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The Simplified Potential Energy Clock Model has been previously shown to predict accurately glassy
polymer responses such as yield, creep, enthalpy relaxation, and physical aging. It was now used to
predict the behavior of monofilament Nylon fiber. Even though the fibers showed process-induced
anisotropy, the simpler isotropic model could be used to describe uniaxial tests. The model predictions
again accurately predicted a wide range of Nylon experimental data.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

While understanding the mechanical properties of Nylon fibers
is helpful in the manufacture of fabrics, it gains greater importance
in more demanding applications such as parachutes, seat belts, and
sporting goods like tennis racquets and climbing ropes. When used
as rubber reinforcement in tires, hoses, and conveyer belts, an
understanding of the more general thermomechanical response
becomes critical as cure temperatures and even operating
temperatures exceed the glass transition temperature. Many of
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these applications employ cord rather than monofilament Nylon,
but since the responses of the two are qualitatively similar, the
monofilament fiber offers a simpler starting point to investigate
intrinsic material behavior decoupled from the effects of cord
structure.

One expects some type of viscoelastic model to predict fiber
behavior since Nylon is a semi-crystalline thermoplastic. Yet the
thermomechanical response is quite complicated, typically
involving apparently negative coefficients of thermal expansion
and irreversible effects, thus requiring an accurate and broadly
applicable constitutive equation. The nonlinear viscoelastic,
potential energy clock (PEC) model [1] and its simplified (SPEC)
version [2] have been applied previously to several filled [3] and
unfilled [4] thermosets and one thermoplastic, polycarbonate [5].
Accurate predictions were obtained for compressive and tensile
yield at different temperatures, enthalpy relaxation, various phys-
ical aging tests, and creep. In this study, the response of a mono-
filament Nylon fiber to numerous tests were measured
experimentally and predicted using the SPEC model.

While numerous studies have characterized fiber shrinkage
and crystalline microstructure during heating [6–14], fewer have
attempted to model the thermomechanical response of fibers [15–
19], and the majority of these studies predict only room temper-
ature response, thereby neglecting shrinkage and irreversibilities.
Experimental studies clearly indicate the pronounced effect of
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Fig. 1. A load of 2 N for the ‘‘processing history’’ of the ‘‘prescribed history’’ sample
best matched the response of the ‘‘as-received’’ sample.

Table 1
Inputs to the isotropic SPEC model. Interpretation of the parameters when the
model is applied to transversely isotropic Nylon fibers will be different.

Symbol Isotropic physical interpretation

Kg Glassy bulk modulus
KN Equilibrium bulk modulus
Gg Glassy shear modulus
GN Equilibrium shear modulus
ag Glassy coefficient of thermal expansion
aN Equilibrium coefficient of thermal expansion
C1 1st WLF coefficient
C002 C002 ¼ C2½1þ C3aN� where C2 is the 2nd WLF coefficient
C3 A clock parameter producing a change in Tg with pressure and roughly

equal to (Ka)d/(rrefCVd) where CVd is the viscoelastic decaying constant
volume heat capacity, (CVg� CVN)

C4 A clock parameter producing yield and roughly equal to Gd/(rrefCVd)
Tref Reference temperature (typically Tgþ 10 �C)
rref Reference density
fs Shear relaxation spectrum fit to the functional form in Eq. (11)
fv Bulk relaxation spectrum fit to the functional form in Eq. (11)
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processing history on fiber response, yet the existing models
ignore processing entirely. The present study differs from the
literature studies in these two key features: a wide range of
responses is investigated and predicted including complex
thermal histories, and the processing history is explicitly included
in the modeling.
2. Materials and experimental

The monofilament Nylon used in these studies had a roughly
circular cross-sectional area with a diameter of 0.32 mm. All
samples were stored in a desiccator containing Drierite for one
week prior to testing since preliminary tests confirmed literature
reports of large shifts in the glass transition temperature from
moisture uptake. Transfer from the desiccator to the test chamber
was accomplished as quickly as possible, and the heating chamber
used nitrogen from a liquid dewar thus ensuring a dry testing
environment.

Four types of tests were performed with a TA QMA-800
Dynamic Mechanical Analyzer (DMA).

(1) Ramp: stress controlled ramp (3 N/min) at 0 �C.
(2) Isostrain: constant strain (0, 1, 3, or 5%) held during a tempera-

ture profile of 0–200–0–200–0–200 �C (all ramps at 3 �C/min).
(3) Isoforce: constant load (0 or 8 N) held during a temperature

profile of 0–200–0–200–0–200 �C (all ramps at 3 �C/min).
Fig. 2. DSC traces for determination of % crystallinity.
(4) Ratcheted isoforce: constant load (0 N) held during a temper-
ature profile of 0–100–0–120–0–140–0–160–0–180–0–200 �C
(all ramps at 3 �C/min).

All of these tests were performed on samples subjected to one of
three histories.

(1) As-received: the monofilament is used directly off the manu-
facturer spool.

(2) Annealed: the manufacturer history is removed by heating
under no load to 200 �C and back to 0 �C at 3 �C/min. Testing
begins as the sample reaches 0 �C.

(3) Prescribed history: the sample is first annealed and then re-
heated to 200 �C at 3 �C/min where a 2 N load is applied. The
sample is then cooled to 0 �C at 3 �C/min with the 2 N load
applied. This load is removed at 0 �C, and the test begins.

These three histories allow us to probe the material free from
processing effects (annealed), with a known ‘‘processing history’’ to
examine its effect (prescribed), and with the actual processing
history for comparison (as-received). For consistency between tests,
the reference state (i.e., Lo) defining the engineering strain (DL/Lo)
was chosen to be the length immediately before the test started at
0 �C. The applied load of 2 N for the ‘‘processing history’’ of the
‘‘prescribed history’’ sample was chosen to match the free expansion
(i.e., isoforce of 0 N) response of the ‘‘as-received’’ sample (Fig. 1)
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Fig. 3. Raw oscillatory tensile data for the annealed sample.



Fig. 4. Master curve for the annealed sample at a reference temperature of 100 �C.
Fig. 6. The viscoelastic shift factor can be fit with an Arrhenius relationship.
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over the temperature rang from 0 to 200 �C. This implies that the ‘‘as-
received’’ cords experienced a constant force of roughly 2 N force as
they cooled during processing temperatures to room temperature.
This force was most likely not constant, and the thermal history was
almost certainly different from the constant 3 �C/min cooling rate
seen by the ‘‘prescribed history’’ samples, which accounts for the
differences in the shapes of curves plotted in Fig. 1.
3. The simplified potential energy clock model for glassy
polymers

3.1. Brief description of the model

The model derivation [1] follows the ‘‘Rational Mechanics’’
approach of Truesdell [20], which guarantees thermodynamic
consistency by ensuring positive dissipation rates. The Helmholtz
free energy, J, is expanded in a Frechet series about the underlying
equilibrated response, JN, at the current state [21]. Small
perturbations from equilibrium are expected so the series is
truncated at second-order; the first-order terms vanish since the
equilibrated free energy is a minimum. The equilibrated free
energy is itself expanded in a Taylor series about a reference state
conveniently chosen to be slightly above the nominal glass tran-
sition temperature.

The time derivative of the free energy can be used to define the
Second Piola Kirchoff stress, S , entropy, h, and therefore all ther-
modynamic functions. The Laws of Thermodynamics state
Fig. 5. The viscoelastic shift factor can be fit with the WLF equation.
1st Law :
dU
dt
¼ dW

dt
þ Q where

dW
dt
¼

S

rref
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dt
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where Tdhdiss/dt is the non-negative energy dissipation rate and E
is the Green-Lagrange strain measure defined as 1/2(ðF T F � I Þ
with F being the deformation gradient. Using the chain rule, the
second Piola Kirchoff stress ðS Þ, entropy (h), and dissipation rate
(dhdiss/dt) are identified as partial derivatives of the free energy.
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To accommodate a ‘‘material clock’’ that defines the dependence
of viscoelastic relaxation rates on thermomechanical history
[22,23], the Frechet series is expanded in ‘‘material time’’ intervals,
t*� s*, rather than laboratory time intervals, t� s. The key feature,
then, of any viscoelastic model is defining the material clock and
the corresponding ‘‘viscoelastic shift factor’’, a. Here, the clock is
a function of the potential energy, Upot, of the system, which has
been verified by molecular dynamics simulations [24,25].
Fig. 7. Tensile relaxation modulus and fit using Eq. (11).



Fig. 8. Glassy and rubbery CTE’s were extracted from the annealed isoforce test at 0 N. Fig. 10. The modest yield seen in the annealed ramp test was used to fix the param-
eter, C4.

Table 2
Values of the model parameters used for every prediction in this study.

Parameter Value Units

K 10.0 GPa
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log a ¼ �
C1

�
Upot � Upot

ref

�
C 02 þ Upot � Upot

ref

and t*� s* ¼
Zt

s

dx
aðxÞ (3)

where C1 and C2
0 are related to the standard ‘‘WLF’’ coefficients [26].

log a ¼ �
C1

�
T � Tref

�
C2 þ T � Tref

(4)

Note the similarity between Eqs. (3) and (4).
The total internal energy, U, can be calculated consistently from

the Rational Mechanics framework. Since the potential energy is
only part of the total, it is not directly available but can be
approximated accurately [1]. The resulting expression is somewhat
complicated and thus led to the SPEC model [2] in which several
modest approximations were made. In the most useful of these,
only a few dominant terms in the potential energy expression were
retained leading to the following relationship.

Upot ¼Upot
ref þb1

2
4nT�Tref

o
�
Zt

0

dsfvðt*�s*ÞdT
ds

3
5

þb2

2
43�
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ds

3
5 : I
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0

Zt

0

ds du fsðt*�s*;t*�u*Þ
d3dev

ds
:
d3dev

du
(5)
Fig. 9. The volumetric relaxation function was determined by fitting the first heating
run (solid line) of the free expansion test (isoforce 0 N) for the ‘‘prescribed history’’
sample with known history.
where the bk are constants related to physically measurable
quantities (heat capacity and bulk and shear moduli), fv and fs are
the two independent relaxation functions. The Hencky strain
measure was used in the PEC model, but was approximated in the
SPEC model by the strain measure, 3, defined as the integral of the
unrotated rate of deformation tensor, d [27]. With this definition,
the viscoelastic shift factor can be written as

log a ¼ � C1X
C002 þ X

where C002 ¼ C02=b1 and

X ¼

2
4nT � Tref

o
�
Zt

0

dsfvðt*� s*ÞdT
ds

3
5

þC3

2
4 3 �

Zt

0

dsfvðt*� s*Þ
d 3

ds

3
5 : I

þC4

Zt

0

Zt

0

ds du fsðt*� s*; t*� u*Þ
d 3 dev

ds
:

d 3 dev

du
(6)
g

KN 5.0 GPa
Gg 2.5 GPa
dGg/dI2 30 GPa
GN 0 GPa
ag 0 ppm/�C
aN �800 ppm/�C
C1 60 –
C2
00 363 �C

C3 0 –
C4 16000 –
Tref 100 �C
rref 1176 kg/m3

s1
s 0.1 seconds

s2
s 1.0 seconds

bs 0.19 –
ms 0.035 –
xs 0.69 –
s1

v 10 seconds
s2

v 1.0 seconds
bv 0.19 –
mv 0.04 –
xv 0.69 –



Fig. 11. Ramp data and predictions for the annealed sample. Fig. 13. Isoforce with 0 N load data and predictions for the annealed sample.
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The material clock is embedded in the second Piola Kirchoff
stress, S , derived from Eq. (2), and the resulting Cauchy stress, s , is
given by

s ¼ r

rref
F $ S $ F T ¼ r

rref

2
4Kd
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0

ds fvðt*� s*Þ
�

d 3

ds
: I
�
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ds

3
5 I
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dsfsðt*� s*Þ
�

R ðtÞ$
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ds
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�

þ r

rref

h
KN1 � KNaN

n
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oi
I

þ 2rGN

rref

h
R $ 3 dev$ R�1

i
(7)

where K and G are the bulk and shear moduli, respectively, a is the
volumetric coefficient of thermal expansion, r is the density, and R
is the rotational component from decomposition of the deforma-
tion tensor, F . The material parameters may depend on tempera-
ture as needed. The subscripts d and N distinguish between the
decaying viscoelastic and equilibrium values of a particular
parameter. The decaying quantities are differences between the
glassy and equilibrium bulk values; for example, Kd is equal to the
Fig. 12. Ramp data and predictions for the sample with prescribed history.
difference between the glassy, Kg, and equilibrium, KN, bulk
moduli. No degradation in predictive ability from adopting the
approximations of the SPEC model has been observed [2].
3.2. Comparison with existing models for glassy polymers

Two frameworks have been proposed for describing the
behavior of glassy polymers, plasticity and nonlinear viscoelasticity.
While these two approaches may appear similar under certain
situations, they have significant differences. Amorphous polymers
are linear viscoelastic for infinitesimal strains, and no distinct
change in the linear viscoelastic response is observed as rubbers are
gradually cooled into the glass except that the relaxation times
grow longer [24]. Nonlinear viscoelastic formalisms preserve this
continuous transition between the rubbery and glassy states, and
view mechanical yield as a natural consequence of the nonlinear
relaxation behavior induced by loading. In contrast, plasticity
theories by their very construction predict yield [28–30], but need
to propose a second mechanism distinct from yield to describe the
glass transition. Aside from the inherent problem of predicting
a glass transition, plasticity theories also encounter difficulties
explaining the concept of plastic flow in crosslinked materials that
yield yet return to their original state when heated above the glass
transition temperature. Consequently, one believes that the use of
a single underlying, viscoelastic mechanism to describe both
uncrosslinked and crosslinked polymers provides a more physically
based constitutive description of glassy polymers.
Fig. 14. Isoforce with 0 N load data and predictions for the prescribed history sample.



Fig. 15. Isoforce with 8 N load data and predictions for the annealed sample. Fig. 17. Ratcheted isoforce data and predictions for the annealed sample.
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A number of nonlinear viscoelastic constitutive equations have
been developed for glassy polymers using the concept of a material
clock to describe how relaxation rates depend on the state of the
glass. For example, models using various definitions of free volume
have predicted phenomena such as volume recovery, enthalpy
relaxation, and physical aging with some success [31–34].
Mechanical yield in glassy polymers is a phenomenon of practical
interest as well, and here quantitative predictions become more
difficult. From a molecular view, the extremely slow relaxation
rates of the glass are accelerated during the strain-ramp experi-
ment. Stresses initially accumulate due to the ramp loading, but, at
some point, relaxation rates are accelerated so much that stresses
actually decrease viscoelastically; this point is the yield stress.
While it is possible that a free volume approach could be used to
explain yield in tension (due to the increase in volume from Pois-
son’s ratio) or perhaps even in shear [35], it is not possible for this
approach to predict yield in compression where free volume, as
currently defined, decreases during the ramp forcing relaxation
rates to likewise decrease. While free volume might explain many
features of the dependence of polymer relaxations on external
conditions, the inability of the current definition of free volume
(i.e., packing fraction) to predict yield in all modes is a severe
practical problem.

In another approach, the dependence of relaxation rates was
attributed to ‘‘configurational entropy’’ [36], the entropy derived by
considering only the potential energy of the system. This idea is
also somewhat physically appealing in that viscoelastic relaxation
rates slow as the avenues for cooperative motion become scarce as
Fig. 16. Isoforce with 8 N load data and predictions for the prescribed history sample.
configurational entropy vanishes. In fact, free volume and config-
urational entropy-based constitutive equations perform similarly
in many situations such as enthalpy relaxation [37]. Unfortunately,
the difficulty again surfaces in predicting glassy mechanical yield.
Both experimental data and elasticity theories suggest that entropy
decreases with deformation in equilibrated rubbers [38], which
would decelerate relaxation rates instead of producing the desired
acceleration. Of course, entropy in glassy polymers may respond
differently and might, in fact, increase during tensile tests due to
a volume increase, thereby enabling tensile yield. Current config-
urational entropy models, however, are hard-pressed to predict an
increase in configurational entropy during a compressive ramp,
which is needed to accelerate relaxation rates and produce yield.

Attempts to predict compressive yield have incorporated addi-
tional dependences on a strain invariant [39] or the second stress
invariant [40,41]. A stress clock has also been used in a more
complicated viscoelastic model [42] that extended the phenome-
nological ‘‘fictive temperature’’ concept of Narayanaswamy [43]. It
has been shown previously [1] that approaches employing the
current strain predict qualitatively incorrect response under certain
strain histories (load, hold, reload) and, therefore, cannot be
employed in constitutive equations for predictions under arbitrary
load histories. In particular, if a polymer is strained past yield, held
at that strain until the stress relaxes, and then re-strained past
yield, the second measured yield stress is similar to the first yield
stress, contradicting the idea that total strain accelerates relaxation
rates. Use of the stress invariant, however, is intriguing for
prediction of nonlinear creep, but such models are inherently
Fig. 18. Ratcheted isoforce data and predictions for the prescribed history sample.



Fig. 19. Isostrain with 0% strain data and predictions for the annealed sample. Fig. 21. Isostrain with 1% strain data and predictions for the annealed sample.
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phenomenological and have not been extensively validated to
assess comprehensive, quantitative, predictive capabilities for
glassy polymer response such as yield. Some structural similarities
between the potential energy and stress clock models have been
discussed previously [1].

4. Application to Nylon

4.1. Crystallinity

Using differential scanning calorimetry (TA Q200) at 2 �C/min,
the heat of melting of the as-received material (first heating run) is
calculated to be 88 J/g (Fig. 2). If the heat of fusion of fully crystalline
Nylon is taken to be 190 J/g [44], then the monofilament fibers used
in these tests are roughly half crystalline. Note that the heat of
melting from the second heating run is only 50 J/g so the thermal
history does affect the percent crystallinity, and the thermal history
during processing is significantly different from these lab tests.

Semi-crystalline polymers are rigorously two-phase materials
so the Rational Mechanics approach used to develop the potential
energy clock model would be technically inapplicable. However,
our experience with filled polymers gives us hope that the
approach may still yield accurate predictions. Even though the
epoxies used previously were loaded up to 50 vol% with particulate
fillers (glass, alumina, or microballoons) and therefore obviously
two-phase systems, the predictions for various tests such as yield
and enthalpy relaxation were still accurate [3].

If temperatures stay below the onset of the melting transition
(roughly 200 �C), the crystalline domains could be viewed as
Fig. 20. Isostrain with 0% strain data and predictions for the prescribed history sample.
effective cross-links, and the system would resemble an epoxy.
Melting would be a complication, but the temperatures in the tests
performed here never exceeded 200 �C. This restriction does not
appear overly severe in real applications, since even tire cure
temperatures would rarely exceed 200 �C. It is also possible that
extremely large applied loads may disrupt the crystalline domains
and ‘‘pull’’ chains out. This mechanism would not be captured by
the potential energy clock model and would result in poor accuracy
of the predictions.
4.2. Anisotropy

Nylon fibers are stretched considerably during their creation.
This uniaxial stress is maintained as the crystallites form and then
as the fiber vitrifies, thereby capturing orientation in both the
crystalline and amorphous regions. While the fibers can attempt to
erase the amorphous orientation as the temperature exceeds the
glass transition, crystallite orientation persists until the domains
have melted. Since the tests performed in this study remained
below the melting transition, the crystalline orientation will always
be present, and such intrinsic orientation may result in anisotropic
fiber properties. Since the tests probed only the uniaxial response,
the extent of such anisotropy is difficult to assess.

The potential energy clock model, as presented above, was
developed for isotropic systems. It can and is being extended to
orthotropic systems, but that level of complexity is unnecessary
here since, again, only uniaxial response is considered. For an
Fig. 22. Isostrain with 1% strain data and predictions for the prescribed history sample.



Fig. 23. Isostrain with 3% strain data and predictions for the annealed sample. Fig. 25. Isostrain with 5% strain data and predictions for the annealed sample.
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elastic, transversely isotropic material, the stresses along the
primary fiber axes are given by

2
4s11

0
0

3
5 ¼

2
4 E11 E12 E12

E12 E22 E23
E12 E23 E22

3
5
2
4 311

322
333

3
5�

2
4N11

N22
N22

3
5DT (8)

such that the uniaxial stress is given by

s11 ¼ Eeff

�
311 �

aeff

3
DT
�

where Eeff

¼ E11 �
2E2

12
E22 þ E23

and aeff ¼
3

Eeff

�
N11 �

2E12N22

E22 þ E23

�
(9)

Note that E in Eqs. (8) and (9) refers to a modulus and not the
Green-Lagrange strain tensor; consistent yet conventional
nomenclature is difficult. If only uniaxial response is examined, the
structure of this equation for the orthotropic system is identical to
the structure of the equation for the uniaxial stress in an isotropic
system.

s11 ¼ E
�

311 �
a

3
DT
�

where E ¼ 9KG
3K þ G

(10)

Therefore, an inherently isotropic model, elastic or viscoelastic,
can be used to mimic the response of an orthotropic material if
predictions are limited to a subset of the possible behaviors. In this
case, the Nylon fibers will be transversely isotropic, and tests will
Fig. 24. Isostrain with 3% strain data and predictions for the prescribed history sample.
be restricted along the fiber axis. Of course, the isotropic model
inputs must be re-interpreted in the light of a true, anisotropic
material. For example, there is no true ‘‘bulk’’ modulus for an
orthotropic material. More interestingly, the axial coefficient of
thermal expansion for the orthotropic system may be negative
while it must be non-negative for the isotropic system. Therefore,
the magnitude and even sign of inputs to the isotropic model that
mimics the anisotropic model may be unfamiliar. Table 1 lists the
inputs to the isotropic, SPEC model.

5. Predictions

5.1. Model parameterization

Model parameters were determined by examining tests in
a sequential fashion such that only a few constants were fit at
a time. The tensile ‘‘master curve’’ was first determined on the
annealed sample using the TA DMA in oscillatory mode with
a strain amplitude of 1% over frequencies from 1 to 20 Hz and
temperatures from 0 to 200 �C in 10 �C increments. The raw data
are shown in Fig. 3, and the master curve is shown in Fig. 4.

The viscoelastic shift factor used to construct the master curve at
a reference temperature of 100 �C is shown in Fig. 5 and could be fit
with the WLF equation in the equilibrated state above the glass
transition, albeit with unusual parameters. Surprisingly, the shift
factor for this equilibrated, anisotropic material could be described
just as well by an Arrhenius relationship (Fig. 6).

The master curve was transformed into the time domain to
produce the tensile relaxation modulus (Fig. 7), which was then fit
with the following phenomenological function form.
Fig. 26. Isostrain with 5% strain data and predictions for the annealed sample.



Fig. 27. Ramp data for the prescribed history and as-received samples. Fig. 29. 0% isostrain data for the prescribed history and as-received samples.
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This function form allows a relatively steep decay from the
glassy modulus (using the stretched exponential) and a lethargic
decay at longer time (the power law) as seen in Fig. 7. Typical values
for the glassy and rubbery bulk moduli were assumed (5 and 3 GPa,
respectively), and the glassy and shear moduli were chosen to fit
the tensile response. Subsequent analysis demonstrated little
sensitivity of any prediction to the exact value of the bulk moduli
around these initial choices.

The coefficients of thermal expansion far from the glass transi-
tion were assumed constant (no temperature dependence) and
extracted directly from the free expansion tests (isoforce at 0 N) on
the annealed sample (Fig. 8).

Notice that these effective CTE’s are negative, which is allowed
for an anisotropic material.

The normalized volumetric relaxation function was fit using the
same form as in Eq. (11),

fvðtÞ ¼
"

xve�ðt=sv
1Þ

bv

þ ð1� xvÞ�
1þ t=sv

2

	mv

#
(12)

which again required five fitting parameters: s1
v, s2

v, bv, mv, and xv.
These were initially set equal to the corresponding tensile
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Fig. 28. Isoforce data for the prescribed history and as-received samples.
relaxation function and then modified slightly to reproduce the
first heating run (solid line) of the free expansion test (isoforce 0 N)
for the ‘‘prescribed history’’ sample with known history (Fig. 9).

The clock parameter, C4, is the term responsible for producing
yield predictions. It was determined by fitting the ramp test on the
annealed sample (Fig. 10).

The final parameter, C3, was set equal to zero, and variations
upon this did not improve any predictions for the tests performed
here.

The resulting parameters are shown in Table 2 and were used
consistently without adjustment on every prediction in this study.
5.2. Model predictions

Across the board, the model predictions are in good agreement
with all test data for both the annealed and prescribed history
samples (Figs. 11–26). Note that in the isostrain tests, the predicted
stresses can become negative whereas the actual fibers buckle in
compression and can never produce negative stresses. The real but
minor differences that do appear between predictions and data
should not cloud the conclusion that the complex response of these
anisotropic fibers over a wide range of tests is captured with only
a viscoelastic model employing a potential energy ‘‘material clock’’.
Also not to be missed is the fact that the disparity between the first
and subsequent heating runs in the isoforce and isostrain tests is
not primarily due to intricate crystalline transitions or temperature
Fig. 30. 1% isostrain data for the prescribed history and as-received samples.



Fig. 31. 3% isostrain data for the prescribed history and as-received samples.

Fig. 32. 5% isostrain data for the prescribed history and as-received samples.
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dependent hydrogen bonding mechanisms[45,46] but can be
attributed simply to viscoelastic decay of the processing history.

If the ‘‘processing history’’ is known as it was for the samples
with a prescribed history, the model appears to predict response
quite well. It may be asked, however, if the behavior of the as-
received samples is similar to these or qualitatively different. The
free expansion responses were shown previously in Fig. 1 to be
quite similar when an applied load of 2 N for the prescribed history
was chosen to mimic the as-received samples in this test. Further
comparisons between the prescribed history and as-received
samples are shown in Figs. 27–32. While some differences are seen
in the isostrain tests with 0 and 1% applied strain, the ramp, iso-
force, and isostrain tests with larger applied strains are very similar.
Some differences between these samples are expected since the
histories are not identical. Therefore, the model should predict the
responses of the as-received samples with equal fidelity if the
histories were available.

6. Conclusions

The simplified potential energy clock model (SPEC) accurately
predicts a wealth of nonlinear viscoelastic behavior. With this tool,
it is now possible to predict the response of complex materials such
as Nylon, an anisotropic fiber processed under high stresses and
strains. If the preponderance of predictions match data, it implies
that the complicated experimental behavior arises from nonlinear
viscoelasticity. That is, the model can be used to understand the
underlying mechanisms of thermophysical response. Similar exer-
cises are being performed on biaxially stretched polyethylene films
used for capacitor dielectrics.

Not to be minimized is the ability to use this new predictive
capability to predict the evolution of properties over time in
components employing Nylon fibers and the thermal response of
Nylon cords used as rubber reinforcement. In addition, it may be
possible to ‘‘reverse engineer’’ the processing history of an
incoming fiber, which could illuminate possible in-house process-
ing strategies to optimize fiber response.
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