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The Extensional and Failure Properties 
of Polymer Melts 
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Synopsis 
The extensional and failure properties of polystyrene melts were studied by pulling 

sample rods in a special “weight dropping” extensiometer. This apparatus allows 
pulling to long final lengths and a t  relatively high rates; except for the highest rates, 
the experiment is one of constant applied force. Various commercial (broad molecular 
weight distribution) and special (narrow molecular weight distribution) samples were 
studied a t  various temperatures and applied forces. The striking result was that the 
former (BMWD) samples stretched reasonably uniformly and displayed what has been 
described as “viscoelastic failure”; the latter (NMWD) samples necked in the final 
stages and showed what might be called “viscous” failure. In the case of the BMWD 
material, the stress-time behavior was analyzed theoretically by independently de- 
termining the parameters in a nonlinear cohstitutive equation from GPC and rheo- 
goniometer (shear) data. The theoretical tensile stresses compared quite well with the 
experimental values. An interesting result came from comparing the complete visco- 
elastic theory with a viscous (Trouton viscosity) asymptote. These two theoretical 
curves closely approximated the experimental data until just short of the failure point; 
at this incipient point, the stresses from the complete theory grew to very large values 
compared with the viscous stresses. That is, the material could not relax fast enough 
to allow steady stresses to develop, and the sample failed shortly thereafter. 

INTRODUCTION 
For many years, rheological research has centered on shear flows and 

existing rheological theory has largely been developed from such experi- 
ments. Recently, however, extensional flow has received increasing 
attention, both as a basic problem in rheology and as it relates to industrial 
applications such as fiber spinning. Under the heading of basic studies, 
the research has mostly been organized around fluid concepts, involving the 
variables of elongation rate and elongational viscosity. In a later section, 
generalized strain tensors will be presented and these call for stating a 
relationship between time and the length of the extending rod, that is, L(t) .  
An extension rate i can then be defined by 

1 dL(t) 
e = __- 

L(t) dt 
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If i is constant (true elongation rate), this leads to 

L(t) = L,, exp (it) (2) 
where Lo is the original length of the sample. 
cosity f j  can then be defined by 

A true elongational vis- 

where S11 is the total tensile stress. At low values of i, i t  is well known that 
f j  is equal to three times the shear viscosity (the Trouton viscosity’). In  
many experiments, one does not achieve a constant elongation rate, and 
in such cases one sometimes defines an apparent elongational viscosity by 
using eq. (3) with instantaneous values of Sll and i. 

In  1965, Ballman2 made the first measurements on a polymer melt 
(polystyrene) under conditions of constant i. Recently, there have been 
a number of experiments of this type, notably those of Vinogradov3 and 
Meissner.‘ More complicated experiments, which do not involve constant 
i, involve entry flows5 and “melt spinning” type of f lo~s .~ -9  

On the theoretical side elongation experiments have been analyzed using 
integral theories of viscoelasticity. Chang and Lodgelo used a linear 
model to  analyze Meissner’s constant i experiments, and our group a t  the 
University of Tennessee has used a nonlinear model to analyze both the 
melt-spinning type of experiment and the constant-force (weight dropping) 
type of experiment.’ In  general, one concludes that the theory works well 
in cases where the initial state of the sample is well characterized. Other 
work with a nonlinear model has been reported by Middleman.” 

Failure properties of polymer melts have not been so widely studied, 
although there is, of course, a considerable literature on solid-like (cross- 
linked)  material^.'^*'^ The most extensive work on melts is that of Kamei 
and OnogiI4 and Onogi, Matsumoto, and KameiI5 at Kyoto University, 
who worked with well-characterized polystyrene samples. The striking 
result from their work is the great similarity of the stress a t  break versus i 
curves to  the relaxation spectra curves. In  the failure curves, the Kyoto 
group identifies distinct regimes which they label as “brittle,” “visco- 
elastic,” ‘(transition,” and (‘viscous” failure, the latter being characterized 
by necking and flow prior to failure. On the theoretical side, an analysis 
due to  Chang and Lodge,I6 to be discussed later, is directly related to the 
necking-to-failure mechanism. 

EXPERIMENTAL 

The present work deals with an (essentially) constant force experiment, 
performed in a “weight dropping” apparatus; that is, a falling weight 
extends a molten sample in a heated chamber. This is not an easy experi- 
ment to do but i t  has the advantage of allowing long extensions a t  rela- 
tively high rates. In  previous work, as reported by Chen et al.,’ results 
from this apparatus (using polyethylene samples) were compared with 
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results from the melt-spinning type of apparatus; the results were quite 
different, even though both experiments are, to  a first approximation, 
experiments of constant force. In  the present work, .the objective was to 
carry out detailed elongational studies with well-characterized samples 
(polystyrenes of known molecular weight distributions) , with special 
emphasis on failure properties. 

Materials 

Three matwials were studied, two commercial (broad molecular weight 
distribution = BMWD) samples and one special (narrow molecular weight 
distribution = NMWD) sample. The properties of these materials are 
summarized in Table I. 

A few qualitative remarks will be made about the Piccolastic material, 
but mostly the following has to do with the Shell (BMWD) and Pressure 
Chemical (NMWD) samples. The molecular weight distributions were 
determined on a Waters GPC, as described el~ewhere.’~ Independent 
rheological characterization (in shear) was carried out on a Weissenberg 
rheogoniometer for the Shell and Piccolastic materials, of which the Shell 
data is displayed in Figures 1 and 2. For the sharp distribution sample, 

TABLE I 
Materials Used in the Present Experiments 

Manufacturer’s value From GPC (University of Tennessee) 

Polystyrene Mn M W  Mn M w  MwIMn 

Shell TC3-30. 61.2 X loa 283 X loa 59.0 X 10’ 312 X loa 5.30 
Piccolastic D-150b 5 - 4.20 74.5 17.8 
Batch No. 3bo 355 392 329 408 1.24 

a Manufactured by Shell Chemical Company. 
b Manufactured by Pennsylvania Industrial Chemical Corporation. 
6 Manufactured by Pressure Chemical Corporation. 

1 1  I I I I I 
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Fig. 1. Steady shear properties (reduced to 160’C). 
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Fig. 2. Dynamic shear properties (reduced to 160OC). NMWD curves are taken from 
Onogi et al.'n 

G' and G" data are available from Onogi et a1.,18 and these are shown in 
Figure 2. The Shell sample data were obtained at 160", 170°, 180", and 
200°C and reduced to  a reference temperature (T,) of 160°C by means of a 
time-temperature superposition shift factor uI as given by the following 
relationship : 

- 
T - 46.7 T ,  - 46.7 

log u,(T) = 694.8 (4) 

where the temperature T is given in "C. Onogi et al.,l*used a similar shift 
factor for NMWD materials. In  Figures 1 and 2, the solid lines are the 
experimental curves and the dotted lines are the theoretical curves, to be 
discussed later. 

Procedure 

The basic apparatus was developed by Hagler,' but was modified in the 
present work to allow in situ melting of the sample (see Fig. 3). The ex- 
perimental sample rods (about 0.61 cm in diameter and 3-6 cm in length) 
were prepared from the original pellets or powder by molding in a glass 
tube, after which the ends were melted slightly and the sample made into a 
spool-piece shape. The ends were then inserted into special clamps and 
the entire clamp/sample assembly lowered into the circulating oil bath 
at the top of the apparatus. After melting (about 10 min or so), the oil 
was very quickly drained from the sample chamber (in about 5 sec), after 
which the trap door was released, allowing the falling weight to pull the 
molten sample down through the heated chamber (80 cm long). The 
length-time data were obtained in two ways: (1) using a marker train and 
photoelectric cell system, and (2) using a linear differential transducer 
system. The core of the latter was 5.6 in. long, and this apparatus could 
thus be used for the shorter lengths. Various recorders were used to record 
the length-time history. The total mass was taken as the sum of the 
falling weight, the clamps and associated wires, and the sample, but 
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Fig. 3. Schematic diagram of extensiometer. 

the m a s  of the sample was small compared with the total (about 8% in the 
worst case) and was neglected. The radius of the extending sample was 
calculated by assuming uniform radius over the length, which was approxi- 
mately realized in the case of the Shell sample but not so in the final flow 
stages of the Pressure Chemical sample (which necked severely). 

Several weights and six temperatures from 150" to 200°C were used, 
depending on the sample. A time-temperature superposition waa carried 
out on the data, the shift factor in elongation being about the same as 
that in shear a t  small times but differing significantly a t  higher times. 
The data reported here will all be a t  the reference temperature of 160"C, 
with the exception of one set of data for the NMWD material. 160°C data 
are not available for this material. 

Experimental problems were slumping of the samples during melting 
and pulling of the sample from the clamps. These were serious difficulties 
in the case of two lower molecular weight NMWD samples (not reported 
here) and a t  higher temperatures. 

Presentation of Experimental Results 

The interesting difference between the two materials is that the NMWD 
samples flowed slowly and uniformly until just before failure, at which 
point they necked and broke in the neck. The BMWD samples, on the 
other hand, extended out reasonably uniformly up to  the break point. 
This tendency of NMWD samples to  fail seems to  have general validity 
and has been observed, for example, in the processing of rubber'* and in the 
shear behavior of a large number of materials.20 
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Fig. 4. Typical strain-time curves for BMWD material. Symbols are the data; 
are curvefitted results from eq. (11). 
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Fig. 5. Typical strain-time curves for NMWD material. 

The length-time data are presented almost directly as measured in 
Figures 4 and 5,  these being typical curves for the two materials. The 
strain a there is defined by 
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One notes that the strains at break for the NMWD samples are consider- 
ably lower than for the BMWD samples (the former samples necked at 
break). I n  Takaki’s thesis,” a comparison of the failure conditions with 
those of Onogi et al.,14-16 was made at comparable molecular weights; the 
results were that the BMWD sample falls in the “viscoelastic” failure 
regime and the sharp distribution sample, in the “viscous” regime. This 
is consistent with the necking (or non-necking) behavior which we observed 
and which led Onogi e t  al. to  assign these descriptions to the regimes in- 
volved. The Piccolastic sample, not shown here, flowed out into quite 
long filaments and did not break within the experimental length, appar- 
ently due to  the “lubrication effect” of a small molecular weight com- 
ponent. 

VISCOELASTIC ANALYSIS 

BMWD Materials 
I n  the cases where the sample could be pulled out reasonably uniformly 

(the BMWD Shell samples), the rheological response was analyzed with 
viscoelastic theory. In  linear viscoelasticity, i t  is possible to  use either the 
relaxation spectrum (the Maxwell model) or the retardation spectrum (the 
Voigt model); the latter is useful in experiments with stress as the applied 
variable and, for simpler deformations, leads to an elastic parameter called 
the steady-state compliance.21 In generalized nonlinear theory, however, 
there is no counterpart to  the Voigt model. The relative importance of 
the viscoelastic, viscous, and elastic responses can be understood, however, 
by calculating certain asymptotes, as will be done later. 

The model used was that of Bogue,22 as modified by Bogue and White.23 
This model has been tested in both shear2‘and elongation? In  terms of 
discrete spectra, i t  can be stated as follows: 

where Sf, is the total stress, p is the isotropic pressure, and the G, are the 
elastic moduli. Also, 

= effective time constants TP 

1 + Ar,R rp* = 

J 11,”’dt” 

t - t’ 
1’ K =  = average deformation rate 

IId = second invariant of the deformation rate tensor 

k1 = Finger strain tensor 
dxk dx1 

where rp are the material time constants, t is the present time, t’ and t” are 
arbitrary past times (the variables of integration), and A is an adjustable 
constant. 
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I n  order to  evaluate the various moduli and to make some connection 
with molecular theory, a modification of eq. (6), that is, a molecular weight 
model adapted from Bogue et  a1.,26 was used: 

where w, is the weight fraction of molecular weight species M,, G* is the 
elastic modulus of the entanglement (rubbery) region, and N is the number 
of molecular weight species. 

This is a quadratic blending law and is valid, or reasonably so, in the so- 
called “entanglement” regime of high molecular weight (in the case of 
polystyrene, above a molecular weight of about 30,000). As discussed by 
Masuda,26 this model works well in the extreme of one molecular weight 
predominating, but not so well in intermediate regimes. Despite these 
difficulties, i t  was used here in order to obtain some qualitative under- 
standing of the role of molecular weight on the extensional behavior. To 
adjust for the difficulties in the model, an adjustable parameter (Ma,,) was 
introduced in the definition of the time constants: 

where 

Ma,, is presumed to lie somewhere between M ,  and M ,  (in the original 
model, it is taken equal to M,) ; rmf and Mref are, respectively, a reference 
time constant and a reference molecular weight. Using the data of Onogi 
et al.,l* these were taken as rrsf = 500 sec at Mmr = 580,000 (at 160°C). 

In  order to  evaluate the moduli in eq. (7) shear stress, normal stress, 
and dynamic (G’ and G”) data were taken on the Weissenberg rheogoni- 
ometer. A five-component molecular weight distribution ( N  = 5) was 
used (see Fig. 6); because of the quadratic mixing law, this gives, in effect, 
a 25-element relaxation spectrum, which was felt to be a good approxima- 
tion to a continuous spectrum. The parameters A and M,,, were ad- 
justed to give reasonable fits to the rheogoniometer data. The equations 
used to tit the shear data are omitted here.22 

The theoretical curves are shown by the dotted lines in Figures 1 and 2. 
While there are some discrepancies in the fit, i t  was felt that the model re- 
flected the essential features of the shear data, except for G” in the case of 
the sharp distribution sample. The parameters used are summarized as 
follows: G* = 1.8 X lo6 dynes/cm2, A = 0.5, Ma,, = 47,180,MP = 5,800 
(w, = 0.06), 32,500 (0.27), 200,000 (0.46), 800,000 (0.19), and 3,200,000 
(0.02). 
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Fig. 6. Molecular weight distributions. The dotted lines show the discrete distribution 

In  the case of the elongational (weight-dropping) flow, the tensile stress 
f h ( t )  was calculated as follows: 

(full viscoelastic theory) (9) 

where s = t - t’, L(t) = length of sample at time t ,  L(t’) = length of 
sample at time t’ ,  

8 GQ 
TW = 

1 + A G Q R  
and 

WJ (0 / L  (1’) 1 K =  
S 

The length functions were obtained by curve-fitting equations of the 
following form to the experimental length-time data : 

In (L(t)/Lo) = 0 for t < 0 (10) 

In ( ~ ( t ) / ~ o )  = + bt + ct’” + dt’ for t > o (11) 
Similarly for t’. The lines shown in Figure 4 are calculated from eq. (11). 
The integration of eq. (9) was carried out numerically using 100 trapezoidal 
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Fig. 7. Experimental and theoretical stresses, apparent elongations1 viscosity and 
elongation rate (BMWD material, small weight): expt = experimental data; visco- 
elastic = full viscoelastic theory; viscous = Trouton viscosity asymptote; elastic = 
elastic asymptote. 

increments in In s and taking a value for-smax equal to 100 times the re- 
laxation time for the highest molecular weight present. 

For comparison, two asymptotes were also calculated as follows: 

L(t) -l s,,(t) = G* [(F)’ - (x) ] (elastic asymptote) (12) 

(viscous or Trouton asymptote) (13) 

1 dL(t) 
where; = - ~. 

L(t) dt 

The first is rubber elasticity theory,” and the second uses the Trouton 

These various theoretical stresses can then be compared with the ex- 
viscosity noted previously. 

perimental stress data, which were processed by the following equation: 
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where m is the mass of the falling weight and associated clamps, etc., gL is 
the acceleration due to gravity, and R is the instantaneous radius. In  the 
cases discussed here, the acceleration term d2L/dt2 was small. The stresses 
are shown in Figures 7, 8, 9, together with an apparent elongati~nal vis- 
cosity calculated directly from the experimental data, using point values 
of S1l and i. 

The general observation is that the full viscoelastic theory gives a good 
fit to the data. This is an encouraging result because all of the rheological 
parameters have been established a priori (from shear data). 

The comparison of the full theory (or the data) with the elastic and 
viscous asymptotes is instructive. Qualitative understanding can be 
gotten by studying the data of Meissner,' who did experiments a t  constant 
i, starting from rest. Using the materials and the rheology of the present 
work, a plot like that of Meissner's is shown in Figure 10. This is a theo- 
retical prediction of a transient start-up at constant i. That is, 

L(t) = Lo exp[dt] for t > 0. 

A t  short times the stresses have not had time to build to their steady flow 
viscous values. At small i a steady state is achieved, corresponding to the 
Trouton viscosity asymptote. At high i, however, no steady state is 



430 TAKAKI AND BOGTJE 

10.' 100 10' 
t (5.C) 

Fig. 9. Experimental and theoretical stresses, apparent elongational viscosity, and 
elongation rate (BMWD material, large weight): expt = experimental data; visco- 
elastic = full viscoelastic theory; viscous = Trouton viscosity asymptote; elastic = 
elastic asymptote. 
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Fig. 10. Hypothetical stress development after starting at constant elongation rate 
(theoretical simulation of BMWD material). 

achieved, and the stresses go to infinity. All of these effects may be seen 
qualitatively in the present experiments (Figs. 7, 8, and 9). At low times, 
the data (and the viscoelastic theory) fall below the viscous asymptote. 
At a point just before failure, the viscous and viscoelastic lines approach 
each other closely. Soon however, the viscoelastic stress begins to  grow 
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very rapidly, and shortly thereafter the sample fails. In  molecular terms, 
one would say the extending molecules cannot relax fast enough to  flow. 
A somewhat similar physical picture, based on the concept of a highly 
elastic state of almost zero fluidity, is presented by Vinogradov et al.*O for 
experiments in shear. 

10' 

NMWD Materials 
The NMWD sample cannot be so easily handled since i t  necked in the 

final stages, making the assumption of uniform diameter not valid near 
the failure point. However, to verify that the theory would give values 
of the correct magnitude, the above analysis was repeated, using a single 
molecular weight species as shown in Figure 6, and the results are shown in 
Figure 11. Even allowing for uncertainties near the failure point, the 
agreement is satisfactory. 

Qualitative understanding can be obtained by considering the analysis of 
Chang and Lodgels who studied the extension of two connected rods of 
slightly different diameters. In  the extreme of a Newtonian fluid, the 
thin part gets rapidly thinner; in the case of a viscoelastic material, the 
thin part and the thick part both get thinner, but the ratio of the cross- 
sectional areas tends to  a constant. One would suppose that the first case 
would correspond to  i << rmax-l, where rmax is some appropriately defined 
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maximum relaxation time. For a NMWD material, one can select a 
characteristic and unique relaxation time from the data of Onogi et a1.18 
[see the equation for T~ after eq. (S)]. Using this equation and adjusting 
to 190°C by the NMWD equivalent of eq. (4), one obtains a characteristic 
relaxation time of about 3.4 sec. Thus, we would conclude that if i << 
1/3.4 = 0.3 sec-’, the failure would be “Newtonian” in the Chang-Lodge 
sense. The experimental 2s leading to necking failure are of the order of 
0.1 sec-’ at 190°C (Fig. 11); thus, it is not unreasonable to associate the 
failure noted experimentally and the Chang-Lodge Newtonian flow failure. 

CONCLUDING REMARKS 

We feel that the essential features of the flow and failure of polymer 
melts can be explained within the framework of present-day viscoelastic 
theory. If necking does not occur, the sample extends out reasonably 
uniformly, and viscoelastic theory provides a very good prediction of the 
stresses. Failure is associated with the point where the complete (visco- 
elastic) stress diverges considerably from the viscous stress. Of course, 
viscoelastic theory does not provide a criterion for.failure as such; but if 
one presumes that some kind of network failure is involved, one could 
propose a criterion based on the difference between the full viscoelastic 
stress and the viscous stress (i.e., on the elastic stress or strain). 

The authors acknowledge with thanks the support of the National Science Foundation 
(under Grant GK-18897) and the Polymer Consortium Industrial Group a t  the Uni- 
versity of Tennessee for their support of this work. 
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