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SUMMARY 

The applicability of an approach is tested experimentally, which interrelates the frequency as well 

as the temperature shift of isotherm and isochrone viscoelastic data with the apparent activation 

energy of the viscous f low. The procedure is based on the evaluation of the slopes of isotherms in 

the log viscoelastic function - log frequency plot and of isochrones in the log function - reciprocal 

temperature plot. Experimental data demonstrate that the approach applies over the entire tempe- 

rature range from the high-temperature melt to the glass transition, where the WLF equation f~ils 

oftenly. The temperature range of variable activation energy turns out to be substantially smaller 

than supposed. Above T + 40 K constant activation energy suffices, suggesting that the range of g 
validity of the EYRING model is quite larger than usually admitted. 

C O R R E L A T I O N S  BETWEEN A C T I V A T I O N  OF FLOW AND GLASS T R A N S I T I O N  

According to the modified ROUSE theory of undiluted polymers in the "f ree  draining" assumption of 

the bead-spr ing model for a linear flexible random coil the viscoelastic moduli of polymer melts  are 

related to the relaxation t imes  of p modes of motion, Tp, by 1) 2) 

N N 
G' = ( p R T / M )  ~ ~02T 2 ]  ( I + ~ 2 T  2 ) G" = ( p R T / M )  ~- {oT / ( I+L02T 2)  . ( I )  

p~l P P p=l P P 

G' and G" are the storage and the loss modulus) resp., M is the molecular weight, pthe density and 

the angular frequency of the harmonic motion. The relaxation t imes  are dependent on the t rans-  

lational friction coefficient per subunit ,  ~o'  on the degree of polymerization, P, and on the root - 

mean-square  e n d - t o - e n d  dis tance,  < h 2 > ,  by 

Tp = < h 2 > P r  Qe  / 6 7 2 p 2 k T  (2 )  

The factor Qe represents  the  enhancement  of friction by entanglement  res t ra ints3) .  

In the  range of finite linear viscoelasticity the BOLTZMANN superposition principle holds, which re -  

quires implicitly that  all relaxation t imes show identical temperature  dependence.  Customary this is 

expressed by the ratio of any specific relaxation t ime at temperature  T to its value at an arbitrarily 

chosen reference tempera ture  T : 
o 

[Tp ] T  I [Tp ]To = a T (3 )  

Thus a T is the "shi f t  fac tor" ,  which allows the superposition of isotherm viscoelastic curves to a 

composite "master curve" in the logarithmic viscoelastic funct ion-  frequency plane. 

Since the low-frequency l imit of the loss modulus G"= 0~3o, the fr ict ion coeff icient may be expressed 

in terms of the steady-state zero-shear viscosity, rlo, 

~o = 3 6 r l o M o /  p <h2>NA , (4 )  
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Consequently, the re laxat ion t ime can be related also to the zero-shear  viscosity: 

~p = 6noM/~2p2pRT (~) 

It fo l lows that the shi f t  fac to r  a T can also be expressed by 

a T = [r r T To I [<h2> r T O 

or a T = rlo To Po / rlo ~ T p 
(6) 

respect ively.  Under reduced temperature and density condit ions the shif t  factor  is simply given by 

the rat io  of  the zero-shear  viscosit ies 

a T = [no/ qo ~ ( 6 a )  

with qo ~ the zero-shear  viscosity at the reference temperature.  As consequence of the BOLTZ- 

MANN superposition principle, however, the shift factors apply not only in the range of zero-shear 

viscosity,  but for  the ent i re range of the viscoelastic funct ion above Tg. 

A second approach to express re laxat ion t imes is related to the thermodynamic probabi l i ty  of  con-  

f igurat ionai  changes , ~ as suggested by GIBBS and DIMARZIO 4): 

T (T) = I / ~ ( T )  (7) 
P 

The probability of configurational changes depends on both the energy of the potential energy 
. 

barrier between stable configurations, A! J, and the critical configurational entropy, Sc, of the smal- 

lest cooperative region of configurational redistribution: 

~(T)  = Aexp( -AIJSc*/kT S c) (8) 

S is the temperature dependent molar conf igurat ional  entropy 
C 

S c (T) = A c p l n ( T I T  2) (9) 

and T 2 the thermodynamical equilibrium "freeze in" temperature at which ~(T 2) = 0. ACp is the 

difference of the heat capacities of the equilibrium melt and of the glass at Tg. T 2 is experiment- 

ally not accessible, however. It is stated only that it is situated around T - 50 K. g 
~) 

Applying to the glass transi t ion the shi f t  factor  is given by the expression 

l o g a  T = -2 .303  (AIJS c l .k )  { [ I / T o S c ( T o ) ]  - [ I I T S c ( T ) ] }  (10 )  

Introducing the expression for  the temperature dependent molar conf igurat iona[ entropy,  equation 

(10) can be rewr i t ten in the form of the empir ic W I L L I A M - L A N D E L - F E R R Y  relat ion 

log a T = - a  I ( T - T  o ) / [ a  2 + ( T - T o ) ]  ( I I )  

The two constants are a I = 2.503 A )JSc* /ACpTok  I n ( T o / T 2 )  
( 12 )  

a 2 = T o { I I  [ I + ( I + T o ) I ( T -  To) ]  In (T T21 To2)}  

and i t  is qui te evident that  the constant a 2 has the dimension of a temperature.  

Start ing with equation (6 a) i t  is obvious that  the temperature dependence of the shi f t  factor  can be 

expressed in terms of the temperature dependence of the zero-shear  viscosity.  

Concerning viscous f low of a f lu id ,  two requirements have to be considered, 

the existence of the necessary " f r ee  volume" for  the translat ional movement of  the part ic les,  
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with ~v the probability of free volume creation and 

the necessity to "overcome" a potential energy barrier between equilibrium positions of the fluid 

particles, given by the probability f ie" 

Consequently,  the probability of viscous flow is given by 6) s = ~ v ~ e (13)  

Therefore two limiting models may be discbssed. 

In the first  model the viscous flow depends on free volume creat ion,  i. e .  the existent  free volume 

determines  the flow. This situation occurs at tempera tures  near T . Than DOOL1TTLE's equation 
g 

7) applies) which relates the  viscosity of the polymer melt  in the terminal  zone to the ratio of the  

specific occupied volume, Voc ) to the specific free volume, vf) 

rl = A ' e x p ( B  o v o c / v f )  ( lO)  

A' and B are two empirical constants)  the latter near unity.  The tempera ture  dependence 5f the 
o 

viscosity is exprimed via the tempera ture  dependence of the respective specific volumes 

v i = vi, o [1  + a ( T - T o ) ]  , (15)  

with vi, ~ the specific volume at  the reference tempera ture  T O and a the expansion coeff ic ient .  

The ratio of the specific volumes in equation (14) will be consequently (16)  

Voc/Vf = ( v - v f ) / v f  = {Vg[l + a L ( T - T g ) ] -  V f , g [ l  + a f ( T - T g ) ] } / { V f , g [ l +  c~f (T-Tg)]}  

v is the specific volume of the liquid at  T, Vg that  at Tg. Vf,g is the  specific free volume at Tg. 

a L and a f  are the thermal  expansion coeff icients  of the liquid and of the free volume above Tg. 

Introduction of the viscosity rat io,  according to equation (6 a) into equation (14) and rearranging 

yields a WLF equation again: 

loga T = -C lg  (T - Tg) / [c2g+ (T - Tg)] ( i 7 )  

6) The constants are given here by the expressions 

Clg : - ( B o l  2.303) [ ( aL leZ  f )  - I ]  ( v g l v f , g )  c2g : a f  - I  (18) 

Substantially simplified expressions for the constants result according to the original paper of 

WILLIAMS, LANDEL and FERRY 8), when simplifying assumptions are admitted for both the 

fractional free volume~ f ,  and for the tempera ture  dependence of the fractional free volume, 

>>vf  i . e .  f v f / v  = (19)  VOC ~ = Vf ] Voc 

and f = fg + AClI(T - Tg) (20) 

ACi I = (cl L -c~ G) Tg is the difference of the expansion coeff icients  of the polymer melt and 

of the glass at T . The resulting constants  are 
g 

and = f g / A a f  (21)  Clg  = Bo/2 .303 fg c2g  

Although the theory based WLF equations are valid strictly for Tg as the reference tempera ture  only, 

the empirical relation logaT = _ C l O ( T _ T o ) / [ c 2 o + ( T _ T o ) ]  (17a)  

is used for other reference temperatures~ T o, too. The applicabil ity of the relation generally is 

claimed for temperatures up to T + I00 K. The interdependence between the constants for dif ferent g 
reference temperatures + (22) 

CI ~ = C l g C 2 g / ( c 2 g + T o - T g )  C2 ~ = c2g T o - T g  
C o suggests that a single temperature correction~ T = To- 2 ' may be used in the WLF equation. 
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Consequently,  the WLF equation may be writ ten in a form being similar to the empiric VOGEL re-  

lation 9) , which has been deduced for the tempera ture  dependence of the viscosity: 

= C l ~  (T - To) l i T  - Too ) (23)  l oga  T 

Too is called "VOGEL tempera tu re" ,  which is claimed to be situated in the range of T - 7 0  K. 
g 

The second model applies at  higher t empera tures ,  where the exis tence of sufficient  free volume 

implies that  overcoming of the potential energy barrier is the rate determining step of the viscous 

flow exclusively. According to EYRING's  theory,  when extended to viscous flow of fluids 10) an 

ARRHENIUS type equation is obtained for the tempera ture  dependence of the ze ro -shear  viscosity 

qo = [(hNA/V)exp(-AS#/R)]exp(AH#/RT) 
(24)  

or ri o = B exp ( E / R T )  , 

respectively. V is the molar volume, AS t/ and AH # are the act ivat ion entropy and enthalpy, resp. 

In the ARRHEN]US formulat ion B is considered a temperature invariant constant and E the appar- 

ent act ivat ion energy of f low.  Consequently, the shift factor can be expressed, within the range of 

validity of ARRHENIUS's law, in the following way: 

log a T = log ( r io /%0)  = log (rl/q ~ = (E /2 .303  R) [(1 / T) - ( 1 / T o ) ]  

= ( -  E/2 .303 RTo) [ (T  - T O ) / T)]  (25)  

By comparison with the WLF equation (17a) the two constants can be expressed as 

C l ~  = E /2 .303RT  o C2~ = T o (26)  

An interdependence between the apparent activation energy of viscous f lowand Tg is indicated, if 

the glass transition tempera ture ,  Tg,  is considered as reference tempera ture ,  instead ot To: 

300 

E 
>. 

2OC 

E / T g  (27)  
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In Figure 1 both data from l i ter-  

a ture  1I)-13) and own results 

are presented to i l lustrate this 

correlat ion.  The shape of the 

Figure remembers  on similar a t t -  

empts  of other authors to correl-  

ate T data  of polymers with ra -  
g 

rious character is t ics ,  like me l t -  

ing tempera ture ,  solubility para-  

meter  or molar cohesive energy 

1/4) and with factors de te rmin-  

ing the flexibility of macromole-  
12) cules ,  respectively 

On the other hand, it is also 

evident that  the C 1 constant  of 

of the WLF equation cannot be 

admitted an" universal" constant, 

I t  is a fac tor ,  which varies bet - 

ween certain l imi ts ,  depending 
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on the nature of  the polymers. For the greater  part  of  polymers, however,  a constant factor  seems 

to be appl icable wi th in cer ta in l imi ts.  This observation is in accordance with statements of ADAM 

and GIBBS 5) and os SCHWARZL and ZAHRADNIK 15) concerning the non-universal  character  of  

WLF constant,  as admit ted by FERRY in the third edit ion of his book too 2) As a general rule i t  

can be stated, however~ that the temperature coef f i c ien t  of viscous f low of a polymer is as higher 

as higher its glass t ransi t ion temperature.  When wr i t ing the WLF equation ( 17 a) in the form 

log aT= { - C i ~  ~  O ) I T ]  ( 28 )  

and comparing with the ARRHENIUS type re lat ion (25),  i t  is obvious that  the act ivat ion energy of 

viscous f low is a temperature dependent fac to r ,  E = E(T) :  

E(T)  =2.303 R T o C I ~ 1 7 6  + (T - To) ]  = 2.303 R T o C I ~  - Too) ( 29 )  

Consequently, the two ranges of viscous f low are del imited by the d i f fe ren t  nature of the activ'ation 

energy wi th in both regimes. Constant act ivat ion energy of f low,  at  higher temperatures,  implies a 

stat ionary f low mechanism. The monotonic increase of the act ivat ion energy when approaching Tg 

suggests a gradual change in the f low mechanism, as predicted in the range of val id i ty  of  the WLF 

re lat ion.  This monotonic change is not conf i rmed general ly by exper imental  data.  Especially at  t em-  

peratures nearest T more or less pronounced discrepancies have been found between exper imental  
g 

shif t  factors and those calculated applying the WLF relat ion 15) 

E X P E R I M E N T A L  A P P R O A C H  FO R SHIFT F A C T O R S  VIA ACTIVATION ENERGY 

Experimental  data  substant ia te  that  the ARRHENIUS law for viscous flow applies in the terminal  

zone~ whereas the WLF equation is considered to be valid mainly for the glass transit ion region. 

It has been shown by us recently that  in the terminal  zone an a F shift of isochrone viscoelastic 

data  along the reciprocal tempera ture  axis can be performed,  besides the usual a TShift of isotherm 
16) data  along the log frequency axis.  Isochrone mastercurves may be constructed in this way 

This is demonstrated in Figure 2 for G' of a poly(isobutylene), where the act ivat ion energy is tempe-  

ra ture  invariant .  Consequently~ isotherm and isochrone mastercurve are transformable into one-an-  

other by rescaling of the abscissa.  The measurements have been performed in the excentr ic  rotat ing 

disk mode. Due to slipping of the sample between the plates the glass plateau could not been 

reached.  The composite curves are f la t tened at  high frequencies and low tempera ture ,  consequently.  

Figure 2 makes evident tha t  the a T shift corresponds to a frequency difference between the isotherm, 

in double logarithmic scale~ whilst  the a F shift manifests a A (1/T) differnce between the isochrones 

in log storage modulus - reciprocal tempera ture  scale.  Both differences are measured for arbi trar i ly 

chosen constant  value of the respect ive modulus. Thus we may write for the shifts of the data  

log a T = (A log~)G~ _ :[or isotherms and a F = ( 4  T - I )G~  for  isochrones, (30 )  

G'  being the arb i t rar i l y  chosen constant value of the modulus. In terms of the above defined a 
shi f t  factors the ARRHENIUS law (25) may be formulated 

log a T = a F E / 2 . 3 0 3 R  ~ (31 )  

corresponding to ( A log ~)G~ = ( E 1 2.303 R)(  A T - l ) G ~  ( 32 ) 

Equation (31) makes evident that  both shi f t  factors are in terre lated by the act ivat ion energy of 

viscous f low.  This means that ,  wi th in the range of val id i ty  of  ARRHENIUS's law, the shi f t  o f  

isotherms as wel l  as of isochrones is governed only by the constant act ivat ion energy of f low,  and 

that  composite curves can be drawn using an unique shi f t  pr inciple 17) 
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As long as the  superpos i t ion  

p r inc ip le  holds,  the sh i f t  f a c -  

tors  a re  not depending on the  

a r b i t r a r i l y  chosen value of 

the v i scoe la s t i c  func t ion .  The 

p a r a l l e l i t y  of two curves  is ass-  

ured if for any couple  of iden-  

t ic  o rd ina te s  the  slopes of the 

r e s p e c t i v e  cu rves  a re  i den t i ca l .  

Consequen t ly ,  in reduced c o -  

o rd ina t e s ,  i so the rms  of iden-  

t i ca l  s l o p e [ a  l o g G ' / a  log co] T 

a re  a T - s h i f t e d  along the f r e -  

quency ax i s ,  whi l s t  i sochrones  

of i den t i ca l  slope [a  l o g G ' /  

a ( l / T) ]o~ a re  a P - sh i f ted  along 

the  r ec ip roca l  t e m p e r a t u r e  a x i s .  

Viscoe las t ic  da t a  may be r e p r e -  

sen ted  spa t i a l ly  in log v i sco -  

e l a s t i c  funct ion  - log f r e q u e n -  

cy  - r ec ip roca l  t e m p e r a t u r e -  

coord ina tes .  It has been demon-  

s t r a t e d  t h a t  the slopes of the  

isochrone and of the i so the rm 

v i s c o e l a s t i c  func t ions  in a g i -  

ven point  a re  also connec ted  via 

a c t i v a t i o n  energy  of f low lg) :  

Figure 2: Construction of isoterm and isochrone [g log G ' /  a ( I /T ) ]0~ 

mastercurves for poly(isobutylene), M n : 12000 [g l ogG ' /  alogc0] T = E ( T ) / 2 . 3 0 3 R .  (33)  

Equation (33) does not imply, however, a constant act ivat ion energy of viscous f low.  This assumpt- 

ion is connected only wi th the EYRING model. The above equation is useful to deliminate the tem-  

perature regimes, where the two models are valid. The EYRING model wi l l  be the determining one 

as long as the act ivat ion energy derived from rat io of the slopes of the isochrone and the isotherm 

curves at a given point of the viscoelastic function surface is a temperature independent constant. 

On the other hand a temperature dependent E-value suggests that the DOOLITTLE model applies, 

and that the viscoelastic behaviour of the polymer is depending mainly on the disponible free 

volume for configurationaI redistr ibut ion. 

The discussed approach for evaluation of temperature dependent viscoelastic data offers the chance 

to rediscuss l i terature data on the viscoelastic properties of polymers in the vicinity of the glass 

transit ion. Data of FERRY et al.  for poly(butylmethacrylate) (PBMA)19) and poly(n-octy lmetha- 

c r y l a t e )  (PnOMA) 20) as  wel l  as  of SCHWARZL and ZAHRADNIK for p o l y ( m e t h y i m e t h a c r y i a t e )  

(PMMA) 15) have  been used.  It may be s t a t ed  t h a t  in the  l a t t e r  case  the  sh i f t  f ac to r s  c a l c u l a t e d  by 

our method  a re  in a g r e e m e n t  wi th  the  e x p e r i m e n t a l  ones ,  whereas  the WLF equat ion  fa i led  a t  lower  
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tures, as evidenced by the respective authors 15) 

5 ;.~ PBMA 

o 
4 ~ ~,~ PnONA 

ISOTHERMS 
3 To=TG+5OK 

2 

log aT-&~ rad/s 
1_2 ' 6 "~' 4' 4 '  ~ 1 6 "  12 2.1 

In F igure  t~ the a c t i v a t i o n  ene rg ies  used to e v a l u a t e  the shif t  

f a c to r s  in the range  near  T are  shown for the  compos i t e  
g 

c u r v e s  p resen ted  in F igure  3. These a c t i v a t i o n  ene rg ies  were  

eva lua t ed  by the  t r i a l - a n d - e r r o r  me thod .  Ca lcu la t ions  a c c -  

ording to  equa t ion  (33) ,  f rom the  slopes of the  isochrones  

and  the i so the rms  a t  a g iven point  in the v i s coe l a s t i c  m a s t e r  

s u r f a c e ,  yielded s o m e w h a t  higher  values  22) 

It  is r e m a r k a b l e  t h a t  the range  of va r iab le  a c t i v a t i o n  energy  

of f low,  and t h a t  of the  app l i cab i l i t y  of the  WLF r e l a t i on ,  

is  r e l a t i v e l y  na r row.  A cus tomary  cons t an t  a c t i v a t i o n  energy  

is r eached  a l ready  above T + 40 K. At l eas t  for the  s tudied 
g 

po lymers  the  range  of the  DOOLITTLE model  and of the  

r e l a t ed  WLF equa t ion  is much sma l l e r  as supposed usua l ly .  

According to equa t ion  (33) the  a c t i v a t i o n  energy  of f low is 

g iven by the r a t i o  of the  two slopes of i sochrones  and i so-  

t h e r m s .  The co r r e l a t i on  be tween  the  slopes of compos i t e  

cu rves  for the  s to rage  modulus and the  a c t i v a t i o n  energy  in 

the i ina l  zone ol  viscous f low is i l l u s t r a t ed  in F igure  5. 

It is ev iden t  t h a t  the slope of the  i so the rms  is near ly  i d e n t -  

ica l  tor  al l  po lymers  s tud ied .  Some in f luence  oi  po lyd i spe r -  

s i ty  is sugges ted  by ONOGI e t  a l .  21). On the  o ther  

hand ,  the  slope of the isochrones  is s t rongly  dependent  on 

the  a c t i v a t i o n  energy  oI f low and - via this  a c t i v a t i o n  ener -  

6 

o 

3 

2 

/ /  O~ ~ : log rpm=O 

/ 
( I/T) . 103 , shifted 

3:1 4.'1 '5'.1 

Figure 3: Isotherm and isochrone 

mastercurves for PMMA (Solvic 229) 

PBMA (M = 3050000) and PnOMA 
w 

(M = 3620000). Reference tempe- 
w 

rature and frequency indicated 

80C 

50( 

2OO 

I OO 

~ �9 data in terminal zone 
(ERD-method) 
data in glass tran- 

�9 sition zone: 
* trial-error 

~! �9 eqn.(33) 

~PMMA, TG=380.4K 

"~'~... _~2~,___ ~ = 2 ~7 KJ/mol 

~a PBMA, TG=285.8~ E=148 , 

PnOMA, TG=265, E=IO8 

6 4~ 86 1~o 
(T-TG), K 

Figure 4: Apparent act ivat ion energy 

of f low versus T -  T for the poly- g 
mers indicated in Figure 3 

gy - on Tg ( comp.  F igure  l ) .  This is not  surpr i s ing ,  because  the sh i f t  is e l e c t e d  versus  L /T .  This 

means  t h a t  the  i sochrones  of dynamic  v iscos i ty  a re  sh i f ted  along the  slope of the  ze ro  shear  v i sco-  

s i ty  or a long the  slope g iven by the  a c t i v a t i o n  energy  of viscous flow~ as demons t r a t ed  by SCHNEI-  

DER and CANTOW 16) 

The same  r egu l a r i t i e s  a re  ev idenced  also by the  compos i t e  curves  in the  g lass  t r ans i t ion  r ange ,  as 

shown by the da ta  in F igure  3. For both the  t r ans i t ion  zone from the  glassy s t a t e  to the rubber  p l a -  

t eau  as wel l  as for the  t e r m i n a l  zone of viscous f low the  t e m p e r a t u r e  c o e f f i c i e n t  of v i scoe la s t i c  

p rope r t i e s  seems  to inc rease  in pa ra l l e l  to  the g lass  t r ans i t ion  t e m p e r a t u r e  of the  r e s p e c t i v e  po lymer .  
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Figure 5: Correlat ion between the slope of composite 

curves for the storage modulus and the act ivat ion energy 

in the f inal zone of viscous f low.  Measurements of the 

authors 22) 

R E F E R E N C E S  

On the contrary, the steepness of the 

transitions in the frequency range 
21) is invariant essentially 

In conclusion the linear viscoelastic 

behaviour can be interpreted unequi- 

vocally by the apparent act ivat ion 

energy os viscous f low.  The proposed 

method is satisfactory also at very 

low temperatures near T , where g 
the WLF equation oftenly fai ls. The 

EYRING model applies down to 

temperatures T + 40 K. g 
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