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The present paper applies the concept of a molecular network to the analysis of melt spun
Polyamide 4.6 fibres (Stanyl® from DSM, The Netherlands), obtained at different wind up
speeds, and the yarns, subsequently drawn from these. The mechanical properties of the
yarns produced are discussed in terms of the network draw ratio, determined by matching
true stress–true strain curves. It is shown that analysis of true stress–true strain curves of
as-spun yarns of different orientation, can be used to predict their drawability (final tenacity
versus draw ratio). Moreover, the maximum attainable tenacity of drawn yarns under given
drawing conditions can be forecasted. It is shown that the Edwards–Vilgis rubber elastic
model is able to describe the network deformational behaviour of the as-spun yarns over a
wide range of draw ratios. The apparent network draw ratio, obtained by curve matching
the drawn yarn true stress–true strain curves with those of its precursor yarn, shows
discrepancies with the actually applied draw ratio in the drawing process. These
discrepancies are discussed in terms of network structural parameters. It is made plausible
that growth of existing crystals during hot-drawing is responsible for this, rather than
formation of new crystals. C© 2001 Kluwer Academic Publishers

1. Introduction
From a yarn producers point of view it is of particular
practical relevance to optimise yarn production pro-
cesses. The objective for technical yarns is to obtain
the highest mechanical properties in the shortest of pro-
cess. Ultimately, it would be desirable to obtain fully
oriented structures approaching theoretical maximum
properties by simply spinning at high take-up speeds.
It is well known that this has not been realised up till
now, and a (separate) drawing process is necessary to
obtain the desired property balance of tenacity, elonga-
tion to break and shrinkage for technical yarns. There
is however an important trade-off between the struc-
ture of the as-spun yarns (Low Oriented Yarns, LOY,
or Partially Oriented Yarns, POY) after spinning and the
subsequently required drawing process. In other words,
take-up speed in the spinning process is an important
process variable influencing the drawn yarn (denoted
by FDY or Fully Drawn Yarn) properties, as well as
production economics. Control over the relation is im-
portant, both from a practical as well as a scientific point
of view.

In earlier work of Ward et al. [1–4], the mechani-
cal behaviour of PET yarns of different take-up speed
and/or draw ratio has been rationalised in terms of a net-
work deformation model. In this approach, a molecular
network is supposed to develop in the polymer in the
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spinning thread line, and is assumed to deform accord-
ing to rubber network elasticity theory upon stretch-
ing. Crucial to the approach is the assumption that the
network retains its nature in the course of further pro-
cessing, such as drawing or heat setting. This approach
allows to link and mutually compare several yarn pro-
duction processes to each other and compare yarns of
very different origin on a one to one basis.

The merits and limitations of the molecular network
concept have been elucidated in a number of publi-
cations, mainly for PET yarns. Pinnock and Ward [1]
successfully represented the molecular structure of melt
spun PET fibres by such a molecular network. Allison
et al. [2] used the network concept in a drawability
study on PET fibres and showed that the extension of
the network was partitioned between the stretch pro-
duced in the spinning thread line and the subsequent
cold drawing step. The higher the take-up speed during
spinning, the greater the network extension of the as-
spun yarn, and the lower the subsequent extensibility
on cold drawing.

The development of high-speed spinning processes
has required modification of the network concept.
Heuvel and Huisman [5] showed that at high take-
up speeds, besides deformation of the network, crys-
tallisation occurs in the spinning thread line. It was
shown by Ward and collaborators [3, 4] that, to a first

0022–2461 C© 2001 Kluwer Academic Publishers 3119



approximation, the induced crystallisation in the spin-
ning thread line at higher take-up speeds (for the stud-
ied PET typical degrees of crystallisation were around
25%) did not change the network topology apprecia-
bly, since properties such as birefringence and elastic
modulus were shown to correlate well with the net-
work draw ratio λnet, obtained by shifting true stress–
true strain curves. Shirataki et al. [6] reached similar
conclusions. They also found that fracture properties
were consistent with the constant network assumption,
implying the existence of a (network) unique limiting
draw ratio, irrespective of initial molecular orientation
or crystallinity. For PET a limiting network draw ratio
around 10 was obtained.

Although the concept of a molecular network in
analysing drawability of man-made fibres has been well
developed for PET fibres, very few studies have ad-
dressed this issue for other polymers, such as for in-
stance polyamides, although they are technically as well
as commercially important fibre polymers.

The present study aims at applying the concept
of a molecular network to the analysis of melt
spun Polyamide 4,6 fibres (Stanyl® from DSM, The
Netherlands), obtained at different wind up speeds,
and the yarns, subsequently hot-drawn from these.
One of the important goals is to show the validity of
the constant network topology concept for Polyamide
4,6 yarns, and demonstrate its merit in predicting the
drawability (final tenacity versus draw ratio) of the fully
drawn yarns. Moreover, a method is presented which
enables one to forecast the maximum attainable tenacity
of drawn yarns under given drawing conditions, from
the mechanical properties of their precursor.

2. Experimental
2.1. Material and methods
Polyamide 4,6 (PA4,6) produced by DSM in the
Netherlands under the trade name Stanyl® was used
in this study. It is prepared by polycondensation of
1,4-diaminobutane and adipic acid. In order to enable
melt processing, filament formation and drawability,
the Stanyl® fibre grade contains 5% comonomer. In the
whole range of aliphatic polyamides, PA4,6 stands out
because of its high melting point and its high degree
of crystallinity. Compared to PA 6 or PA6,6, the PA4,6
chemical structure is characterised by a higher con-
centration of amide linkages and a higher (point) sym-
metry along the chain axis. Furthermore the regularity
along the chain is higher, since the distance between
two amide linkages in PA4,6 is the same (4 methy-
lene groups) in the diamine and diacid unit. This higher
chain regularity is the basis for the higher crystallisation
rate, the higher melting point (283◦C) and the higher
crystallinity of PA4,6, compared to other polyamides.
In yarn properties, Stanyl® PA4,6 discriminates itself
with a considerably higher modulus at elevated tem-
peratures, a much higher shrinkage force at equal or
lower shrinkage, and much lower creep, compared to
other polyamides.

Stanyl® as-spun yarns were produced on lab scale
spinning equipment at take-up speeds ranging from
500 m/min to 4200 m/min. The as-spun yarns were

hot drawn on an Erdmann Drawmod drawing frame
over three godets. The godets temperatures were 120◦C,
220◦C and room temperature. A hot contact plate was
used between the first two godets; its temperature was
195◦C. Draw ratios varied between 3.5 and 5.1. Tensile
tests on all yarns were performed on a Statimat ten-
sile tester with a gauge length of 100 mm and at an
extension rate of 1 min−1.

Birefringence values were obtained with a polari-
zing microscope and Quartz-compensator. Density
measurements to obtain yarn crystallinity were carried
out using a CCl4/heptane density gradient column.

2.2. Obtaining network draw ratio using
true stress–true strain data

The network extension produced during the spinning
operation can for amorphous PET be obtained by mea-
suring the shrinkage of the as-spun yarn (recovered
strain in boiling water) [2]. However this procedure
is no longer valid when crystallisation has occurred in
the spinning thread line since the formed crystals pre-
vent recovery of frozen-in strains. Indeed, crystallisa-
tion causes a fixation of the network in its post-spinning
extended form, which is apparent from a gradual re-
duction in as-spun boiling water shrinkage with take-
up speed. Brody [7] therefore designed a procedure
to evaluate network extensibility on a relative basis.
He measured true stress–true strain (TSTS) curves at
room temperature (in fact a process of cold drawing) of
yarns, spun at different take-up speed, and found that
these curves could be shifted a certain amount over the
log (λ) axis (λ being the extension ratio), such that
their final parts perfectly coincided. The shift for a
certain take-up speed, produced relative to the TSTS
curve for the lowest take-up speed, is thus assumed
to be the cold draw, equivalent to the network exten-
sion (draw ratio), resulting from spinning at this take-up
speed, and relative to the lowest take-up speed spinning
process.

Under the assumptions of constant volume (or
density) and homogeneous deformation during tensile
drawing, true stresses and strains can simply be ob-
tained from nominal stress and conventional strain by
the following formulae:

σtrue = σnom
∗λ (1)

λ = l/ l0 = ε + 1 (2)

where σtrue, σnom, λ, l, l0, and ε are true stress, nominal
stress (force divided by original cross-section), draw
ratio, actual length, original length and conventional
strain respectively. Only when the network extension
in the fibre spun at the lowest take-up speed is zero (no
network orientation), network draw ratios obtained on
fibres at higher take-up speed by the shifting procedure
become absolute. We will reserve the term True Strain
to quantify absolute draw ratio, i.e. for those situations
where the samples are isotropic at λtrue = 1. In order
to obtain accurate network draw ratios it is therefore
important to know the network orientation of the ref-
erence as-spun fibre. This ‘reference’ orientation was
obtained by measuring birefringence, as is explained
below.
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A similar approach—shifting of TSTS curves—can
be used to determine the network draw ratio for a series
of hot drawn yarns with respect to their precursor. At
any stage in the process the total network draw ratio
is the product of all prior imposed draw ratios. Using
true stress data, one can not only compare in an equal
way yarns of different yarn count, but also in different
stages of drawing during the tensile test. Adopting the
idea that mechanical properties may be dominated by
the extent of deformation (orientation) of the virtual
network, one can thus start to look for differences and
similarities between yarns of different origin. More-
over rationalisation of the differences in this manner
may help to understand the reasons why mechanical
response is different, and how they may be influenced
in the spinning and drawing stage.

Adding network orientation can be done in several
consecutive steps, such as spinning, hot drawing and
tensile testing. The total draw ratio of a sample after
having undergone these consecutive drawing steps, can
be calculated from the product of draw ratios of the
consisting steps. For this reason, true stress–draw ratio
plots are made on a logarithmic draw ratio scale. In this
way, a different amount of orientation causes just a shift
along the ln (λ) scale. Curve matching can therefore be
used to determine differences in network orientation. In
as-spun LOY yarns, where necking may occur during
tensile testing, curve matching can obviously only be
done on the homogeneous final part of the true stress–
true strain curve at high stresses.

3. Results and discussion
3.1. As-spun yarns at different

wind-up speeds
Fig. 1 shows a number of nominal stress-elongation
curves for a series of as–spun yarns, produced at
wind-up speeds of 500–4200 m/min. Nominal break-
ing stresses rise considerably with wind-up speed at the
expense of ultimate elongation. Although a stiffer be-
haviour is observed for the higher take-up speed yarns,
it is difficult to quantify and compare the differences in
(ultimate) mechanical properties of the produced yarns,
since their elongation at break differs so widely.

In Fig. 2 the same data have been transformed into
true stress–strain (or extension ratio λ) data, using
Equations 1 and 2. Again, stiffer behaviour with in-
creasing wind up speed is observed as a result of in-

Figure 1 Nominal stress–strain curves of as-spun yarns for different
wind-up speeds.

Figure 2 True stress–strain curves of as-spun yarns for different wind-
up speeds.

Figure 3 Matched true stress–strain curves of as-spun yarns for different
wind-up speeds.

creasing network orientation in the as-spun yarn. True
tenacities now fall within a relatively narrow range of
500–700 MPa for all as-spun yarns. This relatively con-
stant true tenacity in cold drawing, independent of take-
up speed has also been observed for PET [7]. For PA6
yarns, true strength was found to rise slowly with bire-
fringence of as-spun yarns, but the effect was much
smaller than for modulus [8]. The constancy of true
strength with take-up speed to a first approximation
suggests there exists some limiting network strength
for these as-spun PA4,6 yarns.

In Fig. 3 the true stress-strain curves have been
shifted horizontally (along the ln (λ)-axis) to form a
continuous master curve. It can be seen that the curves
match rather well, which is indicative of a near identi-
cal network topology for all precursor yarns. Interest-
ingly, the true stress-strain curve, obtained on the high
speed spun POY yarn (4200 m/min) also matches the
master curve remarkably well. This POY yarn shows a
network orientation, equivalent to a draw ratio of 2.8,
with respect to the lowest take-up speed yarn. The ob-
served excellent superposability of TSTS curves con-
firms that the total network extensibility, consisting of
the combined stretch produced in the spinning thread
line and in the cold draw, can be considered constant.
Combined with the observation of near constant true
tenacity at break, we conclude that the nature of the net-
work in these PA4,6 yarns can be considered to remain
constant during the processes of spinning and cold
drawing, similar to what has been observed for PET
yarns [1–4, 6].

All curves in Fig. 3 have been matched against the
lowest orientation as-spun yarn (500 m/min) to obtain
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the apparent network draw ratios. In order to obtain
absolute network draw ratios against a truly isotropic
reference, birefringence measurements on the as-spun
yarns of wind-up speed 500–1500 m/min were carried
out. These are illustrated in Fig. 4. The non-zero bire-
fringence for the lowest take-up speed yarn at unit ap-
parent draw ratio indicates that this yarn possesses some
orientation, and therefore is not a proper isotropic ref-
erence. To determine the absolute network draw ratios
the birefringence values of the LOY yarns were extrapo-
lated to zero birefringence. The apparent draw ratio cor-
responding to zero birefringence was then multiplied to
all previously determined apparent draw ratios.

The effect of the correction on the true stress-strain
curves can be observed in Fig. 5, which represents
the absolute composite true stress–true strain curve for
all produced as-spun yarns. It is especially important
to obtain absolute apparent draw ratios when aiming
to describe the yarn mechanical behaviour by rubber
elastic models, as is described below. Small offsets in
apparent draw ratios greatly affect model parameters,
which subsequently become arbitrary and therefore
meaningless.

3.2. Fitting the as-spun yarns with rubber
elastic models

The as-spun yarn master curve depicted in Fig. 5
has been fitted with several rubber elastic models.
Kuhn’s classical Gaussian description [9, 10], Ball–
Doi–Edwards and Warner’s Gaussian description al-

Figure 4 Birefringence vs. ln (apparent network draw ratio) for all as-
spun yarns.

Figure 5 Composite true stress–true strain curve for all as-spun yarns,
corrected for off set orientation.

lowing for slippage of entanglement constraints [11],
and Edwards–Vilgis’s description adding non Gaus-
sian segment statistics to slipping entanglements [12]
were used within their appropriate validity ranges. Fit-
ting network models to samples of unknown orientation
will yield arbitrary network parameters. The fits were
therefore performed on the corrected true stress-strain
curves. Ensuring that the network parameters at low
strains were identical for all the models checked validity
of the fits. The results for the three models are shown in
Fig. 6 for the as-spun yarn produced at 500 m/min. The
Gaussian model has been used to estimate the low strain
network parameters. A yield stress and network mod-
ulus of 25.11 MPa and 10.45 MPa respectively were
obtained. As it is well known [16], the Gaussian model
looses its validity above λ = 3 and we therefore limited
the strain range to approximately 2.5. In order to assess
the nature of the network constraints in the Gaussian
model, the Ball–Doi–Edwards and Warner (BDEW)
description was fitted onto the same TSTS curve us-
ing the same strain range. The BDEW model accounts
for entanglement contributions, besides the fixed links
of the Gaussian model. It features 4 parameters: a cor-
rected yield stress (interpolated to λ = 1) above which
network deformation starts, two network moduli, one
due to slipping entanglements (Ns) and the other re-
lated to the fixed links (Nc), and a topological param-
eter (η), describing the ability of an entanglement to
slip between fixed links (sliplink mobility). The excess
Helmholtz free energy of deformation reads:

F
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1 + ηλ2
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(
1+ηλ2

i

)]

It turns out that fitting the BDEW model leads to values
for yield stress and network modulus, which are con-
sistent with the Gaussian result. Moreover the BDEW
fit yields zero values for the entanglement modulus.
This result implies that the network in the as-spun yarns
apparently only features permanent crosslinks. As can
be seen from Fig. 6 the BDEW model is not able to
describe network deformation over the entire draw ratio
range of interest, due to its Gaussian nature. It was there-
fore attempted to model the deformation by the non-
Gaussian Edwards–Vilgis model. Similar to the BDEW
model, the Edwards–Vilgis description assumes the

Figure 6 Comparison of rubber elastic model fitting results for the as-
spun yarn, produced at 500 m/min.
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existence of temporary molecular entanglements in the
crosslinked network. The entanglements are modelled
as sliplinks. The Edwards–Vilgis theory features 4 pa-
rameters in addition to the yield stress: Nc and Ns are
the crosslink and sliplink density respectively, while α

represents an extensibility parameter (=1/λmax) and η

a measure of the mobility of the temporary sliplinks.
If η = 0, the sliplinks are fixed and will behave as per-
manent entanglements. The Helmholtz free energy of
deformation reads:
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The extensibility parameter accounts for the high strain
singularity of non-Gaussian networks. From Fig. 6 it
becomes apparent that the Edwards–Vilgis model is the
only model able to describe the network behaviour over
the total draw ratio range.

The results obtained with the Edwards–Vilgis model
confirm the absence of sliplinks. Moreover the net-
work moduli are consistent with the Gaussian and
BDEW moduli (11.6 MPa). The fact that sliplinks
seem to be absent is consistent with the finding of Hu
et al. [13]. Based on experimental evidence obtained by
NMR, they classified semicrystalline polymers in two
classes, “αc–mobile” and “crystal fixed”, depending on
the presence or absence, respectively, of a crystalline
α-relaxation that provides mobility of chains in and
through the crystallites. In ‘crystal fixed’ polymers, the
crystals act as permanent network nodes. From our fit-
ting results it seems that the PA4,6 network response is
consistent with this view, whereby the crystallites in the
yarns most probably constitute the permanent (crystal
fixed) crosslinks in the rubber elastic network. It should
be noted that only when the model fit is limited to very
low draw ratios around 1–2, the BDEW description sug-
gests the presence of some sliplinks. The ability of the
Edwards-Vilgis network description to describe the full
composite true stress–true strain curve for all as-spun
yarns is shown in Fig. 7.

The observed network behaviour for PA4,6 deviates
from Edwards–Vilgis rubber elastic modelling results
obtained for oriented PET fibre [4]. As-spun PET yarn
shows lower crosslink densities than PA4,6. Moreover,
the studied PET yarns have sliplinks present at all take-
up-speeds, with a higher density of (more mobile) slip-
links at the higher take-up speeds. Important to note
here is the fact that PA4,6 yarn, unlike PET, has con-

Figure 7 Edwards–Vilgis fitting result for the master TSTS-curve, com-
posed from all as-spun yarns.

siderable crystallinity, even at low take-up speed. We
will come back to this after discussing the birefringence
measurements.

3.3. Birefringence results on as-spun
and drawn yarns

In order to measure network orientation directly, bire-
fringence measurements were carried out on all as-spun
yarns (LOY and POY), as well as on yarns drawn from
these precursors. It was observed that birefringence
seemed to rise rapidly with apparent draw ratio, lev-
elling off at the higher draw ratios. This behaviour is
indicative of a pseudo-affine deformation scheme [14].
For such a scheme the orientation parameter 〈P2(θ )〉 is
given by:

〈P2(θ )〉 = 	n

	nmax
= 1

2

[
2λ3 + 1

λ3 − 1

− 3λ3

(λ3 − 1)3/2
Arc tan

(
(λ3 − 1)1/2)]

Fig. 8 shows the obtained birefringence values for all
yarns against 〈P2(θ )〉. An excellent fit is obtained over
the whole range of apparent draw ratios. The maximum
birefringence 	nmax inferred from the data for PA4,6
is about 0.082. Adherence to the pseudo-affine defor-
mation scheme is not consistent with data obtained on
PET yarns, which for as-spun yarns conform to an affine
deformation mode, where birefringence is seen to in-
crease rather slowly with network draw ratio [1, 2, 5].

Figure 8 Birefringence vs. orientation parameter 〈P2(θ )〉 for all yarns
produced.
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The much higher crystallinity of PA4,6 as-spun yarns
(around 70%) as compared to typical crystallinity of
PET as-spun yarns (0–30%) is responsible for this
behaviour.

Indeed, orientation of the crystals increases with
take-up speed, because they rotate in order to accom-
modate the applied deformation. Since the crystals oc-
cupy on the average about 70% of the polymer volume,
their behaviour makes an important contribution to the
overall orientation, as measured by birefringence.

The high crystallinity of as-spun PA4,6 yarns
may also explain the unusually high network mod-
ulus, found from the Edwards–Vilgis model fit.
The tensile network modulus ENet obtained from
the model fit is about 12 MPa. Using the relation
Mc = 3ρRT/ENet, and adopting a density of about
1200 kg/m3, R = 8.3 J/K/mol, and T = 300 K, an av-
erage molecular weight between the network nodes of
about 750 g/mol is obtained. At a unit molecular weight
of 198 g/mol for a diaminobutane/adipic acid repeat
unit, this corresponds to about 3.8 repeat units between
the network nodes. This value is unrealisticly low.

The following tentative explanation is offered. The
crystals itself are very stiff, and will not directly con-
tribute to any strain. At a typical volume fraction of
70%, the crystals—which constitute the nodes of the
assumed virtual network—must have a definite nonzero
dimension. Hence, it is evident that the amorphous do-
mains must experience extensive strain magnification.
The average local strain experienced by the amorphous
network chain parts is therefore factors higher than the
macroscopic (true) strain used as ordinate in the TSTS
plots. Assuming similar stress levels in amorphous and
crystalline domains, this corresponds to locally less
stiff behaviour of amorphous domains, and hence a de-
creased fitted network modulus.

One must add that the assumption of a virtual rub-
ber network may become questionable for highly crys-
talline polymers, and the studied PA 4,6 in particular,
since it is not easy to envisage a network wherein the
‘nodes’ occupy 70% of the volume. Extracting network
parameters from fitting TSTS behaviour may then end
up having no meaning at all. On the other hand, the
assumption of a network is useful in explaining me-
chanical behaviour of the PA4,6 yarns, and especially
in explaining the effect of increased crystallinity after
hot drawing on the measured TSTS behaviour (this is
discussed below).

We conclude that the Edwards-Vilgis model de-
scribes the behaviour of a network, which is at best
representative for the actual response. The model pa-
rameters do not bare any relation with usual network
parameters, but they are used to give insight into ob-
served deviations.

3.4. Comparison of fully drawn yarns
at different draw ratios to their
precursor LOY

The produced precursor yarns were hot drawn to dif-
ferent draw ratios, ranging from 3.5 to 5.1. The drawn
yarns were subsequently subjected to tensile testing at

Figure 9 Matched true stress–true strain curves for FDY yarns and the
LOY yarn, produced at 500 m/min.

room temperature. In order to validate the concept of
network constancy throughout the processes of spin-
ning and hot drawing for the studied PA4,6 yarns, the
obtained tensile curves were transformed into TSTS
curves and subsequently shifted along the draw ratio
axis to match with the (corrected) TSTS curve of the
lowest take-up speed LOY yarn. The result of this ex-
ercise is represented in Fig. 9.

A striking observation from this representation of the
results is that the TSTS curve of a drawn yarn consists
of two regimes. The first part with the high modulus is
most relevant for the actual use of the yarn in the final
application. It can be considered as one leg of a kind of
hysteretic loop, which becomes apparent when unload-
ing the yarn. Behaviour in this hysteretic regime will
strongly depend on the particular conditions that have
been set in the relaxation step on the drawing machine.
For instance, different behaviour is expected depending
on whether the drawn yarns have been subjected to cold
or hot relaxation. The second part of the TSTS curve
basically follows the network master curve. Apparently
the fully drawn yarn “remembers” to which draw ratio
it was drawn during hot drawing. If the stress exceeds a
certain value, the underlying network will continue to
follow this master curve.

The apparent draw ratios obtained by matching the
fully drawn yarn TSTS curves with the reference as-
spun network curve are plotted in Fig. 10 against the
truly applied (total) draw ratio on the drawing frame.
To zero order, the apparent draw ratios are remark-
ably close to the applied deformation (the dotted line
in Fig. 10 represents identical draw ratios). This is in-
dicative of the fact that the network topology devel-
oped in the as-spun yarns remains fairly constant during

Figure 10 Network draw ratios vs. applied draw ratios for the FDY
yarns.
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the drawing process, whereby the applied draw ratio is
‘transferred’ to this constant network.

In the observed good correlation and constancy of
the network after drawing, we found justification to as-
sess whether the true stress–true strain curves could
be used to predict the drawability and attainable me-
chanical properties of FDY yarns from the mechanical
properties of their precursor. To this end the TSTS prop-
erties of a wide variety of LOY yarns, produced under
different spinning conditions have been correlated to
the mechanical properties of the final FDY yarns drawn
from these under identical conditions.

To this end we have, given a reference LOY yarn,
quantified the difference in orientation of a new LOY
yarn, processed under different conditions, and have
correlated this orientation difference, represented by an
apparent network draw ratio, to the different draw ratio
needed to produce FDY yarns with identical (nominal)
tenacity at break. Figs 11–13 illustrate the procedure.
In Fig. 11 the TSTS behaviour of two different LOY
yarns are compared to each other.

Due to different conditions in the spinning line
(higher take-up speed), one LOY yarn shows a stiffer
deformation behaviour than the other (reference) yarn.
Because of the validity of the constant network assump-
tion, this stiffer behaviour or higher orientation can be
quantified by curve matching. In this particular exam-
ple, the new spinning conditions are equivalent to a
network draw ratio difference of 1.105 between the two

Figure 11 True stress–true strain curves for two LOY yarns with differ-
ent processing conditions.

Figure 12 Nominal tenacities of two series of FDY yarns drawn under
similar conditions and originating from two LOY yarns with different
orientation.

Figure 13 Apparent draw ratio differences from the LOY yarns vs. draw
ratio differences from the hot-draw scan.

LOY yarns. The two LOY yarns were subsequently hot
drawn under identical conditions at different draw ra-
tios. The obtained nominal tenacities of the two series
of produced drawn yarns are depicted in Fig. 12 against
the applied draw ratio. The curve on the right belongs
to FDY, originating from the reference LOY yarn. The
curve on the left corresponds to the LOY yarn with the
higher network orientation.

It turns out that shifting horizontally over a draw ratio
amount of 1.11 can superpose the two curves. In other
words, the FDY yarns produced from the higher ori-
entation precursor LOY, need less draw ratio in the hot
drawing stage to attain identical nominal tenacities. The
above-described procedure was repeated for a whole
series of LOY yarns. In Fig. 13 all apparent draw ratio
differences between the different LOY yarns—obtained
by shifting their respective TSTS curves—have been
plotted against the draw ratio differences, obtained from
the draw ratio scan on the drawing machine. The two
larger data point markers denote the sample and ref-
erence condition depicted in Fig. 12. The fitted line
through the data points indicates a slope very close to
unity. This result not only means that a higher/lower
preorientation in the precursor LOY yarn must be com-
pensated by a lower/higher draw ratio on the hot draw-
ing frame, but moreover that the compensation in draw
ratio is equal to the apparent network draw ratio differ-
ence. This finding is of considerable practical impor-
tance, since it allows establishing a good trend in FDY
behaviour on the basis of LOY testing only, rather than
going through the full process of drawing and testing
of FDY yarns.

The same procedure can also be used to predict dif-
ferences in attainable FDY tenacities. Whereas Fig. 13
compares the LOY precursor orientation to the orienta-
tion needed for production of FDY to obtain the same
strain hardening behaviour, a similar correlation can
been made between the breaking tenacity of a LOY and
the maximum attainable breaking tenacity of the cor-
responding FDY yarns after drawing. This correlation
is given in Fig. 14. The two larger data point mark-
ers denote the sample and reference condition depicted
in Fig. 12. Again the slope of the fitted straight line
is very close to one. It clearly shows that optimisation
of the spinning conditions for higher FDY tenacity at
break, can be judged directly from the as-spun yarn true
tenacity at break.
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Figure 14 Fracture tenacity differences from the LOY yarns vs. breaking
tenacity differences from the hot-draw scan.

The above results are roughly consistent with the
findings of Hotter et al.[15]. In a study comparing the
properties of several precursor PET yarns, produced at
different take-up speed, but drawn/heat set to the same
elongation at break, it turned out that tenacity of the
drawn yarns was much affected by the take-up speed
of the precursor yarn. Nominal tenacity decreased with
take-up speed of the precursor yarns, while modulus
was seen to increase with precursor take-up speed. Al-
though results were not quantified in terms of network
draw ratios, this was explained by a variation in the
number and/or the distribution of lengths associated
with the tie molecules. Assuming an equal number of tie
molecules in the drawn/heat set samples, the observed
property variation was explained by an increase in the
number of relatively more taut tie molecular chains in
the higher take-up speed filaments. The greater num-
ber of taut tie molecules would indeed increase initial
modulus, while the fewer number of tie chains of av-
erage length, which ultimately dictate tenacity, would
decrease tenacity.

3.5. Additional strain hardening
after hot drawing

A closer look at Fig. 10 shows that the apparent net-
work draw ratios of the hot drawn yarns are consistently
above the applied draw ratio. This indicates more strain
hardening than one would expect if the network topo-
logy would be completely invariant to hot drawing. It
is possible to calculate the true strain of the FDY yarns
from the ratio of the produced yarn dtex. Doing this
will result in a shift of the TSTS curves along the draw
ratio axis, with respect to the position of the FDY yarn
curves in Fig. 10. Fig. 15 depicts the TSTS curves of
the FDY yarns obtained in this way, together with the
TSTS curve of the LOY yarn produced at a take-up
speed of 500 m/min. The Edward–Vilgis model fit to
the LOY master curve is also shown.

It is apparent from Fig. 15 that the FDY yarns show
considerably stiffer behaviour than the LOY master
curve. In order to quantify the observed increase in
strain hardening, we have fitted the Edwards–Vilgis
model to the set of FDY curves by letting the network
modulus free, but leaving the yield stress and the ex-
tensibility parameter unchanged. The result of this is

Figure 15 True stress–true strain curves of the FDY yarns, calculated
from their final yarn count.

Figure 16 True stress–true strain curves of the FDY yarns, calculated
from their final yarn count and fitted with the Edwards–Vilgis network
description.

illustrated in Fig. 16. From this figure, one can clearly
see that the FDY curves up to a draw ratio of about 4.4
basically pertain to the same network, which is however
stiffer than the network present in the LOY yarn (net-
work modulus of 14.7 MPa as compared to 11.62 MPa
for the LOY master curve). FDY yarns produced at a
draw ratio higher than 4.4 systematically fall below the
fitted curve. This could well be due to the fact that with
further extension more and more elements of the net-
work get overstretched and fail, thereby reducing the
network density.

The increased network modulus of the FDY yarns
could well be due to increased crystallinity in the hot-
drawn yarns compared to the LOY yarns. Fig. 17 shows
the crystallinities of the studied PA4,6 LOY and FDY
yarns obtained by density measurements. All LOY
yarns, irrespective of take-up speed have about the same
crystallinity around 72%. The hot drawn FDY yarns
however, consistently have about 10% higher volume
crystallinity (around 80%). This is equivalent to a de-
crease in the amorphous volume fraction from about
28 vol% for the LOY to about 20 vol% for the FDY.

One can now speculate on how the additional crys-
tallinity stiffens the network. In a zero order approach,
we consider two extreme situations here. The first is to
assume that the crystals form the network nodes and
that these crystals extend laterally to account for the in-
crease in density, thereby consuming amorphous chain
segments from the ends of the rubber network chains.
In this way the chains that connect the network nodes
get about 20/28 (vol%/vol%) shorter. This scenario is
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Figure 17 Volume crystallinites of LOY and FDY yarns, obtained by
density gradient method.

Figure 18 Extended crystal scenario to explain the observed stiffer net-
work behaviour of the FDY yarns.

Figure 19 Intermediate layer scenario to explain the observed stiffer
network behaviour of the FDY yarns.

illustrated in Fig. 18 and represented by the “Extended
crystal” sketch and curve.

The other scenario is that the additional crystallinity
in the FDY yarns form new network nodes, which
stiffen the network. If one assumes that on average these
crystals form halfway the rubbery chains that connect
the nodes, then in addition to shortening by a ratio of
20/28, they now also are halved in length. This sce-
nario is represented in Fig. 19 as “Intermediate layer”.
Since the network modulus is inversely proportional to
the internode chain length one can estimate the corre-
sponding network modulus as being doubled. In this
coarse comparison one clearly sees that the intermedi-
ate layer case is highly unlikely, since it would involve
excessive stiffening. The extended crystal scenario is
much more likely; actually it fits remarkably well as
can be seen from the fitting results of Fig. 20.

Figure 20 Edwards–Vilgis model predictions on the basis of the Ex-
tended crystal and Intermediate layer scenario to explain the observed
stiffer network behaviour of the FDY yarns.

4. Conclusions
The mechanical properties of Stanyl® PA4,6 yarns of
different take-up speed and draw ratio have been dis-
cussed in terms of a molecular network deformation
model. It has been shown that, to a first approximation,
the network within the PA4,6 yarns retains its nature
during the course of different processing steps, such as
spinning at different take-up speeds, and cold or hot-
drawing. Indeed, true stress–true strain tensile curves
of yarns from different origin can be shifted along the
strain axis to form a master curve, representative of the
yarn’s mechanical behaviour. The extent of shift needed
is indicative of the degree of orientation experienced by
the network during the previous processing steps.

This behaviour is similar to what has been observed
for PET fibres [1–4, 6]. In contrast, birefringence in
the PA4,6 yarns develops rather quickly with take-up
speed, and conforms very well to a pseudo-affine de-
formation scheme. This pseudo-affine orientation be-
haviour may well be related to the high degree of vol-
ume crystallinity in the PA4,6 yarns as–spun, which is
little over 70%.

Analysis of the strain hardening behaviour of the as-
spun yarns using rubber elastic models based on slip-
link contributions allows to assess important features
of the network topology. The descriptions due to Ball–
Doi–Edwards and Warner, and to Edwards–Vilgis both
perform well as analytical tools. The Edwards-Vilgis
model especially gives an excellent description of the
mechanical behaviour of the as-spun yarns over a wide
draw ratio range. The modelling results moreover indi-
cate that significant sliplink contribution to the defor-
mation does not occur, probably because of fixed crys-
tal behaviour of PA4,6 upon deformation. The, from a
physical point of view, unrealisticly short chain length
between network nodes has been rationalised by point-
ing at the strain concentration in the amorphous phase
due to non zero dimensions of the crystals.

The tensile true stress–true strain curves of hot-drawn
yarns indicate that, to zero order, the network topo-
logy remains fairly constant during hot drawing. Al-
though apparent draw ratios, obtained by matching hot-
drawn yarns with the LOY master curve, are close to
the applied draw ratios, the FDY yarn network consis-
tently shows more strain hardening than the LOY net-
work. This stiffer behaviour is explained by additional
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crystallisation during hot-drawing (up to 80% volume
crystallinity), whereby it is made plausible that addi-
tional crystallinity is mainly due to longitudinal growth
of existing crystals, and not to formation of extra fixed
crystal links.

Finally it has been demonstrated that the true stress–
true strain curve of LOY yarns is very useful in predict-
ing drawability and mechanical properties of the FDY
yarns, subsequently drawn from them. This makes true
stress–true strain testing of LOY yarns a powerful tool
for expedient optimisation of spinning conditions.
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