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ABSTRACT: The time-dependent rheological behavior of
a series of 3-hydroxybuytrate-based semicrystalline copoly-
mers is employed to determine the expected rheological
curves that would be generated in the absence of any poly-
mer degradation. Both dynamic frequency sweep and
shear rate sweep experiments were analyzed. A model for
the degradation kinetics, coupled with standard rheologi-
cal relationships, was employed to extrapolate the mea-
sured sweeps to predicted curves at time zero, prior to
degradation. The model is broadly applicable over a wide

range of frequencies or shear rates, and generates a single
degradation rate constant k for each polymer studied. A
similar, although ad hoc, procedure was applied to the
dynamic storage and loss moduli. The model provides a
method for determining the rheological behavior of de-
grading polymers over a time interval, typically found in
processing applications. © 2006 Wiley Periodicals, Inc. ] Appl
Polym Sci 102: 17941802, 2006
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INTRODUCTION

The class of polymers known as poly(hydroxyalka-
noates) (PHAs) has attracted widespread attention in
literature,''* in part because of the wide range of
copolymers that can be produced and the subse-
quent breadth of potential commercial applications.
In addition to conventional synthetic routes of pro-
duction, there are a variety of biologically based syn-
thesis processes available. It is these biologically
derived polymers that offer an alternative to conven-
tional, petroleum-derived materials.

Biopol, developed by ICI and produced by Metab-
olix, was the first commercially available PHA.*
Recently, Procter and Gamble has introduced the
Nodax™ family of PHAs, which is based upon 3-
hydroxybutyrate (3HB) with a comonomer type and
concentration that can be manipulated."* Depending
on the specific polymer architecture chosen, these
materials have the potential to match conventional
petroleum-based polymer mechanical properties to
be suitable for a wide range of commodity polymer
applications. In addition, there are significant potential

Correspondence to: G. M. Harrison (graham.harrison@ces.
clemson.edu).

Contract grant sponsor: The National Science Founda-
tion; contract grant number: EEC-9731680.

Journal of Applied Polymer Science, Vol. 102, 1794-1802 (2006)
©2006 Wiley Periodicals, Inc.

benefits to the environment because of both the feed-
stock of the materials and the degradability under
aerobic or anaerobic conditions.*®

One of the potential drawbacks of PHA materials
is that they can degrade at temperatures typical of
many processing applications. Therefore, to under-
stand and predict the properties of a prospective
PHA product, it is imperative to have an under-
standing of the polymer molecular weight and flow
properties of the polymer as a function of time and
of thermal history, as well as a detailed knowledge
of the thermal environment encountered during the
processing itself. With all of this information, appro-
priate steps can be taken to ensure that the necessary
molecular weight for the proposed application can
be achieved at the end of processing.

Rheological testing is employed to evaluate the
flow properties of a material in a relatively simple,
well-controlled flow geometry. These flow experi-
ments enable one to determine the material proper-
ties of the polymer, such as the shear viscosity n, as
a function of shear rate, and the storage (G') and loss
(G") moduli as a function of frequency. In addition,
rheological measurements can be used to quantify
polymer characteristics, such as a characteristic re-
laxation time or the molecular weight between
entanglements. All of these measurements may be
used to determine whether a specified polymer will
be appropriate for a particular application, to under-
stand how that polymer will flow in a specific processing
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TABLE I
Properties of the Copolymers Employed in This Study

Comonomer level

Polymer (mol %) M, M,/M, T, (°C)
3HB-3HV 10.5 631K 2.57 156
3HB-3HH 6 765K 1.47 132
3HB-6HH 17 458K 1.62 125

geometry, and to help determine the final properties
of a processed material.

Rheological measurements are strongly dependent
both on polymer structure and on molecular weight.
Because PHAs can degrade at typical processing or
melt rheological test temperatures, it can be difficult
to interpret rheological measurements for these
materials, because they are a strong function of time.
Prior work'® has demonstrated how a combined rhe-
ology/GPC study can be used to determine the deg-
radation kinetics of a polymer, by measuring the
change in complex viscosity (at a particular fre-
quency) as a function of time, and correlating that
result with measurements of the time-dependent mo-
lecular weight. A related research question is how to
determine the complete flow curve as a function of
shear rate or frequency in a manner that can account
for the degradation that occurs during the time win-
dow, required to complete the flow experiment.

In this work, we investigate the flow behavior of a
series of PHAs. Both steady shear rate sweep experi-
ments and dynamic oscillatory frequency sweep
experiments are performed. In a single experimental
run, the degradation of the polymer is measured by
repeating the sweep four times. Using a kinetic
model for random polymer degradation,'*"” the
expected rheological curves that would occur in the
absence of degradation are determined. An evalua-
tion of the Cox-Merz rule'® under these conditions
is performed. While this article focuses on PHA ma-
terial, the technique described may be applied to a
range of polymer systems that may degrade during
rheological testing.

Theory

In this section, we outline the theoretical underpinnings
of the method by which we employ time-dependent
rheological measurements and degradation theory to
determine the flow curves in the absence of degrada-
tion. PHAs have been shown to undergo random ther-
mal degradation.""” For a polymer system undergoing
random degradation, the change in molecular weight
M, as a function of time can be expressed by'®

=t 1)
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where M, is the initial weight average molecular
weight, M, is the molecular weight of the polymer
repeat unit, and k is the thermal degradation rate con-
stant. In rheological experiments, the complex viscos-
ity n*(w) for highly entangled polymer melts can be
related to the molecular weight of the polymer under
investigation through

n* = KM 2)

where K is a material constant and () is a power law
exponent. The empirical frequency dependent power
law exponent has a form given by

o

(1 + (blw)bz) o

o =

where o is the standard zero-shear rate power law
exponent and b; and b, are material dependent con-
stants. As is common, we will take oy = 3.4.

By substituting eq. (2) into eq. (1), we obtain an
expression that, for a given frequency, describes the vis-
cosity as a function of time and polymer degradation:
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Figure 1 Structures of the monomers employed in this
study. (a) 3-HB; (b) 3-hydroxyvalerate; (c) 3-hydroxyhexa-
noate; (d) 6-hydroxyhexanoate.
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Figure 2 (a) Sequential complex viscosity—frequency sweeps for a 3HB-3HH copolymer; (b) Sequential shear viscosity-

shear rate sweeps for a 3HB-6HH copolymer.

Experimentally, we can measure the complex viscosity
n*(o,t), and our goal is to the determine the initial, time
zero, viscosity mn*(w)l,_(, prior to degradation.
Because a(w) is generally unknown, we can expand
eq. (4) in a series around t = 0 and obtain

ka,O) ¢

logn*(o,t) =logn*(o)|,_y — oc( M,

2
+chﬁ>ﬂ—o@y(m

Rewriting eq. (5) in a more compact form, we can say
logn*(,) = log " ()= + Y (~1)'(Rut)  (6)
i=1

where Ry; is an ith-order viscosity loss rate defined by

o (kMayo\'
Ri == (5 )
l(ZMo)

Given a knowledge of the polymer characteristics, and
a series of viscosity—frequency (or shear rate) sweeps
as a function of (known) time, it is therefore possible to
determine the initial viscosity curve over a range of fre-
quency (shear rate) that would be measured prior to
any degradation that occurs.

Equation (6) is based upon the complex viscosity
N* (o). An analogous expression may be obtained for
steady shear rate sweeps by replacing the frequency
o with the shear rate y. In addition, an analogous
expression to eq. (4) may be developed for materials

)

that undergo both thermal and hydrolytic degrada-
tion®” by adding in an additional term for the hydro-
lytic degradation.

MATERIALS AND METHODS

Three semicrystalline PHA polymers were employed
in this study. All of the polymers are copolymers
based upon 3-hydroxybutyrate (3HB). The polymer
molecular weights and architectures are described in
Table I. The 3HB-3HV copolymer was produced by
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Figure 3 First- and second-order fits of the complex vis-
cosity—time data at five representative frequencies for the
3HB-3HH copolymer.
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Figure 4 First-and second-order extrapolated complex
viscosity—frequency curves for the 3HB-3HH copolymer.

bacterial fermentation and is isotactic, whereas the
3HB-3HH and 3HB-6HH copolymers were produced
synthetically and are largely, but not completely iso-
tactic.'* Structures of the monomers are shown in
Figure 1. The copolymers incorporating 3HV and
3HH differ in the length of the alkyl sidegroup in
the comonomer. The copolymer that incorporates
6HH has a longer alkyl group that contributes to the
polymer backbone and is likely to be more flexible.

Samples for the rheological experiments were pre-
pared by compression molding of the polymer into
1.5-mm thick sheets at temperatures ~10°C above
the melting temperature. After cooling the sheets,
disks of 27 mm diameter were cut. The samples
were then stored in a vacuum oven overnight at
60°C before the experiments were performed.

Rheological results were obtained using a Rheo-
metrics Dynamic Analyzer RDA-II fitted with 25-mm
diameter parallel plates. Both dynamic frequency
sweeps and steady shear rate sweeps were per-
formed. For each sample, four sequential sweeps
were conducted to observe how the measured vis-
cosity decreased with increasing time. For all experi-
ments, a nitrogen atmosphere was used.

Because time is such a critical parameter in the
theoretical methodology employed, a consistent ex-
perimental protocol was followed for each experi-
ment performed. The plates were first equilibrated at
the test temperature in the rheometer furnace fol-
lowed by zeroing the gap. After zeroing, the gap
was set to 3 mm, and the furnace was opened. As
the polymer sample disk was inserted and the fur-
nace closed to heat the sample, a stopwatch was
started to track elapsed time. An initial gap was set,
and the sample melted in the furnace. After 1 min,
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the furnace was opened to trim excess material from
the plates. The furnace was closed again, and the
gap reduced to the test position. The sample was
allowed to equilibrate, and then the experiments
were begun. For all experiments, time equal to zero
(e.g. It = 0) was measured from when the stop-
watch was started after the sample was initially
loaded between the plates.

For the dynamic frequency sweep experiments, all
experiments were conducted in the linear viscoelastic
regime, and the frequency was varied from 0.1 to
100 rad/s. For the steady shear rate sweep experi-
ments, the appropriate delay before each measurement
time was determined to be 15 s, and a measurement
interval of 15 s was sufficient to minimize noise in the
results. Shear rates ranged from 0.001 to 0.1 .

RESULTS AND DISCUSSION

In Figure 2(a), we present representative complex
viscosity—frequency sweeps as a function of time, in
this case for the 3HB-3HH copolymer. At low fre-
quencies, the complex viscosity approaches a con-
stant (zero-shear) value. As the frequency increases
in each scan, we observe shear-thinning due primar-
ily to polymer orientation. The second scan was per-
formed at the conclusion of the complete first scan
frequency sweep. Owing to the degradation of the
polymer™® and the decrease in the polymer molecular
weight, we observe that the second (and subse-
quently the third and the fourth) scans show a con-
tinual decrease in the measured complex viscosity (at
equivalent frequencies). Therefore, the flow curves
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Figure 5 First- and second-order fits of the complex vis-
cosity—-time data at five representative frequencies for the
3HB-3HV copolymer.
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Figure 6 First-and second-order extrapolated complex
viscosity—frequency curves for the 3HB-3HV copolymer.

shown are a result of both polymer orientation and
shear thinning.

Figure 2(b) shows the curves for the steady shear
rate sweep experiment for the 3HB-6HH copolymer.
Because the shear rates reported are lower than
those frequencies encountered in the frequency
sweep experiment, the viscosity does not show dra-
matic shear thinning, although there is a small but
noticeable decrease in the viscosity with increasing
shear rate. However, we attribute this decrease not
to shear thinning effects associated with polymer ori-
entation, but rather due to the time required to con-
duct this experiment. If one looks at the viscosity
measured at the upper shear rates probed (10" s
for the first scan, it is almost identical to that measured
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at the lowest shear rate (1072 s') for the second scan.
Experimentally, these points are measured sequentially
(the time between measurements is described in the
previous section). Therefore, we believe that the
decrease in viscosity observed in Figure 2(b) is due
to the degradation of the polymer with time and is
not due to shear-thinning effects.

Given the types of curves produced experimen-
tally and shown in Figure 2, we now apply the theo-
retical framework outlined earlier to obtain the
expected viscosity curves that would occur at time
equal to zero, if we were able to measure the viscos-
ity in the absence of any degradation.

Complex viscosity

In Figure 3, five representative frequencies are
chosen from the 3HB-3HH experiment shown in
Figure 2(a), and the complex viscosity is plotted as a
function of time (as defined in the experimental
methods section). As expected, the low frequency
values take the most time to measure whereas, at
high frequencies, the required oscillation to obtain
the value occurs very rapidly. Figure 3 also shows
the results for the first- and second-order extrapola-
tion method of eq. (6). At high frequencies, both
methods seem to provide suitable fits to the experi-
mental data. However, at the lower frequencies, it is
apparent that the second order extrapolation method
provides a better fit to the time-dependent data.
Higher order fits are generally not justified, since the
results are usually not statistically different from the
second-order fits.

Figure 4 shows the complex viscosity—frequency
curves for the 3HB-3HH copolymer, including the
calculated extrapolated curves (in the absence of
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Figure 7 Viscosity loss rate behavior Ry; for (a) the 3HB-3HH copolymer and (b) the 3HB-3HV copolymer.
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Figure 8 First-and second-order extrapolated shear vis-
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degradation) that are predicted by eq. (6). This figure
shows the predicted values of the complex viscosity
at all of the measured frequencies. Both the first-
order extrapolation and the second-order extrapola-
tion from eq. (6) are presented as open symbols. We
note that at low frequencies, the second-order
extrapolation predicts a slightly larger value of the
complex viscosity than does the first-order extrapola-
tion (as is expected from the results shown in
Fig. 3), which is due to the form of eq. (5). However,
at higher frequencies, the first- and second-order
extrapolations collapse onto a single curve.
Also shown on Figure 4 are the Ellis model

. Mo
= 3 8
1 1+ (t0)™" ®)

fits for each of the viscosity scans. In eq. (8), T is a
characteristic relaxation time and » is the power-law
exponent. Use of the Ellis equation allows the fitting
of a zero-shear value for the complex viscosity,
although, for the time-dependent scans, it should be
noted that this fitting does incorporate some time-
dependent decrease in the viscosity due to degrada-
tion. However, at high frequencies, this time is rela-
tively small due to the short time interval required
for high frequency measurements.
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In Figure 5, the time-dependent complex viscos-
ities, at four representative frequencies, are shown
for the 3HB-3HV copolymer, along with both the
first- and second-order extrapolations determined
using eq. (6). Here, more clearly, we see why the
second-order extrapolation provides a better fit,
especially at the low frequencies. Figure 6 shows the
complex viscosity sweeps as a function of frequency,
including both the complete first- and second-order
extrapolations. Again, at high frequencies, the ex-
trapolated curves collapse onto one another whereas,
at low frequencies, the second-order extrapolation
exceeds the first-order extrapolation in value. In
addition, the sharp decrease in the experimental
measured scans at low frequencies is eliminated
with the second-order fit, because these decreases
are due to the time required for the points to be
measured experimentally (and therefore of the poly-
mer degradation), rather than characteristic of the
polymer rheology. It is interesting to note that the
poorer fit offered by the first-order extrapolation
does not eliminate this initial decrease.

The viscosity curves that are extrapolated to time
zero, and therefore prior to degradation, depend
on the viscosity loss rates R,; defined by eq. (7).
Figures 7(a) and 7(b) show the values of the R.; for
the 3HB-3HH and the 3HB-3HV copolymers, respec-
tively. Values are shown for both the first- and sec-
ond-order extrapolations. Given the form of eq. (6)
with the alternating positive and negative terms, it is
apparent that Ry, for the second-order fit should
exceed R,; for the first-order fit, and this is indeed
the case. As expected, R, for the second-order fit is
significantly lower in magnitude than the initial
term. Equation (7) also enables one to determine the
degradation rate constant k for each of the polymers.
We find that a single value of k is valid for each of
the polymers over the entire range of frequencies
investigated.

Steady shear viscosity

Given the successes encountered with the complex
viscosity results for two different polymers, we now
seek to apply this model to the time-dependent
steady shear rate sweeps shown for the 3HB-6HH

TABLE II
Zero-Shear Viscosities and Degradation Rate Constants for the 3HB-6HH Copolymer
in Both Dynamic and Steady Testing, at a Test Temperature of 135°C

Steady mode

Dynamic mode

Mole = o k Mole=o k
Analysis method (10* Pa s) (1077 min™1) (10* Pa s) (107® min™")
First-order extrapolation 3.37 9.05 3.15 1.16
Second-order extrapolation 3.34 1.3 3.44 1.71
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Figure 9 First-and second-order extrapolated moduli—frequency curves for the 3HB-3HH copolymer. (a) storage modulus

G'(®); (b) loss modulus G"(w).

copolymer shown in Figure 2(b). Figure 8 shows the
viscosity curves extrapolated to zero time in the ab-
sence of degradation. As expected, these results
demonstrate the existence of the zero-shear viscosity
plateau over the entire range of shear rates probed
experimentally. Table II provides a comparison of
the extrapolated viscosity curves for 3HB-6HH for
both steady and dynamic testing. We note that the
extrapolated values confirm the validity of the Cox-
Merz rule for this material, and also note that the
degradation constant k obtained in both types of
experiment are of similar magnitude.

Dynamic moduli

The storage, G'(0) and loss, G"(w) moduli obtained
from dynamic oscillatory experiments can provide
significant information about the polymer under con-
sideration. In this section, we attempt to extend the
analysis presented earlier toward obtaining extrapo-
lated time zero curves for the storage and loss mod-
uli prior to polymer degradation. The complex vis-
cosity n*(o) was actually calculated from the G’ and
G" data, according to the following expression:

(G)*+ (G

= ©)

However, there is no general appropriate expression
analogous to eq. (2) that relates the storage or loss
moduli to molecular weight. Hence, there is no
strong theoretical basis from which to develop an
expression analogous to eq. (6). Instead, given that

the complex viscosity n* depends on the moduli as
shown in eq. (9), we simply choose to assume that
the moduli G'(®) and G"(®) follow a similar form to
eq. (6) so that

log G'(w,t) =log G'(®)|,_o + Z ) (Rgit), and
(10a)
log G (o, 1) = 1og G" ()|, + Z ) (Rgrit').  (10Db)

-
Q
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Figure 10 Extrapolated complex viscosity—frequency curves
for the 3HB-3HH directly from n* and computed using ex-
trapolated values of G/, G".
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Figure 11 Loss rate behavior for the dynamic moduli for the 3HB-3HH copolymer. (a) Rg; and (b) Rg ;.

Then, we use the first- and second-order extrapola-
tion procedure to obtain the time zero curves as a
function of frequency. Although the ad hoc form for
the moduli is that of eq. (6) the ith-order loss rates
Rg i and Rgr; are not the same as the R,; terms
found for the viscosity curves, and indeed we do
not prescribe any physical significance to the val-
ues of Rg; and Rgr;, which are determined for the
moduli.

Figures 9(a) and 9(b) show the storage and loss
moduli for the 3HB-3HH copolymer, along with
the first- and second-order extrapolated values
obtained using egs. (10a) and (10b). As before, the
second-order extrapolations result in a slightly
larger value of G’ and G” than does the first order
extrapolation. One way to evaluate the effective-
ness of this ad hoc procedure for G’ and G” is to cal-
culate the time zero complex viscosity n*(®), using
the results from eqs. (10a) and (10b), and compare
these results to those obtained, from a more theo-
retically rigorous analysis, from eq. (6). Figure 10
shows a remarkable agreement between these two
methods.

We now turn to a discussion of the ad hoc loss
rates Rg'; and Rgr; obtained through the G’ and G”
analysis. Figures 11(a) and 11(b) show, for the
3HB-3HH copolymer, the first- and second-order fit
terms for the storage and loss modulus, respectively.
For the storage modulus, the dependence on fre-
quency is similar to that of eq. (3). However, the
results for the loss modulus are qualitatively differ-
ent and, above a certain frequency, the Rg» term
actually goes negative. Physically, this is inconsistent
with the arguments presented for the viscosity
expansion, and reinforces the notion that, although
Figure 10 provides some support for the method, the
analysis for the moduli is ad hoc.

One parameter that can be extracted from the
dynamic moduli is the molecular weight between
entanglements, M,. This parameter describes the av-
erage molecular weight that occurs between entan-
glement points, and according to Doi-Edwards®'
theory this may be determined from

1575

15 ng _ 15ngMe
— 2"

n?2 pRT °

Td (11)

In eq. (11) GY is the plateau modulus and 1, is the
characteristic disengagement time may be approxi-
mated as 1/w, where . is the crossover frequency
from linear viscoelastic measurements. Table III pro-
vides values for M, for the three different copoly-
mers under consideration. Because 3HB-6HH has the
most flexible chain backbone due to the linear 6HH
monomer, its M, is the lowest of the copolymers
investigated. Although the 3HH monomer results in
a longer side chain than does the 3HV monomer, we
find that the 3HB-3HH has a lower M, than 3HB-
3HV. This may be attributed to the lower comono-
mer concentration for the 3HB-3HH copolymer and
the isotacticity of the 3HB-3HV.

TABLE III
Estimated Molecular Weights between Entanglements
for the Copolymers, Based upon Experiments
Performed at the Indicated Temperatures

3HB-3HV 3HB-3HH 3HB-6HH
Analysis method (T =165°C) (T =150°C) (T = 135°C)
First-order 12,800 7800 6000
extrapolation
Second-order 13,600 7700 5700
extrapolation
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CONCLUSIONS

A theoretical framework has been developed that
enables one to better quantify the rheology and ini-
tial physical properties of polymer materials that de-
grade over the time interval required for experimen-
tal characterization. Based upon a fundamental
understanding of the degradation kinetics, the com-
plete flow curves can be determined for a time prior
to degradation. The parameters that can be deter-
mined include a characteristic relaxation time and
the molecular weight between entanglements.

The method is applied to both time-dependent
complex viscosity—frequency data and the time-
dependent steady shear viscosity-shear rate data for
three different PHA copolymers. A time zero flow
curve may be obtained with either a first- or a
second-order extrapolation procedure. On the basis
of the extrapolated curves, the Cox-Merz rule is con-
firmed. A degradation rate constant k can also be
determined, that is valid over the entire range of fre-
quencies/shear rates investigated.

In addition to the time zero extrapolated viscosity
curves, a similar method is applied to the raw stor-
age and loss moduli data. Although this method is
clearly ad hoc, given the absence of an appropriate
relationship between the moduli and molecular
weight, a comparison between the curves obtained
directly from extrapolated complex viscosity data
and those obtained using extrapolated G’ and G” data
indicates that the values obtained are reasonable.

HARRISON AND MELIK
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