and on the type of 
the deformation, 100-% moduli were obtained 
by reading from the curves in Figure 8 and 
from the similar curves of specimens obtained 
by uniaxial stretching at various temperatures. 
They are plotted against the temperature at 
stretching in Figure 9. 

Experimental results shown in Figures 7 and 
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Figure 9. 100-9(} modulus interpolated from the 
curves in Figure 8 and stress-strain curves of 
uniaxially drawn film. 

9 suggest that the stress relaxation and the plastic 
flow behavior ().rfJ..m) are closely related to the 
mechanical properties of the stretched film, 
although they are related in a very complicated 
manner. 

ORIENTATION BEHAVIORS OF 
MOLECULAR CHAIN AXES 

Orientation of Crystal Axes 
In a previous paper, 1 X-ray diffraction pattern 

of the sample was shown and identification of 
the diffraction peaks was postulated for five 
peaks in the pattern. The first peak corresponds 
to (010), the second one to (200) and (110), the 
thirdto(210)and (011), and the fourth to (111) 
and (201). 

By using the diffraction from the (010) surface, 
it is possible to obtain the orientation distribu
tion of the b axis. For the a axis, it is im
possible to obtain the orientation distribution 
directly from X-ray diffraction, since the separa
tion of the intensity (200) surface from the 
intensity of the second peak is impossible. The 
combined vector (200)+(110), however, is nearly 
parallel to the a axis and both (200) and (110) 
vectors are in the plane containing the a and b 
axes. 
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In the measurement of X-ray diffraction, the 
surface of the test specimen was placed in a 
plane perpendicular to the incident beam (hori
zontal) and rotated in the plane to obtain an 
appropriate angle (¢) between the stretching 
axis of the specimen and the vertical direction. 
Figure 10 shows the diffraction curves of a 
uniaxially stretched film (.{=3, at 50°C). The 
abscissa is the diffraction angle along 2() scanned 

30 
28 

Figure 10. X-ray diffraction patterns of a speci
men uniaxially drawn and kept at a constant 
stretch ratio (A= 3.0) as a function of diffraction 
angle 28, for fixed values of azimutual angle ¢ 
which is equal to an angle to which specimen 
was rotated: <p=0°, (-); 10°, ( ---), 20°, (---); 
30°, (----), 40, (-Q-); 50°, (-x-); 60°, (-e-); 
70°, h0.-); 80°, (-0-); 90°, (-II-). 

Figure 11. X-ray diffraction photographs of uni
axially drawn film (2=3.5, at 50°C). 
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along the equator and each curve corresponds to an 
individual azimuthal angle ¢ from zero to rrj2. 
Figure 11 shows X-ray diffraction photographs 
of a uniaxially stretched specimen (.{=5.0, at 
50°C). From Figures 10 and 11, both a and b 
axes tend to orient to directions on a plane 
perpendicular to the stretching direction, that 
is, the c axis orients to the stretching direction. 
In order to investigate the orientation behavior 
quantitatively, the orientation coefficient pro
posed by Hermann6 

F _ (3 cos2 Bhkl-1) 
hkl- 2 ( 1 ) 

was calculated for some test pieces obtained by 
uniaxial stretching at 50°C; this is shown as a 
function of strain in Figure 12. 

In Figure 12 the orientation coefficients F 010 

(symbolized by Fp1 in the figure) and Fp2 (which 
is the orientation coefficient for the combined 
vector (200)+(110)) have negative values and 
they are equal within experimental error. This 
fact indicates that there is no preferential orien
tation for the a and b axes. The orientation 
coefficient of the c axis F. is then expressed 
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Figure 12. Orientation coefficients as a function 
of strain: FPt (e), Fp2 (Q), FP3 FP4 (e) 
observed; Fe estimated by eq 2 (- --) and Fe cal
culated according to the Affine model as a func-

1 
tion of strain (-e-). 
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by the following relation, 5 by putting Fb=Fp2 

approximately: 

F.=-Fa-Fb=-F010 -Fp2 ( 2) 

Values of F. are also shown by the dotted 
line in Figure 12 with the values calculated by 
the Affine modeV in which the c axis is as
sumed to orient according to the deformation 
of the bulk specimen. It is found from the 
figure that values of F. calculated and observed 
are nearly superposed by a shifting along the 
log (strain) axis. Further, it is noted that F. 
vanishes at the strain of about 30%. This 
critical strain (sc) was found to be identical 
with the strain at which the unrecoverable strain 
ratio l.rP·m becomes constant when it is observed 
as a function of Am (this will be shown else
where). As for the dependence of tl-Je orienta
tion function on the strain, sufficient data have 
been accumulated by Kawai, et a!, 8 to enable 
us to compare the results with the data of 1,2-
polybutadiene. The critical strain cc of the sam
ple is much greater than that of polyethylene 
or poly(vinyl alcohol). For most of the crystal
line polymers, such as low-density and high
density polyethylenes, the dependence of Fa and 
Fb on the stretch ratio }. are different. 

This phenomena has been explained by 
spherulite deformation in relation to the lamella 
structure. Then the characteristic of the orien
tation of the S25 suggests the absence of a 
higher order crystal structure such as spherulite 
with lamella. This fact will be discussed else
where using the data of small angle X-ray and 
electron microscopy. 

Orientation of Molecular Chain in Amorphous 
Phase 

In order to analyse the orientation behavior 
of a molecular chain in an amorphous phase, 
the angular distribution of polarized components 
of fluorescence intensity were measured by an 
instrument of type FOM-1 manufactured by 
Nihon Bunko Kogyo Co. A specimen stretched 
and quenched in the process described in Figure 
3 was clamped by a pair of chucks in the 
strained state, immersed in the methanol solu
tion of fluorescent agent (commercial name of 
PSN) for 30 min, and dried. 

As for the analysis of the angular distribution, 
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a precise description have been made by Nishi
jima, et a/., 9 ' 10 on the bases of experimental 
and theoretical points. In this study, we did 
not pay much attention to a quantitative analysis 
of the observed angular distribution, but used 
it to obtain a measure of the orientation coef
ficient of molecular chains in amorphous phase. 

In the measurement, the specimen set into 
the apparatus was rotated in a plane perpen
dicular to an incident beam in two different 
types of optical systems, where the directions 
of the polarizer and of the analyser are parallel 
or perpendicular to each other. The angular 
distributions of fluorescence intensity, designated 
by 111 (r) and /J.(r), were measured for the re
spective cases, where r is a rotation angle set 
to be zero when it is parallel to the stretching 
direction. 

In order to see how J11 (r) and h(r) reflect the 
orientation distribution of the molecular chain, 
an imaginary case in which every orientation 
unit is parallel to the film plane was considered. 
The angular distributions are expressed as a 
special case of the generalized formula derived 
by Nishijima, et a!. :9 

I 11 (r)=K .L; cos4 (r-w;) 
i 

h(r)=K .L; cos2 (r-w;) sin2 (r-w;) ( 3) 
i 

where w; is the orientation angle between the 
direction of a fluorescence molecule (which is 
assumed to be parallel to the molecular chain 
axis of the polymer) and the machine stretching 
direction. From these equations both I 11 (r) and 
/J.(r) are independent of r for the isotropic 
system and / 11 (0°)/111 (90°) increases when the 
chain molecule orients to the stretching direction. 

Figure 13 shows an example of I 11 (r) and /J.(r) 
of the uniaxially stretched film (1.=5.0, stretched 
at 50°C). 

As a criterion for the orientation coefficient, 
the following function proposed by Y. Awaya, 
et a!. 3 was used: 

From eq 3 and 4, F' is zero for the completely 
random distribution and unity for complete 
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orientation. Figure 14 shows the values of F' 
as a function of the stretch ratio for respective 
temperatures at stretching. The figure shows 

IJ..(f) 

Figure 13. Angular distribution of fluorescene in
tensity of /11(7) and h(r) of uniaxially drawn 
specimen (at 50°C, t= 1.0/min). 
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that F' increases with the stretch ratio and 
that the relation depends considerably on the 
temperature at stretching. 

CONCLUSIONS 

In Figures 8 and 9, it was shown that the 
mechanical property of the uniaxially or biaxially 
stretched specimen depends greatly on the ambi
ent temperature at stretching. The dependence 
of the 100-% modulus on the temperature, how
ever, was observed to depend grestly on the 
type of deformation. That is, the optimum tem
peratures for obtaining the highest modulus were 
about 35 and 60°C for uniaxial and biaxial 
stretchings, respectively (Figure 9). 

In order to investigate how the orientation 
of both crystal and amorphous chain axes con
tributes to the mechanical properties of the 
stretched specimen, the dependences of both F' 
and Fe at a fixed stretch ratio (A=3, at f= 
1.25 min) were observed as a function of the 
temperature at stretching in a temperature range 
from 29 to 90°C. This is the temperature range 
over which the melting of the crystal is observed 
in the DSC thermogram. 1 It was found that 
the value of Fe (the orientation coefficient of c 
axis) is only slightly affected by the temperature: 
it decreases from 0.34 to 0.31 as the tempera
ture changes from 30 to 90°C. The value of 
F', however, showed the same temperature de
pendence as the 100-% mudulus in Figure 9. 
The relation between F' and the 100-% modulus 
is shown in Figure 15, and is seen to be linear. 
The extrapolation meets with the data of the 
original specimen (nonstretched) Pms. 

We have no data available for the evaluation 
of the orientation under biaxial stretching. It, 
however, can be estimated qualitatively from 
other sources, such as unrecoverable strain. In 
Figure 15, the 100-% modulus is also plotted 
as a function of Ar/Am for both uniaxial and 
biaxial data. It is noted that Ar/Am depends 
greatly on the type of deformation: It does, 
however, have a positive correlation with the 
100-% modulus; that is, Ar/ Am has a correlation 
with F' if the type of stretching is fixed. These 
results lead to the conclusion that the orientation 
of the amorphous chain plays a predominant 
role in the formation of the mechanical properties 
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Figure 15. Dependence of 100-96 modulus of uni
axially and biaxially stretched film on J.r/Am and 
one of uniaxially stretched film on orientation 
coefficient F'. 

of stretched film in biaxial stretching as well. 
Such large differences in Ar/ Am and stress re

laxation / 5//0 between the cases of uniaxial and 
biaxial stretching suggest the existence of another 
factor controlling the morphological change in 
the course of stretching. 

We assumed that some kind of disintegration 
of the crystal occurs when a specimen was de
formed biaxially. As a trial, the degree of 
crystallinity of a biaxially stretched specimen 
was measured by the heat of fusion ilHr using 
a DSC thermogram under a constant heating 
rate of l6°Cjmin. The heat of crystallization 
ilHc was also observed as a reference by the 
same test species as the one used for ilHr after 
the melting at 160°C, because the former reflects 
the effects of stretching while the latter does 
not.* The values of ilHr and ilHc are plotted 
as a function of the temperatures at stretching 
in Figure 16. Although the data are rather 
scattered, it is clearly seen that the degree of 
crystallinity drcreases with the temperature. This 

* In the Figure 16, TQ and TA indicate that the 
specimen was quenched or annealed after biaxial 
stretching in two steps. 
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Figure 16. Degree of crystallinity obtained from 
the area of endothermic peak of melting process 
(0, 6) and exothermic peak (e, .._) following 
the melting process, in DSC measurements. 

result can be justified from the change of stress
strain curves of the stretched film under in
finitesimal strain in Figure 8, because the modu
lus under infinitesimal strain is generally deter
mined by the degree of crystallinity of the sample, 
as has been shown in a previous paper. 
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