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The tensile deformation of poly(p-phenylene terephthalamide) fibres has been investigated. Functional
relationships observed between stress, crystallite orientation distribution, dynamic moduius and strain
are derived from an analysis of the deformational behaviour of a series model consisting of a linear
arrangement of crystallites. It is shown that the deformation of these fibres is largely brought about

by the elastic strain and irreversible rotation of the crystallites. A formula is derived for the stress—
strain relationship of a crystalline polymeric fibre with a narrow crystallite orientation distribution,

INTRODUCTION

The mechanical and structural changes during extension
of wholly paracrystalline fibres have been investigated. In
a previous paper' a single-phase paracrystalline model
was proposed for poly(p-phenylene terephthalamide) fi-
bres (PpPTA) which resulted in an interpretation of the
linear relation observed between the dynamic extensional
compliance at zero strain and the orientation distribution
parameter, {sin’¢), of the crystallite symmetry axis. In
this series model the fibre is regarded as being built up of
parallel aligned fibrils in which crystallites having a
narrow orientation distribution relative to the fibre axis
are linked end-to-end. This structural model agrees well
with the results of various X-ray and electron diffraction
studies!+?. We will show that a further development of the
series model yields the functional relationships which
have been observed between stress, strain and crystallite
orientation distribution during extension of the fibre. Our
study is limited to medium and highly oriented fibres of
PpPTA.

EXPERIMENTAL

The tensile behaviour of PpPTA fibres and the accom-
panying structural changes have been investigated by
means of measurements of the dynamic modulus and the
crystallite orientation distribution during simple exten-
sion. The test samples in the various experiments con-
sisted of non-twisted multifilament yarns of a thousand
filaments, bundles of only a few filaments, as well as
monofilaments of about 13 um diameter. It was ascer-
tained that the results obtained from the multifilaments
were typical of the single filaments. Table 1 presents the
ordinary mechanical properties and the density of the four
different fibres investigated in this study. The density was
measured by the submerged cantilever method®. The
strength, elongation at break and the initial static modulus
given in this Table were measured with an Instron Tensile
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Tester, Model 1112, on non-twisted multifilaments using
a test length of 50 cm and a strain rate of 10% min~ 1. All
strain measurements on multifilament bundles were per-
formed with a bonded strain gauge extensometer.

We will first discuss some general features of the tensile
curve which is shown schematically in Figure 1. The
numbers in this Figure indicate what is meant by the
first and the second extension of the fibre. For strain rates
larger than about 5% min~! the shape of the curve is
almost a straight line, being slightly convex at large
extensions. At lower strain rates the curve adopts a
sigmoid shape, particularly in the case of fibres with a
relatively low initial modulus. The decrease in slope
begins near 0.49 strain. Hysteresis is not clearly observed
until the strain in the first extension cycle has reached
about 0.4%;. Typical values for the residual deformation or
set range from 0.14%; for a strain of 1.0% to about 0.8 for
a strain of 2,7%,. The residual deformation incurred in the
second and higher cycles is small, being of the order of
0.02% at a strain of 2.0%. For strains exceeding the
maximum strain in the first cycle, the curve will follow the
original curve. The initial slope of the descending part at
the point of reversal of the strain cycle has a value close to
the dynamic modulus at that point. The stress relaxation
is small, preliminary measurements yielded the relation

Table 1 Densities and tensile properties of PpPTA fibres measured
on non-twisted multifilaments

Elongation Static
Density Strength at break modulus
Fibre (kg m—3) (GN m—2) (%) {(GN m—2)
1 1447 2.12 264 76
2 1458 1.96 2.83 66
3 1450 167 282 55
4 1446 2.20 2.17 105
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Figure 1 Schematic representation of the tensile curve measured
at low strain rates

where ¢, and g, are the stresses at 1 and ¢ min relaxation
time. For fibre 2 the values m=0.0145 was found at a
strain of 2.0%.

The change of the crystallite orientation distribution in
a multifilament yarn as a function of stress and strain was
measured by taking an X-ray diffraction pattern after each
stepwise increase in stress. The creep during the exposure
of 30 min was less than 59/ of the observed strain level. The
orientation distribution parameter of the crystallite prin-
cipal axis is defined as:

n/2
ple)sin’pdp
s 2 _ 0
Gsintpy =5,

ple)sinpde

0

where ¢ is the disorientation angle relative to the fibre
axis. This parameter was determined from densitometer
traces of the azimuthal profile of the (200) equatorial
reflection. The azimuthal profile can be fitted to a
Lorentz-1V distribution:

p(0)

A= T prsinel)t

where
2 0.1892
sin?¢),

and 2¢, is the width at half-height. Next it can then be
derived that for the fibres concerned the value for {sin’¢)
of the crystallite orientation distribution parameter with
respect to the fibre axis may be approximated by:

. 0.4
(sin@) = 7

Inherent to the definition of (sin’¢) is the large weight
given to the tail ends of the orientation distribution
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profile. This part of the profile, however, has the lowest
experimental precision. Hence, the uncertainty in the level
of the baseline in conjunction with the possible presence of
adjacent reflections leads to an estimated error of 109 for
small values to about 5% for the large values of this
orientation parameter. Figure 2 presents the orientation
parameter as a function of the applied stress during
extension of the fibre, and shows an exponential re-
lationship. Figure 3 displays the strain as a function of
{sin?@).

The dynamic tensile modulus, E, was measured as a
function of strain and §tress using the pulse propagation
technique. The method is based on the propagation of
longitudinal acoustic waves in the filament with a du-
ration of 100 us and a frequency of 100 pulses per
second. The pulses are generated by a piezoelectric
crystal, is in contact with the yarn. The travelling time of

s Fibre 1
o Fibre 3

Ln<sinZ¢>

- L 1 1 1 A 1
> OO 02 o4 o6 o8 10 12

¢ (GN m2)

Figure 2 The dependence of In (sin’q&) on the stress. Filled marks
designate the second extension
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Figure 3 The strain as a function of (sin2¢), drawn lines are calcu-
lated curves
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Figure 4 Dependence of the dynamic modulus on the strain
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Figure 5 Dependence of the dynamic compliance on (sin2¢) during
extension of the fibre. Open marks for the first extension, filled
marks for the second extension

the pulse over a known distance is calculated from the
delay between the pulse emitted by the first crystal and the
reception of this pulse by the second and similar crystal.
Corrections have been made for the delay of the transmit-
ting crystal. Since neglect of attenuation in the fibre is
permitted, the dynamic modulus is given by the Laplace
equation E = pc?, where p is the density of the fibre and ¢
the travelling speed. As for the orientation measurements
the load was increased stepwise after a constant time
interval during which E was measured. The time intervals
were chosen to be equal to the X-ray exposure time, but
also much shorter. Due to the waviness of the filaments
the value of E at zero strain could not be properly
measured, so it was derived from extrapolation between
0.2 and 0.5%, strain. The dynamic or so-called sonic
modulus as a function of the strain observed on multifila-
ment yarn in the first extension is depicted in Figure 4. The
relation between dynamic extensional compliance and
{sin’p) during extension has been derived from the
measurements of the orientation distribution and the
dynamic modulus as a function of the stress. The obser-
vations for the first as well as the second extension are
given in Figure 5.

The values of E measured by the pulse propagation
technique were found to be equal to those obtained by
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applying a small sinusoidal tensile strain. Using a
Rheovibron DDV-II, these measurements at 0.01, 0.1, 1.0
and 3.5 Hz did not show any frequency dependence of the
modulus at room temperature. Measurements performed
at 10 kHz using the standing longitudinal wave technique
likewise gave the same results.

The residual deformation (¢,) was measured as a
function of the stress for loading and relaxation times of 5
min. The data are presented in Figure 6.

INTERPRETATION

From wide and small-angle X-ray diffraction studies it is
known that the PpPTA fibres are built up of fibrils
running parallel to the fibre axis. The fibrils are considered
to be chains of crystallites arranged end to end. Here the
crystallites are assumed to be cylindrically symmetric
bodies whose symmetry axes have an orientation distri-
bution with the applied stress directed along the fibre axis.
The dimensions of the crystallites calculated from X-ray
diffraction data are about 5 nm normal to the symmetry
axis and about 25 nm along this axis.

In this study we have investigated only medium and
highly oriented fibres, for which the crystallite orientation
distribution has a width of less than 20 degrees at half-
height. For these fibres a linear relation between the initial
compliance, as determined by the wave propagation
method, and the orientation parameter {sin’p) was
observed and found to be in accordance with the results
derived from an analysis of the series model of aggregates’:

1 .
Sy3=—4A{sin*p) (1)
€3
where A, in amended form, is given by:
gl 21+vis) 2)
g €3

In these expressions e; is the elastic modulus of the
crystallite parallel to its axis of symmetry, g the shear
modulus in a plane containing the symmetry axis, and v, 5
is the Poisson ratio for a stress along this axis. We note
here that expression (2) presents a measure of the
anisotropy of the crystallites, since for an isotropic body ¢
=e/2(1 +v). Figure 5 shows the observed dynamic com-
pliances versus {sin’p) during the first and the second
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Figure 6 Residual deformation against the previously applied stress
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Table 2 Values of C (m? GN—1) from the orientation (a) and the
dynamic (b) modulus measurements as a function of the stress.
Subscript refers to the drawing cycle. €] for 0 > 0.8 GN m—2

(a) {b)

Fibre (sin2¢0) Cl C2 Cl Cz Ci

0.027(1) 0.87(5) 0.88(5) 0.83(3) 0.76{3) 0.52(2)
0.033(1) 1.08(4) 0.89(5) 0.99(2} 0.80(2) 052(4)
0.048(2) 1.28(5) 0.98(5) 1.09(3}) 0.99(3) 0.58(3)
0.016(1) - -~ 0.81(3) 0.71(3) 0.59(2)

HBWN =

extensions of the fibres and shows that relation (1) holds
during deformation. The linear regression values are e,
=240+10 GN m 2 and 4=0.26+0.01 m? GN~!.

The strain originates from the elastic extension of the
polymer chains, &,, and from the elastic rotation of the
chain or crystallite symmetry axis towards the fibre axis
¢, The latter can be expressed as:

o = (Cosp) —<cosgo)
’ cospy)

)

where @, is the initial disorientation angle.
Introducing the variable u=(sin’¢), we may appro-
ximate (3) as:

_l.lo —u
=2 )

The second term in (1) presents the rotational contri-
bution to the elastic compliance:

— = Au %)

From equations (4) and (5) the relation between the stress
and the orientation parameter u is obtained:

u=uqexp(—240) 6)

As shown in Figure 2, this exponential relation between
u and o is observed during the first and the second
extension of the fibre. The experimental value for the
parameter in the exponent, C, is for the second extension
somewhat lower than for the first. Presumably plastic
rotation of crystallites towards the fibre axis takes place in
the first extension. This notion was also gained from a
close examination of the tensile curves. For high strain
rates these curves are slightly concave or almost straight.
The increase of the first derivative for progressively larger
strains is much less than that of the dynamic modulus E, as
shown in Figure 4. For low strain rates even a slight drop
in slope of the tensile curve near a strain of 0.4% is
observed. Presumably in the first extension of the fibre an
irreversible rotation of the crystallites occurs here. This
would explain the increase of E as a result of a pro-
gressively narrowing of the crystallite orientation distri-
bution with increasing strain.

For the analysis we now adopt a simplified approach by
assuming that the total axial deformation in the first
drawing cycle is made up of the elastic strain, ¢,,, including
extension and rotation of the crystallites, and of the
irreversible rotational contribution ¢,. In the second cycle
it is assumed that only elastic deformation of the crystal-
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lites occurs. As an analogy with equation (4) we can write
g, as:
P

Ug— Uy

gy =2 ™

where u, is the value of the orientation parameter at the
start of the second extension, i.e. after a maximum stress ¢
has been reached in the first extension. When the orien-
tation parameter reaches the value u for a stress ¢ in the
first drawing cycle, the increase in orientation is given by
(uy —u). Part of this difference is caused by elastic rotation
of the crystallite axes according to:

u=u,exp(—C,0) (8)

which describes the relationship between u and ¢ in the
second extension. The remaining part arises from the
irreversible rotation of the crystallites, which we pre-
suppose to be expressed as:

thg — Uy =Uo[1 —exp(— 40)] ©)

The parameter A is introduced here for characterization of
the plastic rotation and is dependent on the time. Since for
the first extension:

u=uqexp(—C,0) (10)
it follows that:

The numerical results of the orientation versus stress
measurement are given in Table 2. From these results
values for A ranging from 0 to 0.3 m? GN ™! are obtained.

For small values of Ag we derive from expression (7) and
(9) that:

1
£, =§iuoa (12)

Figure 6 shows the residual deformation as a function of
the previously applied stress, a linear relation is observed
up to 6~0.7 GN m~2. With the values for u, given in
Table 2 the values derived for 4 are: 0.21, 0.27, 0.28 and
0.15 m2 GN ! for fibres 1 to 4. Although the precision is
rather low, these A values agree with those derived from
equation (11). We note that there is a tendency for A to be
larger for the less oriented fibres.

By measuring the dynamic modulus as a function of ¢
during extension it is in principle possible to determine e,
and C independently of the orientation measurements.
From the expressions (1) and (10) the following
relationship is derived:

11

a=C“lln|:E° es:l (13)
l 1
E e

Figure 7 shows the data observed in the first extension of
the fibre, with e; =240 GN m ™! as derived from Figure 5.
A drop in the slope is observed near ¢ ~0.8 GN m~2, The
simultaneous determination of e; and C by regression
analysis of the data up to this stress, yielded values with
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large standard deviations: e;=245+30 GN m~? and C,
=0.9+0.2m? GN 1. Thisis due to the strong correlation
between C and e,. In addition, there are few observed
moduli with values close to e;. Thus, Table 2 gives the
values for both slopes, C,, C, and C} derived from
regression using a fixed value e;=240 GN m™2
According to equation (13) the difference between the C
values of the first and the second extension should be A,
which is indeed observed.

For a truly elastic rotation of crystallites during the
second extension of the fibre, one would expect on the
basis of equations (6) and (8) that

C,=24 (14)

Up to 6 ~0.8 GN m ™2 we observe that C,>2A4, though
the difference tends to become smaller for the more
perfectly oriented fibres. It can even be stated that for
these fibres the two slopes in Figure 7 are not clearly
resolved since the curve adopts a more or less convex
shape. Now the constant C has been derived from
experiments in which, by incremental loading, large
amplitudes of rotation were imposed, whereas A has been
obtained from measurements in which small amplitudes
of rotation were applied. Presumably various relaxation
processes accompany the rotation of crystallites towards
the fibre axis, which results in an apparently lower force
constant even during the second extension of the fibre. At
large strains the orientation distribution becomes con-
tracted which implies that only small amplitudes of
rotation are possible. In this region of strain hardening
characterized by the second slope C), we may expect
therefore that C approaches 24.

The total strain in the first extension of the fibre,
excluding axial flow caused by a pure translationally-
directed process, is given by:

e=7 4 1/2uy —u) (15)
€3
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With equation (10) the strain can be expressed as a
function of the orientation parameter u:

1

&=
Cyes

ln% +1/2(up —u) (16)

Figure 3 shows the observations and the calculated curves
using the values for uy and C, given in Table 2.

Finally, from equations (10) and (15) the relationship
between the strain and the stress is derived:

A TH
e=—+—[1—exp(—C,0)] (17)
ey 2
where the initial static modulus is given by:
1 Cyug

E-'=_
: e3+ 2

(18)

Using equation (18) we now calculate C with E; from
Table 1, u, from Table 2 and e; =240 GN m~? and find
values ranging from 0.58 to 0.67 m> GN 1.

Expression (17) may be regarded as a first approxi-
mation for the tensile curve of a fibril consisting of a linear
arrangement of crystallites which have a narrow orien-
tation distribution u, with respect to the fibril axis. The
parameter C takes account of the rotation of the crystal-
lites during deformation and includes the elastic, retarded
elastic and irreversible contributions. Figure 8 shows the
observed and two calculated tensile curves, e.g. for u,
=0.048 and u,=0.016, using a single value C=0.7 m*
GN !, Presumably the differences observed at large ¢ are
caused by the translationally directed flow, which also
shows up in Figure 6 for 6>0.7 GN m~2,
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Figure 8 Tensile curves measured at a strain rate of 10% min—1,
Broken curves are computed for ug = 0.016 and uqg = 0.048 with
C=0.7m2GN~! and e3 = 240 GN m—2

D
wn

O

POLYMER, 1980, Vol 21, October 1203



Tensile deformation of PpPTA fibres: M. G. Northolt
DISCUSSION

The preceding analysis has shown that the series model of
crystallites can be applied successfully to the interpre-
tation of the tensile deformation process of PpPTA fibres.
Only three parameters determine the elastic deformation:
the initial crystallite orientation distribution {sin’@,),
the modulus of the polymer chain e;, and the force
constant 4~ ! governing the rotation of the crystallites.
Due to the mechanical anisotropy of the PpPTA crystal-
litess we may apply the approximation 4~ '=g. From
Figure 5 it was derived that A~ ! =3.8 GN'm~ %, whichisin
good agreement with the theoretically estimated value 2.4
<g<57GNm™ 2, based on the bending force constant of
the hydrogen bonds between adjacent chains'. The
significance of the hydrogen bonds for the rotation of the
crystallites can also be exemplified in a different way. In a
body built up of parallel and undeformable rods, which
make an angle with the stress direction, the rotation of the
rods can only take place by a relative displacement of the
rods. The motion is similar to that of a row of books when
they are falling over. In case of the PpPTA fibres the
relative displacement is controlled by the hydrogen bonds
between the chains. In this respect it may be useful to
determine the shear modulus of the fibre, G=S;;. It can
be shown that for medium and highly oriented fibres:

1 3 2 5 v 4v .
Sea=—+ —+——-—+ﬁ+fﬁ><sm"<p> 19
“7g <e, es 29 e €3 19)

For highly oriented fibres G=g which allows the de-
termination of g directly.

While A describes the irreversible rotation of the
crystallites, the difference between C, and 24 is attributed
to reversible flow processes during deformation. Both
parameters, 4 and C,, tend to be larger for less perfectly
oriented fibres. This suggests that crystallites with dis-
orientation angles in the tail ends of the distribution
show more rotational flow behaviour. This effect may be
understood by realizing that in a fibre under axial tension
the largest macroscopic shear stresses are found at an
angle of 45° to the fibre axis. The weakest links in a
PpPTA crystallite are between the rodlike chains; accord-
ingly for increasing disorientation of the crystallite sym-
metry axis it is likely that the viscous part of the rotational
motion becomes more pronounced.

Irreversible rotation of crystallites resulting in a set

1204 POLYMER, 1980, Vol 21,-October

after the first extension, however, may also be caused by
the removai of structural constraints like interfibrillar
links. The presence of voids, as observed by small-angle X-
ray scattering, is an important factor in this respect
because the voids induce local stresses exceeding the
macroscopic stress which may disrupt the interfibrillar
links. Based upon space filling considerations it may be
assumed that less perfectly oriented fibres have a larger
amount of voids which results again in a larger set.

While the deformation in the first extension of the fibre
is accompanied by irreversible rotation and for ¢>0.8
GN m™? also by an irreversible extension of the
crystallites, the deformation in the second cycle is almost
completely reversible and shows only retarded elastic
behaviour. The difference between the force constant for
the rotational motion in the second cycle, 2C; !, and ¢
tends to become smaller for the more perfectly oriented
fibres. Above 6 ~0.8 GN m~? an increase of this force
constant approaching the value of 3.8 GN m~2% is
observed. We believe that this change in slope seen in
Figure 7 and the rise in slope shown in Figure 6 at about
the same stress is not merely coincidental. Presumably,
the rotational flow has fallen away and axially, or
translationally, directed flow starts to prevail. This is
probably due to the fact that the highly contracted
orientation distribution allows only small amplitudes of
rotation for which the force constant approaches the
value 4~ ! pertaining to the pure elastic rotation.

Since the deformation process is governed by the
crystallite orienting mechanism, it is clear that the pre-
sence of structural irregularities, like impurities, will
hamper the alignment of the fibrils along the stress
direction. This effect will lead to premature rupture and
thus to a lower fibre strength.
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