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A 0.3 mm thick amorphous poly(ether ether ketone) (PEEK) film was exposed to acetone until equilibrium 
in the weight uptake was recorded, and was then dried in a vacuum oven at 70°C. The resulting structure was 
compared to the initial structure by means of differential scanning calorimetry (d.s.c.), wide-angle X-ray 
scattering (WAXS), small-angle X-ray scattering (SAXS), and infra-red (i.r.) spectroscopy. Although the 
exposed film remained translucent, all of these complementary techniques suggested the presence of 
crystallinity which was induced by the exposure of the amorphous PEEK film to the solvent. Copyright © 
1996 Elsevier Science Ltd. 
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INTRODUCTION 

Poly(ether ether ketone) (PEEK) is a high-performance 
semicrystalline thermoplastic which is widely used in 
composite and aerospace applications. PEEK has a high 
glass transition temperature, Tg, of 143°C and a high 
melting temperature, Tin, in the range from 330 to 350°C. 
The chemical resistance of PEEK was first believed to be 
very good, but recent studies have shown that PEEK can 
be swollen by either benzene derivatives (e.g. tetrahydro- 
furan) or small chlorinated hydrocarbons (e.g. 1,1,2,2- 
tetrachloroethane and methylene chloride), which can 

19 cause plasticization and further crystallization - .  
If the cooling rate from the melt is sufficiently high, 

PEEK can also be produced in the amorphous state. This 
permits the solvent-induced crystallization (SINC) pro- 
cess to be studied in greater detail, as there is essentially 
no crystallinity in the polymer before it is exposed to 
solvents. 

In this present study, the effect of a very common 
solvent, namely acetone, on the structure of amorphous 
PEEK is studied by means of several complementary 
techniques. Acetone was found to induce crystallization 
in amorphous PEEK, as shown by differential scanning 
calorimetry (d.s.c.), wide-angle X-ray scattering (WAXS), 
small-angle X-ray scattering (SAXS), and infra-red (i.r.) 
spectroscopy. 

EXPERIMENTAL 

Materials 
PEEK powder was purchased from ICI (Victrex ®, 

grade 150PF). It has a reported intrinsic viscosity of 0.15, 
with weight- and number-average molecular weights of 

* To whom correspondence should be addressed 

33 500 and 11 700, respectively. This PEEK powder is a 
commercial grade, which may contain additives, such as 
stabilizers for processing (antioxidants) and for use 
(ultra-violet (u.v.) stabilizers). The acetone used was an 
h.p.l.c, grade, purchased from Fisher. 

Film preparation 
The PEEK powder was compression moulded 

between metal plates by using a Carver laboratory hot 
press at 385°C for 5 min. A mould release agent (Frekote 
800-NC, from Dexter Corporation) was used to prevent 
the PEEK melt from sticking to the metal plates and the 
Kapton sheets. The PEEK melt was quenched in ice 
water in order to obtain ,,~0.3mm thick amorphous 
films. These amorphous films were physically aged in an 
oven at 135°C (8°C below the glass transition tempera- 
ture of PEEK) for 66 h. Absence of orientation in the 
amorphous film was verified by using wide-angle X-ray 
scattering o(WAXS) with a CuKa radiation source 
(A = 1.54A) and a Warhus camera. Two broad amor- 
phous haloes were obtained in both directions (perpen- 
dicular and parallel to the surface of the film) suggesting 
that no orientation was present in the amorphous PEEK 
film. The effect of the mould release agent on the solvent 
diffusion in the specimens was minimized by a mild 
polishing of the sample surface using a silicon carbide 
sandpaper (600 grit), which also minimized any damage 
to the surface of the films. 

Dynamic solvent uptake measurements 
The dynamic solvent uptake measurements consisted 

of placing a piece of the PEEK film in a solvent and 
periodically removing the specimen from the solvent and 
weighing it by using a Mettler AE30 millibalance. The 
sample was placed in a scintillation vial (total volume 

POLYMER Volume 37 Number 20 1996 4573 



Solvent-induced crystallization of PEEK: H. Cornelis et al. 

of 20 ml) with acetone, which was then stored at room 
temperature during the entire period of experimenta- 
tion. Before each weight measurement, the surface of 
the sample was carefully wiped to eliminate any residual 
solvent. When the measurements were completed, the 
sample was promptly put back in its scintillation vial, 
with the entire process taking place over 20 to 30 s. 

Desorption methods 
The technique used to desorb the completely swollen 

PEEK samples consisted of first putting the samples in a 
desiccator under vacuum at room temperature until 
equilibrium in the weight loss was recorded and then 
placing the partly desorbed samples in a vacuum oven at 
70°C, which is above the boiling point of acetone 
(Tb = 56.5°C), but far below the Tg of PEEK (143°C). 
Therefore, this technique permits drying of the samples 
without inducing further crystallization or other struc- 
tural changes. 

Some residual solvent (~ 2% residual weight) remained 
in the structure even after equilibrium in the weight loss 
was recorded at 70°C. This residual solvent would be 
removed from the structure if drying was performed at a 
temperature above the Tg of the polymer. However, this 
high temperature would permit further crystallization to 
occur, which would then interfere with our morpho- 
logical study of the solvent-induced crystallinity. 

Differential scanning calorimetry 
Differential scanning calorimetry (d.s.c.) runs were 

performed with a Mettler TA3000 DSC30 machine using 
5 to 20mg samples placed into a d.s.c, pan. The latter 
were heated from 100 to 400°C at a rate of 10°Cmin -l. 
The crystallinity indices were estimated by integrating 
the area under the melting peak and dividing this area by 
the theoretical value of 130 J g-1 for the 100% crystalline 
PEEK heat of fusion l°. For clarity in presenting the 
d.s.c, data, the curves were shifted on the y-axis (i.e. heat 
flow axis) and no values on the y-coordinates are given. 

Wide-angle X-ray scattering 
WAXS measurements on the films were performed 

with a PW 1720 X-ray generator (Philips Co.) at room 
temperature for scattering angles of 5 to 40 °. The 
crystallinity index for each sample was estimated by 
integration of the area under the Gaussian peaks obtained 
by curve fitting. The crystallinity index is calculated as 
follows: 

Ac 
crystallinity index - - -  (1) 

Aa + Ac 

where A c is the area under the crystalline peaks and A a is 
the area under the amorphous halo. For clarity in 
presenting the WAXS data, the patterns were shifted 
on the y-axis (i.e. intensity axis) and no values on the 
y-coordinates are given. 

Small-angle X-ray scattering 
SAXS profiles were obtained using a Kratky camera 

equipped with a position-sensitive detector from Innova- 
tive Technology. A PW-1729 X-ray generator (Philips Co.) 
operating at 40 kV and 20 mA was used to produce CuK~ 
radiation of wavelength t.54A. The scattering intensity 
was obtained by subtracting the parasitic scattering from 
the sample scattering. Scattering intensities for all of the 

samples were normalized by the thickness of the sample 
and the intensity of the X-ray beam. The intensities 
reported here are absolute intensities based on the 
standard Lupollen. 

Infra-red spectroscopic analysis of PEEK films 
The compression moulded PEEK films were too thick 

for infra-red spectroscopic analysis to be performed, as 
the aromatic structure of PEEK is strongly absorbing 
in the mid-i.r, range 11 . Therefore, the PEEK film used for 
the infra-red spectroscopic analysis was a Stabar K200 
film, which is an extruded non-crystallized film from ICI, 
made from Victrex ®, with a thickness of 1 mm. The infra- 
red spectroscopic technique is used to study the effect of 
solvent exposure on the morphology of the amorphous 
PEEK film. Therefore, the PEEK film was used as 
received, or exposed to acetone until equilibrium in the 
weight uptake was recorded and then dried by using the 
desorption technique described above. It should be noted 
that the thin PEEK film used for the infra-red spectro- 
scopic analysis was found to contain some amount of 
orientation that may affect the crystallinity, crystal 
orientation, and diffusion of the solvents in the polymeric 
films. Therefore, a direct comparison between the other 
characterization techniques for SINC (i.e.d.s.c., WAXS, 
and SAXS) is not possible. However, a relative com- 
parison is appropriate here. 

The infra-red spectrometer was a Nicolet 510 machine 
equipped with a triglycine sulfate (TGS) detector. Attenu- 
ated total reflectance (ATR) measurements were taken 
with a Seagull ® variable angle accessory (Harrick Scien- 
tific Corporation). The ATR crystal was zinc selenide 
and the incident angle was 45 ° . The spectrometer bench 
was purged with dry nitrogen, and 400 scans were 
collected and averaged at a resolution of 4 cm -1 . 

RESULTS 

Figure 1 gives the weight percentage uptake of acetone by 
amorphous PEEK as a function of the square root of 
time (i.e. Fickian plot), as obtained from the dynamic 
solvent uptake measurements. From this figure, two 
important parameters can be obtained, namely the 
maximum solvent uptake and the time needed for 
equilibrium in the weight uptake to be reached. These 
are 14% and 12.5 days, respectively, for a 0.3mm thick 
PEEK sample. No morphological changes (i.e. solvent- 
induced crystallization) were visually observed upon 
exposure of the amorphous sample to acetone at room 
temperature. Specifically, the films remain translucent. 
However, further analysis of the acetone-exposed amor- 
phous PEEK sample revealed some morphological 
changes, as will be shown below. All results from the 
experiments that follow were obtained on amorphous 
PEEK samples that had been swollen with acetone until 
equilibrium in the weight uptake was reached and then 
dried by using the above-mentioned desorption technique. 

The d.s.c, curves of the initial and acetone exposed 
samples are shown in Figure 2. The initial amorphous 
sample shows a distinct Tg transition at around 143°C. 
Note the endothermic peak around Tg that corresponds 
to physical ageing induced by heating the amorphous 
sample at 135°C for 66h. An exothermic peak situated 
between 155 and 180°C corresponds to the crystal- 
lization process which occurs upon heating in the 
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Figure 1 
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Figure 2 D.s.c. cur:es of initial and acetone-exposed PEEK samples 

calorimeter, and is followed by an endothermic melting 
peak with a peak melting temperature of 344°C. This 
melting temperature falls inside the 330-350°C range 
reported in the literature. The disappearance of the 
crystallization exothermic peak after exposure to ace- 
tone, with the melting peak still being present, suggests 
that crystallinity was induced by the presence of acetone. 

WAXS patterns of the initial and acetone-exposed 
samples are shown in Figure 3. The initial amorphous 
PEEK(0/0) displays a very broad amorphous hump, with 
no sharp peaks that are characteristic of a totally 
amorphous sample. The presence of crystalline peaks in 
the WAXS pattern of the amorphous PEEK samples 
exposed to acetone confirms the existence of SINC by 
acetone in the specimens. These crystalline peaks are less 

intense than those of thermally crystallized 
specimens 1°'12-14, but the scattering angles at which 
they occur correspond to the scattering angles at which 
the crystalline peaks of thermally crystallized samples 
occur. The crystal structure of the solvent-induced PEEK 
crystals should therefore correspond to the crystal 
structure of thermally-induced PEEK crystals. The 
crystalline peaks of PEEK crystallized from the melt 
have been found to correspond to an orthorhombic 
unit cell, with the following crystal parameters: a = 7.781, 
b = 5.922, and c = 10.056 A, with the c-axis being in the 
chain direction 15. The crystallinity index, as evaluated by 
integrating the area under the Gaussian peaks from the 
WAXS pattern for this sample, is ,,~ 5.9%. 

SAXS patterns of the initial and acetone-exposed 
amorphous PEEK samples are given in Figure 4. The 
initial amorphous PEEK sample does not display any 
peaks, which is consistent with the absence of crystal- 
linity. In the case of the sample exposed to acetone, a 
relatively broad peak appears with a maximum at a 
scattering vector of ~ 0.01 ,~-l, which corresponds to a 
long spacing of the order of 100A. Blundell and 
Osborn 1° have reported that the long spacing of PEEK 
crystallized from the melt is ,~ 160 A. Therefore, the long 
spacing of the solvent-crystallized PEEK samples is 
somewhat smaller than that of thermally crystallized 
samples. Moreover, the crystalline peak of the acetone- 
exposed sample is very broad, suggesting that the crystal 
morphology encountered in this sample must have a low 
degree of ordering. 

Infra-red spectroscopy was also used for determining 
solvent-induced crystallization in the amorphous PEEK 
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Figure 4 

Intensity 

Figure 3 

I = I I I I I I I 
10 15 20 25 30 

Two theta (degrees) 

WAXS patterns of initial and acetone-exposed amorphous PEEK 

amorphous PEEK 
exposed to acetone 

amorphous PEEK 

I i I 
35 40 

Intensity  

0.14 

0.12 

0.10 

0.08 

0.06 

0.04 

O.OZ 

0.00 

I ....... ,~=Z~== RIZ]~. I 
• ~mq~o= RBI~¢. ==Vozed m ===== 

0.00 0.01 O.OZ 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 
Scattering vector (l/A) 

SAXS patterns of initial and acetone-exposed amorphous PEEK 

sample. Figure 5 shows the mid-i.r, spectra of the initial 
and acetone-exposed samples. According to Chalmers 
et al. 11 , some bands in the mid-i.r, spectrum become both 
sharper and more intense with increasing crystallinity, as 
a result of the molecular units in the correct conforma- 
tion crystallizing, while other bands decrease in intensity. 
Two band ratios are used in the study of crystallinity in 

1 1 PEEK by i.r. spectroscopy, namely 1305 cm- / 1280 cm- 
1 1 and 970 cm- /952 cm- . Band ratios have been used since 

the intensity of mid-i.r, spectra are dependent on the area 
of contact between the sample and the reflection element. 

Chalmers et al. H developed correlation graphs between 
each absorbance ratio and the crystallinity index of the 
polymeric films. Following their analysis, it is possible to 
evaluate the crystallinity indices of the acetone-exposed 
sample. A thermally crystallized PEEK sample was used 
as a reference. This sample was thermally crystallized 
from the glass state at 190°C for 60min, and had a 
crystallinity index of 20.9% from the WAXS data. By 
extrapolating the crystallinity indices obtained by WAXS 

and the band ratios obtained by i.r. spectroscopy, the 
crystallinity indices could thus be obtained for the 
amorphous PEEK sample exposed to acetone. Table 1 
gives the band ratios and the crystallinity indices of 
amorphous PEEK, acetone-exposed amorphous PEEK, 
and thermally crystallized PEEK for both the 1305/1280 
and 970/952 band ratios. The crystallinity indices corre- 
spond to a depth of penetration of the i.r. radiation of 

1 #m, and therefore they may not correspond to the 
crystallinity indices encountered in the bulk of the poly- 
mer. The crystal morphologies may also be different in 
the surface layer to those in the bulk of the polymer. The 
diffusion of the solvent in a thin film (as used for the i.r. 
spectroscopy study) may be different to that in a thicker 
film, as the stresses induced by the solvent may be of 
different natures (i.e. plane stress vs. plane strain). How- 
ever, the infra-red spectroscopic analysis of the solvent- 
exposed amorphous PEEK specimens confirmed the d.s.c., 
WAXS, and SAXS results in that solvent-induced crystal- 
lization was induced by acetone in amorphous PEEK.  
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Table I Values for the band ratio and crystallinity index of initial and acetone-exposed amorphous PEEK and thermally crystallized PEEK samples 
obtained by infra-red spectroscopy 

970/952 Band ratio 1305/1280 Band ratio 

Sample Band ratio Xc (%) Band ratio xc (%) 

Amorphous PEEK 
Acetone-exposed amorphous PEEK 
Thermally crystallized PEEK 

0.539 0 0.811 0 
0.708 17.5 0.950 24.2 
0.741 20.9 0.931 20.9 

DISCUSSION 

All four of the techniques used in this study (i.e.d.s.c., 
WAXS, SAXS, and i.r. spectroscopy) showed that SINC 
is induced by acetone in amorphous PEEK. However, no 
information on the morphology of the solvent-induced 
crystals could be obtained by these four complementary 
techniques. In typical SINC processes, the samples become 
opaque upon exposure to the solvents. In this present 
study, the samples remained translucent upon exposure 

to acetone at room temperature. Small-angle light scatter- 
ing (SALS) performed on the acetone-exposed sample 
did not show any scattering peaks. Thus, the crystal 
ordering is large enough to be detected by SAXS, but it is 
too small to be detected by SALS. Further study in our 
laboratory is under way to determine the scale of the 
ordered structure in this system. 

When amorphous PEEK is exposed to acetone at a 
slightly higher temperature (i.e. 45°C), the sample 
becomes opaque. This suggests that the crystal entity 

POLYMER Volume 37 Number 20 1996 4577 



Solvent-induced crystallization of PEEK: H. Corn~lis et al. 

becomes bigger as the temperature of solvent exposure is 
increased. 

Solvent-induced crystallization is due to the plasticiza- 
tion of the polymeric chains by the presence of the solvent 
molecule, which disrupts the intermolecular forces 
between the macromolecules 16. Such an effect causes 
the glass transition temperature to be depressed so 
that the experimental temperature becomes situated 
between the glass transition temperature and the melting 
point of the polymer. If the polymer is crystallizable, 
then crystallization ensues. The glass transition tempera- 
ture of the system, Tg, can be estimated by the Fox 
equation 17, which takes the following form: 

l Wp W s 
(2) 

Tg T~ T_; 

where Wp and w s are the weight fractions of the polymer 
and solvent, respectively, and T~ ° and Tg s are the glass 
transition temperatures of the polymer and solvent, 
respectively. The glass transition temperature of PEEK is 
416K. The glass transition temperature of a solvent is 
not readily available; however, it can be estimated from 
its melting point. For low-molecular weight polar mol- 
ecules, we find that the following relationship applies: 

Tg~--½Tm (3) 

The melting point of acetone is 178.4K, giving an 
estimated value for the glass transition temperature of 
89.2K. Using the weight fraction obtained from the 
dynamic solvent uptake measurements (i.e. w s = 0.14 for 
acetone in amorphous PEEK) and the glass transition 
temperatures that we have just obtained gives a glass 
transition temperature of 1.97°C for the acetone/ 
amorphous PEEK system. This value suggests that 
SINC is indeed induced at room temperature. However, 
this process takes place in a system that is poorly 
plasticized (i.e. the Tg of the system is only about 20°C 
lower than room temperature) and thus should give very 
low crystallinity, in addition to poorly organized crystal 
structures, as found with the d.s.c., WAXS, and SAXS 
data. 

CONCLUSIONS 

Exposure of an amorphous PEEK sample to acetone 
was found to induce crystallization. Even if this SINC 
process could not be seen visually (i.e. the sample 
remained translucent upon exposure to the solvent), it 

was detected by four complementary techniques, i.e. 
d.s.c., WAXS, SAXS, and i.r. spectroscopy. However, 
even if the spatial scale of the crystal ordering obtained 
by the acetone exposure was large enough to be detected 
by SAXS, it was too small to be detected by small-angle 
light scattering. This suggested that a relatively small 
crystal morphology was obtained, which is now under 
further investigation in our laboratory. 

The Fox equation allowed the glass transition tem- 
perature of the system to be estimated. This Tg is ,-~ 20°C 
lower than room temperature (i.e. the temperature at 
which the exposure was performed in this study); there- 
fore, the system is poorly plasticized, thus resulting in a 
very low crystallinity index (as shown by the WAXS and 
d.s.c, results) and poorly organized crystal structures (as 
shown by the SAXS results). 

ACKNOWLEDGMENT 

The authors would like to acknowledge the National 
Science Foundation Science and Technology Center for 
their financial support for this project through the grant 
DMR-912004. 

REFERENCES 

I Stober, E. J. and Seferis, J. C. Polym. Eng. Sei. 1988, 28, 634 
2 Stober, E. J., Seferis, J. C. and Keenan, J. D. Polymer 1984, 25, 

1845 
3 Hay, J. N. and Kemmish, D. J. Polymer 1988, 29, 613 
4 Mensitieri, G., Del Nobile, M. A., Apicella, A. and Nicolais, L. 

J. Mater. Sei. 1990, 25, 2963 
5 Wolf, C. J., Bornmann, J. A., Grayson, M. A. and Anderson, 

D. P. J. Polym. Sci. Polym. Phys. Edn 1992, 30, 251 
6 Arzak, A., Eguiazabal, J. I. and Nazabal, J. J. Mater. Sci. 1993, 

28, 3272 
7 Del Nobile, M. A., Mensitieri, G., Netti, P. A. and Nicolais, L. 

Chem. Eng. Sci. 1994, 49, 633 
8 Arzak, A., Eguiazabal, J. I. and Nazabla, J. J. Polym. Sci. 

Polym. Phys. Edn 1994, 32, 325 
9 Stuart, B. H. and Williams, D. R. Polymer 1994, 35, 1326 

10 Blundell, D. J. and Osborn, B. N. Polymer 1983, 24, 953 
11 Chalmers, J. M., Gaskin, W. F. and Mackenzie, M. W. Polym. 

Bull. 1984, 11,433 
12 Blundell, D. J. Polymer 1987, 28, 2248 
13 Lee, Y. and Porter, R. S. Macromolecules 1987, 20, 1336 
14 Zhang, Z. and Zheng, H. Polymer 1993, 34, 3648 
15 Sinvitch, Y. A., Bykova, I. V. and Bakeyev, N. F. Polym. Sci. 

USSR (Engl. Transl.) 1985, 27, 2190 
16 Rebenfeld, L., Makarewicz, P. J., Weigmann, H.-D. and Wilkes, 

G. L. J. Macromol. Sci. Rev. Macromol. Chem. 1976, 2, 279 
17 Fox, T. G. Bull. Am. Phys. Soc. 1956, 1, 123 

4578 POLYMER Volume 37 Number 20 1996 


