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Summary

A model of junction network that is deformed upon
drawing has been used to calculate maximum attainable
draw ratios (X) and corresponding wvalues of tensile
strength (F) for different conditions of polymer film
and fiber forming. Experimental data for melt-spun
samples of polyethylene (PE), polycaproamide and po-
lyoxymethylene and solution-cast films of polyvinyl-
alcohol appeared to be in good agreement with calcul-
ated values. Considered also are methods for the in-
crease of X and F due to polymer molecular weight en-
hancement in samples forming from "poor" solvent with
subsequent orientation drawing under optimal condit-
ions. Values of X = 130 - 230 and those of F = 7 GPa
with a Young's modulus E = 144 and sonic modulus E_ =
200 GPa, approximating theoretical, have been . S
obtained for monofilaments of PE with m.w. 2°10".

Introduction

Ultra-high modulus and superstrength films and fi-
bers of flexible and rigid chain polymers have been
produced in recent years, primarily, by orientation
drawing (CIFERRI and WARD 1979; KALASHNIK et al.1980;
SAVITSKY et al.1983; SMOOK et al.1980; ZHURKOV et al.
1969). However, a number of problems of fundamental
importance for futher progress in the field still re-
main obscure, despite numerous works and considerable
advances in laboratory and industrial technology. The
basic questions among them are those of the limit of
polymer orientation strengthening and of possibiliti-
es for its enhancement by modification of polymer
characteristics or processing conditions. The present
study was undertaken with a view to provide an answer
to these questions in terms of the model of molecular
Jjunction network rearranging during drawing (ILEVIN et
al,1967; HEISE et al.1980; SMITH and IEMSTRA 1979).

Calculated and experimental data
Two assumption were made for quantitative estim-
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ation of maximum attainable draw ratio Xo:

1) X, is determined as ratio of contour length L of
© chain between two adjacent junctions to the
nearest distance between them 1 in the initial un-
oriented state (junction spacing).
2) The junction network is formed at the very onset
of melt - elasticity transition when macromolecules
are basically in liquid state (except for the secti-
ons incorporated in the junctions). The section of
the chain between the junctions, as follows from
configuration statistics, has, therefore, the shape
of a statistical coil, the value L being related to
1 by ratio

L= lz/A &P,
where A is the length of the statistical segment.
Then X, = I/1 = I/A (2)

The values of 1 were calculated from those of
strength Fo of unoriented samples at temperature

T = 77 K. ° It was assumed that 1) F_ is supported
by macromolecules binding the networf Junctions and
breaking at the stress reaching theoretical strength
of bond (£); 2) taut tie chain concentration is,
equal to Junction concentration. Then f£s = Fol R
where s is cross-section of bond, and

1 = (£s/F)"/2 (3)
The values of A used for calculating X, (Table 1)

were chosen for polymer melts (or concentrated solut-
ion in the case of polyvinylalcohol) in terms of con-
cepts presented in the works of BUSSE (1967), EGOROV
and ZHIZHENKOV (1982). The values of F at 77 K were

since a linear relationship has been observed between
F and X for some semicrystalline polymers (SAVITSKY
et al.1973). The strength at room temperature (F) was
calculated from Zhurkov formulas using experimentally
obtained values for activation energy of fracture
(SAVITSKY and DEMICHEVA 1977). Experimental data of
ZHURKOV et al. (1969), also those obtained in a si-
milar manner are in good agreement with the results
of calculation (Table 1), which enable us to use the
proposed model for a purposeful modification of poly-
mer drawability. A most obvious possibility to incre-
ase X 1s through variation of L and 1 by reducing
probability of junction formation due to introduction
of a solvent that causes the molecular coil to move
apart. To calculate X for solution-formed samples an
assumption was made that probability of junction nuc-
leation is proportional to the degree of macromolecu-
les overlap which is, in turn, dependent on polymer
volume concentration (C) being determined by the mode
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of polymer (P) - solvent (S) interaction in the sys~
tem. Fig. 1 shows the number (N) of overlapped unlts
(per 1 mole of monomer units) against C plotted for
constant density of chains within the equivalent
sphere. Solid line represents what is known as the
"poor" solvent case with P - P interaction being
more preferential than P - S at temperatures T<<

P -temperature. Solid line in fig.2 shows constitut-
ion diagram of the system. Dash-dot lines in fig. 1
and 2 represent N dependence on C and constitution
diagram for the "good" (strong) solvent case when P -
S interactions at all temperatures are more preferen-
tial than P - P.

At C<< C__ macromolecules do not overlap, the critic-
al value®® of C (C ) being determined from the con-

dition of packing %he entire system volume with un-
overlapped macromolecular coils of the diameter Dg:

Cop = (V/D2)(/m) (5)

where v and m are the volume and the weight of mono-
mer unit, M is the golymer molecular weight;

D" =2 A (e)
where Z is the macromolecule contour length, Ag is
the length of statistical segment in a given
solvent at given temperature.

For "poor" solvent affine swelling was assumed to oc-
cur at 1> C > C; and N equal to that of pure polymer
(No). With the ™ decrease of C from 1 to C, macromo-

lecular coil diameter shows increase of D to Ds; it,
however, remains constant upon futher dilution?
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Fig.1. Variation of mumber Fig.2. Constitution
of overlapping units with diagram of polymer -
polymer concentration in solvent system for
the system for "poor'" (so- "poor" (solid line)

1lid 1ine§ and "good" (dash- and "good" (dash-dot
dot line) solvent. line) solvent.
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The value of A, can be expressed as A = Ac;2/3, tak-

ing account of (6) and assuming that Dz = cha/5.

In transition of o--x, as is shown in fig.2, junct-
ion concentration of n may be correlated with that of
n, in the melt-formed sample if n is assumed to be
proportional to N which is, in turn, dependent on
C, as can be seen from fig.1. Then for Ccr<< c <:CS

n = nk, where k = (C = C_.)(C, = C, )™ (7

Junction spaci of the network thus formed is deter-
nined from the Jjunction concentration and the degree
of macromolecule swelling in the solvent. Due to this

latter 1c shows C;1/5 times increase:

1, = (Cgn)™3 = (ke )=1? (8)
Contour length L, of the chain between adjacent jun~
ctions in polymer -~ solvent system may be expressed
by the formula of the type (1§:

L, = 1,2/a, = 1%/3 (9)
It was futher assumed that removal of the solvent at
Tﬁ> T:>Tg (where the indexes denote melting and glass

transition of the system), which is shown as x-e
transition in fig.2, does not lead to junction dest-
ruction; nor does it result in the formation of new
Junctions; the occuring affine shrinkage and crystal-
lization do not appear to have any noticeable effect
on network averaged dimensions. As a result, the con-
tour length of the chain between adjacent junctions
does not change: Lsr = Lc (sr denoting the state of

the system after solvent removal). Junction spacing
diminishes as a result of system volume decrease
caused by solvent removal:

1. = 1,6"3 = 1erme )3 (10)
Subject to eq.(2), maximum attainable draw ratio may
be expressed as: 1/3
X, = Xo(Cs/kC) (11)

It is evident that Xc:>Xb when CS>>C:>Ccr. To calcul-
ate the maximum value of Xc (Xm) which can be achiev-

ed through dilution, one has to estimate the limiting
concentration of Cmin when macromolecules are still
held together while the number of junctioms
appears to be minimum (nm):

Cpin = Cop + Ly = ¥ 2a2)22c_ = c_)  (12)
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The formula, however, fails to regard variance of di-
mensions of I and 1, as well as the junction structu-
re, although it is evident that whatever their influ-
ence on cmin’ the latter is invariably greater than
¢TI As in the case of melt-formed samples, the
strength (at 77K) of unoriented solvent free samples
is determined by density of taut tie chains which in
our model is equal to the density of junctions:

. 2 2/3
F:. = £8/1. 7 = F, (kC_/C) (13)

After orientation drawing the strength is bound to
increase owing to decrease of cross-section per one
taut tie chain from S, to Sp. In the simplest case

the number of junctions and their structure are as-
sumed to show no variation upon drawing, S consists
of taut tie chain cross-section which remains
constant and the area of (So ~ §) occupied by coiled
sections of macromolecules.” If (S, - s) is believ-
ed to decrease upon drawing with the volume be-
fore and after drawing remaining constant, then af-
ter drawing to X the area per one taut tie chain

Sf = (So - s)/X + s, vwhere 8, = lsi
and the strength at 77 K
F* = £s/S, = fF X[t + P_(x - DTV ()

The values of F at other temperatures may be calcul-
ated as described above for melt-formed samples.
Taking into account (13) and (11) one can express F*
in terms of polymer chain parameters and polymer -
solvent system characteristics:

e 21+ 20(RE )" YP - X kore )3 (a5)
Allowing for C, - C,,. = C; one can simplify eq.(15)

and £find that F* as the function of C has the maxi-~
mun 86 C = 1.5 Ccr‘ Substitution of this wvalue of C

into (11) gives the computed value of maximum attain-
able draw ratio for the given polymer:

X, = 1.1(C/0, 0% x, (16)
. 172
According to (5), C,p 1s proportional to M,
hence, Xm is proportional to M1/3.

No Jjunction occur in the case of "good" solvent at
C Cs' For 1>C>Cs (dash-dot line in fig.1 and

o-x - o transition in fig.2) we get the following
equations:

n' =nk,, where k; = (C - CL)(1 -~ G'S)"’I 1?7)
1= W) V3 1y = w3 xg = x V3 (e
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F*' o P X k172 (19)

Here primed symbols denote the same quantities that
unprimed ones denote in the case of '"poor" solvent.
As follows from eq. (19), in the case of "good”
(strong) solvent, reduction of C results in the low-
ering of F*'. In producing of fibers or films from
polymer solution in "poor" solvent considerable en-
hancement of strength can be achieved through the
increase of polymer molecular weight and decrease of
its concentration; orientation drawing (which should
be performed avoiding destruction) be an essenti-
al step of processing. The proposed model was tested

in experiments on PE with m.w. 2o406. Monofilaments
spinning, drawing and testling were similar to those
described by SMITH and ILEMSTRA (1980), ZHURKOV et al.
(1969) and IEVIN et al. (1967), respectively. The
results are presented in Table 2 and in. fig. 3.

F XX s % X 4E5
&Pa x GPa
Br « 4150
B //”..’ ° * )
o {100
4 X o/:;g
%
2 -é/."
0™ % @0 ®0 200 x

Fig. 3. Tensile strength (o and e) and sonic modulus
(x§ measured at room temperature versus draw ratio
for PE samples: melt-formed (solid line) and decalin
solution spun with PE concentration of 10 % (O and
dash-dot line) and 2 % (dashed line, e and x). The
lines represent calculated data, the points show ex-
perimental values.
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Good agreement between calculated and experimental

data, as well as the values of F and E for PE close
to theoretical values, lead us to regard the propos-
ed principle of strengthening as promising for other

polymers.
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