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ABSTRACT: Constrained shrinkage of fibers is the pri-
mary method used to examine orientation in amorphous
materials. During the test, fibers are constrained, heated, and
the stress that develops is measured as a function of time
and temperature. This article describes an apparatus devel-
oped to measure that stress and a series of experiments for
melt-spun poly(methyl methacrylate) fibers fabricated un-
der three conditions: (1) constant viscosity, (2) increasing
temperature, and (3) increasing draw velocity. Results show
that both the rates of rise and the decay of the fiber shrink-
age stress have an Arrhenius relationship with temperature.
Fibers fabricated at a constant viscosity have the same max-
imum shrinkage stress and rate of stress decay. As the
processing temperature decreases or as draw velocity in-

creases, for other parameters held constant, the maximum
shrinkage stress increases. The rate of stress rise increases
with decreasing processing temperature or increasing draw
velocity. Maximum shrinkage stress also increases with in-
creasing molecular orientation when measured by a differ-
ent test, free heat-induced shrinkage of the fibers. However,
it was not possible to correlate both of these results to rubber
elasticity theory attributed to the high degree of orientation
present in the fibers and high polydispersity in the starting
material. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci 91:
4047–4056, 2004
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INTRODUCTION

Melt spinning of poly(methyl methacrylate) (PMMA)
has been highly successful at imparting significant
molecular orientation and enhancing its mechanical
properties. Previous work has characterized the ten-
sile and free shrinkage properties of melt-spun PMMA
fibers as a function of processing conditions.1,2 The
work by Wright et al.2 showed that decreasing the
melt temperature, while keeping the other processing
variables constant, increased the tensile strength and
orientation in the fibers while decreasing the ductility.
These fibers have been used to fabricate “self-rein-
forced composites” (SRC) by a process known as hot
compaction.2–6 This method applies heat and pressure
for an appropriate length of time to bond the fibers
together. The matrix of the composite is formed di-
rectly from the fibers by self-diffusion of polymer
chains while under mechanical restraint, hence the
term, “self-reinforced.” These composites have in-
creased strength, fracture toughness, and fatigue
properties compared to those of bulk PMMA and may

lead to future improvements in the longevity of total
hip replacements.

Although extensive reports have been published on
self-reinforced composites,7–17 optimization of this
method depends on empirically selecting the proper
time, temperature, and pressure for processing for a
particular thermoplastic material. During processing,
the fibers are constrained from shrinking along their
length. Because the fibers are constrained during hot-
compaction processing of composites, characterizing
the thermal behavior of fibers while constrained could
provide valuable information that would aid in com-
posite processing. In a polymer fiber, the polymer
molecules are aligned along the long axis of the fiber.
These molecules are in a low entropy state because of
their high order. If heat is applied to an unconstrained
fiber, the polymer chains will rapidly collapse in a
coordinated set of molecular motions and return to a
state of high entropy. This results in a change of
shapes of the fiber as it shortens in length and in-
creases in diameter. If, however, the fiber is mechan-
ically constrained from shrinking along its length, the
polymer relaxation can proceed only by self-diffusion
of low-entropy chains back to their random coil con-
figuration. As the entropic force is developed, it can be
monitored and measured as a function of time and
temperature because of these molecular-relaxation
processes.

Correspondence to: D. Wright (wright@mtu.edu).
Contract grant sponsor: American Association for Univer-

sity Women.

Journal of Applied Polymer Science, Vol. 91, 4047–4056 (2004)
© 2004 Wiley Periodicals, Inc.



Previous work by other investigators18–27 has exam-
ined the shrinkage stress in other oriented materials,
but not in highly oriented PMMA fibers. Wide-angle
X-ray scattering can be used for oriented amorphous
materials, but X-ray crystallography can be used only
for crystalline materials; PMMA is totally amorphous.
Birefringence can assess the orientation of clear poly-
mers, such as amorphous PMMA, but it is difficult to
perform this test for fibrous materials. Mechanical
shrinkage stress characterization is an easy and one of
the primary methods to examine orientation in amor-
phous materials.

In an excellent review by Buchanan,28 free-shrink-
age and constrained-shrinkage experiments are sum-
marized. Constrained-shrinkage experiments can be
performed at constant or increasing temperature. The
fibers characterized in this manner were all semi-
crystalline materials, and some of the limitations in-
clude the analysis of data and the ability to rapidly
transfer heat to the sample. Work by others has con-
tinued to study semicrystalline materials, in particular
poly(ethylene terephthalate),18–24 poly(ether ether ke-
tone),25 and other semicrystalline polymers.26,27 Stud-
ies involving oriented PMMA have been limited to
films and solid materials with low levels of orienta-
tion.26,29–37,38 Although commercial instruments are
available to measure shrinkage stresses, such as the
Thermomechanical Analyzer from TA Instruments
(New Castle, DE), these devices do not measure the
stress as a function of time as the fiber shrinks. These
devices also can be cost prohibitive for some labs, and
perform multiple analyses that are not necessary for
every lab.

Currently, shrinkage in amorphous materials is not
well understood,28 and study of highly oriented
PMMA has not been attempted. The goals of this
study were twofold:

1. To present an apparatus to measure the shrink-
age stresses in constrained fibers.

2. To quantify the shrinkage properties (time con-
stants, maximum shrinkage stresses, and activa-

tion energies) of PMMA fibers as a function of
time, temperature, and processing conditions.

EXPERIMENTAL

Materials

Extrusion-grade PMMA was obtained from Atohaas
(V045, Lot 83,106; Philadelphia, PA) The glass-transi-
tion temperature (Tg) was determined to be 107.70
� 0.56°C (n � 3) using differential scanning calorim-
etry (DSC; DSC 2920, TA Instruments) at a heating
rate of 10°C/min. Previous characterization of V045
by gel permeation chromatography determined a
weight-average molecular weight of 212,000 g/mol
(polydispersity � 8.3).39–41

Fiber spinning

Fibers were processed using a ram-extrusion method
illustrated in Figure 1, and described in detail in pre-
vious publications.1,2 A die contains the polymer and
piston (1 in. diameter). The polymer was heated and
pushed through the die by the piston into a brass
spinneret with a 1-mm-diameter hole that was about
3.0 mm in length. The extruded polymer was then
pulled onto a take-up wheel to complete the fiber-
spinning process. The load on the piston, temperature
of the polymer, and speed of the take-up wheel (draw
velocity, vd) were continuously monitored.

Fibers were processed at a constant extrusion rate
and constant viscosity. Constant extrusion rate fibers
were processed at three temperatures. Viscosity was
characterized using simple tube flow equations and
was kept constant by varying the extrusion speed and
melt temperature. Three constant viscosity conditions
were identified. In both cases, fibers were fabricated
using the maximum available speeds for the take-up
wheel. There were five unique processing conditions
for fiber processing, as summarized and numbered in
Table I. These five fiber types allowed us to study
three independent processing variables: temperature
of the polymer (processing conditions 1–3), take-up
wheel velocity (processing condition 2), and melt vis-
cosity (processing conditions 2, 4, and 5). Diameter of

Figure 1 Schematic of melt-spinning apparatus. The extru-
sion velocity (ve) is the velocity of the piston.

TABLE I
Processing Conditions for Melt-Spun PMMA Fibers

Processing
condition

Processing
temperature

(°C)

Extrusion
velocity, �e
(cm/min)

Draw velocity
range, �d
(cm/min)

1 188 0.0127 302–930
2 219 0.0127 302–4081
3 238 0.0127 302–2185
4 213 0.0254 302–4081
5 200 0.0508 302–4081
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the resultant fibers was measured using an optical
microscope.

Constrained fiber shrinkage apparatus

The apparatus used to measure fiber shrinkage is pic-
tured in Figure 2. It is inexpensive to fabricate and
measures the force developed in a shrinking fiber as a
function of time at a constant temperature. Its main
components were a frame, stationary load cell, and
cylindrical oven mounted on a movable platform. The
movable platform was counterweighted and had bear-
ings to allow for easy and quick movement of the
oven. A brass rod was suspended from the load cell
and attached to an alligator clip that served as the top
grip for the fiber. This brass rod was surrounded by a
ceramic tube for insulation, and an aluminum convec-
tive heat shield to protect the load cell from excessive
heat was attached to the ceramic tube. The bottom grip
was also an alligator clip, and was attached to a screw
threaded rod that passed through the oven and was
attached to the frame of the device. Two J-type wire
thermocouples were located inside the oven, at the top
and bottom of the sample. The load cell was cooled by
a small fan attached to a ring stand separate from the
frame of the device. The force and temperature volt-
age signals were recorded using a computer with an
A/D board (Model AT-MIO-16F; National Instru-
ments Corp., Austin, TX) and custom-written pro-
grams (LabWindows, version 2.3a, National Instru-
ments).

The load cell is pictured in more detail in Figure 3,
along with a representative calibration curve. The
measuring device was a linear variable differential
transformer (LVDT). Brass cantilevers (53 � 10 � 0.4
mm) were attached to the base of the load cell as well
as to the iron core inside the LVDT. The load cell was
calibrated by hanging weights of a known mass on the
load cell and measuring the change of voltage, as
shown in Figure 3. The load cell was calibrated before
testing began, and the value used in this set of exper-
iments was 10.95 mg/mV. Altering the stiffness of the

brass cantilevers can change the sensitivity and load
range of the load cell.

One concern with this apparatus was that the loads
measured should be indicative of fiber-shrinkage pro-
cesses, and not of the expansion or contraction of the
device itself. The oven was preheated, and was there-
fore heating a portion of the metal rod that serves as
the stationary grip. Once the oven was raised, this
portion of the rod was allowed to cool, and the portion
of the grips around the fiber was allowed to heat. To
ensure that the loads measured were indicative of
fiber-shrinkage events, the grips were attached to one
another with no fiber in between them. The oven was
set at 125°C, raised, and the force was measured as a
function of time. This temperature was chosen be-
cause preliminary tests showed that it was at this
temperature that the tests began to last longer than
just a few minutes. At this temperature, the fiber-
shrinkage events last long enough that an equilibrium
status was reached with the expansion and contraction
of the device itself.

The results of this validation test are shown in Fig-
ure 4. It can be seen that the apparatus exerted a
compressive stress on the load cell, and that the dis-
placement was approximately 100 �m. It is important
to note that in all of the preliminary fiber-shrinkage
tests, only tensile forces were measured. Additionally,
a displacement of 100 �m resulted in a strain of less
than 0.5% in a fiber the length of the test specimen

Figure 2 Schematic of fiber-shrinkage device. The main
components are a load cell, frame, and oven. The oven was
mounted on a movable platform that was counterweighted.
The fiber was placed in two grips as shown. The bottom grip
passes through the oven and was attached to the frame.

Figure 3 Detail of load cell and representative calibration
curve.

Figure 4 Results of validation test for the fiber shrinkage
apparatus at 125°C. The grips were attached to one another,
and the resultant voltage was measured.
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(2.54 cm). This strain, especially at an elevated tem-
perature, was expected to exert very little compressive
stress on a fiber. The fiber unconstrained shrinkage
ratio (heat relaxation ratio, HRR1) was on the order of
10 : 1 or higher, indicating shrinkage strains of 1000%.
Therefore, for purposes of this analysis, the apparatus
was assumed to contribute negligible stress to the
fiber, and its contribution was ignored.

Constrained fiber shrinkage testing

To perform a constrained fiber shrinkage test, a length
of fiber about 2.75 cm long was cut and heat-resistant
tape was placed on each end. The heat-resistant tape
provided a surface for the grips to attach to the fiber.
The exposed fiber was measured with a digital caliper
and was nominally 2.54 cm long. The nominal diam-
eters ranged from 30 to 100 �m. The fiber was placed
in the grips so that there was no tension on the fiber
before the test was begun. Data acquisition then be-
gan, and these points provided the baseline voltage at
zero load. After approximately 5 s, the oven was
raised in 2–3 s. The time required to raise the oven was
recorded for each sample. The gain, or sensitivity, of
the A/D board was adjusted for each sample so that
the maximum resolution of the signal was attained.
One fiber was used in each test.

Fibers were tested at six temperatures in the range
from 75 to 185°C. At all temperatures � 75°C, five
samples were tested. Two samples were tested at
75°C. Three samples were tested at 75°C if the two
samples were not reproducible.

Data analysis

A typical constrained fiber shrinkage graph from pre-
liminary work is shown in Figure 5. The stress in the
fiber was calculated by

� �
F

�

4 D2

(1)

where � is the stress in the fiber, F is the force devel-
oped in the fiber, and D is the diameter of the fiber.
The stress begins at zero, rises to the maximum shrink-
age stress �max and then may decay. The stress decays
to zero at higher temperatures. For the particular sam-
ple depicted in Figure 5, the fiber breaks at about 3.5
min. At lower temperatures, the stress may remain at
�max or may slightly decay, but not back to zero. For
the purposes of analysis, it was assumed that during
the rise and decay of the stress, there was an exponen-
tial relationship between the stress and the time
elapsed. For the rise of the stress, this can be written as

� � �max(1 � exp�t/�R) (2)

where � is the stress in the fiber at a specified time t,
and �R is the time constant of the rise process. It is
hypothesized that this time constant is related to the
Rouse relaxation time, which is the time required for
initial motion of polymer chains.42 The time constant
of the rise process was determined by setting t � �R,
and solving for �. Solving for � yields that when t
� �R, � � 0.63�max. Therefore, by knowing the maxi-
mum stress, one can then determine the time at which
the stress was 63% of the maximum stress. This time
was the time constant for the rise process (�R).

A similar analysis explains the decay process of the
stress. The decay process can be written as

� � �maxexp(tmax � t)/�D (3)

where tmax is the time at the maximum stress and �D is
the time constant for the decay process. This time
constant is hypothesized to be related to the disen-
gagement time for polymer molecules, which is the
time necessary for complete reptation of the molecules
out of their entanglement network.42 Equation (3) can
also be written as

� � �maxexptmax/�Dexp�t/�D (4)

It can be seen in eq. (4) that, as long as tmax is much less
than �D, eqs. (3) and (4) can be simplified to

� � �maxexp�t/�D (5)

The time constant of the decay process can then be
determined as for the rise process by setting t � �D,
and solving for �. Solving for � yields that when t
� �D, � � 0.37�max. Therefore, by knowing the maxi-
mum stress, one can then determine the time at which
the stress was 37% of the maximum stress. This time
was the time constant for the decay process (�D).

A Visual Basic program was developed (Microsoft
Excel, Macintosh Office 98) that would determine the
average oven temperature, maximum stress, time at
maximum stress, rise time constant, and decay time

Figure 5 Typical fiber shrinkage result from previously
published work.43 Three fibers are used in this sample, and
the temperature of the test is 150°C. The fibers fracture at
just under 3.5 min.
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constant from the raw data. The average temperature
in the oven was determined using trapezoidal numer-
ical integration over the time interval 0 � t � �D. If the
stress in the fiber specimen did not decay during the
testing period, the time interval used was 0 � t � 3�R.
Because the sampling rate was 20 Hz, times that were
predicted to be lower than 0.05 s were not considered
valid measurements and were discarded. All data
were examined for outliers, and in certain cases, times,
stress, and/or temperatures were calculated by hand
because of data analysis or acquisition complications.

To analyze the rise and decay time constants, an
Arrhenius relationship was assumed to exist between
the time constant and the oven temperature. The Ar-
rhenius equation relates the rate of the process to the
inverse of the temperature and can be written in the
form

1
�

� Aexp��
EA

RT� (6)

where � is the time constant of interest (min), A is the
frequency factor, EA is the activation energy of the
process (J mol�1), R is the universal gas constant (8.314
J mol�1 K�1), and T is the absolute temperature (K). By
taking the natural log of each side of the equation, it
can be written as

ln
1
�

� ln A �
EA

R
1
T (7)

where it can be seen that if the data follow an Arrhe-
nius relationship, plotting ln(1/�) versus 1/T will
yield a straight line. The slope of this line represents
the activation energy of the development or decay of
the stress.

A one-way analysis of variance (ANOVA) was per-
formed to determine the differences between maxi-
mum stresses in each of the three groups listed in
Table II. The independent variable was the processing
condition that was varied and the dependent variable
was the maximum stress developed. For the ANOVA,
only maximum stresses � 100°C were considered. A
Newman–Keuls post hoc test was used to determine
differences between the groups. A p � 0.05 was con-
sidered significant.

RESULTS AND DISCUSSION

A fiber-shrinkage test yields three pieces of informa-
tion about a constrained fiber while it is heated. First,
the maximum stress (�max) obtained during heating as
a function of temperature can be determined. Second
and third, the time constants associated with the de-
velopment (rise time constant, �R) and decay (decay
time constant, �D) can also be determined as a function
of temperature.

Figures 6 to 8 show the results of the maximum
stress versus temperature for the five groups of fibers
tested. Generally, the maximum stress is constant ver-
sus temperature. In Figure 6, however, it can be seen
that the maximum stress first increases and then de-
creases slightly with temperature for the sample pro-
cessed at 188°C. For the sample with the highest draw
velocity (and therefore smallest diameter), a decrease
in the maximum stress is seen at the higher tempera-
tures (e.g., Fig. 6 at 188°C and Fig. 8 at 219°C). This
was also seen in previous work with commercially
fabricated fibers.43 At temperatures � 100°C, the tem-
perature was seen to remain constant in most cases,
but it also increased in Figure 7 for samples drawn at
1401 cm/min and decreased in Figure 6 for samples

TABLE II
Maximum Stresses and Activation Energies for PMMA Fibers in Constrained Fiber Shrinkage

Independent
variable

(processing
condition)

Draw
velocity, vd
(cm/min)

Processing
temperature

(°C)

Extrusion
velocity, vc
(cm/min)

Maximum
stress
(MPa)

EA (kJ/mol)

Rise
process Decay process

Processing temperature
1 302 188 0.0127 6.99 � 0.27 103.8 � 6.8 147.5 � 16.2
2 302 219 0.0127 1.36 � 0.07 127.7 � 8.4 177.2 � 19.0
3 302 238 0.0127 0.59 � 0.07 112.5 � 9.0 179.9 � 19.0

Draw velocity
2 302 219 0.0127 1.36 � 0.07 127.7 � 8.2 177.2 � 11.8
2 1401 219 0.0127 5.74 � 0.33 194.3 � 13.3 143.6 � 14.3
2 2594 219 0.0127 11.23 � 1.96 153.3 � 12.8 159.9 � 14.8

Constant viscosity
2 2594 200 0.0508 13.51 � 0.76 —a 82.4 � 14.0
4 2594 213 0.0254 11.59 � 0.30 —a 96.4 � 22.1
5 2594 219 0.0127 11.23 � 1.96 —a 159.9 � 15.7

a Insufficient data were obtained to make an accurate estimate of this parameter.
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drawn at 188°C. Table II lists the means and SD values
of the maximum stress for each fiber type. Figure 8
shows that maximum stresses were equal at test tem-
peratures � 150°C, but diverged at higher tempera-
tures for fibers made at different temperatures and
draw rates but equal viscosities.

The statistical analysis found several significant re-
sults when comparing the maximum stress values of
the three groups. As the processing temperature de-
creased, the maximum stress increased when all other
variables were held constant. As the draw velocity
increased, a statistically significant increase was seen
in the maximum stress when all other variables were
held constant. Finally, when fibers were fabricated at a
constant viscosity, the fibers fabricated at 200°C had a
higher maximum stress than that of the other two
groups that were fabricated at higher temperatures
when tested above 150°C.

Arrhenius plots for the time constants for each of
the three groups are shown in Figures 9 to 11. These
results are plotted on a common log y-scale because of

the ease in interpreting results. The x-axis is in K�1,
and the top axis is labeled in degrees Celsius. Note
that low temperatures are on the right side of the
graph, and short times are at the top of the graph.
Regression lines are shown with 95% confidence in-
tervals, and the rise time constants lie above the decay
time constants. Regression lines were fit to the natural
log value for determination of the activation energies
listed in Table II. Activation energies were also deter-
mined for the V045 polymer from dynamic rheometry
experiments.44 The values obtained from dynamic
rheometry (155.7, 164.6, 156.8 kJ/mol) show good
agreement to the values shown in Table II. Values for
the activation of the rise process for samples fabricated
at a constant viscosity are not available. These fibers
were tested only at high temperatures, and not
enough low temperature data points were collected to
make a good estimate for this activation energy. At
high temperatures, the time for the rise process was
too short to be measured by the instrument developed
for this study.

Figure 8 Fiber maximum stress versus temperature with
respect to the effect of constant viscosity. The fibers were all
fabricated at a constant nominal viscosity of 6.3E6 Pa s. The
processing conditions (melt temperature and extrusion ve-
locity) are as listed in the legend.

Figure 9 Arrhenius plots depicting the effect of processing
temperature. The rise curves lie above the decay curves. The
fibers were all fabricated at a draw velocity of 301 cm/min
and extrusion velocity of 0.0127 cm/min. The melt temper-
atures are as shown in the legend. For clarity, only regres-
sion lines and 95% confidence intervals are shown.

Figure 6 Fiber maximum stress versus temperature with
respect to the effect of processing temperature. The fibers
were all fabricated at a draw velocity of 301 cm/min and
extrusion velocity of 0.0127 cm/min. The processing tem-
peratures are as shown in the legend.

Figure 7 Fiber maximum stress versus temperature with
respect to the effect of draw velocity. The fibers were all
fabricated at a melt temperature of 219°C and extrusion
velocity of 0.0127 cm/min. The draw velocities are as shown
in the legend.
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Entropic springs

Rubber elastomers have also been called entropic
springs because of the fact that the force developed in
them is attributed to the entropy in the system. Ac-
cording to classical rubber elasticity theory, the force
developed in an elastomer consists of two compo-
nents, an enthalpic and entropic contribution,45 and is
expressed as

f � �	U
	l �

T


 T� 	f
	T�

l

(8)

where

� �	S
	l �

T

� � 	f
	T�

l

(9)

Theoretically, the slope of the force versus tempera-
ture relationship will yield the change in entropy of
the system. Generally, the force increases with tem-
perature for an elastomer. The results presented ear-
lier, however, show that maximum stress was basi-
cally constant with respect to temperature. For some
fiber systems, the maximum stress decreased at high
temperatures (see Fig. 6), but this was not seen con-
sistently. At low temperatures (�100°C), the maxi-
mum stress neither consistently increased nor de-
creased (e.g., Fig. 6), and previous work with other
PMMA fibers showed that the maximum stress re-
mained constant to the lowest temperature tested
(65°C).43 The temperatures that were tested were the
highest possible using the data-acquisition system. To
test higher temperatures, a faster data-acquisition sys-
tem would need to be used, and the application of
heat would need to take less than the 2–3 s it currently
takes. To test lower temperatures, it would be recom-

mended to reduce the number of fiber types and sam-
ples, given that each test at temperatures � 100°C
takes 3 to 7 days. It is possible that our results do not
agree with classical rubber elasticity theory because
our fibers are much more highly oriented than typical
rubber elastomers. At high levels of orientation, such
as seen here, the entropic driving force for the fiber to
relax may overshadow any temperature effects that
are predicted by the classical theory. Because rubber
elasticity theory has been used to explain results in
other studies with PMMA at low levels of orienta-
tion,26,29–38 a next step with this apparatus would be to
fabricate fibers with lower levels of orientation than
available for this study and test them in fiber shrink-
age.

Although the maximum stress did not vary with
temperature, there were differences seen between
maximum stresses of fibers with differing amounts of
retained molecular orientation. These relationships
can be explored using statistical thermodynamics and
classical rubber elasticity theories. For an elastomer in
simple tension, the stress can be calculated as a func-
tion of the extension ratio if we assume that the chains
have a Gaussian probability of having a certain con-
figuration. When constant volume is assumed, the
classical result is45

�1 � G��1 �
1
�1

2� (10)

where �1 is the maximum shrinkage stress and �1 is
the extension ratio. The extension ratios are ratios of
the stressed length to the unstressed length, or the free
shrinkage of the fiber when it is heated with no con-
straint. This could also be expressed as the heat relax-
ation ratio (HRR), which is the ratio of the oriented
length of fiber to the unoriented length of fiber, or

Figure 10 Arrhenius plots depicting the effect of draw
velocity. The rise curves lie above the decay curves. The
fibers were all fabricated at a melt temperature of 219°C and
extrusion velocity of 0.0127 cm/min. The draw velocities are
as shown in the legend.

Figure 11 Arrhenius plots depicting the effect of constant
viscosity. The rise curves lie above the decay curves. The
fibers were all fabricated at a constant nominal viscosity of
6.3E6 Pa s. The processing conditions are as listed in the
legend.
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length after heating.1 This result is shown in Figure 12.
The data points are shown as means � SD, with the
solid line representing the best fit through eq. (10) (G
� 0.507 GPa). Only maximum stress values generated
above oven temperatures of 100°C are included in the
figure because elastomeric behavior occurs only above
Tg. The correlation is quite high, considering that the
fibers consist of many different fiber groups fabricated
at different temperatures, draw ratios, and viscosities.
To further evaluate these relationships, it would be
recommended to test a wider variety of extension
ratios of fibers fabricated at the same temperature to
eliminate competing effects. The correlation is still
quite good, however, indicating that the maximum
stresses developed in the fibers during heating can be
correlated to rubber elasticity effects. One possible
reason for deviations, particularly at high HRR values,
may be because the polymer chains are beginning to
slide past one another, and therefore do not contribute
fully to the maximum stress developed in the fiber.

The shear modulus (G) can also be calculated by45

G �
�RT
Me

(11)

Fiber-shrinkage tests were conducted from 100 to
200°C. The free volume of the polymer increases with
temperature, resulting in a decrease in density. Using
data from Schmidt and Mauer,46 the density was cal-
culated to be 1169 kg/m3 at 100°C and 1100 kg/m3 at
200°C. Me is the molecular weight between entangle-
ments. An Me of 8000 g/mol yields a modulus of 0.453
GPa at 100°C, and 0.540 GPa at 200°C, which bracket
the modulus of 0.507 GPa calculated from the experi-
mental data. Because the molecular weight of methyl
methacrylate is 100 g/mol, crosslinks are predicted to
be present every 80 mers, or 160 carbon atoms. The
molecular weight of V045 was also previously charac-
terized by gel permeation chromatography as 212,000

g/mol with a polydispersity of 8.3.6 This would cor-
respond to about 26 crosslinks per V045 molecule.
Vulcanized rubbers have 10–20 crosslinks per mole-
cule,42 showing good agreement between traditional
rubber elastomers and thermoplastic elastomers with
crosslinks formed by entanglements of molecules. Be-
cause the polymer’s polydispersity is quite high, a
correction factor to the shear modulus that accounts
for the loose ends could be applied45:

G �
�RT
Me

�1 �
2Me

M � (12)

where Me is the molecular weight between entangle-
ments and M is the primary molecular weight. As the
molecular weight of the polymer increases, these ef-
fects are minimized. The molecular weights of the
acrylic are sufficiently high to neglect these effects;
however, the polydispersity of the polymers will also
contribute significantly to the development of stress in
the polymer fibers.

These results also show the limitations of the rubber
elasticity theories. Traditionally, the stresses predicted
by eq. (10) are valid only at low extension ratios. At
higher extension ratios, the theory tends to predict
lower stresses than observed. It is clearly seen that the
stresses are low at low extension ratios, and then
increase greatly, as shown in Figure 12. At higher
extension ratios, the distribution of end-to-end chain
lengths is no longer Gaussian. One of the conditions of
the model is that the extension of the chains should be
Gaussian. As more chains become oriented, however,
this Gaussian relationship is no longer valid. There are
mathematical constructs to deal with this, although
they add complexity without additional understand-
ing.45 Future work should examine the low-elongation
cases more thoroughly to assess the validity of the
model and then expand the consideration to fibers
fabricated under similar processing conditions. In this
study, fibers were fabricated and tested at the widest
range of HRR values available.

Relaxation and processing times

Processing of PMMA fibers and SRC–PMMA are
events that occur on the molecular level. Melt spin-
ning of a fiber requires a viscous melt of PMMA with
the right properties to be extruded through a spinneret
and drawn into a highly oriented fiber. During this
process, the molecules are sheared, oriented, and un-
dergo massive reorganization that is frozen in upon
cooling. While SRC–PMMA is being processed, the
outer portion of the fiber softens while the entire fiber
is mechanically constrained, and the polymer chains
in these areas bond with adjacent chains to form a
network of entanglements that will bond the fibers to

Figure 12 Fiber maximum stress versus heat relaxation
ratio (HRR) for all fibers. The model presented in eq. (10) is
used to plot the line through the data points, with G � 0.507
MPa. The correlation coefficient (R) for this line is 0.78. Data
points are means � 1SD.
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one another. Fiber shrinkage Arrhenius curves yield
information about the relaxation times of PMMA fi-
bers, and existing theories and experiments may be
able to help predict or explain the times found in this
study.

Classical theories have been used to characterize
relaxation times of monodisperse polymers in solu-
tion, such as the theory advanced by Rouse and
Bueche, but are not very good at explaining events in
polymer melts.42 The reptation theory constrains the
polymer chain to movements along the polymer
length, but prohibits movements perpendicular to the
chain length. For a monodisperse polymer melt, the
assumption of a fixed tube within the gel or melt is an
appropriate model. Once the polymer has relaxed
from its entangled structure, the chains can reptate out
of the tube, or disengage. The time for disengagement
(�d), which can also be called a diffusion time, can be
written47

�d �
15Me0

�2�RT (13)

For polydisperse polymers, such as those used in
this study, however, the relaxation process becomes
more complicated. The main factor to consider is that
the shorter chains disengage first, eliminating an ob-
stacle for further reptation of the longer chains. Be-
cause an obstacle has been removed, the tube can
expand, an effect called tube dilation.48 Tube dilation
can shorten the relaxation times by making it easier for
the remaining chains to move.47 In addition, when the
obstacle is removed, the long-chain tube may move
into this area, an effect referred to as tube renewal.48

The tube containing the polymer chain may also
change in contour length during the time period of
interest.47

Work by Kunz and Stamm49 determined the relax-
ation times of PMMA by neutron reflection. Their
work characterized a disengagement time of 1547 min
and a Rouse relaxation time of 48 min for a molecular
weight of 85,500 g/mol at 130°C. Liu et al.50 charac-
terized the movement of PMMA molecules by using
gold markers. This work showed that for a molecular
weight of 194,000 g/mol (polydispersity � 1.03),
Rouse relaxation times of 4.0 min and disengagement
time of 288.3 min at 145°C were obtained.

In the current work, relaxation times are much
shorter. For V045 fibers fabricated at 219°C and a draw
velocity of 2594 cm/min, time constants for the rise
and decay are found to be 0.0054 and 0.93 min, respec-
tively, at 145°C. At 130°C, these times are 0.029 for the
rise and 5.2 min for the decay. These times are much
smaller than those predicted by Kunz and Liu in their
work. There are two reasons for this. First, the poly-
dispersity of these polymers is much higher than that

in the studies by Kunz and Liu. This results in shorter
relaxation times as the shorter chains disengage from
the network. As the shorter chains diffuse out of the
polymer network, they cease to contribute to the max-
imum stress developed, and thus the rise and decay of
the maximum stress would happen more quickly for a
polydisperse polymer.

The other effect contributing to the development of
maximum stress in the heated fiber is attributed to the
orientation in the fiber. In an oriented fiber, the poly-
mer chains want to return to their amorphous state as
soon as thermal energy is imparted to them. There-
fore, measurements of fiber shrinkage measure not
only the diffusion of the molecules, but also their
energetic desire to return to a high entropy state. This
differentiates these experiments from traditional stud-
ies because traditional studies measure the movement
of markers within an amorphous polymer.

These results can hypothetically be applied to com-
posite processing by hot compaction. It is desired to
process composites with the maximum amount of re-
tained molecular orientation, given that polymer ori-
entation leads to increased strength in the composite.
The disengagement times of polymer molecules are
related to the decay time constants. These, therefore,
represent the theoretical maximum times to process
composites. The difference between the rise and decay
curves would theoretically represent the processing
window. The rise times represent the initiation of
chain motion, which would be necessary to begin
composite processing; however, to retain molecular
orientation, processing times would need to be chosen
that are less than the decay times. Hypothetically,
these concepts can help design rational hot-compac-
tion processing methods for polymeric fibers.

CONCLUSIONS

A device was built to measure the stress generated in
a heated fiber, and the time development and decay of
this stress. The apparatus detected differences among
fibers fabricated at a variety of processing conditions.
Maximum stresses for melt-spun fibers increased with
increasing retained molecular orientation, draw veloc-
ity, or decreasing fiber draw temperature. These max-
imum stresses correlate with the classical rubber elas-
ticity theories when plotted versus the extension ratio
of the fiber (HRR).

The rate of decay of the maximum shrinkage stress
was a more subtle difference. The effects were most
clearly seen in the effects of draw temperature and
draw velocity. At the lowest draw temperature
(187°C), the rate of stress decay was higher than that
for the higher temperatures (219 or 238°C). As the
draw velocity increased for V045 fibers fabricated at
219°C, the rate of stress decay also increased. Activa-
tion energies were also measured for the decay and
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rise processes, and these agree well with values pre-
dicted by rheological experiments.
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