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Introduction 
Poly(ether ether ketone) (PEEK) is a high-perfor- 

mance thermoplastic in which rigid aromatic groups are 
separated by flexible ether linkages and stiff ketone 
linkages in a fully para-aromatic chain structure. This 
structure confers upon PEEK a high glass transition 
temperature and high melting point, excellent mechan- 
ical properties, thermal stability, and solvent resis- 
tance.] The study of PEEK has contributed to a greater 
understanding of structure/property relationships in 
polymers as it can be obtained in a fully amorphous 
state, or with a range of crystallinities, whose morphol- 
ogy depends upon the processing history. The fine 
detail of how the polymer chains are arranged in the 
crystalline and amorphous regions of PEEK continues 
to be an area of active research. The existence of a 
"rigid amorphous phase" (RAP) has been postulated to 
exist in a number of semicrystalline  polymer^,^-^ in- 
cluding PEEK, where those amorphous chains which 
are in close proximity to crystalline regions are con- 
strained and are only able to relax at temperatures 
above the glass transition. Experimental investigations 
of the rigid amorphous phase in PEEK have been 
carried out using differential scanning ~alorimetry,~ 
dynamic mechanical analysis,6 and dielectric relaxation 
spectros~opy~,~ (DRS). The essential parameter for 
quantifylng the rigid amorphous phase using DRS is the 
relaxation strength AE = E O  - E- ,  where EO and E ,  are 
the relaxed and unrelaxed permittivities, respectively. 
This method involves a comparison of AE of amorphous 
and semicrystalline samples as a function of tempera- 
ture to demonstrate that increasing numbers of dipoles 
only begin to relax above the glass transition temper- 
ature, as the RAP becomes mobile. For comparative 
purposes the amorphous relaxation strength must be 
extrapolated to higher temperatures, at which crystal- 
lization would usually occur, to give an estimate of the 
temperature dependence. This can result in uncertainty 
in the value of the RAP. The strength of a particular 
relaxation process can be established from the fitting 
of common empirical relaxation functions to dielectric 
data measured in the frequency domain, usually rep- 
resented in the form of Cole-Cole or loss/frequency 
plots. 

In this work we report on the dielectric a-relaxation 
behavior of amorphous PEEK and the determination of 
the relaxation strength, and associated parameters, 
using nonlinear curve fitting. 

Experimental Section 
Materials. Thin sheets ('1 mm) of amorphous PEEK 

(grade 381G supplied by ICI, Australia) were prepared by 
compression molding of dry granules a t  400 "C followed by 
quenching into icelwater. 

Dielectric Measurements. Dielectric data were obtained 
using a Gen Rad 1689 Digibridge interfaced to  a Hewlett- 
Packard computer over the frequency range 15-106 Hz. PEEK 
samples, 17 mm in diameter, were prepared for analysis by 
vacuum sputtering gold onto both polymer surfaces to ensure 
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where y = A x ) ,  with f representing a model fitting function, 
and (J is standard deviation, is minimized. This procedure 
provides values for the adjustable parameters such that the 
fitting function is optimum in a least-squares sense. A fit is 
converged when x2 is unchanged within the eighth significant 
figure for five full iterations. The confidence intervals for the 
model parameters are determined a t  the 95% limit using a 
method outlined by Draper and Smith.g 

A graphical prefitting method was used to manipulate the 
fitting function on the screen to match the experimental data 
as closely as possible prior to fitting. 

Experimental Results 
The frequency dependence of the dielectric loss for 

amorphous PEEK at  154 "C is shown in Figure 1. Also 
included in the figure are data abstracted from two 
recently published studies on the rigid amorphous 
fraction in PEEK, by Huo and Cebe7 and Kalika and 
Krishnaswamy.8 The data in these references were 
obtained from isochronal measurements, with the sample 
being heated at a constant rate. All plots show an 
asymmetric broadening, or skew, on the high-frequency 
side, which is a typical, although relatively unexplained, 
feature of the dielectric response of amorphous poly- 
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Figure 2. Dielectric loss curves for PEEK (0) this study at  
154 "C; (0) ref 8 at 158 "C; (M) ref 7 at 164 "C. Solid lines are 
curve fits to  the Cole-Cole equation. 

mers. There are significant differences in the maximum 
values of E" which may be related to the bridge calibra- 
tion, the electrode-sample interface, and the morphol- 
ogy and grade of PEEK used. The shifts in peak 
position reflect the different measurement temperatures 
a t  which the data are plotted. It is well-known that 
dielectric data in this form can be fitted to a number of 
empirical expressions, and, in this study, we compare 
the results from the fitting of the Fuoss-Kirkwood (FK), 
Cole-Cole (CC), and Havrilik-Negami (HN) functions 
to experimental PEEK data. 

The Fuoss-Kirkwoodlo expression is given by 

where EO and E ,  are the relaxed and unrelaxed permit- 
tivities, respectively, Dflr is a symmetrical broadening 
parameter which assumes no skew, and ~ f l r  is a char- 
acteristic relaxation time. 

The Cole-Cole" expression is 

where bCc characterizes symmetrical broadening. When 
Pee is equal to  1, a simple Debye process is implied. 

The Havriliak-Negamil2 expression is given by 

ahn and Bhn characterize the skew and broadness, 
respectively, of the isothermal loss peaks. 

The loss curves in Figure 1 are well fitted by the HN 
expression at both low and high frequencies, as shown 
by the solid lines. The same data are then plotted in 
Figures 2 and 3 and fitted to the CC and FK expres- 
sions, also shown as solid lines. Here the symmetrical 
curve fits are quite clearly less satisfactory and are 
unable to account for the high-frequency skew. The 
different curve fits are compared in Figure 4 which 
shows the dielectric loss curve for PEEK at 158 "C taken 
from ref 8. There is a significant shift t o  higher 
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Figure 3. Dielectric loss curves for PEEK: (0) this study at  
154 "C; (0) ref 8 at 158 "C: (M) ref 7 at 164 "C. Solid lines are 
curve fits to the Fuoss-Kirkwood equation. 
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Figure 4. Dielectric loss curves for PEEK at  158 "C ab- 
stracted from ref 8: (*.*) fit to the Fuoss-Kirkwood equation; 
(- - -) fit to the Cole-Cole equation; (-) fit to the Havriliak- 
Negami equation. 

frequencies of the maximum in dielectric loss, 
when the CC and FK functions are employed. These 
two functions produce fitted curves that are almost 
identical except a t  low frequencies where the curves 
begin to diverge. The dielectric parameters derived 
from curve fitting and the associated errors are listed 
in Table 1. The fitted parameters for the data of Kalika 
and Krishnaswamp at 150 and 152 'C and of Huo and 
Cebe7 at 155 and 158 "C are subject to large errors 
which result from only a limited part of the loss curve 
appearing within the frequency window at these tem- 
peratures. 
CC and FK Analysis. The values of relaxation 

strength and relaxation time derived from the fitting 
of the CC equation to experimental data are identical 
to the corresponding values determined by the FK 
equation, across all three data sets. The relaxation 
strength decreases with increasing temperature in all 
cases and is similar in value to that determined by fits 
to  Cole-Cole plots in ref 7 and 8. Values of the 
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Table 1. Fuoss-Kirkwood, Cole-Cole, and Havriliak-Negami Fits to PEEK Dataa 

(a) Fuoss-Kirkwood Fits to PEEK Dataa 
sample T ("C) At Bfk log d s )  y2 x 103 MSEE x 103 

this study 
this study 
this study 
ref 8 
ref 8 
ref 8 
ref 8 
ref 8 
ref 8 
ref 7 
ref 7 
ref 7 
ref 7 

151 
153 
154 
150 
152 
154 
156 
158 
160 
155 
158 
161 
164 

1.40 f 0.02 0.42 f 0.01 -2.58 i 0.02 
1.27 f 0.02 0.45 f 0.01 -3.07 i 0.02 
1.12 f 0.03 0.48 f 0.02 -3.41 f 0.02 
1.92 f 0.14 0.39 f 0.03 -2.64 i 0.10 
1.45 f 0.06 0.53 f 0.03 -3.32 i 0.03 
1.23 f 0.07 0.54 f 0.04 -3.89 f 0.05 
1.36 f 0.16 0.57 f 0.10 -4.19 i 0.09 
1.40 f 0.08 0.53 f 0.04 -4.66 f 0.03 
1.23 f 0.05 0.60 f 0.03 -5.03 f 0.03 
3.86 f 5.01 0.32 f 0.03 -1.80 i 0.75 
1.96 f 0.13 0.36 f 0.01 -3.56 i 0.09 
1.54 f 0.05 0.43 f 0.02 -4.46 f 0.03 
1.35 f 0.06 0.49 f 0.03 -5.03 i 0.04 

(b) Cole-Cole Fits to PEEK Data 

0.30 
1.43 
2.67 
0.84 
1.48 
2.35 
1.62 
3.67 
1.21 
0.50 
0.30 
0.80 
2.25 

4.29 
9.18 

12.5 
12.7 
17.2 
21.7 
56.9 
27.1 
15.6 
8.49 
6.51 

10.7 
17.9 

sample At log ?(SI 
this study 
this study 
this study 
ref 8 
ref 8 
ref 8 
ref 8 
ref 8 
ref 8 
ref 7 
ref 7 
ref 7 
ref 7 

151 
153 
154 
150 
152 
154 
156 
158 
160 
155 
158 
161 
164 

1.41 f 0.04 
1.24 f 0.03 
1.09 f 0.03 
1.98 f 0.15 
1.42 f 0.06 
1.24 f 0.07 
1.34 f 0.15 
1.37 f 0.07 
1.21 f 0.04 
3.56 f 3.17 
2.21 f 0.25 
1.50 f 0.06 
1.31 f 0.05 

0.49 f 0.01 
0.55 f 0.01 
0.58 f 0.02 
0.45 f 0.03 
0.63 f 0.03 
0.64 f 0.04 
0.66 f 0.09 
0.63 f 0.03 
0.69 f 0.02 
0.36 f 0.06 
0.41 i 0.02 
0.52 f 0.02 
0.60 f 0.03 

-2.54 f 0.04 
-3.08 f 0.03 
-3.42 f 0.03 
-2.55 f 0.11 
-3.30 f 0.04 
-3.90 f 0.06 
-4.21 f 0.10 
-4.66 f 0.05 
-5.02 f 0.02 
-1.80 f 0.66 
-3.31 f 0.17 
-4.46 f 0.05 
-5.04 f 0.04 

x 2  x 103 
0.58 
2.00 
2.93 
0.63 
1.82 
2.82 

2.77 
0.82 
0.73 
0.48 
1.30 
2.58 

15.6 

MSEE 103 

6.02 
10.8 
13.1 
11.2 
19.1 
23.7 
55.8 
23.7 
12.8 
10.2 

13.6 
19.2 

8.25 

( c )  Havriliak-Negami Fits to PEEK Data 
x2 x MSEE x 

sample T ("C) A€ a h n  P h n  log d s )  103 103 

this study 151 1.21 f 0.02 0.54 f 0.04 0.73 f 0.03 
this study 153 1.19 f 0.01 0.53 f 0.03 0.73 f 0.02 
this study 154 1.09 f 0.01 0.51 f 0.04 0.75 f 0.03 
ref 8 150 1.96 f 0.53 1.00 f 0.75 0.46 f 0.21 
ref 8 152 1.41 f 0.08 0.85 f 0.37 0.67 f 0.14 
ref 8 154 1.25 f 0.02 0.44 f 0.04 0.84 f 0.03 
ref 8 156 1.45 f 0.08 0.32 f 0.07 1.00 f 0.09 
ref 8 158 1.54 f 0.05 0.36 f 0.06 0.86 f 0.05 
ref 8 160 1.45 f 0.06 0.39 f 0.06 0.82 f 0.03 
ref 7 155 3.02 f 666 0.30 f 33.9 1.00 f 111 
ref 7 158 1.26 f 0.11 0.32 f 0.07 1.00 f 0.19 
ref 7 161 1.37 f 0.01 0.42 f 0.02 0.82 f 0.03 
ref 7 164 1.34 f 0.01 0.43 f 0.01 0.82 f 0.01 

a x2  is the sum of squared residuals. MSEE is the model standard error of estimate. 

-2.27 f 0.02 
-2.65 f 0.03 
-2.94 f 0.04 
-2.56 f 0.33 
-3.21 f 0.22 
-3.36 & 0.04 
-3.56 f 0.08 
-3.99 f 0.07 
-4.47 f 0.07 
-1.70 f 2.58 
-3.47 f 0.08 
-3.99 f 0.02 
-4.49 f 0.01 

0.12 
0.31 
0.63 
1.08 
1.74 
0.11 
1.85 
0.36 
0.09 
0.44 
0.13 
0.05 
0.02 

2.88 
4.43 
6.28 

16.4 
20.9 

21.5 
5.29 

9.48 
4.57 
8.59 
4.63 
2.95 
1.92 

symmetrical broadening parameters, pCc and pa, are 
quite Merent, even though the plotted curve fits to data 
in Figure 4 appear, from visual inspection, to be very 
similar. In general, pCc is larger than the corresponding 
value of pa. 

HN Analysis. The fractional values of ahn  reflect the 
asymmetric broadening of the loss curves, and this is 
seen to be temperature independent for the three data 
sets considered, with the data recorded in this study 
being the least skewed. These data display the greatest 
extent of symmetrical broadening and, again, this shows 
very little dependence on temperature, whereas the 
relaxation strength decreases with increasing temper- 
ature. The relaxation strengths derived from the Kalika 
and Krishaswamf and Huo and Cebe7 data are similar 
in magnitude, yet neither shows a consistent decrease 
with increasing temperature. Through use of the HN 
function, the addition of an extra term to  account for 
high-frequency skew has a significant impact on the 
magnitude and temperature dependence of the broad- 
ness and relaxation strength (compared with the FK 

and CC functions), which will, in turn, affect the 
numerical value of the RAP. 

It is interesting to compare the temperature depen- 
dence of the a-relaxation for the three data sets as the 
isothermal temperatures are not totally coincident and 
the onset of PEEK crystallization, which is known to 
occur quite close to the DSC glass transition tempera- 
ture of 143 "C, would be expected to influence the loss 
curve position. This can be done by plotting log '@,n, 
determined from the HN analysis, against reciprocal 
temperature (Figure 5a). Disregarding the data point 
for Huo and Cebe7 at 155 "C due to  the inherent error, 
it is apparent that all three data sets exhibit similar 
temperature dependencies. The relaxation times for the 
data of Kalika and Krishnaswamf are shifted to  lower 
temperatures, however, such that, at an equivalent 
relaxation time there is a temperature discrepancy of 
about 4 "C with our data. The main feature of the 
relaxation time plots shown in Figure 5b is the diver- 
gence in log Zhn from log z a  and log zcc, with increasing 
temperature. 



Macromolecules, Vol. 28, No. 20, 1995 Notes 7025 

-1.5 

-2 .0  

-2 .5 

;i -3 .0 

0 

0 0  
0 

-5 .5  
2.28 2.30 2.32 2.34 2.36 2.38 

IIT x 1 o3 (K") 

-2 .0 I i 

-2.5 pJ 81 
-3.0 c I 

u I 

:::: 1 1 O 

-5 .5  ~ ~ " ~ " " ' " " ' " '  ' " " ' " " ' " " ~ '  

2.30 2.31 2.32 2.33 2.34 2.35 2.36 2.37 
IIT x l o 3  (K-') 

Figure 5. (a) log relaxation time against reciprocal temper- 
ature from Havriliak-Negami analysis of PEEK data: (0) this 
study; (0) ref 8; (W) ref 7. (b) log relaxation time against 
reciprocal temperature for PEEK data from ref 8: (0) Fuoss- 
Kirkwood analysis; (0) Cole-Cole analysis; (A) Havriliak- 
Negami analysis. 

Discussion 
Following these observations, a number of points can 

be made regarding the curve fitting of dielectric data 
and the use of isochronal and isothermal experimental 
methods to obtain such data. In order to  fully charac- 
terize a loss process (at a particular temperature) and 
to  minimize the curve-fitting errors when empirical 
functions are used, the loss curve peak and the high- 
and low-frequency tails need to  fall within the available 
frequency window. The loss curve must be defined by 
the maximum number of data points that can be 
obtained. The most appropriate empirical equation 
should be employed to take account of features such as 
high-frequency skew which is commonly observed in the 
loss curves of amorphous polymers. Representing ex- 
perimental data in the form of dielectric loss/frequency 
plots is preferable to the use of Cole-Cole plots since 
asymmetric broadening and the position of the loss 

maximum are more easily discerned in the former. 
Isothermal techniques offer a number of advantages 
over isochronal measurements. More data points can 
be obtained in a single isothermal frequency scan since, 
in an isochronal scan, limitations are imposed by the 
need to heat the sample at rates which restrict the 
number of frequencies that can be scanned. In this 
study, for example, the a-relaxation of PEEK has been 
characterized by up to 20 data points per temperature, 
compared with a maximum of 9 points from the con- 
verted isochronal scans. Furthermore, modern dielec- 
tric bridges can scan wide-frequency ranges in less than 
1 min. The data from an isochronal scan also require 
further manipulation to convert it to an isothermal form 
suitable for curve fitting. Using isothermal techniques, 
the sample can be removed after every frequency sweep 
for characterization and examination, whereas isoch- 
ronal scans can be affected by dynamic crystallization 
of the sample during heating. Changes in sample 
morphology during an isochronal scan cannot be easily 
monitored in situ and are difficult to determine after 
the experiment if a wide temperature range has been 
covered. This is important when monitoring the dielec- 
tric response of polymers, in the amorphous state, which 
rapidly crystallize above the glass transition. Our 
analysis has shown that values of the relaxation strength 
for the a-relaxation of PEEK are dependent upon the 
particular empirical function used. This suggests, 
therefore, that use of an inappropriate function in data 
fitting is likely to lead to  an inaccurate estimation of 
the magnitude of the RAP in semicrystalline polymers. 
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