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INTRODUCTION

The mechanical properties of polymers depend on their morphological
characteristics. With many systems and especially with semicrystalline
polymers, it is possible to achieve significant changes in structure and proper-
ties by varying their thermal and stress histories. Considering the broad range
of polymer applications it would, therefore, be desirable to have a quantita-
tive understanding of the effects of structure on the properties of polymers in
the solid state. The morphology of polymers is, however, often so complex
that the interpretation of the mechanical responses must be restricted to
qualitative considerations. In particular, the analysis of strength of un-
oriented semicrystalline polymers is quite complex because of large plastic
deformations which usually precede the rupture. However, by orienting the
polymers in the form of fibers, it is possible to achieve structures which can be
ruptured in tension with minimum plastic deformation. Under these con-
ditions, the analysis of mechanical properties is greatly facilitated for fibers.
Nevertheless, we still lack a quantitative understanding of the mechanical
responses of polymeric fibers mainly because their structure has not yet been
described with a precision allowing rigorous treatments.

Many polymers in fibrous form exhibit the characteristics of two-phase
systems. Therefore, their mechanical responses depend on the properties of
each phase, morphological characteristics of the two-phase system, and on
the structure of the phase boundaries. To date, the morphological studies
based on the examination of unstrained samples give a very inconclusive
picture regarding the structure of the interphase which affects the mechanical
coupling between phases.
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Since the properties of the crystalline phase can be estimated from molecular
and crystallographic data it should be possible to determine the load transfer
characteristics between phases from the analysis of the mechanical responses.
Considering that under these conditions a combined mechanical and
structural analysis could lead to a better understanding of the structure of the
crystal surfaces in fibers, it was decided to examine by this technique a series
of Nylon 6 (N6) and Poly(ethylene terephthalate) (PET) fibers. In the course
of this work, we arrived at several unexpected findings which prompted
additional investigation.

In the calculations concerned with the theoretical strength of a parallel
array of polymer molecules we found that with extended molecules the
strength increases monotonically with the molecular weight and that the
cohesive energy does not effect the maximum theoretical strength. With
the folded chains, however, the plot of strength vs. molecular weight reache
a maximum at a value of number average molecular weight which equals that
of the number average molecular weight between the folds. Since further
increases in the molecular weight lead to a reduction in strength, the maxi-
mum theoretical strength of systems which include chain folding is affected by
the cohesive energy.

Our studies also indicated that the cohesive energy of an oriented polymer
could be estimated from the plots of strength as a function of the molecular
weight. Since the cohesive energy between the molecules is strongly affected
by the intermolecular distance, it was speculated that, in principle, the examina-
tion of a series of fibers of various molecular weights could lead to estimates
of the density of the load-bearing phase and the degree of chain folding.
Realizing that this information cannot be obtained by other methods, it was
decided to undertake such a study in spite of difficulties expected in the
preparation of an adequate series of fibers of various molecular weights.

In this paper we review the theoretical background and present the results
derived from the analysis of the effect of molecular weight on the strength of
PET and N6 fibers.

THEORY

Fibers subjected to large longitudinal strains often display microscopically
visible “strain bands”.1.2 Although the structure of these bands has not yet
been described in detail, there is evidence that the bands involve internal
cavities or other structural features of lower density. Since many of the
observations concerning strain bands resemble those expected for micro-
cracks, the cavities in the band can be regarded as the precursor of the crack
which leads to rupture of the specimen.
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In the development of a theory of tensile strength, which assumes that the
rupture of fibers is a result of the formation and propagation of a crack
across the fiber, it is important to consider the fact that the fiber structure
remains stress-sustaining even in the stage where the microcracks are formed.
Thus, we must distinguish between the cracks which are stable and require
energy for further growth, and those which are unstable and grow spon-
taneously. The difference between the two phases in the crack growth can be
observed on notched fibers ruptured in tension.3

In Figure 1 are shown the top and the side views of a Nylon 6 fiber (28 mm
diameter) whose rupture in tension was initiated from a circumferential

(@

FIGURE 1 Top (a) and side (b) views of a broken Nylon 6 monofil ruptured in a tensile
test. Fracture initiated from a circumferential notch.
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notch. With regard to appearance, the surface of the broken end can be
divided into three areas. The area cut with the blade (A) usually shows some
roughness and traces of the knife. The area formed during the slow propaga-
tion of the crack (B) is very smooth and rises considerably above the level of
the area cut with the knife. The distance ““d” indicated in Figure 1(b) reflects the
magnitude of the plastic deformation occurring during rupture. The central
area (C) formed during the rapid propagation of the notch at the instant of
rupture is rough and is separated from area (B) by a narrow valley (E). It is
believed that this valley is formed as a result of a sudden release in stress
energy when the fiber is ruptured. Thus, the diameter of the valley is probably
an indication of the critical depth of the notch, which should be regarded as
the analog of the critical size of the crack discussed below.

Although the propagation rates of unstable cracks in fibers have not yet
been determined, it is quite certain that these rates are several orders of
magnitude higher than those of the growth of the stable cracks. Therefore,
the time to form an unstable crack is much larger than the time involved in
the propagation of unstable crack across the specimen. Consequently, the
expressions of strength or time to break can be derived from the expressions
defining the time to form an unstable crack.

The conditions of crack stability and its critical size depends on the material
properties and the geometry of crack. Therefore, for a specific case, a rigorous
treatment of strength can only be formulated on the basis of a complete
description of the geometry of the stable crack. Unfortunately, the examina-
tion of the ends of fibers ruptured in tension reveals primarily only the features
formed in the process of the spontaneous growth of the crack. Thus, the
pertinent information regarding the geometry of the stable crack can only be
obtained from fibers strained short of rupture. These studies are, however,
quite involved because with many fibers the fracture is initiated from the
cracks formed in the interior of the fiber and not from the surface. Thus, it is
not surprising that at present we still lack a detailed description of stable
cracks for various specific cases.

Considering this lack of information, it is desirable to derive a general
model, in which crack geometry is in agreement with the prevailing data is
assumed. Following this rationale we presuppose in the developments
below that the cracks are circular, flat and perpendicular to the applied stress.

The free energy associated with the formation of such a crack of radius r
is given by Sack.4

Afy = 2nr2p — 8(1 — p)ricq?/3E. 1)
In this expression p is the surface energy, defined as the work required to form

unit area of surface in a brittle material by formation of two planes each half
unit in area, o is the applied tensile stress, g is the stress concentration factor,
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E is Young’s modulus, and p. is Poisson’s ratio. The curve of 4f; versus r
has a maximum for cracks with radius r* = pE/2(1 — p2)g202. Assoon as this
radius is exceeded, the crack becomes unstable and the specimen fractures
catastrophically.

The growth of cracks may be regarded as a process in which polymer chain
segments are transferred from the state in which all segments are completely
surrounded by like segments (the a state) to the surface of cracks (the 8 state).
If the growth of cracks is regarded as a thermally activated process, then their
rate of growth R, can be written as

kT AF*  vgio?
R —
" h [”’Z’e"p{ KT 2EKT

AF>* vq2a? &)
kT 2EKT § |

- nr’Zr'exp{ -

In this expression, k and 4 are the Boltzmann and Planck constants, re-
spectively, T'is absolute temperature, E is Young’s modulus, r and r’ represent
the radius of a crack before and after a segment of a polymer chain is trans-
ferred from the standard state to the surface of the crack. n, is the number of
o segments in contact with each nucleus of size r, and Z, is the steady-state
concentration of B, nuclei. n,Z, is, therefore, the steady-state concentration of
o segments available for reaction. 4 F1* is the free energy of activation associa-
ted with the separation of two segments of a polymer chain or chains, as the
edge of the crack moves between them. n', is the number of 8 segments in
contact with the standard state in a nucleus having radius r’. Z,’ is the steady-
state concentration of cracks having radius r’ and 4F>* is the free energy of
activation associated with the elimination of a vacancy between two segments.
q20%/2E is the strain—energy density in the vicinity of the crack, (where g is a
stress concentration factor and o is the stress) and v is the effective volume of
the vacancy created by the separation of two chain segments. The term
vq202[2E, therefore, represents the work done by the applied stress in one
step of the crack-propagation process. R, is in terms of the number of chain
segments participating in crack growth throughout unit volume of the speci-
men, in unit time. The number of a segments z, in contact with each nucleus
at the apex of a crack By is not strictly equal to the number »’,’ of 8 segments
in contact with the standard state at the apex of a 8, nucleus. However, the
difference is expected to be small, so that it can be assumed that ny = n'y’.
Since the experiments to which this theory could apply are performed at
temperatures at which the mobility of molecules is low, #, must be of the
order of magnitude of the number of polymer chains 2=r// in contact with the
apex of the circular crack having radius r, where /is the mean distance between
polymer chains in direction perpendicualr to the fiber axis. According to a
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treatment proposed by Prevorsek and Lyons,5 the expression (2) can be
simplified as follows:

Rr = (2kTmrZihl)exp { — (4f;/kT) — (AF*/kT) + (vg2e2[2EKT) } (3)

where 4f; equals free energy associated with the formation of a crack having
radius r, and 4F* is an intermediate value between 4F,* and 4Fs*.

According to Egs. (1) and (3) the rate of crack growth depends on the radius
of the crack and decreases as the crack approaches its critical size. Taking
into account that, in a sequence of changes differing considerably in rates,
the net rate is that of the slowest step in the sequence, then the rate of for-
mation of cracks having the critical size, i.e. cracks of radius r*, can be
approximated by

UTm*Z (1 yo2q?
* o KAT4 2 — ar* — aF*
Ry o exp{kT( ify + 2E )} C))

with 4
Afy* = n3p3E2[6(1 — p2)2qiat,

Assuming further that the number of polymer chain segments that must be
brought to the surface of a crack in the rate-controlling step to produce
instability is of the order of magnitude of 2=r*//, the rate of initiation of an
unstable crack becomes

Re = (I2nr*)Ry*. )

If, as experimental results appear to indicate, the rate of failure (number of
failures per unit time) can be regarded essentially as the rate of initiation of an
unstable crack, then an expression for the expected lifetime 7, of a specimen
under constant stress, can be derived as follows:

th = 1RV
= Zwr*/IVRr*
= (h/KTZV) exp (1/kT) [4fr* + AF* — (vq20?/2E)] (6)
where V is the volume of the specimen.
In proceeding to an expression for the time to failure in a tensile test, we

apply the linear rule of cumulative damage (6) which under conditions of
time dependent stress assumes the form

Fid

‘[ dt 1 )
tolo(?))

0

where #* is the time to failure. The validity of Eq. (7) has been established
both theoretically” and experimentally8 for conditions where o(¢) increases
monotonically with time.
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It follows from Egs. (4), (5), (6) and (7) that

1™

,@Tex (— AF*) ex L] ye'e) e d
p P\ kT PURTL 28 ~ 61 = peitng [(¥ =1 ®

]

In a tensile test performed at a constant rate of increase of stress,
ot ) = 6t

where ¢ is the rate of stressing, and

Pl

VZKT ( A4F* 1 [ ve2re m3p3E2 e o
n P kT) XP\kT| 28 T 61 = wipeing (M1 O

0

The upper limit of the integrals in Eqgs. (7), (8), and (9), t*, is the time to
failure in a tensile test. Breaking stress o* can then be calculated from

o* = at*. (10)

The Egs. (6) and (9) include the four primary parameters which are affected
by the molecular structure of the polymer: modulus, activation energy
associated with the processes involved in the crack growth, fracture surface
energy and the concentration of the crack nucleation sites.

The modulus of elasticity appearing in the equations of strength can be
derived from the modulus of polymer crystals in the principal chain
direction.?-13 For a specified molecular and crystallographic structure this
modulus may be calculated from the force constant for bond stretching and
valence angle deformation derived from vibration frequencies of molecules.
Direction cosines, bond angles and the effective cross-sectional areas of the
polymer chains are derived from the x-ray measurements. The moduli of
crystallites in fibers have also been determined experimentally by measuring
the crystal lattice strains in samples under load.14:15

In connection with these studies it must, however, be noted that the deter-
mination of crystal moduli from the lattice strain measurements cannot be
made without an independent determination of the mechanical coupling
between the amorphous and the crystalline phase (series, parallel or a series—
parallel combination). This important step has been omitted in all studies
of crystalline moduli published to date. Since in the analysis of their experi-
mental data, all authors assumed a series type of coupling between phases,
we must regard these results as the lower bound of modulus. It seems, how-
ever, that in most cases the error may not be large because the recent studies
along these lines indicate that with many fibers the load transfer character-
istics between phases approach rather closely to those of a series model.16
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From mechanical considerations it is expected that straining of an ensemble
of parallel molecules should lead primarily to the scission of the weakest
bonds in the polymer chain. This hypothesis has been confirmed by Zhurkov!?
in a study in which the activation energies associated with the breakdown of
highly oriented polymers were extracted from the data of time to break as
function of temperature. The fact that the activation energies determined in
mechanical experiments agree well with those associated with processes of
thermal degradation indicates that under certain conditions these two pro-
cesses could be very similar.

In the analysis of the data of strength with regard to the activation energy of
the mechanical breakdown it must, however, be remembered that the process
of crack growth involves very probably both chain scission and chain slippage.
Considering that the relative importance of these two processes should
depend on the average chain length and the cohesive energy of the system, it
is expected that the activation energies of breakdown are strongly dependent
on the temperature and the molecular weight of the polymer.

The choice of a value for the concentration of the nucleation sites can at
present be made only by speculation. We believe that the phase boundaries
between the crystallites and the “amorphous phase” are the most likely sites
for the formation of the microcracks. Consequently we assume that the
concentration of nucleation sites is of the order of magnitude of the concentra-
tion of crystallites.

The experimental methods to study the fracture surface energy (FSE) are
not suitable for the examination of specimens in the form of fibers. Thus, the
considerations of this molecular weight dependent parameter must rely at
present entirely on the theoretical calculations. A systematic study of FSE
as a function of molecular weight, bond and cohesive energies, and degree of
chain folding has been carried out recently for ensembles of parallel mole-
cules.!8 In the calculations, it was assumed that: (1) the polymer molecules
are linear and oriented parallel to the fiber axis, (2) the arrangement of chain
ends and chain folds in the fiber is random, (3) the path of a crack is such that
an increment in its size leads to a maximum release in strain energy, and
(4) the crack can grow either by chain scission or by chain slippage depending
on which is energetically more favorable. Plots of FSE vs. molecular weight
led to the following observations which are pertinent for the analysis of the
experimental data below.

With fully extended molecules, FSE increases monotonically with the
molecular weight and approaches asymptotically its maximum value

(FSE)ma,x == N X QB

where N = number of molecules per unit cross-sectional area and Qp = the
energy to break the weakest bond in the polymer chain. The cohesive energy
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Q1 while not contributing substantially to strength at high values of the
molecular weight affects strongly the minimum molecular weight required for
processing and the width of the molecular weight range where strength is
molecular weight dependent. FSE of systems containing folds distributed
randomly in the volume of the specimen is lower than that calculated for a
fully extended chain. Plots of FSE as a function of Dy (degree of polymeriza-
tion) for various levels of chain folding, expressed as average chain length
between the folds, show a maximum at a D, corresponding approximately to
the average length (average D;) between the folds. Consequently for a given
polymer system characterized by a set of values of N, Qg and Qy, the maximum
in FSE is a function of the degree of chain folding. Typical plots of FSE as a
function of the degree of polymerization showing the effects of cohesive
energy and chain folding are shown in Figure 2.
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FIGURE 2 Fracture surface energy (FSE) as function of degree of polymerization (Dp);
effects of cohesive energy and chain folding (average length between the folds in units of
Dy = 50).

EXPERIMENTAL

In order to study the effect of molecular weight on the strength of highly-
oriented N6 and PET fibers, it was necessary to prepare a series of fibers with
nearly equal structural characteristics which differed only in molecular weight.
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For this purpose, a series of Nylon 6 and poly(ethylene terephthalate) poly-
mers of different molecular weight were melt-spun and drawn into 12 filament
low-denier yarns. The respective ranges in number average molecular weight
of the experimental PET and N6 polymers were 8,000-31,000 and 10,000-
50,000. Yarns of highest strength were submitted for structural characteriza-
tion with regard to degree of crystallinity, amorphous, and crystalline
orientation. With several fibers we observed a remarkable similarity in
structure on the first trial. With those fibers showing structural differences,
the required modifications were achieved by small adjustments in the draw
ratio. With PET samples having M of 8,000 and 9,500 and with N6 samples
having My of 10,000 and 50,000, we were, however, unable to prepare fibers
acceptable for the analysis in spite of considerable effort in the adjustments of
processing conditions.

The number average molecular weights of N6 and PET fibers with sufficient
structural similarity to be considered in the analysis below are summarized in

Table 1.
TABLE 1

Number average molecular weight of
experimental N6 and PET fibers

PET N6
13,300 18,000
21,000 22,000
26,300 27,000
30,500

In order to alter the degree of chain folding in these fibers!? with a minimum
effect on the degree of crystallinity and crystalline orientation, we allowed the
fibers to contract under tension for 10 and 20 percent. The treatment in-
volved a three-second exposure of yarns to a block heater maintained at
225°C for PET and 170°C for N6 fibers. The fully drawn and contracted
PET fibers had a degree of crystallinity (by x-ray) of 56 & 1%, and a crystal-
line orientation expressed as the half azimuthal angle of 105 reflection of
11-12°, The N6 fibers, on the other hand, had an x-ray crystallinity of 71 4 19,
and a crystalline orientation corresponding to 9-10 degrees in half angles of
(200) and (202 + 002) reflections. The similarity in structure of the fully
drawn fibers is further illustrated in Figures 3 and 4 by the presentation of
their respective stress-strain diagrams obtained at —100°C.

RESULTS AND DISCUSSION

The theory discussed above assumes that the effects of plastic deformation are
negligible in the fracture process. Consequently, we shall base our analysis



14:19 23 January 2011

Downl oaded At:

TENACITY, G/DEN.

TENACITY, G/DEN.

EFFECT OF MOL. WEIGHT ON STRENGTH OF FIBERS

195

16 | T '
m
14 |~ -100°C _
12 |- I —
10 —_
8 —
6 . pa—
1 M, =1.83x10%
4 I M, =2.00x104
2 M Mp=2.84x104 -
0 | |
0 5 10 15 20
STRAIN, %
FIGURE 3 Stress-strain diagrams of experimental unrelaxed Nylon 6 fibers.
12
[ I T 7 |
m,
1o L -looec N
8 — -
6 — —
- 4
4 1.33x10 |
I M, =2.11x 104
m M, 2.62x104
2 IV M, =3.00x104 o
0 | | |
0 2 4 6 8 10
STRAIN, %

FIGURE 4 Stress-strain diagrams of experimental unrelaxed PET fibers.
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primarily on the results from fully drawn samples ruptured at —100°C.
The results of contracted samples and data obtained at 23°C are included
primarily for a qualitative comparison.

The effects of molecular weight and temperature on fully drawn PET fibers
and those contracted for 109, are shown in Figure 5. The strength in this

14 T T I | T
12 —

10

wommm FULLY DRAWN
= em e RELAXED 10%

| | | | |
0 1 2 3 4 5 6
M, x 1074

TENACITY X (1+ €,) [G/DEN]
o]
|

FIGURE 5 Tenacity of PET fibers: effects of molecular weight, temperature, and
relaxation.

graph and those that follow is expressed in tenacity corrected for the increase
in fiber length before rupture. The strength of these fibers increases mono-
tonically with the molecular weight in the investigated range of M,. The
temperature, while lowering the strength, does not affect this general observa-
tion. PET fibers contracted for 109, behave differently. The respective plots
of strength vs. M, indicate a distinct maximum in strength at an M, of
~26,000 both at 23° and —100°C. Although not shown on the graph, it
should be noted that the samples contracted for 209, also show maximum in
strength at an M, ~ 26,000.

The effects of molecular weight and temperature on strength of fully drawn
and thermal contracted N6 fibers are shown in the plots in Figure 6. The
strength of fully drawn samples show a broad maximum at an M, of 30,000.
Considering that the fiber having an M, of 50,000 showed some irregularities
on its surface (not noticed with the other fibers of this series) we regard the
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FIGURE 6 Tenacity of N6 fibers: effects of molecular weight, temperature, and refaxation.

data of strength at M, = 50,000 as questionable. The examination of the
plots in the range of M, between 18,000 and 30,000 where our results are
considered acceptable for analysis, indicates a behavior very similar to that
observed with the PET fibers. For example, the data at —100°C indicate
that with the fully drawn samples the strength increases in the M, range
between 20,000 and 30,000. With the contracted samples, on the other hand,
a levelling of strength is observed already at an M, of about 20,000.

An interpretation of these data on the basis of the theoretical results dis-
cussed above, namely, that the fiber strength is expected to reach its
maximum near a value of My in strength which equals approximately the
M, between the folds, one arrives at the following conclusions:

1) The behavior of fully drawn N6 and PET fibers resembles that of a
structure containing random chain folding with the average distance between
the folds exceeding an M, of 30,000.

2) Thermal contraction increases the degree of random chain folding to
a level corresponding to an average distance between the folds of about 20,000
to 25,000.

In the interpretation of data from contracted samples it must be kept in
mind that these samples rupture at significantly higher strains than the un-
shrunk fibers. Thus, these results preclude a quantitative interpretation. It
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can, however, be speculated that the straining of folded molecules under
tension can only lead to an increase in the average distance between the folds.
Thus, we believe that with the contracted samples the degree of chain folding
is probably higher than the plots of strength vs. the molecular weight.

In order to proceed with the analysis and to estimate the cohesive energy of
the load-bearing phase of the fibers it is necessary to calculate the theoretical
strength of an ideal ensemble of N6 and PET molecuies as a function of the
molecular weight by means of the Eq. (9). The values of parameters used in
these calculations are listed in Tables 1I and ITI.

TABLE 1I

Numerical values of parameters used in calculation of theoretical
strength of N6 and PET fibers

Temperature T, K 300, 170
Poisson’s ratio u 0.4
Volume of specimen V, cm3 3 x 10-%
Concentration of nucleation sites Z, cm™3 101
Volume of an elementary vacancy v, cm3 2 x 10723
Average distance between polymer chains /, cm 5 x 108
Stress concentration factor g 1

Stress rate ¢, dyne/cm2-sec 1 x 102

In the absence of data regarding the activation energy associated with the

o]
mechanical breakdown of PET we assumed that the —C / , CHy\ bond
\O s

is most likely to undergo scission under stress. Under these conditions it is
expected that both N6 and PET should have an activation energy of about
3.13 x 10712 ergs/bond. The moduli of N6 and PET crystals in the direction
of the polymer chain were calculated0:1! and measured experimentally.14.2
The results of Table III indicate that the calculated values are somewhat
higher than those measured experimentally, nevertheless, the agreement is
reasonable. In the calculations we used the values determined experimentally.

The fracture surface energy as a function of molecular weight was calcu-
lated using a Monte Carlo technique. These calculations require the knowledge
of the breaking energies of an isolated polymer chain, number of molecules
intersecting a unit area and specific cohesive energy. The values of the break-
ing energies of N6 and PET molecules have already been discussed. Values of
cohesive energies were estimated by means of the additive schemes prepared
by Bunn?® while the number of molecules intersecting a unit area were calcu-
lated from the x-ray data.

Plots of fracture surface energy calculated using parameters listed in
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TABLE 1II
Data used in calculations of theoretical fracture surface energy and strength of N6 and PET
fibers
PET N6
X-ray 7.5 x 101 24 x 101
?gﬂ‘l’e“/‘cﬁz) { Calculated 1.2 % 1012 1.9 x 10t
yne, Fiber 2.2 x 101 0.8 x 101
Weakest bond —C—-0— —C—N—
Bond energy (ergs/bond) 3.13 x 1012 3.13 x 1012
Specific cohesive Crystal 3.5 x 1013 3.6 x 10718
energy (crys/5A) Fiber 3.1 x 1013 3.5 x 1013
. Crystal 1.455 1.175
Density {Fiber 134 1.145
Number of molecules { Crystal 4.9 x 1014 5.7 x 1014
per unit area (N/cm?) Fiber 4.5 x 1014 5.6 x 1014

Table 111 are shown in Figure 7. In the calculations it is assumed that average
distance between the folds is 1800A as indicated by our experimental data. It
is interesting to note that the fracture surface energy of N6 is considerably
higher than that of PET despite the fact in the form of an isolated chain we

1600 .
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PET |4.9x10"*[3.13x10" (35107 | _
NYLON 6|5.7x10'*[3.13x107"2[3.6 x107" | _

FRACTURE SURFACE ENERGY
ERGS/CM?
[+ o]
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o
]

1 1 I I
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FIGURE 7 Fracture surface energy of uniaxially oriented N6 and PET.
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assumed that both polymers had equal strength. The difference in the FSE
of an ensemble of molecules is due to the fact that N6 has more molecules
intersecting the fracture plane than PET.

When values of p, E and 4F discussed above are used in Eq. (9) one obtains
the plots of strength vs. molecular weight shown in Figure 8. The theoretical
strength of PET is higher than that of N6 because of the higher modulus of
PET. In Figure 8 are shown also the data of strength measured with experi-
mental fibers discussed above.

1.6

=
's
= 2|
g NYLON 6
(34 =
2
= 08 .
=
. 4
&
= 0.4 -
= NYLON 6 and PET g
0 | ] | 1 1
0 500 1000 1500

AVERAGE CHAIN LENGTH, A
FIGURE 8 Theoretical and observed strength of uniaxially oriented N6 and PET.

The outcome of these calculations, namely, the finding that the theoretical
strength of fibers is about an order of magnitude higher than that of the
experimental fibers is not surprising. There is ample evidence derived from the
morphology studies that these fibers must be regarded as a two-phase system.
Arguments in favor of this concept will now be derived from the analysis of
data of strength. It was shown that the slope of FSE vs. molecular weight is a
function of the cohesive energy of the system. Consequently, the cohesive
energy of an oriented polymer can be extracted from the data of strength vs.
molecular weight if the data are plotted in terms of the fraction of maximum
observed strength. When this method is applied to our experimental data and
compared with curves calculated by means of Eq. (10), we obtain the results
shown in Figure 9. The fact that the curve calculated using a value of co-
hesive energy estimated for a one-phase PET system having the density of
experimental fibers is much steeper than those representing the experimental
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FIGURE 9 Reduced calculated and observed strength o/omax of uniaxially oriented N6
and PET.

data obtained at —100°C and +23°C indicate that the fibers behaved as if
they had a much lower cohesive energy than the experimental fibers. Con-
sidering the strong dependence of cohesive energy on density and the change
in the slope resulting from a decreasein temperature, it is reasonable to assume
that the observed discrepancy between the calculated and measured data
results from the fact that the load-bearing phase in fibers has a lower density
than the fibers.

From the considerations of the effects of density on strength, it can further
be inferred from these results that the strength determining lower density
phase is also the weaker phase of the system. This rather trivial conclusion
leads to a series of important implications regarding the fiber structure if this
information is interpreted in terms of the mechanical coupling between the
phases. By invoking the effects of a series or a parallel coupling between
the phases on the properties of the system, it follows that these data strongly
indicate a series coupling between the phases, which in turn implies that the
weaker phase forms the matrix of the system. Considering further the effects
of length to diameter ratio of a stronger dispersed phase on the strength and
modulus of the two-phase composite we must conclude that the crystallites in
these fibers cannot appear in the form of rods whose length to diameter
ratio significantly exceeds two.

The absence of a maximum in strength with fully drawn unrelaxed fibers in
the range of the investigated molecular weights and its implications regarding



14:19 23 January 2011

Downl oaded At:

202 D. C. PREVORSEK AND R. H. BUTLER

the degree of chain folding must now be reversed. Since we arrived at the
conclusion that these fibers have a two-phase structure with only one phase
contributing substantially to strength, the inferences regarding chain folding
must not be applied to the system as a whole, but to the phase which has an
overriding effect on strength. Thus, we arrive at an important conclusion of
this work, namely, that the amorphous phase of the fibers consist of essentially
extended chain molecules with an average distance between the folds
exceeding 1500A.

The logic and reliability of this analysis has been tested by calculating the
density of the strength-determining phase from the cohesive energies calcu-
lated from the experimental data of Figure 9. The resuits of these calculations
yield for PET a value of specific cohesive energy of 1.3 x 10713 ergs/SA for
the data obtained at 23°C and 2.0 x 10-3 ergs/5A for the data of —100°C.
The density of the strength determining phase can then be estimated using,
e.g., Bunn’s empirical relationship.20

(Ey — E2)|E2 =173 (Vo2 — V)|

where Ej and E; are the respective molar cohesive energies at molar volumes
Viand Va. The value obtained (~1.0) is about 309, lower than that of the
amorphous PET, which represents a gratifying agreement for a study of
this type.

SUMMARY AND CONCLUSIONS

A method has been developed and applied which makes possible the study of
the morphology of highly-oriented polymers by analyzing the tensile response
of samples having different molecular weights and similar morphological
characteristics. It has been shown that the responses of highly-oriented
polymers can be adequately predicted from the properties calculated for an
ensemble of perfectly oriented polymer molecules.

Specifically, with regard to the morphology of highly-oriented PET and
Nylon 6 fibers we have found that:

1) Highly-oriented melt spun PET and Nylon 6 fibers have a composite
structure consisting of at least two distinct phases.

2) The strength of these fibers is determined primarily by the strength of
the low-density phase.

3) The crystallites are embedded in the low-density matrix in a manner
which results in a very inefficient reinforcement of the structure.

4) The coupling between phases approaches that of a series model.
5) The crystallites have a length to diameter ratio of less than two.
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6) The strength determining low-density matrix of fully drawn fibers

consists of essentially extended molecules. Estimated average distance between
the random chain folds exceeds 1500A.
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