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Abstract A new experimental and 
numerical method has been devel- 
oped to characterize the terminal 
flow behavior of polydisperse, com- 
mercial grade polymer melts over a 
wide dynamic range of time/fre- 
quency scales. Experimentally, an 
MVM rheometer specifically de- 
signed for long time scale 
(t ,-~ 104 S) creep measurements is 
used to measure the creep compli- 
ance of three commercial polymers: 
two high density polyethylenes and 
one polystyrene. The long time 
scale MVM creep data are comple- 
mented in the short time scale 
regime by creep data from an indus- 
trial plate-plate rheometer. The time- 
dependent creep data is combined 
and converted to a discrete retarda- 
tion spectra using a nonlinear regu- 
larization algorithm to address the 
ill-posed nature of the interconver- 
sion. The retardation spectrum is 
analytically converted to dynamic 
moduli and compared with indepen- 
dently measured dynamic moduli. In 

the overlapping frequency region, 
calculations and measurements show 
excellent agreement and the com- 
bined data span a much larger dy- 
namic range than either independent 
data set. The calculated and mea- 
sured dynamic moduli data are com- 
bined and a retardation spectrum 
with a vastly expanded dynamic 
range is generated. Combining long 
time scale MVM creep compliance 
data and dynamic moduli data ex- 
ploits the intrinsic sensitivities of 
controlled strain and controlled 
stress rheological experiments and is 
a powerful means to greatly expand 
the experimentally accessible dy- 
namic range of time/frequency. This 
approach is particularly useful for 
commercial polymers with broad 
molecular weight distributions and 
commensurately large distributions 
of relaxation times. 
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Introduction 

The rapid development of metallocene-catalyzed poly- 
mers has made it possible to carefully control the mo- 
lecular weight distribution of prosaic commercial poly- 
mers such as polyethylene and polypropylene (Thayer, 
1995). For linear flexible polymers, the molar mass dis- 
tribution is the most fundamental characteristic of the 
material. In principle, knowledge of the molar mass dis- 

tribution is equivalent to knowledge of all mechanical 
properties of the melt (Doi and Edwards, 1986). Thus, 
the ability to manipulate the molecular weight distribu- 
tion imparts the ability to manipulate the physical prop- 
erties of the melt and hence its processing characteris- 
tics. The enhanced chemical capabilities of metallocene 
catalysts has brought about a need for improved materi- 
al Characterization techniques with enhanced sensitivity 
and resolution of subtle changes in the molecular 

7z 



658 Rheologica Acta, Vol. 36, No. 6 (1997) 
© Steinkopff Verlag 1997 

weight distribution. Relatively simple characterization 
methods currently in use such as melt flow index (MFI) 
do not have the ability to resolve relatively small differ- 
ences in molecular weight distribution that can be read- 
ily produced with metallocenes. 

The extreme sensitivity of linear viscoelastic material 
functions with respect to molecular weight and molecu- 
lar weight distribution coupled with the simplicity of 
the measurements make them ideal properties for char- 
acterizing polymers with complex molecular weight 
distributions. For example, the zero shear viscosity is 
known to scale as weight average molecular weight to 
the 3.4 power. Thus, small changes in the molecular 
weight distribution lead to large changes in viscosity. 
Other linear viscoelastic material properties and func- 
tions have similarly strong dependence on molecular 
weight and/or its dispersion. Indeed, the extreme sensi- 
tivity to molecular weight is the fundamental principle 
that underlies rheological methods of determining the 
molecular weight distribution (Tsenoglou, 1991; Mead, 
1994). 

There are inherent experimental problems associated 
with measuring the relaxation spectrum of commercial 
polymers that are principally associated with the large 
dynamic range of time/frequency required to character- 
ize these systems. A rough estimate of the dynamic 
range required for a complete characterization of the 
linear viscoelastic relaxation spectrum can be gleaned 
via a simple calculation based on the scaling of the 
longest terminal relaxation time with molecular weight. 
The longest terminal relaxation time scales as molecular 
weight to the 3.4 power, 2 ~ M 3'4. If a commercial 
polymer has a molecular weight distribution spanning 
,-~ 3 decades, which is not uncommon, the correspond- 
ing relaxation spectrum will span at least ~ 10 decades 
of time/frequency! This is truly an enormous dynamic 
range and no single rheological instrument possesses 
such a huge dynamic range. Frequently, time/tempera- 
ture superposition is used to expand the effective dy- 
namic range of rheological instruments. However, for 
many common polymer systems, such as commercial 
polyolefins like PE or PP, the activation energy for flow 
is so small that time/temperature superposition cannot 
be effectively used to significantly enlarge the dynamic 
range of measurement (Janeschitz-Kriegl, 1983). 

Physically, stress in the terminal zone is due princi- 
pally to the high molecular weight tail of the molecular 
weight distribution. Although the high molecular weight 
tail may contribute a relatively small fraction of the to- 
tal stress throughout most of the linear viscoelastic fre- 
quency domain, their contribution in fast non-linear 
flows, where processing occurs, is usually very signifi- 
cant. In fact, the contribution of the high molecular 
weight tail can completely alter the qualitative behavior 
of the flow. Specifically, the long time scale relaxation 
processes associated with the high molecular weight tail 

control the elastic character of the melt and are inti- 
mately related to important processing phenomena such 
as die swell, bubble stability in film blowing and elasti- 
cally derived flow instabilities. Thus, to properly char- 
acterize the processability of the melt, it is crucially im- 
portant to access the full terminal zone behavior where 
the high molecular weight tail of the molecular weight 
distribution dominates. 

Beyond the issue of dynamic range limitations, there 
are also serious considerations about the ability to ex- 
perimentally resolve the minute stress levels present in 
the terminal zone of polydisperse systems. Limitations 
in transducer technology will always set an upper 
bound on the accessible relaxation times in any con- 
trolled strain experiment. Since no single rheological in- 
strument is capable of measuring such a wide dynamic 
range of both time/frequency and stress (torque), it will 
generally be necessary to make multiple measurements 
with different instruments and combine the data if a 
complete spectrum spanning the entil-e terminal and pla- 
teau regions is to be obtained. In this regard, it has long 
been known that certain linear viscoelastic experiments 
are more/less sensitive to the long/short timescales than 
others. Specifically, it is generally known that con- 
strained elastic recovery experiments are much more 
sensitive to long time scale relaxation processes than 
dynamic moduli measurements (Plazek, 1992; Plazek 
and Chay, 1991). Qualitatively, this can be understood 
since, in the zero Reynolds number limit, even the 
smallest residual stress is, in principle, capable of driv- 
ing the strain recovery process. Ultimately, the experi- 
ment will be limited by parasitic torque and rotational 
inertia, however, this technique is nevertheless capable 
of accessing stress levels vastly lower than those in a 
controlled strain experiment (Franck, 1985). The princi- 
pal point here is that to access long time scale relaxa- 
tion in the terminal zone one must utilize an experimen- 
tal method capable of probing the dynamics of a materi- 
al with truly minute stress levels. One instrument cap- 
able of such sensitive measurements is the MVM rhe- 
ometer which we shall utilize in our work in combina- 
tion with more conventional rheometers. 

One of the principal objectives of this work is to de- 
velop viable and rigorous numerical methods to com- 
bine and utilize the data from different linear viscoelas- 
tic experiments to generate a composite relaxation spec- 
trum with an expanded dynamic range, particularly in 
the low frequency terminal zone. As noted above, a 
suitable pair of material functions would be the dy- 
namic moduli G* (co) and the creep compliance J (t) 
which have very different sensitivities to short and long 
time scale relaxation processes. The issues here are 
subtle in that measurements from two or more different 
instruments must be combined such that the data from 
different experiments interleave smoothly in the over- 
lapping time/frequency regions. Although methods to 
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interconvert complete material functions have been de- 
veloped (Mead, 1994), the specific issues required to 
interconvert and combine partial data sets have not 
been previously addressed in the research literature. 
One possibility to generate viscoelastic mastercurves 
has been outlined by Kaschta and Schwarzl (1994). For 
a narrow molar mass distribution polystyrene, they suc- 
cessfully converted creep compliance measurements to 
dynamic moduli. The agreement between the measure- 
ment and numerical conversion was excellent. 

In a previous paper, we presented a new experimen- 
tal method to measure the r/+ (t)-material function in 
long time regime (Ringhofer et al., 1996). A special 
type of falling sphere viscometer, the magneto visco- 
meter, was adapted to measure time-dependent compli- 
ance for extremely long time scales (t ~ 104 s). This in- 
strument is capable of measuring viscosity as well as 
compliance. The high precision of the instrument is ab- 
solutely essential in the terminal flow regime where the 
stress levels are very low. Comparison with creep com- 
pliance measurements from a standard plate-plate rhe- 
ometer (which we label as DSR compliance or DSR 
creep data) verifies the MVM results. The DSR data are 
used to complement the MVM creep data in the shorter 
time scale regions. 

In this work we will present MVM creep compliance 
measurements for three different polydisperse commer- 
cial polymers, two HDPE and one polystyrene. The 
unique ability of the MVM to characterize the long 
time scale relaxation regime of polymers with high ac- 
curacy can be exploited to create creep mastercurves 
that supplement the DSR creep data. We will demon- 
strate that MVM measurements provide valuable infor- 
mation about long time scale relaxation processes of 
commercial polymers, which is otherwise very difficult 
to access. These data can be combined with experimen- 
tal dynamic moduli to further expand the experimen- 
tally accessible dynamic range of frequency/time by 
several decades. 

This paper is organized as follows: In the second 
section the strategies and numerical tools for the inter- 
conversion of viscoelastic material functions are de- 
tailed. The next two sections contain details of the ma- 
terials and experimental methods employed for the mea- 
surement of the time-dependent creep compliance and 
the dynamic moduli. In the fifth section, results for the 
creep compliance from different measurement techni- 
ques are shown. The interconversion of creep data to 
dynamic moduli is performed and dynamic master- 
curves for all the materials are generated by overlaying 
the interconverted and measured moduli. Results of the 
conversions will also be discussed. In the final section 
we will summarize the unique role of MVM controlled 
stress creep measurements for the characterization of 
the terminal behavior of broad molecular weight distri- 
bution commercial polymers. 

Retardation spectra and their numerical interconversion 
to dynamic moduli 

Nonlinear regularization for the calculation 
of retardation spectra 

The retardation time spectra - continuous or discrete - 
is a very powerful tool in the characterization of poly- 
mer melts (Plazek, 1992). Knowledge of the retardation 
spectra in principle enables one to calculate any other 
linear viscoelastic material function (Kaschta and 
Schwarzl, 1994; Mead, 1994). Furthermore, the spectra 
contain detailed information about the polymer's molec- 
ular weight distribution (Mead, 1994). The retardation 
spectra are particularly sensitive to contributions from 
the high molecular weight tail of the distribution. 

The retardation time spectrum is generally only ac- 
cessible to experimental measurement in a very limited 
range of time scales. Therefore, to determine a spec- 
trum over a broad dynamic range, one has to resort to 
indirect measurements involving other material func- 
tions. One material function which can be measured 
over a broad range of times with high accuracy is the 
creep compliance J(t). To extract the retardation time 
spectrum from experimental data we have to restrict 
ourselves to the range of small stress such that the lin- 
ear Boltzmann constitutive equation is valid: 

t 

y ( t ) =  / J(t- t ' )#(t ' )dt '  (1) 
- - 0 0  

Here, 7(t) and &(t) are the strain and the stress deriva- 
tive with respect to time, respectively. J ( t -  t ~) is the 
time-dependent compliance. For creep experiments per- 
formed with a Magnet Viscometer (MVM) (o-=0 for 
t<O and o-=o- o for t>O), Eq. (1) yields 

y(t)=J(t)ao t>_O (2) 

To determine a continuous retardation spectrum j(z) for 
a general stress history Eq. (1) can be transformed into 
an expression explicit in the compliance (Tschoegl, 
1989). 

+oo 

J(t) = Jo + t_ + f L (z) (1 - e-{) d In (v) (3) 
~/0 

--OO 

Here L(v) denotes the nonnegative logarithmic retarda- 
tion spectrum, e.g. L(~) = r j  (z). J0 is the elastic com- 
pliance and t/0 the zero shear viscosity. Taking the 
Fourier transform of (3) leads to the following expres- 
sions for the dynamic compliance, 

~-oo  

--OO 

1) 
+ (0 2 "C 2 d In (v) 
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I ( jH(CO) = 1 ÷ L(T) l ~£7.O 5 T 2 In (r)  (4) 
co iT0 

o o  

A generalized N mode serial Voigt model (Fen?/, 1980; 
Janeschitz-Kriegl, 1983; Tschoegl, 1989) is commonly 
used to approximate the retardation spectrum in (4) 
with a discrete series of N retardation strengths and re- 
tardation times {Jk, rk}. Using the discrete spectrum in 
(3) and (4) yields 

N 
t E j k (  1 e-~) J(t) = Jo + - - +  

t/o k=l 

N(1) 
= J0 + Z Jk k=~ 1 + (.o2 r2 k 

j , , (co)= 1 ÷ E j k  l+co2rk - -  2 (5) 
co ~/o k=l 

A similar set of equations describes the relationship be- 
tween the time-dependent or dynamic moduli G(t), 
G' (co), G" (co) and the relaxation time spectrum. 

From Eqs. (5) one can see that the numerical calcula- 
tion of a discrete retardation spectrum requires the de- 
termination of a total of 2N+2 parameters. The solution 
of these equations is an ill-posed problem according to 
a definition of Hadamard (Morozov, 1984). An opera- 
tional characteristic of the ill-posedness is that small un- 
certainties in the experimental data may lead to large 
fluctuations and errors of the retardation time spectrum 
(Friedrich and Hoffmann, 1983; Honerkamp and Weese, 
1989). Therefore, substantial numerical effort is typical- 
ly necessary to determine the response spectrum from 
time-dependent creep data. 

During the past few years considerable progress has 
been made in the development of numerical routines to 
solve ill-posed problems in rheology. All methods to 
address the ill posed nature of systems pivot on intro- 
ducing additional a priori information on the structure 
of the solution into the algorithm. There are two major 
classes of numerical methods which have been success- 
ful in the calculation of relaxation time spectra. In the 
first category we include algorithms based on standard 
linear or non-linear regression analysis. Representatives 
of this class are the algorithms from Kaschta (!992), 
Emri and Tschoegl (1993, 1994), Banmgaertel and Win- 
ter (i989) and Brabec and Schausberger (1995). The 
second category is regularization analysis which gains 
more significance as the computational power of PCs 
increases• There exist different implementations of regu- 
larization algorithms like CONTIN (Provencher, 1982; 
Mead, 1994) or NLREG (Honerkamp and Weese, 1993; 
Weese, 1992) and FTIKREG (Honerkamp and Weese, 

1990; Honerkamp et al., 1991), but the basic principles 
of the numerical algorithms are all identical. Since this 
paper deals with the numerical calculation of retardation 
time spectra and their interconversion to linear material 
functions, analytical approximations (Schwarzl and Sta- 
verman, 1952; Ferry, 1980) will not be considered. 

Regularization programs, like that of Honerkamp and 
Weese, do not have to restrict the number of relaxation 
times to guarantee the calculation of reasonable shaped, 
smooth spectra. Tikhonov regularization eliminates high 
frequency oscillations by penalizing the residual of the 
error norm with functions proportional to the norm of 
the spectrum or its second derivative. An additional pa- 
rameter a, the regularization parameter, is introduced to 
control the magnitude of the curvature penalty function 
in Eq. (6), 

N 1 

i=1 

÷ a  

+oe 2 

)1 + - -  + ( 1 -  e-~)L(z) d(ln r) 
110 

--OO 

L (v) d (ln r ) ,  (6) 

--OO 

where J~ , . . .  ,J~v denote the experimental data for 
J ( / 1 ) , . . ' ,  J (tN) and 0-1,..., 0-N are the corresponding 
errors. 

Further improvements in the quality of spectra calcu- 
lations were realized with the development of nonlinear 
regularizati_on, which calculates t h e  logarithm of the 
spectrum L(r) = log L(r) instead of the spectrum L(r) 
itself. For the calculation of the logarithm of a spectrum 
from creep data, Eq. (3) is modified in the following 
way leading to a new representation (7) 

-[-oo 

J(t) = J 0 + - t  + f 
t/0 

--OQ 

10 L(~) (1 - e-~) d In (z) (7) 

and a new objective functional (8) 

N 
Vial = Z 1 

i=1 0-2 

+oc 2 

• - + - - +  (1 - e-~)  10£(~)d (ln r 
t/0 

--OO 

+ a 7y 2 L d (in (8) 
--OO 
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The regularization parameter is determined in a self- 
consistent manner. A detailed description of the algo- 
rithm and its implementation can be found in the origin- 
al literature of Weese (1992). To obtain a discrete retar- 
dation spectrum Jk and zk, a set of parameters zk has to 
be prescribed. The retardation times zk in our case were 
pre-specified to be logarithmically equidistant with spa- 
cings of up to 10 retardation times per decade. There- 
fore, minimization of Eq. (8) determines N+2 parame- 
ters, N retardation weights Jk as well as J0 and I/0. For 
all materials regulafization calculated positive, smooth, 
physical reasonable spectra with no residual dependen- 
cies on the number or the density of retardation times. 
The average deviation between the experimental and re- 
calculated data was smaller than the experimental error 
in the creep measurements, indicating that no further 
improvement to the fit was possible. 

The preservation of the higher integral moments of 
the spectrum is a powerful criteria to assess the physi- 
cal relevance of solutions for ill-posed problems. This 
is especially important in the case of retardation or re- 
laxation time spectra, where the higher integral mo- 
ments are quantifies, such as the zero shear viscosity 
and recoverable compliance, which can be directly and 
independently accessed by experiment (Mead, 1994). 
For the retardation spectrum, self-consistency demands 
that the following relation be satisfied: 

1 N 
JOe = ~ J k  (9) 

G° + k=~ 

This point is particularly important since the retardation 
spectrum will be used for numerical interconversion be- 
tween creep compliance and dynamic moduli. For suc- 
cessful interconversions, the retardation spectrum has to 
contain the correct characteristic information of the 
polymer systeml It has recently been demonstrated 
(Brabec et al., 1997) that the nonlinear regularization al- 
gorithm is capable of preserving a spectmm's higher in- 
tegral moments. Therefore nonlinear regularization will 
calculate retardation spectra containing equivalent self- 
consistent information such as other linear viscoelastic 
material functions. 

Determination of the dynamic moduli 
from creep compliance 

The relaxation modulus G(t) and the creep compliance 
J(t) are related to one another by the Volterra equation 
(Ferry, 1980) 

~-oo 

t=  f J( t ' )G(t-  t')dt' 
- - 0 0  

(i0) 

If one of the functions G(t) or J(t) is known, the other 
function can in principle be calculated by inverting the 
convolution Eq. (10). Since this process requires invert- 
ing LaPlace transforms, the interconversion between 
G(t) and J(t) via this route is also an ill-posed prob- 
lem. However, when either G(t) or J(t) is given in dis- 
crete form, the interconversion between them is alge- 
braic and trivial (Mead, 1994). In the frequency do- 
main, the relationship between G*(co) and J*(c~) are 
algebraic and the conversion between the dynamic mod- 
uli and compliance is trivial; 

J ' ( c o )  
= 2 + 

J"(co) (11) 
G"(co) = [J'(c°)] 2 + [jtt(co)]2 

The calculation of the dynamic moduli via Eq. (11) re- 
quires knowledge of the dynamic compliance. The ma- 
terial function measured by the MVM is the time-de- 
pendent creep compliance J(t): therefore, the next step 
is the conversion between J(t) and J*(co). Using 
Eq. (5) this conversion is trivial when the discrete retar- 
dation spectrum {Jk, ~k, Jo, t/0} is known. 

It is impoant to note that the conversions following 
the calculation of the retardation time spectrum 
(Eqs. (5), (11)) are exact and hence introduce no addi- 
tional numerical error. Therefore the quality of the 
whole interconversion pivots on the quality of the cal- 
culation of the retardation spectrum from the experi- 
mental creep compliance data. 

Different paths for the numerical interconversion and 
between J(t) and G*(co) have been suggested in the re- 
search literature (Mead, 1994; Tschoegl, 1989; 
Schwarzl, 1990; Ferry, 1980). We believe that the path 
via the retardation spectrum described above has the 
highest precision and the least numerical error. The cru- 
cial step in this interconversion process is the determi- 
nation of the retardation spectrum. In this work a spe- 
cial modification of regularization, the nonlinear regu- 
larization, is used. There are three principal reasons for 
choosing regularization algorithms to solve the ill-posed 
interconversion problems in our work. First, by compar- 
ing different numerical techniques, Brabec et al. (1997) 
demonstrated that regularization is a robust method cap- 
able of calculating physically correct spectra with very 
high retardation or relaxation time densities. Second, 
Mead (1994) and Honerkamp and Weese (1989) 
showed that regularization techniques are able to calcu- 
late the correct spectrum even when there is large ex- 
perimental error in the input data. Investigations on nu- 
merically simulated data show that regularization can 
remove up to 10% random error from experimental data 
when recalculating the viscoelastic material function 
from the spectrum. Third, regularization techniques are 
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Table 1 Material characteristics of the commercial polymers examined in this work 

MFR p (23 °C) log qo 
[g/10 min] [g/cm 3] [Pas] 

Daplen DE3964 0.80 0.939 
(190 °C, 5 kg) 

Hostyren PSN7000 1.05 
Eltex PE91C 11.4 0.944 

(160 °C, 21.6 kg) 

5.76 (160°C) 

4.88 (200 °C) 
5.84 (180°C) 

able to determine the correct spectrum even in the case 
of incomplete input data sets, which is a common prob- 
lem in the determination of viscoelastic properties of 
polymers with a broad molar mass distribution. 

Materials 

Three polymers representative of polydisperse commer- 
cial systems were investigated in this study: 

- Daplen DE 3964 (HDPE, PCD Polymere GmbH) 
- Eltex PE 91C (HDPE, Solvay SA) 
- Hostyren PS N 7000 (PS, Hoechst AG) 

General material characteristic data are summarized in 
Table 1. All materials have been supplied by the produ- 
cers in pellet form and were compression molded for 
the rheological investigations (7 mm rods in the case of 
the MVM, 2 cm plaques in the case of the dynamic 
measurements). The samples were dried prior to mea- 
surement. 

Experimental 

Three different types of experimental methods were 
used to generate mastercurves over a wide dynamic 
range as outlined above. Specifically, 

1) Dynamic/mechanical measurements on Rheometrics 
RDSII  (stress-controlled) and Rheometrics CSR 
(strain-controlled) to determine G'(co) and G"(co) in 
the range of 10 -~ and 103 rad/s. 

2) Creep-compliance measurements on Rheometrics 
RDS II to determine J(t). 

3) Constant stress flow startup-measurements around a 
sphere using a Paar/Physica Magnetoviscosimeter 
(MVM) to determine J(t). 

In the first experiment, a cone-and-plate geometry is 
used and the relevant standard (ISO 1994) is followed 
closely. Since there were no significant differences be- 
tween the moduli data from the two instruments em- 
ployed, only the RDS II measurements were actually 

used. In the second experiment, a plate-plate geometry 
was used for the J(t)-measurements on the Rheometrics 
RDS II. 

The creep measurements on the MVM were per- 
formed in the following manner: During the sample 
preparation, a 3 mm steel ball is centered in the 7 mm 
PP-rod. The premolded sample is heated up in a brass 
cell until a homogeneous temperature-distribution is 
reached. For the samples investigated, the viscosity is 
sufficiently high that displacement of the steel ball due 
to gravity is negligible. When the sample is brought 
into the magnetic field the steel ball moves under the 
action of the force Fm. The displacement of the sphere 
is related to the shear strain ?J(t) and is recorded as a 
function of time. Thus the creep compliance can be de- 
rived directly from this curve. Details about the operat- 
ing principles of the MVM are reported by Gahleitner 
and Sobczak (1991) and Ringhofer et al. (1996). 

Results and discussion 

MVM-creep data have been measured over time ranges 
typically from 1 to 15 000 s. The measurement tempera- 
ture for the polystyrene sample N7000 is 200°C, for 
the DE3964 160°C and for the PE91C 180°C. Time- 
temperature superposition shifts have not been evalu- 
ated, as this effect is insufficient for the investigated 
materials (except the N7000). Since the experimental 
point density from MVM measurements with 10 points 
per second is too high for computational investigations, 
the experimental data set has been culled to point densi- 
ties of between 20 to 100 points per time decade. The 
culled MVM creep measurements are overlaid onto J(t) 
measurements from the DSR rheometer to generate a 
mastercurve. The mastercurves are shown in Figs. 1, 3 
and 4 in a log-log format together with the creep curves 
recalculated from the retardation spectrum. 

Typically, the retardation spectrum is calculated by 
minimization of Eq. (8) with retardation time densities 
of between 5 to 10 logarithmically equidistant times per 
decade. The calculations were performed on Pentium 
PC with typical calculation times o f  less than 10 rain. 
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Fig. 1 Creep compliance mastercurve for Daplen DE 3964 at 180°C 
(full squares Rheometrics DSR II and PAAR/Physica MVM, line re- 
calculated from retardation spectrum) 
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Fig. 2 Comparison of creep measurements for Daplen DE 3964 at 
180°C (full squares and crosses PAAR/Physica MVM, open symbols 
Rheometrics DSR II, plate-plare arrangement) 
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Fig. 3 Creep compliance mastercurve for Eltex PE91 C at 160°C 
(full squares Rheometrics DSR II and PAAR/Physica MVM, line re- 
calculated from retardation spectrum) 
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Fig. 4 Creep compliance mastercurve for Hostyren PS N 7000 at 
200°C (full squares Rheometrics DSR II and PAAR/Physica MVM, 
line recalculated from retardation spectrum) 

From the calculated parameter set {Jk, rk, Jo and t/0 } 
the original data are recalculated and compared with the 
original experimental data. Finally, from Eq. (5) the dy- 
namic creep compliance is calculated. 

Figure 1 shows the creep mastercurve of the DE3964 
determined by MVM measurements respectively DSR 
measurements. The arrows indicate the contribution of 
the single measurement techniques to the mastercurve. 
The exact correlation time between the different mea- 
surements can be seen in Fig. 2. Here the complete 
creep data as determined by both the MVM and the 
DSR rheometer are plotted in a double logarithmic re- 
presentation. For creep times in excess of about 2000 s, 
the MVM and DSR data are in close agreement. We 
have selected this creep time as the transition point for 
the generation of the mastercurve, i.e. at shorter times 
the creep mastercurve is built by the DSR data, while at 

times higher than the correlation time only MVM data 
are used. Using the MVM creep data the window of 
time scales that could be probed in the creep experi- 
ment was expanded by about one decade. This is an 
especially useful tool for polymers such as polyethylene 
where time temperature superposition is ineffective in 
expanding the effective time scale. 

Both curves reach the linear flow regime of the 
creep curve, which is characterized in a double-logarith- 
mic plot by the slope d log J(t)/d log (t) = 1. The on- 
set to the rubbery plateau regime is barely discernible 
which is typical of systems with large levels of polydis- 
persity. In the very short time region of Fig. 1, one can 
see small deviations between the experimentally deter- 
mined creep curve and the recalculated spectrum curve. 
We attribute these differences to the well known startup 
problems of creep measurements (Schwarzl, 1990), 
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Fig. 5 G ~, G~(co) for Daplen DE 3964 at 180°C (symbols for Rheo- 
metrics DSR II, cone-plate arrangement, lines converted from creep 
compliance mastercurve) 

which cannot be described by a generalized Voigt mod- 
el. Lack of sensitivity and resolution to short time scale 
phenomena is a well known weakness of controlled 
stress experiments. 

The creep mastercurve of the PE 91C shown in 
Fig. 3 is very similar to that of the DE 3964. The corre- 
lation creep time between the MVM and the DSR 
curves is around 2500 s, comparable to that of the 
DE3964. Both curves reach the linear flow regime, 
while the rubbery plateau regime is poorly character- 
ized. 

For the polystyrene N7000 the rubbery plateau of 
the creep compliance plotted in Fig. 4 is better charac- 
terized than for the polyethylene samples. Again, both 
creep curves reach the linear flow regime and the corre- 
lation between experimentally determined and numeri- 
cally recalculated mastercurve is excellent. The correla- 
tion creep time, marked by arrows in Fig. 4 where 
MVM and DSR measurements begin to overlay is 
around 2500 s. At the shortest creep times the compli- 
ance is corrupted by the transient startup conditions, 
leading to small oscillations, seen in Fig. 4, of around 
0.1 s. Regularization filters these unphysical oscillations 
out and the creep compliance recalculated from the re- 
tardation spectrum shows the expected smooth shape. 

From the retardation spectra of the creep master- 
curves the dynamic moduli are calculated as outlined 
above. The results for the numerical interconverted dy- 
namic moduli are compared to experimental dynamic 
measurements on the DSR II in Figs. 5-7. 

Figure 5 shows the results for the dynamic moduli 
for the DE3964. The experimentally determined dy- 
namic moduli are plotted as full symbols while the nu- 
merically converted data are plotted as continuous 
curves+ It is clear that agreement is excellent in a circu- 
lar frequency range for more than two decades, indi- 
cated by the arrows. It can be seen that the predictions 
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Fig. 6 G ~, G"(~) for EltexPE91 C at 160°C (symbols for Rheo- 
metrics DSR II, cone-plate arrangement, lines converted from creep 
compliance mastercurve) 
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Fig. 7 G ~, G"(co) for Hostyren PS N 7000 at 200°C (symbols for 
Rheometrics DSR II, cone-plate arrangement, lines converted from 
creep compliance mastercurve) 

from the retardation spectrum yield correct moduli up 
to the crossover point. The small differences for fre- 
quencies higher than the crossover point might be ex- 
plained by the deviation of the recalculated creep mas- 
tercurve in the short time range as seen in Fig. 1. The 
interconversion of creep data expands the dynamic fre- 
quency range more than two decades in the low fre- 
quency range. The specific contribution of the MVM 
data to this dynamic mastercurve is about one addi- 
tional decade in frequency. The predictions of the inter- 
converted MVM data reach fully terminal behavior, 
characterized by the slopes 1 and 2 for the loss modu- 
lus and the storage modulus, respectively, on a double- 
logarithmic plot. Thus, the entire terminal zone has 
been characterized through the longest relaxation time 
scale (highest molecular weight component). 

The results for  the PE 91C plotted in Fig. 6 confirm 
the results found for the DE3964. The agreement be- 
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tween measured moduli and moduli calculated via the 
retardation spectrum interconversion is excellent, even 
at the shortest creep times (i.e. highest frequencies). An 
overlay range for more than two decades is found. 
However, at low frequencies slopes 1 and 2 characteriz- 
ing the linear flow regime are not reached, indicating 
that even with the MVM, fully terminal behavior was 
not achieved for this system. 

For the polystyrene N7000, the interconverted and 
measured moduli agree for three decades in frequency, 
establishing once more the utility of the numerical inter- 
conversion via retardation spectra in expanding the 
dynamic range of rheological measurements. As with 
other systems, the MVM measurements contribute to 
the mastercurve for more than one decade in the low 
frequency range. The MVM contribution is valuable to 
more fully describe the terminal zone behavior. Slopes 
of 1 and 2 of the dynamic moduli indicate that the fully 
terminal flow regime has been reached. 

Conclusions 

We have demonstrated that numerical interconversion of 
linear viscoelastic material functions is a sound method 
to effectively expand the experimentally accessible time 
or frequency range. This method is applicable to arbi- 
trary linear viscoelastic material functions since, in prin- 
ciple, all linear viscoelastic material functions contain 
equivalent information. The ability to expand the effec- 
tive dynamic range of rheological measurements has as- 
sumed a greater importance in light of the intrinsic the- 
orefical limitations involved in calculating the relaxation 
or retardation spectrum from dynamic moduli data re- 
cently reported by Anderssen and Davies (1997). 

Although all linear viscoelastic material functions 
contain equivalent information, in principle, certain 
measured material functions are inherently more sensi- 
tive and easier to access in different time/frequency re- 
gions than others. Creep measurements are most sensi- 
tive to long time scale relaxation processes, whereas dy- 
namic moduli measurements are more sensitive to short 
time scale relaxation processes. Thus interconverting 
material functions not only increases the dynamic 
range, it also improves the accuracy of the retardation 
spectrum calculation. 

By combining two different creep measurements 
with dynamic moduli measurements and interconvert- 
ing, we have been able to expand the experimentally 
accessible dynamic range of the dynamic moduli by 
several decades in the low frequency regime. Specifi- 
cally, we combined MVM and DSR creep data to gen- 
erate creep mastercurves. The agreement between creep 
data from these two different measurement techniques 

is satisfactory. In the short time range DSR creep data 
deliver more precise results whereas MVM creep data 
are more reliable at longer times. Combining the data 
leads to an expanded range of accessible time scales. 

The interconversions of the creep data to dynamic 
moduli proceeds through the retardation spectrum. To 
overcome the ill-posed nature of spectra calculations we 
use a particular form of regularization, specifically non- 
linear regularization (Weese, 1992). This robust and re- 
liable numerical method has been successfully used to 
determine the retardation as well as relaxation spectra. 
Once a spectrum is obtained, all other linear viscoelas- 
tic material functions can be calculated exactly. 

For our investigation we chose three polymers with 
polydisperse molar mass distributions, two HDPEs and 
one polystyrene, which are representative of typical 
commercial polymers. Comparison of interconverted 
and directly measured dynamic moduli shows excellent 
agreement for all investigated materials in the frequency 
range where the curves overlap, confirming both the 
high quality of the creep measurements and the subse- 
quent numerical calculation of the retardation spectra. 
Due to their broad molar mass distributions, the termi- 
nal flow regime of these materials is rather poorly char- 
acterized by the experimentally determined dynamic 
moduli. For all three materials, the experimental dy- 
namic moduli do not reach the terminal zone which is a 
consequence of intrinsic mechanical limitations of the 
experiment, specifically the limited head space of the 
torque transducer. Expansion of the dynamic range with 
the help of converted creep data allows one to gain ac- 
cess to more detailed information in the terminal regime 
and, more importantly, an effective characterization of 
the high molecular weight tail of the MWD. For two of 
our polymers the fully terminal slopes of 1 and 2 for 
the converted loss and storage modulus in the double- 
logarithmic plot were reached. 

Our data lead us to draw three basic conclusions. 
First, MVM creep measurements are well suited for the 
characterization of the long time scale (t > 10 000 s) re- 
laxation processes in the linear flow regime. Second, re- 
tardation spectra are a viable conduit for the intercon- 
version of linear viscoelastic material functions. Third, 
the combination of creep compliance and dynamic mod- 
uli is a powerful method to expand the experimentally 
accessible dynamic range of time/frequency and more 
fully characterize the linear viscoelastic relaxation and 
retardation spectra of polydisperse commercial polymers 
from the terminal to the glass regime. 
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