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The influence of cyclic deformation on the viscoelast ic  proper t ies  of monodisperse polybuta- 
dienes of various molecular  weights is investigated. 

The viscoelast ic  proper t ies  of polymers  are largely determined by their molecular  weight and molec-  
ular-weight  distribution [1, 2]. The viscoelast ic  behavior of pract ical ly  monidisperse polymers  and nar-  
row polymer  fract ions in smal l -ampli tude cyclic deformation (such that the viscoelast ic  charac te r i s t i cs  
are a function only of the frequency) has been studied in [3-6]. Fur thermore ,  the viscoelast ic  proper t ies  
of monodisperse po ly -a -me thy l s ty rene ,  determined f rom tensile s t ress  relaxation experiments,  are de- 
scribed in [7]. 

Of considerable interest  is the systematic  study of the viscoelast ic  proper t ies  of monodisperse poly- 
mers  of different molecular  weights for both small deformation amplitudes and amplitudes large enough to 
affect the viscoelast ic  proper t ies  of the polymers  [8]. This approach makes it possible to determine a fun- 
damental mechanical  charac ter i s t ic ,  namely the relaxation spectra,  of monodisperse polymers  of various 
molecular  weights, and how they vary  under the influence of an increase in the deformation amplitudes. 
Also, it would be interesting to apply the method proposed in [9] for calculating the viscoelast ic  cha rac t e r -  
istics normal ly  determined in continuous deformation under s teady-s ta te  flow conditions, using the results  
of a determination of how the relaxation spect rum var ies  under the influence of an amplitude increase in 
cyclic deformation. This method is based on the fact that the limits of the relaxation spect rum exhibit a 
single-valued dependence on the deformation rate. 

The Experiment .  In order  to measure  the viscoelast ic  charac te r i s t i c s  in cyclic deformation we used 
a vibration rheometer  [10] and a frequency rheometer  [11] operating on the electromagnetic  transduetion 
principle [1]. The measurements  on the vibration rheometer ,  which operated in the forced-vibrat ion re -  
gime, were car r ied  out at frequencies f rom 6 to 110 Hz. Sinusoidal vibrations were maintained over the 
entire range of deformation amplitudes. The resul ts  were processed  by a method proposed by Markovitz 
and others [12, 13]. The frequency rheomete r  measurements  were car r ied  out in the range f rom 300 to 
2000 Hz. The experimental  results  were processed  on a digital computer.  

In cyclic deformation the complex dynamic viscosi ty  ~7" = 7' - iT" was determined, where, as usual, 
7 '  [s the real  component or  the so-cal led dynamic viscosi ty  and 7" is the imaginary component. The measurements  
were per formed at var ious deformation amplitudes 7o and cyclic frequencies co = 2~ ,  where f is the vibration f re -  
quency. The value of 70was used to est imate the deformation rate amplitude "Ymax = Y0 f. F r o m  7 '  the complex 
shear  modulus G* = rt* x iw = G' + iG"was calculated, alongwith its components the elastic modulus G' and the 
loss modulus G". 

Concurrent ly  with the dynamic charac te r i s t i cs ,  the effective viscosi ty  7/ = T/~, was determined, where 
-r and 7 are the tangential s t r e s s  and shearing rate, respectively.  The measurements  were car r ied  out on 
a capi l lary v i scos imeter ,  which is described in [14]. All the tests  were conducted at 22~ 

We assumed in the study that the shearing rates  and cyclic frequencies were equivalent and we made 
use of the corre la t ion  of the effective v iscos i ty  and absolute value o~ the complex dynamic viscosity.  
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TABLE 1. Charac t e r i s t i c s  of the Polybutadienes 

S ample 
No. M w 

3,8 .I04 
6,75.104 
1,02.105 
1,43.10 ~ 
2,4 .10 ~ 

M~j 
M n 

1,22 
1,2 
1,1 
1,1 
1,1 

P~ 

0,895 
0,895 
0,895 
0,895 
0,895 

cis- 

45 
44,5 
44 
47,2 
45,2 

Microcyclicity 

trans- 

45 
41,5 
42 
22 
45,6 

1,2 

10 
14 
14 
8,8 
9,2 
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Fig. 1. Absolute value of the complex v iscos i ty  ]~*[, in P, 
v e r s u s  y/max at var ious  f requencies  (family of curves  I) and 
the f requency co for  smal l  deformat ion ampli tudes (curves 
II) (A), and elast ic modulus G' (B) v e r s u s  deformation ra te  
amplitude ~max" a, b, c) Sample Nos. 2, 3, and 4, r e s p e c -  
tively. Frequency  co, in sec - l :  1) 40; 2) 80; 3) 125; 4) 200; 
5) 4OO. 

The P o l y m e r s .  The objects  of our investigation were  polybutadiene samples ,  whose c h a r a c t e r i s t i c s  
are  summar i zed  in Table  1. 

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N  

Curves  showing the dependence of the absolute values  of the complex dynamic v iscos i ty  on the defor-  
mation ra te  ampli tude at var ious  f requencies  (family of curves  t) and on the f requency in the ampli tude in- 
te rval  where  the complex v i scos i ty  is ampli tude-independent  (curve II) are presented  in Fig. 1A. It is ev i -  
dent f rom the figure that for  definite va lues  of the deformat ion ra te  amplitude and a fixed f requency the 
cu rves  of ]~*] = 4,t('Ymax) for  each polybutadiene merge  into an envelope, which is shifted re la t ive  to curve  
II along the horizontal  axis by the amount loga,  i . e . ,  l ogy  = logw = log~/ma x + toga.  

The curves  in Fig. 1A are s i m i l a r  to the cor responding  dependences descr ibed  e a r l i e r  in [8, 9] for  
polyisobutylene and polypropylene.  

In o rder  to explain the reasons  for  the shift of the dependence ]~*[ = el(g/max) re la t ive  to it1*] = ~2(w) 
we cons ider  the re la t ionship between ~'max and w. The envelope of the cu rves  for  ]~*] = ~t(g/max) 
for  different  f requencies  w is reached when Ymax becomes  equal to its c r i t i ca l  value ~Crr~a x. These  c r i t i ca l  
values  were  de termined as descr ibed  in [8]. The Critical values  of the deformat ion ra te  ampli tudes  a re  
equaL to "~00rf, which, in turn, a re  equal to ~0rc0/2v, where  ~0 r a re  the c r i t i ca l  values  of the d e f o r m a t i o n  
amplitude cor responding  to a r r iva l  of the curves  for  [~?*l = Ct(2)max ) at the envelope. The values  of ~0 r 
depend only slightly on the f requency (in the exper imenta l  f requency range 3~0 r v a r i e s  by 8%) and may  be 
regarded  as approximate ly  constant.  There fo re ,  ~0r/27r ~ coas t  = a. Consequently, ")Cmrax is propor t iona l  
to the cyclic  f requency w, but is not equal to it. The curve  for  ]~?*] = Ct('yCn~ax ) is shifted along the 
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Fig. 2. Elastic modulus G' versus frequency w. I) Small de- 
formation amplitudes; 2, 3) deformation rate amplitudes of 
3.16 and 10 sec -I. a, b, c) Sample Nos. 2, 3, and 4, respec- 
tively. 

horizontal axis relative to the dependence Irl*l = q,2(r exactly by the amount a. The latter quantity is an 
important characteristic of the viscous properties of a polymer, insofar as it determines the deformation 
rate amplitude limit at which the complex viscosity begins to depend on the amplitude. With an increase 
in the molecular weight this limit shifts toward lower values of Tmax, because for higher-molecular sam- 
ples the viscosity anomaly sets in at small shearing rates. 

The deformation work corresponding to the transition from the flat parts of curves [ to the envelope 
can be calculated from the relation 

/~,CI" 12 {0--I Ecr 4as ln*l ~rm~x/ (1) 

It is essential  to note that for each polymer  the value of Ecr  is (with 13% error)  invartant with respect  to 
the cyclic deformation conditions. The quantities Eer and a obtained for polybutadiene samples having 
various molecular  weights are listed below: 

M w 6,75.104 1.02 �9 105 1.43 �9 105 

Ecr 1.42. I06 8.31 �9 105 3.23. I0 ~ 

loga 1.2 1.5 1.66 

An important fact here is the reduction of Eer as the molecular  weight increases .  This happens be- 
cause for a specified value of the deformation rate amplitude a higher degree of viscosi ty anomaly is ob- 
served for h igher -molecu la r  samples,  i . e . ,  the ratio of the maximum Newtonian viscosi ty  to the viscosi ty 
determined for a given Tmax turns out to be larger .  

The dependences of the elastic modulus G' on the deformation rate amplitude at var ious  frequencies 
and on the frequency at var ious deformation rate amplitudes are shown in Figs. 1B and 2, respectively.  
Also shown in Fig. 2 are data obtained with the frequency rheometer  using electromagnetic t ransducers  
(light triangles).  Curves 1 in Fig. 2 re fe r  to the values of G' obtained for small amplitudes that do not af- 
fect the value of G". Curves 2 and 3 were obtained for  large deformation rate amplitudes. It is evident 
f rom the figure that at these amplitudes the low-frequency part  of the dependence G'(co) is cut off. Inas- 
much as log~ = logo0 = loggmax + loga, it may be assumed that curves  2 and 3 yield the dependence of G' 
on the corresponding values of the shear ing ra tes  in continuous deformation. 

The frequency dependence of the toss modulus G" is shown in Fig. 3, where it was calculated f rom 
continuous deformation experiments on the basis  of capil lary v i scos imete r  data on the shear  s t ress  as a 
function of the shearing rate, because it is known that in nearly Newtonian flow regimes  r = G". The valid- 
try of this approach was confirmed by direct  cycl ic-deformat ion experiments using sample No. 1. The c o r -  
responding data are represented by the light c i rc les  in Fig. 3. 

Using the method of Ninomiya and F e r r y  [151, we calculated the relaxation time distribution function 
Hin(0 ) f rom the dependences G'(w) and G"(co) for the small-ampli tude interval where G' and G" are ampli-  
tude-independent. By analogy with the incipient viscosi ty concept, which is independent of the shearing 
rate for  small  values of the latter, we also re fer  to the indicated relaxation time spec t ra  as "incipient." 
The effective relaxation spect ra  He(0), which afford charac te r i s t i c s  determined for the polybutadienes at 
various values of Tmax in correspondence with the continuous deformation rates,  were calculated in the 
same way as the incipient spectra.  

The incipient relaxation spect ra  for monodisperse polybutadienes are shown in Fig. 4, where they 
form a family of curves  having an envelope. The latter cor responds  to the incipient relaxation spectrum 
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Fig. 3. Shear s t ress  Z versus  shearing rate ~', and loss modulus G" versus  frequency 09. 
Sample Nos. 1-5, respectively;  .)  in continuous deformation; O) in cyclic deformation. 

Fig. 4. Incipient relaxation spec t ra  for monodisperse polybutadienes. 
respectively.  H in dyn/cm2; 0 in sec. 

1-5) 

1-5) Sample Nos. 1-5, 

of the polybutadiene having the largest  molecular  weight of those investigated. Three intervals are dis-  
tinguished in the curves  for Hin(0): a la rge- t ime interval, corresponding to the flow regime; a smal l -  
time interval, corresponding to the glass transition; and a rubber elast ici ty plateau, which is situated be-  
tween the other two intervals.  In the rubber-e las t ic  plateau interval the relaxation time distribution func- 
tion, beginning with definite molecular  weights', has a minimum and a maximum. The width of the rubber-  
elastic plateau on the relaxation t ime scale decreases  with the molecular  weight. This reduction is p r i -  
mari ly  attributable to the displacement of the la rge- t ime interval of the spectrum toward smal le r  re laxa-  
tion t imes,  so that the variation of the relaxation spectra  with decreas ing molecular  weight is outwardly 
analogous to the cutoff of the relaxation spect rum under the influence of deformation at var ious shearing 
rates  [8, 16]. 

The data given in Fig. 4 can be used to construct  the dependence of the width of the rubber-e las t ic  
plateau on the molecular  weight of the polybutadienes. In order  to estimate the width of the rubber-e las t ic  
plateau from the curves  for logHin = ~(log 0) we draw equal-slope tangents to those curves  in the transit ion 
intervals f rom the rubber-e las t ic  plateau to the flow regime and glass- t rans i t ion  regime. We then deter -  
mine the plateau width from the value of A log 0, as indicated schematical ly  in Fig. 4. The tangents are 
usually plotted with a slope of 1/2. However, for polymers  having a very  narrow molecular-weight  d is t r i -  
bution the transition from the rubber-e las t ic  plateau to the flow and glass- t rans i t ion  intervals is distin- 
guished by a much steeper  slope than for polydisperse polymers .  It is impractical ,  therefore,  to use a 
slope of 1/2 for the tangents. The transition limits to the flow and glass- t rans i t ion  regions for polybuta- 
dienes were determined for tangents having slopes varying f rom - 1 / 2  to - 3 .  The corresponding data on 
the width A log 0 of the rubber-e las t ic  plateau as a function of log M w are given in Fig. 5A. It is evident 
f rom the latter that the width of the rubber-e las t ic  plateau depends only slightly on the choice of the tangent 
slope. This choice has a par t icular ly  inconsequential effect on the slope of the rubber-e las t ic  plateau 
width as a function of logMw; this slope has a value of 3.6. According to [1] this slope should be 2.4. How- 
ever, as remarked ear l ier  [7], s imilar  dependences were obtained experimentally with a slope of 3.4. Be- 
low we use data obtained for tangents drawn to the curves  in Fig. 4 with a slope of - 2 .  Extrapolation of 
the dependence A Log 0 -- ~)1 (l~ to a zero value of A Log 0 gives the molecular  weight at which the rubber-  
elastic plateau is formed:  M 3 = 1.4- 10 4. The average molecular  weight of the chains between linkage 
sites, when determined from the simple relation M e = pRT(G') -1, is equal to 3.5 �9 10 3. Hence it follows that 
the rubber-e las t ic  plateau for the given polybutadiene samples sets in when M w ~, 4M e. 

Using the incipient relaxation spectra,  we can calculate the values of the maximum Newtonian viscosi ty 
Vmax = ljm ~. According to [1], for the stat ionary flow case, i . e . ,  for w - -  0, 

7--0 

~l~ax = ,I H~ (0) dO. (2) 
0 

The value of ~?max calculated f rom Eq. (2) for monodtsperse polymers  of various molecular  weights dif- 
fers  f rom the experimentally measured value according to capi l lary v i scos imete r  data by no more than 20%.* 

�9 All numerical  calculations of the spect ra  in the present  study were ca r r i ed  out on a digital computer .  
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Fig. 5. Width of the rubber -e las t i c  plateau (A), and maximum Newtonian vis-  
cosi ty and maximum relaxation time (B) versus  molecular  weight, according to 
the relaxation spec t ra  shown in Fig. 4. Slopes of tangents: 1) -1 /2 ;  2) - 1 ;  3) 
- 2 ;  4 ) - 3 .  

Fig. 6. Incipient (curve 1) and effective (curves 2 and 3) relaxation spec t ra  for 
monodisperse  polybutadienes, a, b, c) Sample Nos. 2, 3, and 4, respect ively.  
Curves 2a, 2b, 2c, and 3c correspond to the following shearing ra tes  y, in sec - l :  
160, 316, 145, and 460. 

The dependence of the maximum Newtonian viscos i ty  on the molecular  weight of the polymer  is shown 
in Fig. 5B, where rlmax = CM n with n = 3.6. Also shown in the same figure is the molecular-weight  de- 
pendence of the maximum relaxation t imes 00 determined f rom the ineipient relaxation spect ra  for the poly- 
mers  (light c i rc les  in Fig. 4). The dependence 00(M w) also has a slope of 3.6. As we know [18, 19], the 
dependence of logrTmax on log M w has a jog corresponding to the cr i t ical  molecular  weight M cr. If we as -  
sume that the dependence rTmax(Mw) has roughly the same slope as the dependence 00(Mw) in the interval of 
smal le r  values of M w as well, as shown in Fig. 5B, the implication is that the cr i t ical  molecular  weight 
must correspond to the cr i t ical  value of 00. In this case the experimental ly observed sharp rise of the v is -  
cosi ty for molecular  weights above the cr i t ical  value could be accounted for by a sharp r ise of the maximum 
relaxation t imes of the polymers  for M w > Mew r. 

We now consider  the variat ions experienced by the incipient relaxation spect ra  of the polymers  under 
deformation with various values of "Ymax or with the corresponding shearing ra tes  in continuous de fo rma-  
tion. The resul t  is shown in Fig. 6, f rom which it is c lear  that under the action of large shearing rates  the 
incipient relaxation spect rum of a monodisperse polymer  experiences a very special kind of variation. The 
tatter consis ts  in a cutoff of the la rge- t ime part  of the spect rum and a shift of the maximum toward smal ler  
relaxation times. The significant thing here is that the maxima of the effective relaxation spec t ra  are higher 
than for the incipient spectra.  The possibil i ty of this kind of variation of the incipient relaxation spect rum 
in the rubber-e las t ic  plateau interval was postulated ear l ie r  in [17]. Clearly,  a maximum in the effeetive 
relaxation spect rum for polymeric  sys tems  ought to be observed for polymers  whose incipient relaxation 
spectra  also have a maximum. 

Figure 7 gives the dependence of the effective viscosi ty  on the shearing rate (dark circles)  and of the 
absolute value of the complex viscosi ty on the eyelie frequency for small  deformation amplitudes (light e i r -  
eles). The ranges of the experimental ly measured values of r/ and I~?*l are given by the solid curves.  The 
heavy dashed eurves  indicate the postulated values of the effective viscosi ty in the interval where variat ions 
of ~7 are impossible for reasons to be stated below. The thin dashed curves  indicate the dependence of the 
effective viscosi ty  on the shearing rate according to ealeulations by the method proposed in [9]. The follow- 
ing relation is used: 
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Fig. 7. Effect ive v i scos i ty  (in P) v e r -  
sus shearing ra te ,  and absolute value of 
the complex dynamic v i scos i ty  v e r s u s  
f requency for  smal l  deformat ion ampl i -  
tudes. 1-5) Sample Nos. 1-5, r e s p e c -  
tively; e) in continuous deformation;  
O) in cyclic  deformation.  

01 

-q = .[ Hin (0) dO. ( 3 )  
0 

The upper  l imit  in Eq. (3) is chosen as shown schemat ica l ly  in the upper  par t  of Fig. 6. For  a given i- th 
value of the shear ing ra te  in continuous deformat ion a secant,  approximated by a t rapezoid,  is drawn p a r a l -  
lel to the l a r g e - t i m e  par t  of the spec t rum.  Then on the secant  cor responding  to the i - th shear ing ra te  the 
value of 01 = 2.8 0 i is found. The t ransi t ion coefficient,  equal to 2.8, was found in [9]. 

The values found for  the effective v i s cos i t y  ~ according to Eq. (3) do not differ  by more  than 60% 
f rom the exper imenta l ly  m eas u red  values of l~*l = r This  d i spar i ty  is explained by the r a the r  coa r se  
approximation of the spec t rum.  

The dependence of the effective v i scos i ty  on the shear ing ra te  can also be calculated f rom the e f fec-  
tive re laxat ion s pec t r a  He(0 ) given in Fig. 6. The following relat ion is used: 

0, 
~] = S He (0) dO, (4) 

0 

in which 02 is the max imum relaxat ion t ime on the effective re laxat ion spec t r a  for  a given deformat ion  ra te  
(light c i r c l e s  in Fig. 6). The data of the calculat ions are  r ep resen ted  in Fig. 7 by a d o t - d a s h  curve.  A 
compar i son  of these values  of V(7) with the absolute value of the complex  v i scos i ty  l~*[ = r shows that 
for  polybutadiene sample  Nos. 3 and 4 the calculated values of ~(~) are  60% higher than the measured  values 
of Iv/*] = 4,2(c0 ). For  sample  No. 2 the values  of ~ and 7 '  concur.  The observed d iscrepancy  between ~(~ 
and Itl*] = (I'2(w) for  the h igh-molecu la r  polybutadiene samples  is probably  re la ted to the fact  that for  large 
deformation ra te  amplitudes,  as in the case  of high shear ing ra tes ,  the monotonicity of the function V(?) is 
disrupted in cont inuous-deformat ion r eg imes .  Thus, according to the cap i l l a ry  v i s e o s i m e t e r  data a sharp  
jog is observed in the flow curve,  so that when the shear  s t r e s s e s  attain cer ta in  values  the flow ra te  jumps 
ve ry  suddenly. In cyclic deformat ion at large ampli tudes  the h igh-molecu la r  samples  are  obse rved  to b r e a k  
away f rom the m e a s u r e m e n t  sur faces .  These  effects,  of course ,  de se rve  special  considerat ion.  Fo r  the 
t ime being, however,  we point out that the method proposed in [9] for  po tydisperse  po lymers  can be used 
for  an approximate  calculation of the s h e a r i n g - r a t e  dependence of the effective v i scos i ty  of monodisperse  
polybutadienes.  

The authors wish to thank E. K. Bor isenkova  for  conducting the m e a s u r e m e n t s  on the capi l la ry  v i s -  
cos ime te r ,  as well  as G. V. Gulyaev for  a ss i s t ing  with the compute r  calculat ions.  
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