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                            Received April 27, 1967 

    Tensile creep measurements were made on five monodisperse polymer samples of poly-a-
 methylstyrene. The range of molecular weights was from 105,000 to 1,740,000 and that of 

 the temperatures was between 140 and 210°. The temperature dependence of the tensile creep 
 compliance was described by the method of reduced variables. The shift factors were identical 

 for all samples in the temperature region above the reference temperature 172°. The free 
 volume parameters were derived from the WLF parameters : the fractional free volume was 
 f172=0.032 at 172° (or f5=0.028 at the glass transition point) and the thermal expansion 

 coefficient was af=6.4x10-4. The steady-state compliance De and the tensile viscosity 'Ii 
 were calculated by using the extrapolation method of Ninomiya. It is shown that the depen-

 dence of these quantities on molecular weight is different from that predicted by the Rouse-
 Bueche theory or by the semiempirical Ferry-Landel-Williams theory. The values of De 

 decreased with increasing molecular weight, and became nearly independent of molecular weight 
 in the range of sufficiently high molecular weights. The values of Ylr varied with about 3 

 power of molecular weight for molecular weights lower than about 200,000. In the range of 
 high molecular weights (-10') there was a large decrease in the dependence on molecular 

 weight of '7r. The value of the average molecular weight between entanglements, Me, was 
 derived, using the theory of rubber elasticity, from plots of tensile creep compliance at a 

 fixed time against temperature. The values of Me evaluated decreased with increasing molecular 
 weight up to about 200,000 and then leveled off a certain constant value. 

                         INTRODUCTION 

   Recently, Tobolsky et al .0 have studied the viscoelastic properties of five 

monodisperse polystyrene samples which ranged in molecular weight between 

80,000 and 270,000. They have shown that the dependence on molecular weight 

of quantities, such as the tensile viscosity '71, the steady-state shear compliance 

Je, and the maximum relaxation time Tn.?, was quite different from that predicted 
by the Rouse-Bueche theory',3" or by the semiempirical Ferry-Landel-Williams 

theory." Contrary to these experimental findings, Ninomiya and Ferry" have 

reported that values of 77 (shear viscosity) and Je of sharp fractions of polyvinyl 

acetate were near those predicted by the Ferry-Landel-Williams theory in the 

range of molecular weight from 5,500 to 780,000 as evaluated from creep measure- 

 */1 ,1LJ13it,1R*C ,rRMc 
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ments. Thus, at present, it appears that further experimental study is needed 

for establishing the viscoelastic behavior of bulk polymers. 

   We here present some measurements of tensile creep of five monodisperse 

poly-a-methylstyrene samples. These were undertaken to provide more experi-
mental data, especially those of molecular weight dependence of '1r and De (steady-

state tensile compliance) to our knowledge on the viscoelastic properties of bulk 

polymers of which the molecular weight distribution is very sharp. 

                          EXPERIMENTAL 

Materials 

   The poly-a-methylstyrene studied was prepared by anionic polymerization in 
vacuo at —78° with n-butyllithium as the initiator and tetrahydrofuran as the 
solvent. The apparatus and technique used for the preparation were similar to 

those described by Morton et al.6) and by Fujimoto et al." A possible tail of the 
molecular weight distribution in the lowest end was eliminated by fractionation 
at 34.5° using a large-scale elution column with benzene-ethyl alcohol mixtures. 

The number-average molecular weight, M., was determined by osmometry in 
toluene at 37° using a high-speed membrane osmometer (Mechrolab Model 502). 

The weight-average moleculer weight, M,v, was evaluated from intrinsic viscosity 

using the empirical relation for the monodisperse polymer,) ['7] =1.18 x 10-4Mw-°•70 

(toluene, 25°). Viscosity measurements were carried out using a dilution viscometer 
of the Ubbelohde type. The number-average and weight-average molecular weights 

of samples are given in Table I. The sedimentation boundary curve of each 
sample was also obtained by a Spinco-E ultracentrifuge at theta point (cyclohexane, 
39°), and the ratio Mw/Ma was evaluated therefrom. The results are also given 
in the fourth column of Table I. 

                      Table I Monodisperse Poly-a-methylstyrene 

    SampleMaaMwaMw/M„ 

MS-11.74 x 106 1.00 
       MS-21.87 x 105 1.89 x 105 1.01 
      MS-32.27x1052.29x1051.01 

       MS-41.02 x 105 1.05 x 105 1.02 
       MS-64.03 x 105 3.86 x 105 1.01 

        a Accuracy in determination of M. and Mw was about five percent. 

   For tensile creep measurements, thin films were obtained by slow evaporation 
of solvent from a 10% methylene chloride solution on a clean mercury surface. 

Final traces of the solvent were removed by prolonged drying in a vacuum oven 
at 180°. The weight of films was checked to insure complete volatization of 
methylene chloride. The film thickness was measured by means of a micrometer 

with a precision of about ±2x10-4cm., and both the length and width were 
measured with a precision of about ± 0.02 cm. The films used for tensile creep 
measurements were about 3x10-2  cm. thick, 1 cm. wide, and 2 cm. long. 
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                Fig. 1 Schematic diagram of the tensile creep apparatus. 

         (1) sample film ; (2, 3) lower and upper clamps ; (4) fine copper wire ; 
         (5) aluminium alloy pulley ; (6) brass post ; (7) iron core ; (8) brass 

rod ; (9) loading weight ; (10) loading platform ; (11) cam ; (12) milled 
         knob for lowering or raising the loading platform ; (13) differential 

         transformer ; (14) milled knob for moving the differential transformer in 
         the vertical direction ; (15) second transformer ; (16) levelling screw. 

Methods 

   The tensile creep measurements were made with a creep balance type appa-

ratus. A schematic diagram of the apparatus is shown in Figure 1. The balance 

consists of a vertical brass post (6), near the top of which is pivoted an aluminium 

alloy pulley (5). The pulley hangs, with a fine copper wire (4), an upper clamp 

(3) on one side and an iron core (7), a thin brass rod (8), and a loading weight 

(9) on the other. A special care was undertaken in the design of the pulley and 
the pivot for smooth rotation and rigidity. With this balance, loads from 2 g. to 

1,000 g. may be applied with a precision of about ±0.3 g. In order to avoid being 

applied any load to the sample film before the start of tensile creep measurments, 

the weight of the upper clamp was exactly balanced with that of the iron core 

and the brass thin rod. 

   A sample film (1) of appropriate size and thickness is mounted between the 

upper and lower clamps. The lower clamp (2) is fixed to a base plate. The loading 

weight is applied to the sample film by lowering the loading platform (10). The 

loading platform can be lowered or raised from outside the apparatus housing by 

turning the milled knob (12) which is attached to the axis of cam (11). The 

base plate of the apparatus housing is supported by three levelling screws (16). 

   The change in length of the sample film is detected by a linear variable 
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differential transformer, and is amplified and recorded by means of a linear 
variable differential transformer recorder (Iwamoto Seisakusho Ltd., Kyoto). With 
these arrangements a change in length of 5 x 10-4 cm. could be measured with a 

precision of about - 2 x 10-4 cm. By turning a milled knob (14) the differential 
transformer (13) is moved in the vertical direction from outside, and the null 

position on the recorder scale may be adjusted. The variation of the characteristics 
of the differential transformer with temperature is cancelled by the second 
tranformer (15). 

   Heating is effected by means of six electric heaters arranged at different 
heights of the apparatus housing. Each heater has its own separate control. The 
atmosphere within the apparatus housing was stirred by an electric fan which 
is attached to the top plate of the apparatus housing. The apparatus was mounted 
in a large air thermostat whose temperature was maintained at about 80°. Due 
to these arrangements the temperature between 100° and about 220° may be kept 
constant at any point near the sample film with a precision of about ±0.1°. The 
temperature was measured by means of a copper-constantan thermocouple placed 
in quite near to the center of the sample film. The temperature was also monitored 
using thermometers placed near to the upper and the lower clamps. 

   The sample films were mounted in the clamps while they were cold and the 

position of the clamp jaws was used as a reference of length. After mounting 
the sample film, the apparatus was heated to the desired temperature and allowed 
to remain unloaded for a period of about an hour. After this time the sample 
length was measured, and the null position on the recorder scale was adjusted. 
The apparatus housing is provided with glass windows on front and back so that 
the sample length may be measured by means of a travelling microscope. The 
load was then applied to the sample and the subsequent changes in sample length 
were followed by means of the recorder. With present instrumentation, it was 
not possible to obtain reliable readings in times shorter than 6 seconds after the 
initial loading. Measurements were performed from 140 to 210°, and the maximum 
tensile strain did not exceed 20%. Preliminary experiments have revealed that 
at temperatures higher than about 240° the thermal degradation of poly-a-
methylstyrene took place, though in slight extent, during the period of tensile 
creep measurement. Accordingly, measurements were limited to in the temperature 
region below 210°. 

                       RESULTS AND DISCUSSION 

   The tensile creep compliance, D(t), of sample MS-4 is plotted logarithmically 
against time, t, in Fugure 2 at nine temperatures from 144 to 201°. Similar 
families of creep curves were obtained for other samples. 

   Figure 3 shows the master curves which were obtained by shifting the 
experimental curves according to the time temperature superposition principle. 
Here the subscript p denotes that the tensile creep compliance has been multiplied 
by Tp/Topo, where p and po are the densities at temperatures T and To, respecti-
vely, and To is a reference temperature. The reference temperature was chosen 
as 172° for all samples. The many individual points for all different temperatures, 

(125)



Hisashi ODANI, Shuji KITAMURA, Norio NEMOTO, and Michio KURATA 

 7e 
—6 —7o 

          O~,O—O,'',CC~ 
N~•

2 01,0''0 

 —7— 197
_.O 

     192~ 
                                             Vv 

4 44 
0' 

  _184 8 —O 

0 
                     175 --0'~ 

-1170  
~0~ 

                     165  -0---0—O-a'0a' 
 —9 — 155-o 

'' 7 00 0~J 

    ^00 0      144vO 

   123 4 
L O G t(sec.) 

Fig. 2 Tensile creep compliance of sample MS-4, plotted logarithmically 
      against time at nine temperatures as indicated. 
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Fig. 3 Tensile creep master curves for five poly-a-methylstyrene samples 

      as indicated at 172°. 
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        Fig. 4. Log aT plotted against T-To for five poly-a-methylstyrene samples. 

0, MS-1 ; C, MS-2 ; 1 , MS-3 ; 
MS-4 ; of, MS-6 . 

not shown, lay mostly within 2 % of the master curves. 
   The shift factor, aT, used for the reduction is plotted semilogarithmically 

against T-To in Figure 4. It is seen that values for all samples coincide with 
one another at temperatures above the reference temperature. In this temperature 
region the shift factors for all samples followed the WLF equations) 

                           C1(T — To)       log a
T(1)(C 2 T— To) 

with To-172°, C1=13.7, and C2=49.3. The solid curve in Figure 4 corresponds to 
this equation. From these WLF parameters we obtain f172=0.032 for a fractional 
free volume at 172° and of=6.4x 10_4 for a thermal expansion coefficient of the 
free volume. The corresponding free volume at the glass transition temperature, 
if 165° is chosen,* is 0.028. 

   The steady-state compliance, De, and the tensile viscosity. 77/, were calculated 

 * In preliminary volumetric measurements, all the present samples undergo the glass transi-
   tions in the vicinity of 165°. 
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by using the extrapolation method of  Ninomiya.10' That is, a plot of mD(t)/t 

versus 1/t yields a relatively linear extrapolation to the intercept, and this 
intercept gives the value of 1/c1, where m denotes d log D(t)/d log t. Alternatively, 

the reciprocal of '1r may be evaluated from the intercept of a plot of D(t)/t  versus 

1/t, and the value of D, from the initial tangent of this plot. Figure 5 shows the 

plots of D(t)/t and m D(t)/t versus 1/t for sample MS-2 at 200°. It is seen from 
the figure that the plot of m D(t)/t versus 1/t can be approximated by a straight 

line in fairly a wide region of time. This is also the case in all other samples. 

The values of De and nr obtained at 200° by this method are given in Table II. 

   In the case of a high molecular weight sample such as MS-1 and -6, the 

determination of De and c1 may be subjected to some uncertainty, because the 
extrapolation to time infinity is made from the region where the values of m 

are about 0.1 to 0.3. In such a region of a relatively small m, it seems doubtful 

whether the true steady-state flow is reached or not. However, as seen in Figure 

5, the plots of m D(t)/t versus 1/t for the sample of relatively lower molecular 

weight are practically linear over the range of 0.2<m<0.9, and are nearly parallel 

to the abscissa. This enables us to estimate the intercept in the m D(t)/t versus 

lit plot with a reasonable accuracy. Thus, even when the molecular weight of 

sample is relatively high, it may be anticipated that the extrapolation method 
would lead to a reliable estimate of De and of cr, though not very accurate. 

   In Figure 6 the values of De calculated at 200° are plotted logarithmically 

            Table II Steady-State Compliances and Tensile Viscosities of Five 
                      Monodisperse Poly-a-methylstyrenes at 200° 

   SampleDe~I r em. /dynepoises  

MS-11.65x10-'1.54x1011 
     MS-24.20x10-77.05x109 
     MS-32.64x10-71.43x1010 
      MS-48 69 x 10-71.95 x 109 

     MS-62.27x10-14.17x1010 

           0 

         CV a           10 
U                                               (1) 

0 -         -
0 

5 — 

(2) 

 C•• 

III  
    0 510 15 2025       o 

(1 /t) x104 , sec-1 
             Fig. 5 D(t)/t, (1), or m D(t)/t, (2), of sample MS-2 plotted 

                    against 1/t at 200°. 
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              Fig. 6 De at 200° plotted logarithmically against Ms,, for five 

poly-a-methylstyrene samples. 

against Mw. It can be seen that the values of De decrease with increase of 
molecular weight and are nearly independent of molecular weight in the range 
of higher molecular weights. This is in contrast to the prediction of the Rouse-
Bueche theory2,3> and also of the Ferry-Landel-Williams theory": the both predict 
that the steady-state compliance should be proportional to molecular weight. At 

present, the molecular mechanism underlying this feature is not known to us, 
but it is plausible that the feature would arise from the phenomenon of entangle-
ment coupling. In this connection, it may be noted that Tobolsky et al.' have 
obtained the steady-state shear compliance independent of molecular weight in 
the case of monodisperse polystyrene. In order to establish the behavior of steady- 
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             Fig. 7 VI at 200° plotted logarithmically against Mw for five 
                       poly-a-methylstyrene samples. 
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state compliance more firmly, similar study to the present is now in progress for 
monodisperse poly-cis-1,4-isoprene in our laboratory. 

   The values of  vi at 200° are plotted logarithmically against Mw in Fugure 7. 
It is seen that the plot is a straight line for molecular weights smaller than 
about 200,000. The slope of this straight line is about 3. An interesting and rather 
surprising cosequence is that the plot does not support a straight line for molecular 
weights greater than about 200,000 but a curve concave to the log Mw axis. The 
Rouse-Bueche theory predicts that the viscosity should be proportional to molecular 
weight, and the Ferry-Landel-Williams theory predicts 7nn varies as Mw3,4. As 
described before, for higher molecular weight samples, MS-1 and -6, the calculated 
values of viscosity may be somewhat sceptic. In addition, at temperatures higher 
than about 200°, it is still not sure that our poly-a-methylstyrene samples were 
absolutely safe from thermal degradation during the course of the tensile creep 
measurements.* Therefore, at the moment, we reserve to conclude that for 
monodisperse poly-a-methylstyrene the values of '2e vary as smaller power of 
molecular weight than about 3 in the very high molecular weight range (---106). 
More extensive work would be necessary not only for this polymer but also for 
other monodisperse polymers, such as polyisoprene, before reaching a final 
conclusion. 
   Recently Tobolsky and Takahashi1l) have estimated the value of the average 
molecular weight between entanglements, Me, from shear modulus measurements 
at a fixed time as a function of temperature. They calculated Me from the char-
acteristic parameter E2 by using the theory of rubber elasticity. Here E2 is the 
value of 3 G (10), the rigitity modulus at 10 sec., multiplied by three, which is 
selected at the point in the rubbery plateau region where the slope of log [3 G 
(10) ] versus temperature is a minimum. In order to estimate the value of Me 
for our monodisperse poly-a-methylstyrenes, we may apply the quite similar 
procedure to the plots of the 1,000 sec. tensile creep compliance, D (1,000), against 
temperature. A characteristic parameter D2 may then be determined as the value 
of D (1,000) at the inflection in the plateau region of log D (1,000) versus tempera-
ture plots. We here chose 1,000 sec. as a fixed time. From the value of D2 thus 
obtained, the average molecular weight between entanglements is calculated from 
the equation 

            Me = 3d R TiD2.(2) 

Here d is the density, R is the gas constant, and T, is the absolute temperature 
at which D2 is determined. 

   Figure 8 gives plots of Me versus log Mw. The shape of the plots closely 
resembles that of logarithmic plots of De versus Mw shown in Figure 6. The 
values of Me decrease with increase of Mw up to about 200,000 and then level off 
a certain constant value. Since at the lowest molecular weight of the sample is 
comparable to that between entanglements, the feature may tentatively be 
interpreted as being due to contribution from free chain ends. For the latter 
feature, it appears that the formation of entanglement network would be respon-

 * A study of thermal degradation of monodisperse poly-a-methylstyrene in the temperature 
  region near 200° is now in progress in our laboratory. 
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         Fig. 8 Me plotted against log MH, for four poly-a-methylstyrene samples. 

sible. However, at present, the data obtained are so limited that more experimental 

material is needed before attempting any theoretical interpretation of the observed 
facts. 
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