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SYNOPSIS 

The melting behavior of semicrystalline poly(ether ether ketone ketone) (PEEKK) has 
been studied by differential scanning calorimetry (DSC). When PEEKK is annealed from 
the amorphous state, it usually shows two melting peaks. The upper melting peaks arise 
first, and the lower melting peaks are developed later. The upper melting peaks shown in 
the DSC thermogram are the combination (addition) of three parts: initial crystal formed 
before scanning; reorganization; and melting-recrystallization of lower melting peaks in 
the DSC scanning period. In the study of isothermal crystallization kinetics, the Avrami 
equation was used to analyze the primary process of the isothermal crystallization; the 
Avrami constant, n, is about 2 for PEEKK from the melt and 1.5 for PEEKK from the 
glass state. According to the Lauritzen-Hoffman equation, the kinetic parameter of PEEKK 
from the melt is 851.5 K; the crystallization kinetic parameter of PEEKK is higher than 
that of PEEK, and suggests the crystallizability of PEEKK is less than that of PEEK. The 
study of crystallization on PEEKK under nonisothermal conditions is also reported for 
cooling rates from 2.5"C/min to 40°C/min, and the nonisothermal condition was studied 
by Mandelkern analysis. The results show the nonisothermal crystallization is different 
from the isothermal crystallization. C) 1996 John Wiley & Sons, Inc. 

I NTRODU CTlO N 

Since the introduction of the high-performance en- 
gineering plastics, the commercial semicrystalline 
poly(ary1 ether ketone)s, they have rapidly attracted 
peoples' attention. Many large chemical corpora- 
tions have developed different poly(ary1 ether ke- 
tone)s, which include poly(ether ether ketone) 
(PEEK), poly(ether ketone) (PEK; ICI), poly- 
(ether ether ketone ketone) (PEEKK; HOECHST), 
poly(ether ketone ether ketone ketone) (PEKEKK; 
BASF), etc. PEEKK is a member of the poly(ary1 
ether ketone) family, its glass transition temperature 
is 159"C, and the melting point is 360°C. The crystal 
structure of PEEKK has been studied and reported'; 
PEEKK has the same crystal structure as PEEK. 
The orthorhombic cell parameters are a = 7.75 A, b 
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= 6.00 A, c = l O . l O A ,  V =  470 A3, P, = 1.385 gcm-3. 
The crystallinity is 37.5% by wide-angle X-ray dif- 
fraction when PEEKK is treated at 320°C. The heat 
of fusion of the PEEKK perfect crystal was assumed 
to be 124 J/g.' The different thermal histories and 
processing conditions deeply affect its crystallinity 
and final property. PEEKK crystalline samples can 
be obtained by cooling the melt or by isothermal 
crystallization a t  temperatures between the T, and 
T,,, from the rubbery state and the In this 
study we have used differential scanning calorimetry 
to measure the heat flow during crystallization. The 
Avrami equation was used to analyze the isothermal 
crystallization during the primary crystallization 
process. A study of crystallization on PEEKK under 
nonisothermal conditions is reported for cooling 
rates from 2.5"C/min to 40°C/min; the nonisoth- 
ermal condition was studied by Mandelkern anal- 
y ~ i s . ~  The effect of thermal history, crystallization 
temperature and time, and scanning rates on 
PEEKK crystallization melting behavior were also 
investigated in this paper. 
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RESULTS AND D I S C U S S I O N  

Effect of Thermal History on PEEKK 
Crystallization and Melting Behavior 

The amorphous PEEKK was scanned a t  lO"C/min 
heating rate, as shown in Figure 2. The curve shows 
a sharp exothermic peak a t  191°C after the glass 
transition a t  159"C, its heat flow is 19.67 J /g ,  a 
broad endotherm with a peak a t  360.2"C, and the 
enthalpy change is 33.34 J /g .  The large difference 
between endothermic peak area and exothermic 
peak area cannot be an instrumental error. This 
phenomenon is similar to PET,  which is the result 
of the crystallization in the DSC scanning 
Amorphous PEEKK can crystallize above Tg and 
there is a sharp exotherm from 180°C to 220°C. 
Even above 220"C, the PEEKK can still crystallize 
as the lamellae gradually thicken and become per- 
fect. This is a crystallization reorganization process. 
The crystallization exotherm is too gradual to in- 
vestigate in the thermogram; however, we did not 
eliminate the formation of new crystals and growth 
in this process. Therefore, the PEEKK can crys- 
tallize throughout the whole DSC scanning process. 

In order to gain further insight into the crystal- 
lization melting behavior of PEEKK, we treat 
PEEKK samples by means of rapid dynamic thermal 
cycling.' The results are given in Figure 3. The 
amorphous PEEKK sample was quickly heated to 
215°C (see curve a in Fig. 3 ) ,  then fast-cooled to 
room temperature and scanned to  245°C a t  20"C/ 
min heating rate (see curve b in Fig. 3),  then next 
fast-cooled and reheated to 295°C (curve c in Fig. 
3 ) , the sample was finally scanned to  400"C, and 
curve d in Figure 3 was obtained. Curve a is identical 
to that in Figure 2 up to 215°C. In curve b ,  we find 
a small endotherm a t  227"C, followed immediately 
by a crystallization exotherm that indicated a crys- 
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Figure 1 
lization at  317°C. 

Heat flow vs. time during isothermal crystal- 

EXPERIMENTAL 

Samples used in the study were prepared from 1,4- 
bis ( 4'-fluorobenzoyl )benzene and hydr~quinone.~.' 
The inherent viscosity is 1.07 dL/g when measured 
in 98% H2S04 ( a t  25°C 0.01 g/10 mL concentra- 
tion). The PEEKK powder was pressed a t  410°C 
under 10 MPa pressure for 5 min, then quenched 
into an  ice-water bath to form thin 0.3 mm amor- 
phous PEEKK film. Wide-angle X-ray diffraction 
measurement indicated that the PEEKK film was 
completely amorphous; the thermal treatment sam- 
ples can be prepared by annealing the amorphous 
films at various temperatures for predetermined pe- 
riods of time and then putting them into an ice/ 
water mixture. A DuPont 2000 thermal analyzer was 
used to monitor the heat flow from the sample during 
crystallization. Isothermal crystallization was 
brought to  completion by heating the amorphous 
films above the glass transition temperature (182- 
186°C ) . The high temperature crystallization was 
carried out by first heating the sample to 410°C for 
10 min to  melt it, then fast-cooling to the isothermal 
crystallization temperature. Figure 1 presents the 
heat flow change for isothermal crystallization a t  
317°C. Crystallization begins a t  A ,  the maximum is 
reached a t  B , the crystallization slows down beyond 
B ,  and the measurement is terminated when no more 
heat flows from the sample. The relative degree of 
crystallinity as  a function of time, X ,  ( t )  was found 
from X,(t)/X,(co) = s: Q ( t )  d t ,  where X,(co) is 
the ultimate crystallinity at very long time, and Q (  t )  
is the heat flow rate. X ,  (co ) was found from the 
heat flow of the isothermally crystallized samples. 
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Figure 2 DSC scans (lO"C/min) of amorphous 
PEEKK. 



CRYS'I'A1,LIZATION OF PEEKK 2001 

m 1 
e. 0 

i 

1 n o  2 0 n (1111 l t l l l  

Temperature ('c) 
Figure 3 DSC scans a t  20"C/min for PEEKK by a 
dynamic cycling experiment (a) the amorphous film 
was heated to 215°C a t  20°C/min (curve a) then quickly 
cooled to room temperature and scanned to 245°C a t  
20°C/min (curve b), cooled and reheated to 295°C a t  20"C/ 
min (curve c), cooled and reheated to 400°C a t  PO"C/min 
(curve d). 

tallization melting and recrystallization process. In 
curve c and curve d ,  the endothermic peaks appear 
a t  256°C and 305"C, and the exothermic peak be- 
comes unclear with the increasing of the tempera- 
ture; moreover, the endothermic peak becomes nar- 
rower and the area becomes larger as  the scanning 
temperature increases. We could not find former 
endothermic effects occurring near 227°C and 256°C 
in curve c and curve d .  In other words, the lower 
melting peaks in the later thermal cycling had 
transformed into more perfect crystals by a contin- 
uous melting and recrystallization process. Recently, 
A. M. Jonas '" found melting and recrystallization 
when the semicrystalline PEEK and PET samples 
were heated above the previous highest annealing 
temperatures; therefore, the low temperature crys- 
tallization becomes more perfect with the increasing 
of the thermal treatment temperatures and times of 
thermal cycling. 

Effect of Thermal Treatment Temperature and 
Time on PEEKK Crystallization Melting Behavior 

Amorphous PEEKK samples were annealed for 6 h 
a t  225"C, 250"C, 280"C, 300"C, and 350"C, respec- 
tively. Then they were scanned at lO"C/min heating 
rate as  shown in Figure 4. Every sample had two 

melting peaks, the upper melting peak was about 
360°C regardless of heat treatment temperature, 
while the lower melting peak is 10-15°C higher than 
the corresponding heat treatment temperature. 
When the heat treatment temperature was high 
enough (35O"C), the two peaks became a single 
peak. 

Amorphous PEEKK samples were annealed a t  
250°C for 15 min, 30 min, 60 min, 150 min, and 300 
min, respectively, then scanned a t  a 10"C/min 
heating rate. The lower melting peak ( T m l )  and its 
heat flow ( AH1 ) , upper melting peak ( T m 2 ) ,  and its 
heat flow ( A H 1 ) ,  are listed in Table I. The longer 
the heat treatment time, the higher the lower melt- 
ing peak and the more its heat flow, while there is 
little change to upper melting peak and its heat flow. 
We think the double peaks are the results of the 
melting of crystal populations with two different de- 
grees of per fe~t ion ,~*" . '~  the upper melting peak re- 
lating to the melting of main crystal population first 
developed on the heat treatment crystallization, 
while the smaller area developed later. The high- 
temperature crystallization is completed quickly be- 
cause of rapid nucleation, from Table I, and the AH, 
relating to  upper melting peak is unchanged when 
thermal treatment time is above 15 min; the lower 
temperature melting peak formed after the large 
crystalline lamellae (upper melting peak), and were 
limited by the large lamellae, along with the devel- 
opment of temperature and time; small crystals 
thickened and reorganized into more perfect crys- 
tallines, hence, T,, and AH1 become greater with 
increasing time. 
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Figure 4 DSC scans a t  10"C/min of PEEKK films an- 
nealed for 6 h a t  (a) 225°C (b) 250°C (c) 280°C (d) 300°C 
(e) 350°C. 
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Table I 
on the Crystallization Melting Behavior of PEEKK 

Effect of the Different Thermal Treatment Times at 250°C 

Time T,, T m ,  A H 1  AH2 
No. (min) ("C) ("C) (J/d (J/d 

1 15 259.72 359.65 1.149 36.24 
2 30 260.36 360.11 1.228 36.05 
3 60 261.60 360.50 1.620 36.56 
4 150 264.04 360.57 1.956 36.72 
5 300 268.25 360.72 2.193 36.42 

Effect of Heating Rate on PEEKK Crystallization 
Melting Behavior 

Table I1 describes separately that amorphous 
PEEKK was annealed for a long time ( 6  h )  a t  250°C 
and 300"C, then scanned at  the rate of 2"C/min, 
5"C/min, lO"C/min, and 20"C/min. The same re- 
sults showed that the lower melting peak improves 
and the upper melting peak declines with the in- 
crease of heating rate. This phenomenon is also 
found in PEEK, PPS,  PET, e t ~ . ~ , * , , ' ~ - , ' ~  It i s general 
among semicrystalline polymers with crystalline 
defects. We have just discussed that double endo- 
therms were the result of the melting of the crystal 
population with different degrees of perfection, and 
could be molten to a single peak under certain con- 
ditions (heat treatment a t  350°C). These results 
were also achieved by dynamic heat treatment (DSC 
scanning). In the amorphous PEEKK DSC mea- 
surement, we have known that PEEKK can crys- 
tallize in the DSC scanning process. In addition, 
according to the dynamic thermal cycling experi- 
ment, the lower melting peak may transform into 
an  upper melting peak by a continuous melting-re- 
crystallization period. Therefore, the upper melting 
peak shown in the DSC thermogram is the combi- 
nation (or addition) of three parts: initial crystal 
formed before scanning, the crystallization reorga- 
nization, and melting-recrystallization of the lower 
melting peak in the DSC scanning period. The initial 
crystal is similar because of the same heat treatment 
temperature and time, while in the DSC scanning 
process the time of crystallization reorganization 
and melting-recrystallization is different. The time 
of crystallization reorganization and melting-re- 
crystallization became shorter as the scanning rate 
increased; the final upper melting peaks are the 
crystallization melting of thick lamellae, which 
formed in the isothermal heat treatment process and 
DSC scanning process because of crystallization re- 
organization and melting-recrystallization. There- 
fore, when the scanning rate is faster, the time of 

crystallization reorganization and melting-recrys- 
tallization is shorter and the final crystallization 
perfection degree is less; hence, the upper melting 
peak will appear a t  the lower temperature. On the 
contrary, when the scanning rate becomes slower, 
it has enough time to reorganize and recrystallize, 
and the final endothermic peak will appear at a high 
temperature. However, the upper melting peak has 
no influence on the lower melting peak, and with 
the increasing scanning rate, that is only a result of 
a superheating phenomenon. Therefore, the essence 
of multi-melting peaks from the cold crystallization 
is the melting of crystal populations with different 
degrees of perfection. The effect of the crystallization 
reorganization and melting-recrystallization in the 
DSC scanning process on the upper melting peak 
should be considered. 

Isothermal Crystallization Kinetics of PEEKK 

Table I11 presents the results of crystallinity and 
time for isothermal crystallization from the melt and 
rubbery-amorphous state. During the high temper- 
ature ( 309-317°C ) isothermal crystallization, 
though the crystallization rates become slower with 
the increasing of the crystallization temperature, 
t,,, , and relative degree of crystallinity [ X ,  ( t,,,) / 
X ,  (a3 ) ] become larger as  the crystallization tem- 
perature increased. The final absolute degree of 
crystallinity does not change. According to the com- 
parison of the melting isothermal crystallization pe- 
riod and rubbery isothermal crystallization period, 
the absolute degree of crystallinity for the high tem- 
perature crystallization is slightly higher than for 
crystallization from the glass state, though the final 
crystallization time of the rubbery state is shorter 
than that of the high temperature crystallization. 
The relative amount of degree of crystallinity has 
been plotted in Figure 5 for the six crystallization 
temperatures. The relative crystallization can be 
analyzed using the Avrami equation" 
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Table I1 Effect of Scanning Rates on the Melting Peaks 

T, = 225°C T, = 300°C 

Scanning Rate T m  1 T m 2  T m  1 T m 2  

("C/min) ("C) ("C) ("C) ("C) 

2 
5 

10 
20 

236.4 362.8 307.1 362.6 
237.4 362.1 311.2 361.1 
240.0 360.4 311.8 359.7 
242.2 359.8 314.6 359.3 

X c ( t ) / X c ( c o )  = 1 - exp(-ktn) 

ln[ l  - X , ( t ) / X , ( c o ) ]  = -kt" 

(1) 

( 2 )  

= n l o g t + l o g k  ( 3 )  

where n is a constant whose value depends on the 
mechanism of nucleation and form of crystal growth, 
and k is a constant containing the nucleation and 
growth parameters. Plots of log { - In [ 1 - X ,  ( t )  / 
X c ( c o ) ]  versus log t are shown in Figure 6. Each 
curve has a linear portion followed by a gentle roll- 
off at  longer time. In Figure 6, the deviation from 
the linear relationship becomes greater a t  the in- 
creasing crystallization rates. In other words, the 
lower the isothermal crystallization temperature is, 
the faster the primary crystallization transforms to 
the secondary crystallization. We guess it has more 
imperfect crystallization ( secondary crystallization) 
with the increasing of the crystallization rates and 
spherulitic collision. Fitting the initial linear portion 
of log{ -In [I  - X , (  t ) / X , ( c o ) ]  versus log t ,  we ob- 
tain n of about 2 for the high-temperature crystal- 
lization and 1.5 for the rubbery crystallization. We 
use eq. ( 2 )  and d 2 X / d t 2  to obtain 

ti = [ ( n  - l) /nk]"" (4) 

We calculated values of ti through eq. (4) and 
listed them in Table IV. These values can be com- 
pared with the t,,, obtained from Table 111. The 
agreement in ti values suggests that the Avrami 
analysis works well in describing the initial crys- 
tallization process. We scanned the samples which 
had just finished the isothermal crystallization pro- 
cess. The thermogram shows the double peaks phe- 
nomenon just as in The lower tempera- 
ture peak is about 10°C higher than the isothermal 
crystallization temperature; the higher temperature 
peak increases with the increasing of the isothermal 
crystallization temperature. Making use of the 
Hoffman-Weeks '" equation, we can approximately 
calculate the equilibrium melting point: the value is 
387°C; that is very similar to those K. Konnecke 
reported' ( TL = 385°C) in the DSC method. If we 
assume that PEEKK crystallization at  high tem- 
perature follows the Lauritzen-Hoffman equation, '' 
we can write the growth equation 

G = Goexp[-U/R(T- T,)] 

X exp[-K,T;/TATf] ( 5 )  

KR = 4baue/AHk ( 6 )  

In this equation, U is the transport activation en- 
ergy; we chose U equal to 8.38 k J / m ~ l , ~ , . ' ~  and TL 

Table I11 
from the Melt (309-317°C) and Rubbery Amorphous State (182-186°C) 

Crystallinity and Time Data for Isothermal Crystallization 

309 0.62 6.72 
311 1.00 9.10 
315 1.53 9.18 
317 2.11 9.27 
182 0.16 4.23 
186 0.14 3.53 

27 
27 
27 
25 
20 
23 

0.28 
0.32 
0.34 
0.44 
0.27 
0.24 
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Figure 5 
tion as a function of crystallization temperatures. 

The relative amount of degree of crystalliza- 

is the equilibrium melting temperature of PEEKK 
( TO, = 387 + 273 = 660 K ) .  AT is the degree of 
undercooling. It may be written as  AT = TO, - T ,  
T ,  = ( Tg - 51.6) ,'913 f = 2T/ ( TO, + T) . Kg contains 
the surface free energy product uu,, the thickness b 
of the monomolecular layer on the growth face, and 
the heat of fusion of the perfect crystal AH.  The 
relationship to  the linear growth rate G and Avrami 
parameter k can be written as 

G cc k"" ( 7 )  

I .7 

0.25 0.75 1.25 1.75 2.25 275 

mt 

Figure 6 The relationship between log{ -In[ 1 - X,(t)/ 
Xc(m)]} and log t for isothermal crystallization from the 
melt and rubbery state. 

Table IV Parameters n and k from the Avrami 
Analysis of Isothermal ti Calculated from Eq. (4) 

T c  
("C) n k ti 

309 2.01 2.32 x 10-~ 0.76 
311 1.90 1.47 x 10-4 1.17 
315 1.99 4.98 x 10-~ 1.71 
317 2.13 1.43 x 10-5 2.33 
182 1.56 1.07 X lo-' 0.20 
186 1.36 1.31 X 0.15 

According to the combining of eqs. (5 )  and ( 7 ) ,  we 
can get In G = -U/R(T - T,) + In Go 
- KgTO,/TATf. The graphs of [In G + U/R(T 
- T ,  ) versus ( f  TAT)-' can be shown in Figure 7. 
Kg is obtained according to  the slope of the curve in 
Figure 7, so we get the kinetic parameter of PEEKK 
a t  the high temperature (309-317°C); the value is 
about 851.1 K. Cebe and Hong' get the PEEK ki- 
netic parameter in the same method under the sim- 
ilar crystallization temperature (306-315°C). 
Blundell and Osborn l3 calculated the PEEK kinetic 
parameter by using growth rate data derived from 
measurement of the average spherulite diameter. 
The values are, respectively, 660 K and 590 K. The 
kinetic parameter of PEEK is smaller than PEEKK, 
the thickness b of the monomolecular layer of PEEK 
is equivalent to that of PEEKK because of the same 
preferred growth face 13,22 and spacing, 'p2' and the 
crystallization surface free energy (me) of PEEK is 
also lower than that of PEEKK; therefore, we think 
the crystallizability of PEEK is better than 
PEEKK.23,24 This can be explained by the molecular 
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Plot of [In G + U/R(T - T,)] vs. (fTAT)-' Figure 7 
for isothermal crystallization of PEEKK. 
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Figure 8 
ermal crystallization of PEEKK cooled from the melt. 

Heat flow vs. temperature during nonisoth- 

structure of PEEKK, because the PEEKK molec- 
ular main chain is increased by a benzoyl group. 
This destroys the degree of perfection of the molec- 
ular chain, and the crystallizability of PEEKK is 
weaker than that of PEEK. In addition, Jog and 
Nadkarni got the similar conclusions by the studies 
of the crystallization kinetics of PEKs.'~ The chain 
flexibility and mobility of PEKs are expected to de- 
crease with the increasing ratio of ketone to ether 
linkages. Therefore, PEEK with a greater chain 
flexibility and mobility is more readily crystallizable 
than PEEKK. 

Nonisothermal Crystallization Kinetics of PEEKK 

Crystallization of PEEKK was also studied under 
nonisothermal conditions of cooling from 2.5'C/min 
to 40"C/min. The results are shown in Figure 8, the 
exothermic peak shifts to lower temperature as the 
cooling rate increases, and the peak shapes become 
more broad. At the highest cooling rate of 40"C/ 
min, the peak occurs at a temperature of 285.6'C; 
at the lowest cooling rate of 2.5"C/min, the peak is 
3135°C. Values of temperature, time, and relative 
degree of crystallinity at maximum heat flow are 
listed in Table V. Integration of the exothermic 
peaks during the nonisothermal scan gives the rel- 
ative crystallinity versus time; these results are 
shown in Figure 9. The inflection point, ti, in each 

Table V 
Crystallinity at Maximum Rate of Heat Flow 
During Nonisothermal Crystallization 

Temperature, Time, and Relative 

Rate Temperature Time 
("C/min) T ("C) ti (min) X ( t ) / X ( c o )  

-40 286 0.61 0.61 
-20 298 0.96 0.64 
-10 30 1 2.01 0.66 

-5 307 3.67 0.61 
-2.5 313 6.29 0.61 

curve represents the temperature corresponding to 
the maximum rate of heat flow. The relative degree 
of crystallinity at ti during different cooling rates is 
relatively constant, ranging from 0.61 to 0.66. It is 
useful to compare the nonisothermal crystallization 
behavior of PEEKK with that of PEEK'; the in- 
flection point ti in each curve represents the time 
corresponding to the maximum rate of heat flow 
which can be used to compare the crystallization 
rate. Table VI presents the time at  which PEEK 
and PEEKK reach the maximum heat flow. At  the 
same cooling rate, the ti of PEEKK is longer than 
that of PEEK'; in addition, Table VI also includes 
two kinds of degrees of undercooling; one is the dif- 
ference between the melting point and the temper- 
ature at  which the maximum heat flow is reached, 
the other is the value of the melting point minus the 
onset temperature of crystallization. From Table VI, 
we see that ti, two kinds of degree of undercooling 
of PEEKK, are larger than those of PEEK and sug- 
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Figure 9 
sothermal crystallization a t  different cooling rates. 

Relative crystallinity vs. time during noni- 
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Table VI 
Different Cooling Rates 

ti and Two Kinds of Undercooling Degrees of PEEKK and PEEK at 

PEEKK PEEK 

Cooling Rate T,,, - To, T,  - Ti ti T, - To, T, - Ti ti 
(OC/min) ("C) ("(2) (min) ("C) ("C) (min) 

- 20 44.9 64.2 0.96 41.0 50.0 0.50 
-10 38.8 58.9 2.01 34.0 42.1 0.89 
-5 34.8 53.2 3.67 29.0 37.0 1.63 

Tm, melting point; T,, temperature which compound reaches the maximum heat flow; To,, onset 
temperature of crystallization; ti, time which compound reaches maximum heat flow. 

gest that the crystallization rate of PEEK is slightly 
faster than that of PEEKK in the nonisothermal 
crystallization condition. The nonisothermal crys- 
tallization is somewhat similar to the isothermal 
crystallization. The relative degree of crystallinity 
increases as the temperature decreases. Figure 10 
presents the changing conditions: first there is a fast 
primary stage, followed by a slow secondary process. 
Crystal nucleation and growth parameters are de- 
pendent on temperature. Regarding the nonisoth- 
ermal crystallization, we can analyze it with the 
Mandelkern method4; this is a modification of the 
Avrami equation. The crystallization temperature 
is supposed to be a constant. We can apply the 
Avrami equation to the nonisothermal kinetics. 
Values of n and k were determined for the noni- 
sothermal kinetic data from the Avrami equation 1 
- X ( t )  = exp ( -2,t") or 

0.8 

0.7 

0- 
270 275 280 

Figure 10 
nonisothermal crystallization at  different cooling rates. 

Relative crystallinity vs. temperature during 

l og [ - ln (1 -X( t ) ) ]  = l o g Z t + n l o g t  (8) 

where X ( t ) [ X ( t )  = X,(t)/X,(co)] is degree of 
conversion, 2, is the crystallization rate constant, t 
is the crystallization time t = ( T o  - T ) / R ,  and n 
is the Avrami parameter under the nonisothermal 
crystallization state. We can regard the cooling rate 
R as a correct function when we consider the par- 
ticularity of nonisothermal crystallization kinetics. 
Then the crystallization rate constant can be ap- 
proximately written as 

log 2, = log Z, /R  ( 9 )  

The plots of log { -In [ 1 - X ( t )  ] } versus log t under 
nonisothermal crystallization are shown in Figure 
11, according to the experimental values, fitting the 
initial linear portion of each curve. The Avrami pa- 
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Figure 11 
for nonisothermal crystallization of PEEKK. 

Plot of log{-ln[l - X ( t ) / X ( c o ) ] }  vs. log t 



Table VII 
Constants Z,, Z,, During Nonisothermal 
Crystallization of PEEKK 

Avrami Parameter, n, and Rate 

Rate 
("C/min) n 2, 2, 

-40 3.08 1.034 3.773 
-20 2.81 1.006 1.137 
-10 2.92 0.838 0.171 

-5 2.94 0.466 0.0219 
-2.5 3.14 0.097 0.0029 

rameter, n ,  rate constant, Z t ,  2, can be calculated 
and shown in Table VII. 2, and 2, decrease with the 
decreasing of the cooling rate under the nonisoth- 
ermal crystallization; the value of n is about 3, larger 
than those determined by the isothermal crystalli- 
zation. Nonisothermal crystallization is different 
from isothermal crystallization of PEEKK. This is 
the result of the different crystallization rate under 
the nonisothermal crystallization process. 

CONCLUSIONS 

When PEEKK crystallizes from the amorphous 
state, it usually shows two melting peaks. The upper 
melting peaks arise first and the lower melting peaks 
are developed later; the upper melting peaks shown 
in DSC thermograms are the combination of three 
parts: initial crystals formed before scanning, re- 
organization, and the melting-recrystallization of 
lower melting peaks in the DSC scanning period. 

In the study of isothermal crystallization kinetics, 
the Avrami constant n is about 2 for PEEKK from 
the melt and 1.5 for PEEKK from the rubbery 
amorphous state. According to  the Lauritzen-Hoff- 
man equation, the kinetic parameter of PEEKK 
from the melt is 851.5 K, which is higher than that 
of PEEK and suggests the crystallizability of 
PEEKK is less than PEEK. 

The study of crystallization on PEEKK under 
nonisothermal conditions is also reported for cooling 
rates from 2.5"C/min to  40"C/min, according to  the 
comparison with PEEK, and deduces that  the crys- 
tallization rate of PEEKK is slightly slower than of 
PEEK. The nonisothermal condition is studied by 
the Mandelkern analysis. The nonisothermal crys- 
tallization is different from the isothermal crystal- 
lization. This is due to  the different crystallization 
rates under nonisothermal crystallization processes. 
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