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Measurements are presented of mechanical absorption in a commercial thermoset polymer at temperatures 
close to the glass transition. The data are shown to be accurately fitted by means of non-Arrhenian 
expressions for the temperature dependence of relaxation time and by allowing for non-exponential 
relaxation behaviour. 

(Keywords: mechanical relaxation; glass transition; thermoset polymers) 

Dynamic mechanical and thermal analysis (d.m.t.a.) has 
become a widely used technique for the characterization 
and investigation of polymeric materials. The analysis is 
based on the determination of the temperature depend- 
ences of the dynamic moduli and internal friction, 
measurements being made whilst the sample is vibrated 
at a particular frequency (usually in the range 1 - 100 Hz ). 
It has been found that many polymers exhibit character- 
istic modulus changes and absorption peaks at specific 
temperatures which are employed as a means of 'finger- 
printing' polymer types and for identifying important 
properties, such as the glass and other transitions. In 
recent years sophisticated computer-controlled com- 
mercial instruments have appeared that seem to have 
great potential for quantitative data analysis and feature 
enhancement. However, it is apparent that there is little 
guidance in the literature as to how to proceed with the 
data analysis of even the most commonly observed 
feature, namely the mechanical absorption peak (usually 
the ~ peak) associated with the glass transition. The 
purpose of this report is to attempt to rectify this situation 
by demonstrating that data obtained in the vicinity of 
the glass transition can be fitted by a pair of particularly 
simple analytical expressions, well suited to automated 
computer analysis. 

The dynamic mechanical effects observed in polymers 
are similar to the phenomena, found in many other 
materials, that are attributed to anelasticity. The response 
of an anelastic material to a mechanical stress is not 
instantaneous but develops by relaxation processes that 
are characterized by a relaxation time, z. Where the 
applied stress is periodic, as in a d.m.t.a, system, the 
elastic properties become a function of the ratio of the 
angular frequency of the applied stress to the material's 
relaxation rate, ogz. When ~oz is much less than unity, 
the frequency of the applied stress is low in comparison 
with the material's relaxation rate, T-1, and its elastic 
response is able to remain in phase with the stress 
throughout the applied cycle. By contrast, when cot is 
much greater than unity the applied frequency is much 
greater than the natural relaxation rate and the anelastic 
component of strain is unable to respond to the rapidly 
changing applied stress. Consequently, as ogT is raised 
the material appears to stiffen. The analysis has much in 
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common with the classical Debye theory of dielectrics 
and there is often a close, if not one to one, relationship 
between mechanical and dielectric relaxation phenomena. 
Both effects in polymers have been discussed at length 
by McCrum et al. 1. 

In addition to changes in elastic moduli, anelasticity 
leads to the occurrence of mechanical absorption peaks. 
These are usually presented as peaks in tan 6 which is 
the ratio of the imaginary and real components of the 
complex elastic modulus. An expression for tan 6 is 1 : 

with 

tan 6 = B wzc ( l a )  
(1 + 

B - ( G u  - GR) 
(GuGR)I/2 ( lb )  

in which GR and G U are the relaxed and unrelaxed moduli 
of the material and r~ is an effective relaxation time 
z C = (r,T~) 1/2 where % and Tr are the true relaxation 
times associated with a constant stress or constant strain 
experiment. The function for tan 6 peaks when ogzc = 1. 
The relaxation time often falls with temperature in the 
thermally activated Arrhenius fashion: 

Tc = To e x p ( E a / k T )  (2) 

in which E a is the activation energy, To 1 is an attempt 
frequency and k is the Boltzmann constant. Thus a 
mechanical absorption peak may be generated by 
sweeping temperature, the peak occurring at the tem- 
perature for which the relaxation time satisfies the 
condition ~oT~ = 1. 

A set of mechanical absorption peaks obtained from 
a sample of Ciba Geigy LY1927 epoxy resin by means 
of a Polymer Laboratories DMTA, at a temperature scan 
rate of 2°C min-1,  are shown in Figure 1. This is a 
phenolic novolac resin containing ~ 7 epoxy equivalents 
kg-1 which is cured by 36 wt% of a formulated aliphatic 
polyamine hardener to a density of 1.17 g cm -s.  After 
mixing, the resin was degassed under vacuum, gelled at 
room temperature overnight, and then cured for 2 h at 
60°C, followed by 2 h at 80°C and then 24 h at 100°C. 
It is evident that the peak temperature increases with 
measurement frequency as predicted by the expressions 
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Figure l Experimental d.m.t.a, plots of tan 6 as a function of 
temperature for Ciba-Geigy LY1927 resin at four frequencies: (A) 0.1 ; 
(B) I; (C) I0; (D) I00 nz 

above. This temperature dependence can be employed, 
making the assumption ogz~ = 1 at each peak, to 
determine the parameters E a and z o in equation (2). 
However, when the temperature dependence of the 
relaxation time deduced in this way is inserted into the 
Debye expression for mechanical absorption, equation 
( la) ,  the result is a very poor fit to the experimental data 
(see later ). 

In a polymer in the vicinity of the glass transition the 
applicability of the above expressions is questionable. 
The reason the mechanical loss peak is observed at a 
temperature a little above the glass transition temperature 
(Tg) is that in this temperature range elastically coupled 
entities within the polymer 'slow down'  to a natural 
relaxation rate matching the low applied frequencies. 
This 'slowing down' is not correctly described by the 
simple Arrhenius expression above. Also, in this tem- 
perature range polymer components become strongly 
interacting and it is known z that relaxation processes 
become non-exponential--a simple exponential decay 
process was assumed in the derivation of the Debye 
expression [equation ( la)] .  

Although the conventional Arrhenius expression, 
equation (2), is often invoked to characterize d.m.t.a. 
data for polymers, the activation energies and attempt 
frequencies are in many quoted cases unphysically large. 
The data presented here provide a typical example: the 
apparent activation energy being 4.4 eV and the attempt 
frequency 1.7 x 1038 Hz. The latter is ridiculously large 
considering that the highest frequency possible in the 
material is the atomic vibrational frequency which is in 
the range of 1012--1014 Hz. In addition, it is well known 
that the temperature dependence of viscosity, and 
consequently the relaxation time, in a polymer are not 
accurately represented by an Arrhenius relationship. 
The Vogel-Fulcher law, a simple modification of the 
Arrhenius relationship, provides a much improved fit to 
experimental data. The corresponding expression for 
relaxation time is: 

z = % e x p [ E J k ( T  --  To) ] (3) 

in which T O is a reference temperature which is obtained 
by fitting data. To is usually only a few tens of degrees 
below Tg and as a consequence both E, and %1 adopt 

R e l a x a t i o n  in  p o l y m e r s :  D. P. A l m o n d  et al. 

much smaller and more realistic values than necessary 
for the Arrhenius expression. 

Williams, Landel and Ferry (WLF) 3 showed from an 
analysis of a wide range of polymers that the temperature 
dependence of the ratios of mechanical relaxation times 
conformed to a universal empirical function: 

1OglO(C~x) = --8.86(T -- Ts)/(101.6 + T -  Ts) (4) 

in which ax is the ratio of the relaxation time at T to 
that at a reference temperature Ts, recommended to be 
~ 50 K above Tg. 

A more recent alternative, investigated by Souletie and 
Thoulence 4 for the paramagnetic susceptibility of spin 
glasses, is to treat the slowing down in the same way as 
the critical slowing down that occurs in the vicinity of a 
true phase transition. Phase transition theory has 
received an enormous amount of attention in recent years 
and the value of scaling relationships is widely accepted. 
The dynamic scaling near a transition at T* should 
ideally follow a power law 5 : 

t = t o E ( T - T * ) / T ] - ~  w h e r e ~ = z v  (5) 

in which v is the critical exponent of the correlation length 
and z is the dynamic exponent. 

In Figure 2 we have fitted each of the above expressions 
to our estimates of relaxation time, assuming ogz~ = 1 at 
each of the peaks shown in Figure l.  The Arrhenius fit 
was achieved by a standard linear regression procedure 
and the WLF line by choosing Ts to fit the highest and 
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Figure 2 Comparison of the four theoretical relationships for the 
experimental data on temperature dependence of the tan 6 peak 
frequency : (a) Arrhenius ; (b) WLF ; (c) Fulcher law; (d) power law 
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Table 1 Fitting parameters for the curves shown in Figure 2 

Relationship Equation Parameters 

Arrhenius 2 3 o 1.7 x 10 -38 s 
(linear regression) E,/k 51.044 K 

WLF 4 T, 426.4 K 
3 o 3.2 X 10-as  

Fulcher law 3 To 362 K 
3 o 2.76 x 10-as  
E./k 625 K 

Power law 5 T* 380 K 
3o 2.85 x 10-12 s 

8.4 

lowest frequency data points. The parameters for the 
Fulcber and power laws were obtained by using the same 
objective criteria as these introduced by Souletie and 
Thoulence 4. The change in peak temperature (Tp) with 
frequency ( f )  was measured and graphs of (dTp/d In f)1/2 
and d In Tp/d l n f  versus T were plotted. It was shown 4 
that the intercepts and slopes of these graphs yield the 
fitting parameters Zo, T*, E, and at. The various fitting 
parameters for the curves shown in Figure 2 are tabulated 
in Table 1. 

Whilst all four expressions provide equally good fits 
across the range of the data, we must deafly reject the 
Arrbenius expression because of the unphysical nature 
of its parameters, as mentioned above. The experimental 
data certainly provide no basis for choice between the 
other three and we cannot envisage any d.m.t.a, experi- 
ment for which the available 'experimental window' 
could provide such discrimination. Souletie and Thoulence 4 
had similar difficulties but decided in favour of the power 
law on the basis of one data set covering many more 
decades of relaxation time than are available here. 

We turn now to the problem of the mechanical 
relaxation response function [equation ( 1 )]. The discrep- 
ancy between the prediction of the classical Debye 
expression and experimental data (Figure 3) is typical of 
both the mechanical and dielectric responses of polymers 
and a wide range of other materials. Traditionally 1, this 
was dealt with by postulating a distribution of relaxation 
times, each contributing a relaxation peak and thus 
accounting for the much broader peak than that 
attributable to a single relaxation time process. However, 
there is now considerable doubt about the validity of this 
procedure because it implicitly assumes each relaxation 
process to be exponential. As mentioned above, non- 
exponential relaxation characterizes the dynamics of 
polymers, particularly near T~. There is an extensive body 
of theoretical work 2 that accounts for these non- 
exponential relaxations. Much of this arrives at the 
experimentally derived 'stretched exponential' sometimes 
called the Kohlrausch or Williams-Watts function: 

f ( t )  = e x p [ -  ( t / z ) ' ]  (6) 

where the exponent n has a value between 0 and 1. 
Jonscher 6'7 has developed a somewhat more adaptable 
function for fitting to the dielectric loss data of polymers. 
The function may be adapted to provide an expression 
for tan 6 of the form : 

tan 6 = A [ ( o r r ) - "  + (co'r)1- ']  -1 (7) 

with two exponents n and m which enable the high and 

low arc slopes of an absorption peak to be fitted 
separately. The function reverts to the Debye function 
on setting n = 0 and m = 1. 

We have used the Jonschcr expression and the 
temperature dependence of relaxation time provided by 
the power law, the Fulchcr law and the W LF  expression 
to generate curves to fit the data in Figure 1. It can be 
seen that the upper and lower extremities of the actual 
tan 6 peaks are at slightly different levels, and to facilitate 
the curve fitting procedure the curves have been adjusted 
to bring both wings to a common (zero) base line by a 
linear subtraction. This makes no significant difference 
to the shapes of the curves or the heights of the peaks. 
The parameters shown in Table 1 and intermediate values 
for n and m of 0.5 were used as starting parameters for 
an automatic non-linear regression computer fitting 
routine. Figure 3 shows the set of fitted curves for the 
power law, and the final optimized parameters for all 
three relationships are shown in Table 2. Also shown are 
the mean deviations of the data from the fitted curves 
expressed as a percentage of peak height. It is clear that 
the use of the chosen functions results in very good fits 
to each of the four data sets. As expected, the fits 
employing the Fulcber, the power law or WLF are 
equally good for the most part. By contrast, the classical 
Dcbye expression [equation ( l a ) ]  for the 1 Hz curve in 
Figure 3 gives a very poor  fit, as mentioned earlier. 
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Figm, e 3 Power law expression of equation (5) fitted to the four tan t$ 
peaks of Figure I. The fitting parameters are T O = 375 K, 3 o = 3 x 
10-12 s and a = 10. The dotted curve represents an attempt to fit a 
classical Debye function to 1 Hz data. A ,  Experimental data; - - ,  fitted 
power law. (a) 1001-Iz, m = 0 . 5 5 ,  n = 0 . 7 1 ,  A =  1.18; (b) 10Hz, 
m = 0.53, n = 0.69, A = 1.14; (c) 1 Hz, m = 0.52, n = 0.58, A = 1.23; 
(d) 0.1 Hz, m = 0.46, n = 0.56, A = 1.18 
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T a b l e  2 Curve fit parameters for the three tan ~ versus temperature relationships 

Frequency To = z o E=/k Error b 
Relationship ( H z  ) A ( K )  ( s ) ct ( K ) n m ( % ) 

WLF 0.1 1.15 431 3.2 x 10 -4 NA c NA 0.56 0.39 2.38 
1.0 1.15 431 3.2 x 10 -4 NA NA 0.61 0.38 2.67 

10 1.15 431 3.2 x 10 -4 NA NA 0.70 0.35 4.35 
100 1.15 431 3.2 x 10 -4 NA NA 0.71 0.31 5.20 

Fulcher law 0.1 1.13 362 5.5 x 10- 7 NA 626 0.52 0.72 2.6 
1.0 1.17 362 5.5 x 10 -7 NA 626 0.60 0.70 2.2 

10 1.11 362 5.5 x 10- 7 NA 626 0.65 0.76 3.4 
100 1.06 362 5.5 x 10 7 NA 626 0.78 0.77 3.5 

Power law 0.1 1.18 375 3 x 10-12 10 NA 0.46 0.56 2.7 
1.0 1.23 375 3 x 10-12 10 NA 0.52 0.58 1.9 

10 1.14 375 3 x 10 -12 10 NA 0.53 0.69 3.0 
100 1.18 375 3 × 10-12 10 NA 0.55 0.71 3.5 

=The symbol T o represents different characteristic temperatures for the throe laws, namely T s for WLF, T o for Fulcher and T* for the power law 
bThe errors are root mean square deviations of the curve from data points as a percentage of peak height 
c NA, not applicable 

W e  believe that  the fitt ing rout ine  we have demons t r a t ed  
here shou ld  find genera l  app l i ca t ion  in dea l ing  with ~t 
peak  da ta .  The  qual i t ies  of  the  fits are  sufficiently g o o d  to 
facil i tate the often needed  de ta i led  c o m p a r i s o n  of  d a t a  
ob t a ined  f rom samples  of  the same p o l y m e r  processed  in 
different ways  o r  to d is t inguish  subt le  changes  tha t  might  
be a t t r i bu t ab l e  to  the inc lus ion of  secondary  phases  or  
s t rengthening  fibres. 

Of  the three a d o p t e d  express ions  for the t empe ra tu r e  
dependence  of  r e laxa t ion  t ime,  the W L F  express ion 
has  the a t t r ac t ions  of  having  the smal les t  n u m b e r  of  
pa r ame te r s  and  of  p roven  universa l i ty  for a m o r p h o u s  
polymers .  An  a t t r ac t ion  of  the power  law, however ,  is 
tha t  the fi t t ing process  genera tes  a phys ica l ly  useful 
p a r a m e t e r  in the  form of  the a p p a r e n t  under ly ing  phase  
t rans i t ion  t empe ra tu r e  T* which might  be identif ied 8 
with the T~. The  de t e rmina t i on  of  Tg from equi l ib r ium 
measurement s  is h ighly  dependen t  on exper imenta l  
condi t ions ,  in pa r t i cu l a r  coo l ing  rate.  The  app l i cab i l i ty  
of  the  p o w e r  law ( d y n a m i c  scal ing)  suggests  a m e t h o d  
for the de t e rmina t i on  of  Tg f rom measu remen t s  t aken  
well above  T~ where  cool ing  ra te  effects are  far less 
restrictive.  W e  have found the power  exponen t  ct = 8.4 
accura te ly  to  r ep roduce  the universa l  W L F  express ion 
at  t empera tu re s  to within a b o u t  1 0 K  of  T~. The  
V o g e l - F u l c h e r  law, a l though  or ig ina l ly  an  empi r ica l  law, 
has now been ob ta ined  in numerous  theoret ical  t rea tments  
of  the  glass t rans i t ion .  Its pa ramete r s ,  however ,  are  no t  
universal  which is a d i s advan t age  for use in an efficient 
curve fi t t ing procedure .  

I t  can be seen f rom Tab le  2 tha t  the fi t t ing exponen t s  
m and  n vary  from curve to curve.  These  values 

charac ter ize  the re laxa t ion  process  of  the po lymer  in the  
t empe ra tu r e  range  covered  by  the re laxa t ion  peak.  I t  is 
c lear  f rom F i g u r e  1 t ha t  the 100 Hz  d a t a  a re  sp read  across  
a far wider  range  of  t empera tu re s  than  the 0.1 H z  da t a  
and  therefore  it is no t  surpr is ing  tha t  the exponen t s  differ 
for these two d a t a  sets. I t  is a lso clear  tha t  the qual i ty  
of  the fits de te r io ra tes  with increas ing frequency.  This  
m a y  be a consequence  of  having  to  use a single exponen t  
to represent  the response  across  a wide range  of 
t empera tures ,  whereas  ideal ly  t e mpe ra tu r e -de p enden t  
exponents  should  be employed .  

A C K N O W L E D G E M E N T  

This  s tudy  is pa r t  of  a wider  p r o g r a m m e  on surface 
t r ea tmen t  of  c a r b o n  fibres for compos i t e  mate r ia l s  carr ied  
ou t  in co l l abo ra t i on  with Professor  J. Verbis t  and  D r  C. 
Lefebvre of  the F a c u l t r s  Univers i ta i res  N o t r e - D a m e  de 
la Paix ,  N a m u r ,  Belgium and  funded by  the EEC.  
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