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Poly(ether ether ketone) (PEEK) is well known as a 
high-performance engineering thermoplastics possess
ing excellent mechanical properties, good solvent resis
tance and high thermal stability.1

•
2 However, its rela

tively low glass transition temperature (Tg, 143°C) and 
comparatively high price limit its widespread applica
tion. By varying the ratio of ketone / ether groups, one 
can improve the low Tg of this kind ofpolymer. 1-

6 As an 
alternative method to improve its heat resistance, re
placement of its phenylene moiety to biphenylene moiety 
has been proved to be effective.7 Among them, poly(aryl 
ether diphenyl ether ketone) (PEDEK) possesses a 
higher thermal resistance by replacement of its phen
ylene moiety to biphenylene moiety ; moreover, its me
chanical, physical, and other properties which are com
patible with those of PEEK are still maintained. PED EK 
has the following chemical repeating unit : 

Up to now, only a few studies have reported on this poly
mer, mainly on its synthesis,4 crystal structure,8 double 
melting behavior,9 and variation in unit cell parameters 
with crystallization temperature. 10 As the practical proc
esses such as extrusion, moulding and film production 
were usually performed under dynamic, nonisothermal 
conditions, it is of great significance to study the noniso
thermal crystallization process quantitatively. The pre
sent article reports the nonisothermal cold crystalliza
tion behavior of PEDEK. 

EXPERIMENTAL 

PEDEK was prepared by polycondensation of 4,4' -
diphenol with 4,4' -difluorobenzophenone, diphenylsul
fone as solvent and alkali metal carbonate as catalyst 
through a nucleophilic substitution route. The glass 
transition temperature (Tg) of 171 °C and melting tem
perature (Tm) of 409°C were measured by differential 
scanning calorimetry (DSC). The inherent viscosity of 
the polymer used was 1.30 dL g- 1 (measured at 25°C on 
a 0.1% solution of the polymer in 98% sulphuric acid). 
The brown amorphous glassy film was obtained by 
quenching the hot-pressed sheets into ice/water mixture 
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as quickly as possible from the melt (440°C). The film 
was confirmed to be amorphous by wide-angle X-ray dif
fraction pattern (WAXD). 

A Perkin-Elmer DSC-7 apparatus was used for meas
uring nonisothermal cold crystallization kinetics. The 
amorphous samples were heated at constant heating 
rates in the range from 2.5 to 30°C min- 1. All operations 
were performed under a nitrogen purge. Sample weight 
varied between 8-10 mg. The exothermic crystalliza
tion peak was then recorded as a function of tempera
ture. The relative degree of crystallinity, Xt, and abso
lute degree of crystallinity, Xe, as a function of tempera
ture T are defined as 

r (dH, )ar 
X _ J.0, dT 
i- rx(dH,)dT 

J1,, dT 

(1) 

(2) 

Where T0 and T cc( represent the onset and end of crys
tallization temperatures, respectively. He is the enthalpy 
for unit mass of sample with unit J g- 1

. Mlm0 is the 
heat of fusion of a perfect PED EK crystal. The absolute 
crystallinity was calculated on the basis of the heat of fu
sion using a value of Aflm0 = 169 J g- 1

. 11 

RESULTS AND DISCUSSION 

Figure 1 showed typical DSC scans of PED EK on heat
ing from the amorphous at various rates. This figure re
vealed that the exothermic peak TP on heating shifted to 
higher temperature and became broader when the heat
ing rate increased. At 2.5 °C min -i, the peak tempera
ture TP was observed at about 189.8°C, increasing to 
202.8°C at the highest heating rate of 30°C min - 1. The 
values of Tp, their corresponding peak times tmax, the 
crystallization enthalpies Mic, the relative crystallinity 
Xt and the absolute crystallinity Xe of the nonisothermal 
cold crystallization for PEDEK under different heating 
rates were collected in Table I. 

Integration of the exothermic peaks during the noniso
thermal scan gave the relative degree of crystallinity as 
a function of temperature. The results were shown in 
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Figure 1. Heat flow vs. temperature during nonisothermal cold 
crystallization at different rates. 

Table I. Peak temperature (Tp), peak time <tmaxl, 
crystallization enthalpy (Ml,), relative crystallinity (X,) 
at the maximum rate of heat flow, and absolute degree 

of crystallization (X,), during nonisothermal cold crystallization 
ofPEDEK 

<Pl'C min- 1 T/°C tma/min Afl/J g-1 X,1% X/% 

2.5 189.8 3.50 15.1 44.5 8.9 
5.0 193.2 2.79 16.0 47.0 9.5 
10 196.1 1.51 18.0 47.5 10.7 
20 200.9 0.82 16.2 49.5 9.6 
30 202.8 0.61 17.1 48.0 10.1 
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Figure 2. Development of relative crystallinity with tempera-
ture for nonisothermal cold crystallization. 

Figure 2. The well-known Avrami equation is used to 
analyze the isothermal crystallization kinetics, which 
assumed that the relative degree of crystallinity devel
oped with crystallization time t, 12 

1-Xt=exp(-Zttn) (3) 

where n is the Avrami crystallization exponent depend
ing on the nature of nucleation and growth geometry of 
the crystals ; Zt is a composite rate constant involving 
both nucleation and growth rate parameters. Whereas 
eq 3 is reasonable to certain extent for many systems, 
some modified forms are proposed in order to fit experi
mental results obtained from nonisothermal crystalliza
tion process. Considering the nonisothermal character of 
the process investigated, Jeziorny pointed out that the 
value of rate parameter Zt should be adequately cor
rected.13 The factor which should be considered was the 
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Figure 3. Plots oflog[ - ln(l - X,)] vs. log t for nonisothermal cold 
crystallization. 

Table II. Effect of heating rates on crystallization 
kinetics of PED EK 

<P/°C min 1 z, t 112 /min• n 

2.5 3.8 4.97Xl0- 3 3.67 
5.0 5.3 2.77X 10-3 2.80 
10 4.7 9.56X 10 2 1.50 
20 4.9 1.96 0.81 
30 5.1 7.96 0.62 

a Here, the parameter t 112 is given by t 112 =(ln 2!Z,) 11n. 

cooling rate <P. Assuming constant or approximately con
stant <P, the final form of the parameter characterizing 
the kinetics of nonisothermal crystallization was given 
by log Zc= log Zt l<P. Plots of log[- ln(l - Xt)l us. log t 
were shown in Figure 3. Each curve had a linear portion 
followed by a gentle roll-off at longer times. Usually, this 
deviation is considered to be due to the secondary crys
tallization which is caused by the spherulite impinge
ment in the later stage. The nonisothermal crystalliza
tion kinetic parameters were listed in Table II. For noni
sothermal cold crystallization, the average value of 
Avrami exponent were n 5. It suggested that the noni
sothermal cold crystallization might correspond to a 
three-dimensional solid sheaf growth with athermal nu
cleation.14 

As the nonisothermal crystallization is a rate
dependent crystallization process, it can be analyzed us
ing the Ozawa analysis.15 Ozawa accounted for the effect 
of cooling (or heating) rate <Pon crystallization from the 
melt (or the glassy state), and modified the Avrami 
equation by replacing t in eq 3 with T!<P. The Ozawa 
equation is : 

1-Xt=exp[K;~)] (4) 

where K(T) was heating or cooling function, m was 
Ozawa exponent which depended on the crystal growth 
and nucleation mechanism. The Ozawa equation was 
also used in this study to deal with the data of noniso
thermal crystallization. Results of the Ozawa analysis 
are shown in Figure 4, plotted as log [ - ln(l - Xt)l versus 
log <P, for temperatures from 190 to 205°C for the noniso
thermal cold crystallization. If the Ozawa treatment 
could describe the nonisothermal crystallization process 
of PEDEK correctly, the plot of log [- ln(l -Xt)l versus 
log <P would result in a series of parallel lines of slope 

Polym. J., Vol. 32. No. 3, 2000 



Nonisothermal Cold Crystallization of PEDEK 

10-,------------------------, 

05 

00 

C -os 

' oi 
.Q 

-1 5 
o 200°c 

202 5°C 

X 2050C 

·o 

02 04 06 08 10 12 14 16 18 

logC!J 

Figure 4. Ozawa plots of nonisothermal cold crystallization of 
PEDEK 
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Figure 5. Plots oflog <Pus. log t for nonisothermal cold crystalli
zation of PEDEK. 

-m and intercept log K(T). But in fact, Figure 4 shows 
some obvious zigzag lines, which is similar to that ob
served in PEEK 16 and PEEKK.17 The changing slopes 
indicate that m is not constant with temperature during 
the primary crystallization process. The general curva
tures seen in Figure 4 make it impossible to determine 
the cooling or heating function K(T) by the Ozawa 
method. The reason why the nonisothermal crystalliza
tion of PED EK does not follow the Ozawa equation may 
be due to secondary crystallization and in fact the inac
curate assumption of a constant heating function over 
the entire crystallization process. 

Recently a convenient kinetic method proposed by our 
research group was adopted to deal with nonisothermal 
data of many polymer systems. 17-

20 The convenient 
method modified by combining the Avrami equation 
with the Ozawa equation is : 

log <P=log F(T)- a log t (5) 

where the parameter F(T)= [K(T)!Ztl 11
m refers to the 

value of cooling or heating rate, which has to be chosen 
at unit crystallization time when the measured system 
amounts to a certain degree of crystallinity; a is the ra
tio of Avrami exponent n to the Ozawa exponent m (i.e., 
a =nlm). At a given degree of crystallinity, the plots of 
log <P us. log t were given in Figure 5, from which the 
values of a and F(T) could be obtained by the slopes and 
the intercepts of these lines, respectively (Table III). The 
values of F(T) increases systematically with raising the 
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Table III. Nonisothermal crystallization kinetic parameters 
of PED EK at different degrees of crystallinities 

by the combination of Avrami and Ozawa equations. 

X/% F(T) a 

20 0.76 0.72 
40 0.85 0.73 
60 0.92 0.74 
80 0.99 0.75 
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Figure 6. Kissinger plots for estimating the activation energy of 
nonisothermal crystallization of PEDEK. 

relative crystallinity, indicating that at unit crystalliza
tion time, a higher heating rate should be used in order 
to obtain higher degree of crystallinity ; but the values 
of a are almost constant, which are about 0. 73 for noni
sothermal cold crystallization. 

The activation energy of crystallization is derived by 
Kissinger equation as the following form :21 

[d(ln<P/ ~)] / [d(l /Tp)l= -MIR (6) 

where R is the universal gas constant. Accordingly, in 
the light of the results in Table I, the slopes ofln<P/ us. 
1 I TP will give AfJ IR (Figure 6). The slope of ln <Pl~ us. 
1 / TP plot will give the crystallization activation energy, 
i.e., MJ = - R X slope. The activation energies of noniso
thermal cold crystallization can be determined as 335. 7 
kJ mol - 1. The value of M; of PED EK is higher than that 
of PEEK (218 kJ mol- 1), 16 indicating that in PEEKs 
family the stiffer members are more difficult to crystal
lize than the flexible ones. 
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