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ABSTRACT: The stiffness of oriented, flexible-chain polymers is discussed. This paper elaborates on a
previously introduced theory for the development of the axial Young’s modulus with the draw ratio of flex-
ible macromolecules. Here, the model is applied to uniaxially oriented poly(ethylene terephthalate), poly-
(oxymethylene), isotactic polypropylene, and poly(p-xylylene). Special attention is devoted to the predic-
tion of the limits, set by the molecular weight, to the maximum Young’s modulus that can be achieved

through tensile drawing.

Introduction

In a previous paper! a simple theory was presented for
the development of the axial Young’s modulus with a
draw ratio of flexible-chain molecules. The model is based
on the assumption that orientational drawing of flexible
polymers proceeds in an affine fashion; its applicability
is therefore limited to experimental conditions favoring
affine deformation, such as relatively low drawing tem-
peratures. In the model, the partially oriented polymer
is considered to be comprised of only two types of elas-
tic elements; “helix” elements, which are perfectly ori-
ented in the direction of the draw, and “coil” elements,
which are unoriented. Tensile drawing is understood to
increase the fraction, fy, of helix elements at the expense
of the fraction of coil elements, 1 — f,. The two elements
are characterized by their respective moduli: Ey, the the-
oretical axial chain modulus, and E,, the modulus of the
unoriented material in which, strictly speaking, fi, = 0.
The rationale for this simple two-state approach, which
was previously employed by Hermans? and Fraser,? finds
its origin in the recognition that the stiffness of most
oriented polymers is extremely anisotropic and that the
off-axis modulus is essentially independent of the test
direction over a wide range of angles (Ward* and Bas-
tiaansen et al.?).

Following Ward et al.,® the model assumes a uniform
stress distribution in the helix and coil elements. On the
basis of these assumptions, the Young’s modulus of a flex-
ible polymer that is drawn to a draw ratio, A, is given!
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by the equation
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It is of interest to note that a plot of E-! vs A3/2, at suf-
ficiently high values of A, is predicted to yield a straight
line with slope (Ey! — En1)(37/4) and an intercept at
A3/2 = 0 of Ey! (the reciprocal theoretical modulus).
This implies that the model is particularly well-suited to
predict theoretical axial moduli of flexible-chain poly-
mers.

Equations 1 and 2 do not contain any molecular weight
dependent variables or parameters. Thus the model pre-
dicts, in agreement with numerous experimental obser-
vations, that the Young’s modulus depends uniquely on
the absolute draw ratio, provided that deformation pro-
ceeded in a (near) affine mode. The molecular weight,
or rather chain length, does set an upper limit, however,
to the average maximum ratio, Amax,net, to which a molec-
ular network can be elongated.”® The latter quantity to
a good approximation (for values of A > 2) is given by

Amazet = (3)2(L,/D(n/C )Y 3)

Here n is the number of chain segments, having a length
! and a projected length I, in the chain direction and C..
is the characteristic ratio.”® (The prefactor (3)!/2, which
was not considered in ref 1, stems from network
considerations.8) This maximum draw ratio directly trans-

© 1990 American Chemical Society
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Table 1
Characteristic Ratios (C.), Lengths (/), Projected Lengths
(1;), and Masses of Chain Segments

polymer Ce l,nm [, nm M, kg/kmol

poly(ethylene terephthalate)!® 4.2 0.214 0.179 32.03
poly(oxymethylene)!! 7.5 0.143 0.096 15.01
isotactic polypropylene’? 57 0.153 0.110 21.04

lates, of course, into a molecular weight dependent upper
limit to the Young’s modulus that can be achieved through
tensile drawing. The latter value can be calculated from
relation 1 or 2 and eq 3. A matter of uncertainty arises
in the latter operation when systems composed of chains
of various lengths are dealt with. A priori, it is not obvi-
ous which moment of the chain length distribution should
be employed in the calculation of Ayaxnet and whether
or not the choice of the particular moment is affected by
the nature of the distribution. The argument can be put
forth that a network of heterodisperse chain molecules
is bound to fail when a significant fraction of the macro-
molecules is elongated to their maximum draw ratio and
that the number-averaged chain length should be substi-
tuted in relation.? On the other hand, in ref 1, we made
the observation that excellent agreement was found
between the predicted maximum modulus and the reported
experimental values when they were plotted against the
weight average molecular weight of the samples used, and
the prefactor (3)!/2 was omitted, i.e., when we used the
relation

>‘max,net = (lp/ l) (nw/Cuw)l/Z (3/)

Thus, both methods of computation will be adopted in
this work. Further discussion of this important issue and
of the experimental factors that may prevent realization
of the maximum draw ratios is deferred to the final sec-
tion of this paper.

Confidence in the validity of the rather simple theory,
which, unlike other models, is free from cumbersome
detailed morphological information, was derived from
excellent agreement between the calculated and experi-
mental moduli versus the draw ratio for linear poly-
ethylenes.! In the present paper we extend its applica-
tion to other flexible-chain polymers—poly(ethylene
terephthalate), isotactic polypropylene, poly(oxymethyl-
ene), and poly(p-xylylene)—that are oriented through ten-
sile drawing. The experimental data used in this work
were retrieved from the literature. It was ensured that
the modulus data selected were collected under compa-
rable conditions.

Results

In the following section, modulus/draw ratio data of
four different, mostly commercially important, poly-
mers will be analyzed and contrasted against theoretical
predictions. The various parameters needed in the cal-
culation of maximum draw ratios for different molecu-
lar weights (eq 3) are given in Table L.

Poly(ethylene terephthalate). Experimental val-
ues of the room-temperature Young’s modulus as a func-
tion of the draw ratio of oriented poly(ethylene tere-
phthalate) (PET) have been published, among many oth-
ers, by Pinnock and Ward!3® and Pereira and Porter.14
The samples used by Pinnock and Ward!® were pre-
pared in a two-stage melt-spinning and drawing process.
Drawing of the melt-spun PET fibers was carried out in
two different ways: “pin-only”, where the fibers were
passed over a heated cylindrical pin, and “pin-and-
plate” drawing, in which the fibers were passed over the
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Figure 1. (A) Experimental data of the axial Young’s modu-
lus E versus the draw ratio, A, of poly(ethylene terephthalate).
Solid line calculated with eq 1 (Ey = 125 GPa and E, = 2.6
GPa). (B) Reciprocal Young’s modulus E-1 versus A=3/2 for poly-
(ethylene terephthalate). (C) Maximum axial Young’s modu-
lus achievable through tensile drawing as a function of molec-
ular weight, calculated for poly(ethylene terephthalate) with eqs
1 and 3 (broken curve) and 3’ (solid line). Experimental data
points were taken from the following: Pinnock and Ward,13
“pin-only” fibers (O), “pin-and-plate” fibers (O); Pereira and
Porter,4 initial crystallinity 0% (m), 30% (@), 50% (+); Hof-
mann et al.,22 My, (A), M, (4).

heated pin and, subsequently, over a heated plate. The
samples of Pereira and Porterl4 were prepared by solid-
state coextrusion.

The reported modulus/draw ratio data are presented
in Figure 1A. These experimental results reveal surpris-
ingly little variation or scatter, despite the fact that they
were obtained with widely different techniques, sam-
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ples, initial morphologies, etc. It is of major importance
to note that the initial crystallinity (0-50%) of the iso-
tropic samples of Pereira and Porter!4 barely effected
the development of the Young's modulus with draw ratio.
This finding, of course, justifies the exclusion of morpho-
logical information and details about crystallinity in the
derivation of the presently employed theory! (see also
the Discussion).

The theoretical axial modulus of PET is not a subject
of harmony among the various workers. Estimates of the
values of E}, range from 76 to 146 GPa.1521 Therefore,
the data in Figure 1A were used to calculate the theo-
retical modulus with the aid of eq 2. Figure 1B displays
a plot of E7! vs A"3/2, From the intercept at A3/2 = 0,
En = 125 GPa was obtained, and from the slope E, = 2.6
GPa was computed. Despite scatter of the data expected
at relatively low draw ratios, the calculated axial modu-
lus shows gratifying accord with the theoretical modulus
determined by a number of other authors,16.20.21

The development of the axial Young’s modulus with
draw ratio, calculated with eq 1, and with Ey, = 125 GPa
and E, = 2.6 GPa, is represented by the solid line in
Figure 1A. Evidently, excellent agreement is found with
the experimental data.

The maximum modulus achievable through tensile
drawing was calculated as a function the chain length
with the above values of E}, and E, and with relations 1
and 3 (broken curve) and 3’ (solid line). The results are
plotted in Figure 1C. Also in this figure is indicated the
maximum experimental modulus, recently reported by
Hofmann et al.,22 for a PET sample with M,, = 20 000
and M, = 15 000.

It is of importance to note that most commercial-
grade PETs have molecular weights in the range of 30-50
X 103, which set a predicted upper limit around 50 GPa
to the Young's modulus that can be achieved in tensile
drawing.

Poly(oxymethylene). The experimental data of the
room-temperature Young’s modulus versus the draw ratio
of oriented poly(oxymethylene) (POM), published by Clark
and Scott2? (“super-drawing”), Coates and Ward?* (hydro-
static extrusion), and Konaka et al.25 (microwave heat-
ing-drawing), are reproduced in Figure 2B.

Remarkably, reported experimental and theoretical esti-
mates of the axial modulus of POM range from 40 to 220
GPa.26-36 Therefore, the value of E; was again derived
from a plot of E-! vs A3/2 (Figure 2A). A straight line
was obtained for high draw ratios, vielding a theoretical
modulus of 100 GPa. From the slope E, was calculated
to be 1.6 GPa. The calculated dependence of the axial
Young’s modulus on the draw ratio is displayed in Fig-
ure 2B (solid line). This figure shows the remarkable
agreement between the experimental data and the cal-
culations.

Figure 2C presents the molecular weight dependence
of the maximum modulus of POM calculated as before
with eq 1 and both egs 3 and 3’. The reported values of
the maximum experimental Young’s moduli are plotted
in this graph against the values of M,, and M, of the
samples used by the various workers.

Isotactic Polypropylene. Figure 3A collects various
experimental data of the Young’s modulus versus the draw
ratio of isotactic polypropylene (i-PP). Once more, a
unique relation is observed between the modulus and draw
ratio, regardless of the widely diverse preparation tech-
niques and materials employed by the different authors.
Cansfield et al.3” and Wills et al.3® used compression-
molded sheets, Taylor and Clark?3® melt-spun fibers, and
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Figure 2. (A) Reciprocal Young’s modulus E-! versus A—3/2
for poly(oxymethylene). (B) Axial Young's modulus E versus
draw ratio A\ computed for poly(oxymethylene) with eq 1 (Ey, =
100 GPa and E, = 1.6 GPa). (C) Maximum axial Young’s mod-
ulus achievable through tensile drawing as a function of molec-
ular weight, calculated for poly{(oxymethylene) with eqs 1 and
3 (broken curve) and 3’ (solid line): My, open points; M, closed
points. Experimental data points were taken from the follow-
ing: Clark and Scott,?® (0) M, 9 X 10% Coates and Ward,2¢
(0) My, 9 X 104, Konaka et al.,?5 (A) My 12 X 104,

Peguy and Manley4® dried gels in their respective draw-
ing experiments.

Values of the theoretical Young’s modulus reported for
i-PP are between 41 and 88 GPa.'%4! No satisfactory
description of the above experimental data was obtained
with either one of these extreme values. E, and Ey, were
derived from the familiar E- vs A~3/2 plot (Figure 3B),
yielding the respective values of 60 and 0.6 GPa. The
solid line in Figure 3A represents the modulus/draw ratio
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Figure 3. (A) Axial Young’s modulus E versus draw ratio A
computed for isotactic polypropylene with eq 1 (Ey, = 60 GPa
and E, = 0.6 GPa). (B) Reciprocal Young’s modulus E-! ver-
sus A-3/2 for isotactic polypropylene. (C) Maximum axial Young’s
modulus achievable through tensile drawing as a function of
molecular weight, calculated for isotactic polypropylene with
eqs 1 and 3 (broken curve) and 3’ (solid line): My, open points;
My, closed points. Experimental data points were taken from
the following: Cansfield et al.,37 (0) M,, 1.81 X 105; Wills et
al.,38 (a) M,, 1.81 X 105, Taylor and Clark,3® (0O) M 2.77 X 105;
Peguy and Manley4® (+) M,, 3.4 X 108,

dependence calculated with these constants.

The molecular weight dependence of the maximum
achievable modulus was computed with relations 1 and
3 and 3’ (see Figure 3C).

Poly(p-xylylene). Recently, Van der Werff and
Pennings4? prepared high-modulus fibers of poly(p-
xylylene) (PPX) by drawing as-polymerized films at a
temperature of 420 °C. Figure 4A shows their Young’s
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Figure 4. (A) Reciprocal Young’s modulus E-! versus A\-3/2
for poly(p-xylylene). (B) Axial Young’s modulus E versus draw
ratio A computed for poly(p-xylylene) (eq 1) with Ey, = 114 GPa
and E, = 5.6 GPa. Experimental data points were taken from
ref 42.

modulus/draw ratio data. Figure 4B displays the 1/E
vs A\-3/2 relationship calculated from these results. From
this plot theoretical axial moduli E}, of 114 GPa and E,
of 5.6 GPa were derived. The solid curve in Figure 4A
represents the calculated modulus/draw ratio depen-
dence, which is in excellent accord with the experimen-
tal results.

Discussion

In this paper we presented the application to a num-
ber of flexible-chain polymers of a (previously intro-
duced) simple, two-state theory for the development of
the axial Young’s modulus with draw ratio. Clearly, char-
acterization of drawn polymers by only two types of elas-
tic elements is an oversimplified representation of their
actual structure. However, the outstanding agreement
between calculated and experimental stiffness indicates
that the complex changes in morphology and molecular
structure that occur during tensile drawing are ade-
quately reflected in the simple helix—coil representation.
The excellent description of the experimental results also
suggests that the stiffness of tensile-oriented polymers
is controlled by factors relating to segmental orienta-
tion, on which the present theory is based, and not to
the commonly measured morphological quantities such
as crystallinity, crystal size, etc., that feature in a vari-
ety of other theories.

In the following section we will critically review the
importance and the values of the two elastic constants,
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Table II
Calculated Values of the Theoretical Axial Modulus, E,,
and the Modulus of the Unoriented Polymer, E,
(Equations 1 and 2)

polymer Ey, GPa E,, GPa
poly(ethylene terephthalate) 125 2.6
poly(oxymethylene) 100 1.6
isotactic polypropylene 60 0.6
poly(p-xylylene) 114 5.6
polyethylenel 300 1.6

Ey and E,, in the theory. The numerical values of these
quantities are collected in Table II for the various poly-
mers analyzed in this work, together with those of poly-
ethylene (from ref 1).

E,. E\, designates the stiffness of the “helical” ele-
ments, i.e., of those structural units that are perfectly
oriented along the fiber axis. In this work, E}, was derived
from experimental data employing relation 2. As noted
above, the values of Ey, are in accord with chain moduli
determined by means of spectroscopic techniques, which
provides confidence in our E-! vs \~3/2 extrapolation pro-
cedure. Two comments are in order, however. First, it
should be noted that the value of Ej, is calculated from
the stiffness of drawn specimens. Therefore, this value
relates to the modulus of the chains in the crystal pack-
ing adopted in the tensile-drawing experiment, which not
necessarily is the crystal modification of the maximum
modulus (see, e.g., nylon 643). Second, the theory is based
on the assumption that tensile deformation proceeded
in the affine mode. Experimental conditions resulting
in reduced efficiency of the drawing process, such as too
high temperatures, cause a decrease of the slope of the
E/X curve, and the extrapolation procedure invariably
yields too low predictions of the maximum modulus Ey.
This erroneous computation is readily avoided if the
“molecular” draw ratio of the specimens is determined
(e.g., by thermal shrinkage measurements) and employed
in the calculations.

An illustrative case in point may be the results obtained
for poly(p-xylylene). The calculated theoretical modu-
lus of PPX (114 GPa) appears to be unexpectedly low.
A potential cause for this result may be found in the dis-
order in the crystal lattice of the drawn PPX samples.
It is known that during annealing or drawing the crystal
structure of PPX transforms irreversibly into conforma-
tionally disordered 3; (at 231 °C) and 32 (287 °C) crys-
tal phases.44-47 In these structures lattice distortions are
introduced due to rotational and translational motions
of chains, especially in the 8; form,* resulting in a reduced
axial modulus. An alternative, or additional, cause for
the low calculated value of Ey may be found in the very
high deformation temperature adopted by Van der Werff
and Pennings (420 °C; melting temperature range is 400—
435 °C45), which may have resulted in nonaffine defor-
mation.

E,. In our two-state model, E, represents the modu-
lus of those structural elements, in this paper desig-
nated “coil” elements, that have any orientation other
than along the draw axis. The coil elements may exhibit
a wide range of orientations, depending on the draw ratio,
and may include both nonaligned crystalline units and
nonoriented segments that traditionally are considered
to be amorphous. In a rigorous treatment, the different
values of the stiffness associated with the various seg-
ment orientations and degrees of crystallinity all should
be taken into account in the calculation of the modulus.
This, of course, would be a formidable task, because of
the complex nature of the coil segments; and their respec-
tive moduli are bound to depend on the draw ratio.
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Remarkably, the results in the present paper show that
the mechanical properties of the ensemble of off-axis seg-
ments (at constant temperature and strain rate*®) are ade-
quately represented by only one, draw ratio indepen-
dent, modulus E,. This observation indicates that the
small-strain mechanical behavior of the coil elements may
be dominated by a single mode of deformation. For these
nonaligned segments this mode can readily be identified
as shear. Consequently, it is likely that the lowest shear
modulus significantly contributes to E, (in the present
case of uniform stress). It is of interest to note that E,
for polyethylene was established to be 1.6 GPa (ref 1,
Table II) and that the lower crystal shear modulus is 1.62
GPa.*® (Unfortunately, no other crystal stiffness matri-
ces are known in sufficient detail to expand the compar-
ison.) The fact that E, coincides with the shear modu-
lus of the crystalline phase seems to indicate that the
latter is the dominant modulus and that the contribu-
tion of traditional amorphous segments, which typically
have much lower moduli (above the glass transition tem-
perature), surprisingly is less important. A simple ratio-
nale for this conclusion may be that already at relatively
low draw ratios the amorphous segments become highly
strained and have an effective modulus that is signifi-
cantly higher than that in their isotropic, nonstressed state.
Interestingly, and most importantly, experimental results
show that the effect of the crystallinity, or amorphous
fraction, on the modulus of the undrawn, isotropic mate-
rials vanishes already at low draw ratios (see, e.g., Fig-
ure 1A), which corroborates this view.

Clearly, E, should not be confused with the modulus,
E;, of isotropic, as-processed materials. Indeed, it is well-
known that the E; strongly depends on the degree of crys-
tallinity. This once more is illustrated by the data of
Pereira and Porter! for PET: the moduli of their iso-
tropic samples range from 1.8 to 2.8 GPa for crystallini-
ties of 0-50%. As pointed out above, however, this ini-
tial effect of the crystallinity on the modulus is relevant
only at low draw ratios, where the theory is not applica-
ble, and vanishes at draw ratios exceeding 3.

Maximum Axial Modulus. The theory clearly indi-
cates that the theoretical stiffness E}, can only be achieved
at A — o, However, as is evident from eqs 3 and 3, the
molecular weight sets an upper limit to the maximum
attainable draw ratio. This implies that the highest achiev-
able modulus of oriented materials produced through ten-
sile deformation is ultimately dictated by the molecular
weight of the polymers used. These theoretical upper
limits, of course, can be approached only under condi-
tions where other factors that could further reduce the
maximum experimental draw ratio, such as chain entan-
glements and crystals in the case of macromolecules with
strong intersegmental interactions (e.g., polyamides, etc.),
are unimportant or have been removed.

As already noted in the Introduction, it is not obvious
which moment of the molecular weight distribution needs
to be employed in the calculation of the theoretical stiff-
ness limits for polydisperse macromolecular systems.
Clearly, deformation of a network requires a minimum
number of junctions to transfer the stresses associated
with the elongation of the chains. Thus, the argument
can be made that an entanglement network of heterodis-
perse chain molecules is likely to fail when a significant
fraction of the macromolecules has been extended to their
full length and no longer interact through chain entan-
glements with other chains. This suggests that the number-
averaged chain length should be substituted in relation
3, rather than M,,. It also implies that the full extension
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of all macromolecules is never achieved in polydisperse
polymers. Alternatively, it can be reasoned that crystal-
lites formed during drawing may act as junction points
and postpone failure of the molecular network. As a mat-
ter of fact, in some distinct cases (e.g., Figure 3C) com-
putation with eq 3 and M, of the maximum theoretical
stiffness yields values that are below those observed exper-
imentally. On the other hand, employing My, and eq 3
systematically yields values that are unrealistically high.
This is, of course, readily understood in the above terms
of entanglement network deformation. Furthermore,
previously! we made the observation that substitution
of M,, in eq 3’ provides a fairly good description of the
maximum reported experimental moduli. This trend is
confirmed in the present work for some cases but cer-
tainly not for all. It is clear that the matter of the effect
of polydispersity on the maximum elongation of macro-
molecular networks is not resolved and invites addi-
tional theoretical work. Nevertheless, at this instance,
the maximum values derived from eqs 1, 2, and 3 (with
M,) and 3 (M) provide useful estimates for the upper
limits of the modulus that can be expected for tensile-
drawn macromolecular systems of finite chain length.

Finally, it should be pointed out that the predicted
maximum values of the stiffness of oriented polymers
relate only to materials produced by tensile drawing. Alter-
native processing techniques that do not rely on tensile
deformation, such as solid-state polymerization, may yield
higher degress of orientations and moduli at lower molec-
ular weights.
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