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ABSTRACT The PEEK glass transition (a-relaxation) is studied as a function of polymer semicrystalline 
morphology, characterized by small-angle X-ray scattering. An inverse relationship ie observed between 
glass transition temperature and amorphous interlayer thickness. This is interpreted in terms of confiiational 
entropy differences in the amorphous regions of semicrystalline samples, as compared to a bulk amorphous 
sample. The existence of so-called rigid amorphous fractions is shown to result partly from theae entropy 
differences. The PEEK subglass transitions have also been studied. The highly-localized wagging of the 
polar bridges corresponding to the y-relaxation is insensitive to ageing history and detaile of the semicrystalline 
morphology. The combination of the y-wagging with phenyl flips resulta in the appearance of the @-relaxation. 
The energy baniere controlling the onset of @-motions are intermolecular in nature. Thus, perturbations of 
the environment of the relaxing moiety (water content, ageing history, details of the semicrystalline morphology) 
affect the &relaxation. 

1. Introduction 
Poly( oxy- 1 ,rl-phenyleneoxy- 1,4-phenylenecarbonyl- 1,4- 

phenylene) (PEEK) is a semicrystalline polymer having 
outstanding mechanical and thermal properties, along with 
a high solvent resistance. In view of the technological 
importance of this polymer, numerous research papers on 
PEEK have been published in the past 10 years, most of 
them focusing on engineering properties and crystallization 
kinetics. Some details on PEEK can be found in a recent 
review.' 

PEEK presenta interesting features, which render it 
particularly well suited to progress into the general 
understanding of semicrystalline polymer morphology. Ita 
fully para-aromatic chain structure is straightforward, with 
no pendant group nor phenyl ortho or meta substitution. 
It can be easily crystallized, and the polymer degradation 
during processing can be controlled.2 The available range 
of crystallinity spans from 0 to -40 vol 5% , while quoted 
lamellar thicknesses are between 2 and 6 nm.sd Thus, a 
wide range of crystallinities and morphologies can be 
accessed. However, the semicrystalline architecture of 
PEEK is still relatively poorly known. Important topics 
like the probable existence of a cryatalline/amorphous 
interphase have not yet been much explored for this 
polymer. 

The existence of an interfacial layer connecting crys- 
tallites to the liquid-like amorphous phase in semicrys- 
talline polymers has been predicted or observed by various 
authors. Numerical computations on lattice models,7-1° 
initially performed to contribute to the much debated issue 
of adjacent reentry and tight folding," have shown that 
the crystal order needs some distance to be fully dissipated 
in the amorphous region, this distance being dependent 
on the chain bending energy and the crystalline chain tilt 
angle relative to the lamellar surface. Quantitative 
experimental determinations of the relative amounta of 
Crystalline, liquid-like, and interfacial transition regions 
were performed for PE by Strobl and Hagedorn12 using 
Raman specroscopy. This technique was later used by 
Mandelkern et al.,13J4 together with a determination of 
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the crystalline lamellar thickness (I,) by analysis of the 
Raman longitudinal acoustical mode, to measure inter- 
facial and liquid-like region thicknesses in meltccryetallizsd 
PE. Values around 1.5-2.5 nm were obtained. Evidence 
for an interfacial region was also gained from small-angle 
X-ray and neutron scattering experiments performed on 
blends of compatible polymers, from which only one can 
be crystallized.'"17 The resulting estimations for the 
thickness of the interfacial region of poly(ethy1ene oxide) 
and poly(viny1idene fluoride) were respectively 1.6 and 
2.5 nm. 

However, the bulk of experimental resulta supporting 
the interphase existence comes from techniques probing 
motions inside the amorphous regions. Conformational 
differences inside the liquid-like phase and the interphase 
give rise to different relaxation times. Solid-state NMR,'8 
dynamic mechanical spectroscopy, and dielectric spec- 
troscopylF21 were widely used in this respect, due to their 
relative widespread availability. However, most of the 
published works do not characterize the polymer mor- 
phology further than specifying a degree of crystallinity, 
a rather crude description of microstructure. Creep 
experiments and ageing studies22 also support the three- 
region23 picture of semicrystalline polymers. 

The present paper is devoted to the description of the 
PEEK subglass relaxations and glass transition as a 
function of its semicrystalline morphology. There are two 
aims to thii study: first, to further our understanding of 
PEEK relaxations, and second, to contribute to forge a 
better picture of the semicrystalline morphology of this 
polymer. Techniques used are dielectric spectroscopy (DS) 
for the study of the PEEK subglass relaxations as a 
function of temperature and frequency and dynamic 
mechanical spectroscopy (DMA) and differential scanning 
calorimetry (DSC) for the characterization of the polymer 
glaas transition. The PEEK morphology hae been inves- 
tigated by small-angle X-ray scattering (SAXS). 

There have been only a few studies devoted to the 
subglass relaxations of PEEK, none of them being con- 
cerned about PEEK morphology. Sasuga and H a g i ~ a r a ~ ~  
investigated the influence of electron beam irradiation on 
the PEEK dynamic mechanical properties. They analyzed 
the /3 (first subglaaa26) mechanical relaxation in terms of 
two overlapping processes (-230 and -190 K, 1 Hz); a 
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Table I 
Nomenclature, Processing Conditions, Volume Degree of Crystallinity, and Characterization Techniques Used for Each 

Sample of This Study 

sample 
name processing thermal history 

vol crystallinity characterization 
(6) techniques 

quenched from 673 K in water 0.02 DSC, DMA, DS 
sample Q + 30-min annealing at 423 K, then quenched 
sample Q + 30-min annealing at 453 K, then quenched 

0.08 DSC, DMA 
0.22 DSC, DMA, SAXS, DS 

Q 
GI423 
GI453 
GI493 sample Q + 30-min annealing at 493 K, then quenched 0.26 DSC, DMA, SAXS 
GI533 sample Q + IO-min annealing at 533 K, then quenched 0.26 DSC, DMA, SAXS 
GI573 sample Q + 30-min annealing at 573 K, then quenched 0.28 DSC, DMA, SAXS 
MI293 fast cooling from 673 K to room temperature 0.10 DS 
Mi393 DSC, DMA, SAXS 

then quenched 
MI423 DSC, DMA, SAXS 

then quenched 
Mi453 DSC, DMA, SAXS 

then quenched 
MI573 

then quenched 
M/SC slow cooling from 673 K to room temperature (heating power O.4Ob DSC, DMA, SAXS 

of the press turned off) 

0 A value Dreviouslv rewrted in the literature37 was in error. This value is overestimated due to neglect of the variation of the crystal density 

fast cooling from 673 to 393 K, where the sample is held 10 min, 

fast cooling from 673 to 423 K, where the sample is held 30 min, 

fast cooling from 673 to 453 K, where the sample is held 30 min, 

fast cooling from 673 to 573 K, where the sample is held 15 min, 

0.25 

0.26 

0.27 

0.29" DSC, DMA, SAXS, DS 

with crystaliization Gmperature. 

third process appears at the lower temperature side of 
this broad loss peak in specimens containing water traces 
(&, -170 K, 1 Hz). The existence of a fourth process at 
still lower temperatures has been detected by Ahlborn2* 
(7, -118 K, 7 Hz). The molecular motions from which 
these relaxations originate are still largely unknown. The 
PEEK glass transition has been studied by DSC2' and by 
DSm28 Variations in the location and broadness of the glass 
transition were observedwith changes in the PEEK degree 
of crystallinity. 

Since the bulk crystallization of PEEK has been found 
to be similar in many respects to that of poly(ethy1ene 
terephthalate) (PET)? it is logical to infer that the 
influence crystallites exert on the amorphous regions must 
bear also some similarity for both polymers. The PET 
glass transition (and the a,-relaxation associated with the 
same segmental motions) has been well c h a r a c t e r i ~ e d ; ~ ~ ~  
the relaxation process first shifta toward higher temper- 
atures as crystallinity increases, and then a reversal of the 
trend is observed for higher crystallinities. This behavior 
was tentatively i n t e r ~ r e t e d ~ l ? ~ ~  as due to changes in the 
amorphous layer thickness between lamellae. However, 
no independent measurement of this thickness was 
performed. Simultaneously, the broadness of the relax- 
ation in the frequency domain increws strongly, while 
its asymmetry decreases, presumably reflecting the re- 
striction of segmental motions due to the crystallization. 
No such significant changes in the shape of the sub-T, 
process were observed; this is in agreement with the general 
belief that the molecular motions giving rise to this process 
are in localized nature. However, the temperature location 
of this process has been described by Illem and Breuer31 
as morphology-sensitive, while others29*90*32 claimed that 
the morphology has no or very little influence on this 
location. 

Finally, this study being devoted to the amorphous 
phase, it has to take into account the nonequilibrium 
character of this phase, which is reflected by the ageing 
phenomenon. A few works have been reported on PEEK 
physical but the range of temperature scanned 
is limited to -30 K below Tv Fortunately, impresssive 
amounta of data on polymer ageing have been published 
by Struik.22 It has been shown that ageing occurs in a 
large temperature range from roughly the &relaxation 
temperature (TB) up to the glass transition temperature 
(Z'& Since Tp is located below room temperature for most 

polymers (and also for PEEK), the material must be 
suspected of evolution even during storage at room 
temperature. The thermal history of the semicrystalline 
sample below its Tg affects the measured glass transition. 
However, the location of subglass relaxations has been 
claimed% to be hardly influenced by changes in sample 
thermal history. 

After the Experimental Section, results related to the 
SAXS determination of PEEK morphology, to its glass 
transition, and to its subglass relaxations will be given. In 
the final section, the information provided by the different 
techniques will be gathered and discussed. 

2. Experimental Section 
Sample Preparation. PEEK sheets (-200 pm thick) were 

prepared from dry commercial powder (I.C.I. grade 15OP, 
measured2 M. = 10 300, M, = 26 SOO) as described else~here.~' 
Basically, two series of samples were prepared, either by annealing 
at T, (above To) quenched amorphous plates (samples isother- 
mally crystallized from the glass (G)) or by transferring the molten 
polymer to a press held at T, (samples crystallized from the melt 
(M)). Most of the samples were kept at T, during a time long 
enough to ensure complete primary crystallization (spherulite 
impingement), as judged from prior DSC crystallization kinetics 
measurements. However, sample W was not crystallized, and 
sperulites did not impinge in samples G/423 and M/293 due to 
the low crystallization temperature or fast cooling rate, respec- 
tively. After crystallization, the samples were directly quenched 
in water to ensure the same thermal h m t o r y  in the !Z'# r-e. An 
exception to this rule is sample M/SC, which waa obhned by 
slow cooling from the molten state to room temperature. Table 
I gives the nomenclature and processing conditions of the samples 
investigated. 

Crystallinity Determination. Specific weighta ( p )  were 
determined by weighing the samples in air and in water. Volume 
crystallinity, 6, was computed from the specific weight of the 
pure amorphous phase (pa = 1.263 g ~ m - ~ )  and of the crystal 
phase ( p ,  = 1.4 ~ m - ~ ) .  Some variation of p ,  with crystallization 
temperature has been reported in the literature. A brief 
discussion of this phenomenon, and evidence to use 1.4 ~ m - ~  as 
the mean value for p e  can be found eleewhere.w The sample 
degree of crystallinity is reported in Table I. 

Small-Angle X-ray Scattering. SAXS patterns were re- 
corded in an evacuated Kratky camera (slit collimation) with a 
Braun position-sensitive proportional counter, using Cu Kor 
radiation. After background subtraction, the recorded curves 
were smoothed using a second-derivative-based moving-average 
smoothing procedure39 and desmeared by simple resolution of 
the triangular system resulting from the discretization of the 
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convolution equation, assuming infinite slit length. The curves 
were finally Lorentz corrected. One-dimensional correlation 
functions were directly computed from the smeared intensities; 
this required extrapolation of the intensity to zero angle. A simple 
linear extrapolation was ueed, the roughness of this approximation 
does not allow one to consider correlation functions as significant 
for distances greater than 15-20 nm. 

Differential Scanning Calorimetry. Specific heat (c,) 
determination of the samples was performed between 323 and 
573 K in a Perkin-Elmer DSC2 operated at  10 K mi+. 
Temperature was calibrated with indium and tin, and the ordinate 
was calibrated with a sapphire standard. Due to the small film 
thickness, only -15 mg of sample could be measured at  a time 
(heat transfer problems prevent realization of thicker morphol- 
ogy-controlled films). To characterize the glass transition, the 
specific heats below (respectively above) the specific heat jump 
had to be extrapolated upward (respectively downward). Thus, 
the sample specific heat below Tg was fit to the 'solidma PEEK 
specific heat multiplied by an adjustable constant which takes 
into account some experimental errors (sample weight etc.) and 
the small difference between the crystalline and glassy polymer 
specific heats a t  these temperatures. The 'solid" PEEK specific 
heat was computed following the addition scheme procedure 
described by Cheng et al.41 In all cases, this fit was performed 
without problems, the adjustable constant being equal to 1 within 
less than 2 % . The specific heat above the transition was fit to 
a linear combination between the computed 'solid" PEEK specific 
heat and the experimental liquid specific heat reported by Cheng 
and W ~ n d e r l i c h . ~ ~  Such a fit was found possible only in a limited 
temperature range above TB' Positive or negative deviations from 
the expected relation occur above a given temperature TR. These 
deviations result from changes of c, due to related changes in the 
degree of crystallinity during the heating scan:' from exothermic 
or endothermic processes like crystallization of amorphous sheets 
or the low temperature melting endotherm observed in isother- 
mally-crystallized PEEK:' or from changes in the so-called rigid 
amorphous i.e., progressive unfreezing of constrained 
amorphous segments. In most cases, the extrapolation of the 
specific heat above the transition is not straightforward. Once 
the two "base lines" are drawn, they are used to compute T g , ~ s c ,  
the temperature corresponding to half the transition specific heat 
jump, and Ac,, the transition specific heat jump extrapolated at 
T g , ~ s c ,  in accordance with previous w0rks.~3 The rigid amorphous 
fraction is then computedt3 using 
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precisions are much lower for cry due to uncertainties in the 
determination of geometric dimensions ( - 10% 1. The same holds 
for the imaginary part of the relative permittivity, ti. The relative 
precision of this parameter is the same as for tan 8. 

(a) Sample Preparation. Thin gold electrodes are first 
sputtered on both sides of a sample plate. The sample is then 
cut in the form of a 3-cm-diameter disk; on one side, the deposited 
electrode is split into a guard ring and a guarded electrode of 
2-cm diameter. The gap between the guarded electrode and the 
guard, measured with an optical microscope, is of the order of 
50 pm. 
(b) Water Uptake Studim and  Samples Thermal History. 

Electrode-coated samples were immersed in boiling demineralized 
water. They were periodically removed from the water, gently 
swept, and weighed, and their dielectric permittivity was mea- 
sured at  room temperature. After water uptake saturation, the 
same samples were placed under vacuum at  373 K. They were 
again periodically weighed and their dielectric properties mea- 
sured. 

To observe the dielectric temperature behavior of water- 
saturated samples, samples were saturated by immersion in 
boiling water during 2 days, the samples were then placed into 
the cryostatic system, and the Dewar was filled with liquid 
nitrogen. Once the cryostat temperature had fallen below 250 
K (30 min after placement of the sample inside the cell), pumping 
was started; this ensured minimal water desorption. 

To  observe the effects of drying on the dielectric temperature 
behavior of PEEK, samples in equilibrium with the laboratory 
atmosphere were placed into the cryostat; the cryostat was 
evacuated, and the system was cooled when the pressure had 
decreased below -1 x 10-l Pa. Dielectric properties were then 
measured from 77 K to room temperature, where the sample was 
left for a couple of days. During this time, pressure continually 
dropped due to progressive water desorption. The sample was 
cooled again, and dielectric properties were measured. The 
procedure was repeated several times until the pressure reached 
3.5 x 10-3 Pa; this corresponds to the lower limit of pressure that 
can be obtained in our system, and no changes in the dielectric 
thermal behavior can be observed for longer pumping times at  
this pressure. 

Finally, dielectric properties were measured on so-called 'dry" 
samples. This refers to samples having been placed for a t  least 
2 days at 373 K in the primary vacuum and then having been 
mounted in the cryostat and kept at room temperature in the 
cryostat until the pressure reached 3.5 X W3 Pa. The time 
required to attain this value varies, presumably depending on 
the time elapsed while mounting the sample in the cryostat. This 
time is always greater than 1 week. 
3. Results 

3.1. SAXS Morphological Characterization. The 
SAXS patterns of the samples have been analyzed by three 
different ways. First, the Bragg law was applied to the 
maximum value of the desmeared and Lorentz-corrected 
intensity, in order to obtain the long period Lew A recent 
theoretical analysis& has shown that such a Bragg analysis 
yields long periods up to 16% greater than the computed 
mean values, in accordance with the assumptiona that 
this analysis gives the weight average of the long period. 
From the knowledge of the volume crystallinity of the 
samples, the crystalline core thickness, Icsrrgg, and the 
amorphous layer thickness, l a s r w ,  were computed. The 
resulta of this simple analysis are presented in Table 11, 
columns I1 and 111. Second, the one-dimensional corre- 
lation function was analyzed using the Strobl procedure." 
The resulting long period, L,, and the crystalline core 
thickness, I,,, are presented in Table 11, columns IV and 
V. This analysis is thought to give number averagesJs for 
the thickness. Third, the Lorentz-corrected desmeared 
curves were fit to the general (one-dimensional) paracrys- 
talline model using as thickness distributions for the 
crystalline cores and the amorphous layers two indepen- 
dent asymmetric Reinhold distributions.'s This analysis 
ia the most controversial, since there are no a priori reasons 

with $the degree of crystallinity by weight and Acp4 the specific 
heat jump of a pure amorphous sample at  Tg,Dsc, calculated from 
the computed 'solid" PEEK specific heat and the experimental 
liquid specific heat reported by Cheng and Wunderlich.'* The 
precision on &am is small, due to the aforementioned difficulty 
in evaluating Ac, with precision, to be the low amounts of sample 
scanned, and to amplification of relative errors when computing 
differences. 

Dynamic Mechanical Analysis. Dynamic mechanical anal- 
ysis was performed in the tension mode with a Rheometrics RSA 
11. A l-Hz dynamic deformation varying between 0.02 and 0.3 % 
(following temperature and crystallinity) was superimposed on 
a static deformation equal to 1.5 times the amplitude of the 
dynamic deformation. In the glass transition region, the sample 
was heated by 1 K steps and allowed to equilibrate during 1 min 
before measuring the storage (E') and loss (E") moduli. T g , ~ m  
was defined as the temperature at which E" reaches its maximum. 
The samples were measured within 1 month after their fabrication 
and were not dried before the experiments, in order to minimize 
ageing. The small amounts of absorbed water are no problem 
since Tg is high enough to allow water desorption during the scan 
from 323 K up to Tg. 

Dielectric Spectroscopy. The measuring system is a home- 
made cryostatic device described elsewhere.44 Available fre- 
quencies range from 200 Hz to 100 kHz, although inductive losses 
in the bridge decrease the precision of the measurement above 
10 kHz. The system can be evacuated down to 3.5 x 10-3 Pa (2.5 
X Torr) at room temperature. Typical relative precisions 
are - 2 % on tan d and better than 0.01 % on e,. However, absolute 
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Table I1 
Long Period (L) and Crystalline Core Thickners (I , )  of the PEEK Sampler. 

GI463 10.09 2.25 9.93 2.38 12.63 2.66 
GI493 11-06 2.84 10.78 2.52 12.93 2.87 
GI533 12.28 3.17 11.39 2.80 14.10 3.21 
GI573 14.60 4.03 14.01 3.34 16.13 4.12 
MI393 12.73 3.13 11.70 3.07 14.29 3.45 
MI423 12.74 3.29 11.62 3.00 14.10 3.51 
MI453 12.65 3.47 11.65 3.09 13.82 3.52 
MI573 15.70 4.57 14.43 3.79 16.63 4.71 
MISC 14.89 5.94 14.01 3.65 15.20 4.79 

a Columna 11 and 111 refer to a simple Brags analysis of the SAXS patterns, columns IV and V to a Strobl analysis of the correlation function 

sample name LB~W (m) lc,Bragg (m) L, (nm) l , ,  (nm) LR (m) hi (m) 

y, and columns VI and VII to a direct fit of the SAXS patterns with a one-dimensional general paracrystalline model. 

20'- -- ' - 6  

A LB 1 

0- - 1  
0 5 10 15 20 420 470 520 570 620 

Ic.Bragg ' 'a,Bragg ' 

LBragg (I" 

Figure 1. (A) Plot of the SAXS-determined thicknesses of the 
crystdine core (4, m) and amorphous interlayer (la, 0 )  and the 
long distaoee (L, +) using the Strobl analysis of the correlation 
function y versus the same parameters obtained from a simple 
Bragg analysis. (B) Evolution of the PEEK crystalline core 
thickness,(lc,B,) with crystallization temperature Tc (crystal- 
lization tune lese than -2 h). (0) Isothermally-crysted 
samples of this study; literature data: (0)  ref 3; (0) ref 4; (A) ref 
5. 

tochocmeanytypeofdistribution. Itwasdecidedtochoose 
the Reinhold distribution only because its asymmetry 
allom one to avoid negative thickness problems, which 
generally arise when considering Gaussian distributions. 
The mean values computed from this model for the long 
period, LR, and for the crystalline core thickness, are 
given in Table 11, columns VI and VII. 

Figure lAdisplays I,, L, andL, derived from the analysis 
of the correlation function, versus the same parameters 
extracted from the simple Bragg analysis. A good cor- 
relation between the resulte obtained by both types of 
analysis is obtained, except for the sample crystallized by 
slow cooling from the melt. This is probably due to 
overeetimation of the degree of crystallinity of this sample; 
indeed, in thie work, 1.4 g ~ m - ~  is used throughout as 
crystalline density to compute the degree of crystallinity 
(4). This is an approximation, increasingly in error as 
crystallizetion temperature increased above 573 K or 
decreaaee below 473 K.% Since the mean crystallization 
temperature of the slowly-cooled sample is expected to be 
very high (ofthe order of 688-693 K b a d  on cryetallization 
kinetics DSC determinations), it is not surprising to 
observe for this sample important differences between 
lea-, which requires the knowledge of 4, and ICn, which 
is determined independently of 4. The thicknesses 
determined by the Strobl procedure are on the average 
0.96 times the thicknews determined by the Bragg 
analysia. This is related to the Strobl analysis giving 

7 -A,,  , , , j  
320 370 420 470 520 570 

T (K) 
Figure 2. Evolution with temperature of the temperature 
derivative of the sample enthalpy (dH/d/dT). The curves have 
been displaced vertically for clarity. Dashed line, computed41 
solid PEEK specific heat; dotted line, liquid PEEK specific heaL42 
For the nomenclature of samples, refer to Table I. (0) Q (0) 
G1423; (W) G/453; (0) G/493; (A) G/533; (A) G/573; (X) W393; 
(+) M/423; ( 0 )  M/453; (+) M/573; (0) M/SC. (All pointa are not 
plotted on the figure.) 

number averages, and the Bragg analysis weight averages. 
The agreement between the two analyaea suggests that 
insignificant amounts of interfibrillar amorphous material 
exist in the samples as compared to interlamellar amor- 
phous polymer. 

The evolution of lc,Bngg versue crystallization temper- 
ature for isothermallycrystallized samples is displayed in 
Figure 1B. Data obtained by other workers3-6 for crys- 
tallization times shorter than - 2 h are also shown in this 
figure. The overall agreement is rather satisfactory, 
illustrating that the PEEK crystalline core thicknew is 
essentially dependent on crystallization temperature for 
similar crystallization times, as expected.49 

The correlation between the thicknesses obtained by 
the third procedure (direct fit of the paracrystdine model) 
and the other analysis methoda is lem satisfactory, although 
general trends are preserved. This is due to the arbitrary 
choice of the distribution functions. The only interest of 
this procedure is to suggest that the distribution function 
describing the amorphous interlayer thickness could be 
large. 
3.2. Glass Transition. Thermograms and storage and 

loss moduli of the samples of this study are dieplayed in 
Figures 2 and 3 (A and B). 

It is obvious that the presence of cryetalliiity increases 
strongly the glase transition temperature, while broadening 
the transition. Starting from the amorphous sample, the 
appearance of crystallites first increases Tp ( n o r + n p w  
spherulites). Then, above -20% crystahity (unpmgmg 
sherulites), the trend is reversed. This behavior corre- 
sponds exactly to observations reported for PET. Also, 
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h 
3 
'? 
5 
b 

i 

L I J t '  I 

320 370 420 470 520 570 320 370 420 470 520 570 
T (K) T (K) 

Figure 3. Storage (E', A) and laas (E", B) moduli of the PEEK 
samples ( 1  Hz). The curves have been displaced vertically for 
clarity. Same symbola as in Figure 2. (All points are not plotted 
on the figures.) 

Table I11 
Glum "randtion Chcteriarrtion of the PEEIS S ~ p l e ~  

sample name Tgpsc (K) Acp (J mol-' K-I) grrm T,,Dw (K) 
414.5 - 63 w 415.9 
416.0 45.5 0.30 417.3 GI423 

GI453 439.7 30.9 0.28 433.5 
GI493 440.1 24.4 0.35 432.5 
GI633 431.8 20.8 0.42 431.2 
GI573 427.6 21.0 0.40 426.9 
MI393 424.0 29.7 0.32 426.9 
MI423 427.0 35.9 0.21 427.9 
MI453 438.0 28.5 0.29 428.8 
MI573 424.5 18.1 0.43 424.6 
MISC 422.4 43.9 -0 427.4 

a Hysbreaie effects at T8 preclude n precise determination of Acp; 
hence, grsm waa conridered aa zero for this almost fully amorphoue 
eample. 

the specific heat jump is decreased in semicrystalline 
samples, corresponding to very high values of so-called 
rigid amorphous fractions, &- For isothermally-crys- 
tallbed samples, a low-temperature melting endotherm is 

resent roughly 10 K above the cryetallizaton temperature. E orresponding to this endotherm, a weak storage modulus 
drop can be detected. These phenomena are due to some 
structural modification of the samples. The exact nature 
of this modification haa been much debated in the recent 
literature. It haa been attributed by some a~thors~*~*m*6~ 
to the first trace of a continuous melting-recrystallization 
proceee occming duringthe heating scan and by others&@ 
to the melting of secondary thin lamellae in between 
primary thicker lamellae. Another group of authors adopt 
an intermediate pition,n37*M noting that a recryatalli- 
zation process indeed occurs during DSC scans, while 
simdtaneody supporting,n or at least not diBCBrding,37154 
the existence of two lamellar populations. In all cases, 
thew morphological changes occur at a sufficiently high 
temperature not to perturb the major part of the glass 
transition. For some samples, however, the high-tem- 
perature side of the glam transition is affected by the partial 
melting. 

A general agreement ie found between T,mc and T,sm 
(Table 111), although the relationship is noisy. Actually, 
the inherent lower sensitivity of DSC precludes from 
performing a very precise determination of T, for the small 
amounts of matter that were scanned. Moreover, deter- 
mination of T = relies upon the choice of two limiting 
"base lines", the upper of which is somehow difficult to 

Q 

423- -423 
7 8 9 10 1 1  12 7 8 9 10 1 1  12 

Figure 4. Evolution of the glaae transition temperature with 
the amorphous interlayer thickness (13 for semicryatdine 
samples with impinging spherulites. Filled symbols refer to 
isothermdycryetdliwd samples, and open symbols refer to 
dynamicallycrystallid samples. The plot in A ia drawn wing 
1, values obtained from Strobl analysis of correlation f u n ~ t i ~ ~ ;  
the plot in B is drawn wing 1. values obtained ti" Bragg nnalysh 
ofSAXS patterns. (InB thearrowindicateeaprobablecorrection 
due to poor estimation of the crystallinity of sample M/SC.) 

c h m ,  as can be seen from inspection of Figure 2. In this 
respect, the DMA determination of T is much more 
reliable, being based on a distinct peak vafue, independent 
of any "base line" choice. 

In Figure 4, we present the evolution of Team with the 
amorphous layer thickness, 1,, of Z.,B- The samples 
have been divided into two categories: those for which 
most of the crystallization occurred at constant temper- 
ature (samples G) or in a small temperature interval 
(samples M/SC and M/673) and thoae for which most of 
the crystallization occurred in truly dynamic conditions 
(samplesM/393,M/423, andW463). Onlysampleshaving 
impinging sperulitea are included in this f i e .  

A clear relationship exista between the amorphous layer 
thickness and the glaea transition for the (qUaei)iaother- 
mally-cryatallized samples. The dynamically-cqmbbed 
samplesdondfollowthesamerelatio~p,altho~there 
Tg value decreaees ale0 with 1,. "his is presumably due 
to a different distribution of amorphoq layer thicknege 
for these samples. Apparently, using weight averagea 

instead of number averages (I,?) for the thiclmem 
redu~the~pancybetweenthetwoeamplecategoriea. 

At this stage, one comment should be made relative to 
the ageing problem described in the Introduction. Since 
the sample proceasing was performed while taking care 
of having similar thermal histories in the g h  tramition 
region for each sample and furthermore since the DMA 
measurements were performed within 1 month of the 
sample processing, the T, variations one observea from 
sample to sample cannot be attributed to differencee in 
the ageing of the samples. Moreover, the Tg variations 
arefarmoreimportantthanerpectedfromagehg. Finally, 
T,pSc and Tgpm display similar trends, although DSC 
scans were performed 18 months after sample pr-ing. 
Clearly, if ageing influences our resulta, it is in a negligible 
way. 

3.3. Subglarr Relaxationr. The water influence on 
the &relaxation will be first deecribed. Then the role of 
morphology and ageing wil l  be presented. 

3.3.1. Water Influence. The relationehip between 
water content and dielectric permittivity (400 Hz, room 
temperature) of eample W67S is &played in Figure 6. 
Approximate linear relationehips are obtained, the rela- 
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Figure 6. Evolution of the real part (e, A) and imaginary part 
(ci, B) of the dielectric permittivity of PEEK sample M/573 with 
water content (weight percent). Data obtained at room tem- 
perature on the same sample during progressive sorption and 
desorption. Test frequency: 400 Hz. 
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Figure 6. Temperature variation of the real part (e1, A) and 
imaginary part (ei, B) of the dielectric permittivity of PEEK 
sample M/573 with various water contents (tat frequency: 400 
Hz): (0) water-saturated eample (-0.55 water weight percent); 
(0) laboratory atmosphere equilibrated sample; (m, 0, +, 0 )  
previous sample after 4,19,38, and 64 days of pumping in the 
cryostat at room temperature. The last sample ( 0 )  can be 
considered as dry. Insek Evolution of the activation energy of 
the M/673 PEEK sample &-relaxation as a function of the peak 
value of the imaginary part of the dielectric permittivity (qmu 
measured at 1 kHz). 

tively high dispersion b e i i  due to changes in water content 
between sample weighing and dielectric measurement and 
during the measurement itself. The same kind of rela- 
tionship is obtained for other test frequencies and other 
samples. 
The temperature dependence of dielectric permittivity 

for a sample (M1673) having various water contents is 
presented in Figure 6. In the remaining sections of this 
paper, the &relaxation oberved in the presence of water 
will be called Pw, the term @-relaxation beiig reserved for 
the fmt s u b g b  relaxation of the fully dry PEEK. 
Apparently, the intensity of the &,,-relaxation is strongly 
increased by the preeence of small water amounts, while 
its temperature location is shifted toward lower temper- 
atures. The presence of a shoulder a t  low temperatures 
is also detected; it corresponds to the y-relaxation. Ita 
location shifte toward higher temperature upon drying. 

The &relaxation activation energies (AH*) were es- 
timated by linear regreasion between the logarithm of the 
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Figure 7. Havriliak-Negami global fit of the &-relaxation of 
water-saturated sample M/673. The dielectric permittivity (e, 
-is) is not drawn above 250 K, due to progreseive water desorption 
durlng the measurement above this temperature. Test fi-equen- 
cy: (0) 200 Hz; (0) 400 Hz; (m) 500 Hz; (0) 1 W z ;  (+) 2 IrHz; 
( 0 5 W, (A) 10 kHz. Inset: Evolution with temperature of the 
Havriliak-Negami exponents for water-saturated sampiee W573 
(fiied symbols) and M/293 (open symbols), having well-marked 
differences in degree of crystallinity. (HN parameters: a, circles; 
8, squares.) 

test frequency and the reciprocal temperature corre- 
sponding to the maximum loas (ti,&. In all caeee, the 
Arrhenius relation was found to describe correctly the 
results. Since tipla increases with water content, as can 
be deduced from inspection of the Figure 6B, a plot of 
AH* versus ti- reflects the evolution of the BW-activation 
energy with water content (tending ultimately to the 
@-activation energy). Such a plot is preeented in the inset 
of Figure 6B. There is some imprecision in the evaluation 
of activation energies. Indeed, samples having a low water 
content have avery broad loas peak, whoee maximum value 
is difficult to determine with precision. Samples with 
higher water contenta suffer from some water deeorption 
during the measurement, as revealed by the dear- of 
cr at  room temperature between the beginnii and the 
end of the experiment. However, the precision iesufficient 
to observe an increase of the activation energy with a 
decrease of the water content. 

In order to provide a rationale to compare the shape of 
relaxation curves in the frequency domain as well as in 
order to obtain values for the dielectric strengths, the 
sample dielectric permittivities (e*) were fit in the &- 
region to the phenomenological Havriliak-Negami (HN) 
equatiod5 

(2) 
where U and R refer to unrelaxed values of tr, o is the 
angular frequency, TO is the central dielectric relaxation 
time, and a and /3 are two phenomenological shape 
parameters. ER, tu, a, and 0 were allowed to vary linearly 
with temperature, while TO was described by an Arrhenius 
law. SuchaprocedurehaabeenusedbyCob~andBoyds2 
to fit the &dielectric relaxation of PET. It allows one to 
take into account the evolution with temperature of the 
dielectric strength and the relaxation peak broadnew, 
often observed for secondary relaxatioxmw 

Experimental data, together with the fit, are shown for 
the water-saturated MI673 sample in Figure 7. For 
samples having a high water content, the HN equation 
was found to describe satisfactorily the experimental data. 
In these cases, there is no significant difference in the 

f* = tu + ( tR - €")(I + (ioTo)")-' 
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Figure 8. Evolution with water content of the mechanical 
&relaxation (lose tangent) of a -30% crystallinity PEEK sample 
((0) water saturated; (0) lower water content). Test frequency: 
1 Hz. 

relaxation shape (a- and @-parameters) upon changes in 
sample crystallinity, as can be seen in the inset of Figure 
7. Clearly, the @,-relaxation is independent of sample 
morphology. 

When water content decreases, the HN equation is no 
more able to represent correctly the @,-relaxation. This 
is due to the fact that the @,-relaxation relative intensity 
decreases as compared to other mechanisms contributing 
to the low-temperature losses (see Figure 6). A full 
description of the dielectric losses requires then the 
superposition of different HN equations; this involves a 
definitelytoo high number of parameters for a meaningful 
fit to be attempted. It was thus not possible in this work 
to study the evolution of the @,-relaxation shape in the 
frequency domain with changes in water content. 

The origin of the &relaxation will be discussed in the 
discussion section. Before proceeding to the examination 
of the @-relaxation of fully dry samples, some more 
comments have to be made. First, exposure of dry PEEK 
films (2 days of drying at 373 K under primary vacuum) 
to the laboratory atmosphere for amounts of time as short 
as 30 min (roughly the time needed to place the sample 
inside the cryostat) is suffcient for some water to be sorbed 
in the film. As a result, the dielectric measurements lead 
to the B,-relaxation detection instead of the @-relaxation, 
unless the sample is kept in the cryostat a t  room 
temperature under high vacuum for at least 1 week. 
StrUik,s studying the mechanical @-relaxation of various 
polymers, made a similar type of observation for Bisphe- 
nol-A polycarbonate (PC) and polysulfone. Thus extreme 
care has to be taken to measure the @-relaxation of polymers 
having carbonyl or sulfone groups along the chain. This 
is not always taken in due consideration. For instance, a 
brief work on the @-relaxation of various phenylene 
polymers, including PEEK, has been recently publishedF7 
Examination of the Arrhenius plot presented for the PEEK 
dielectric measurements reveals undoubtedly the presence 
of water in the PEEK sample (the temperatures corre- 
sponding to maximum dielectric loss are far lower than in 
our dry samples, and a too low activation energy is found). 
Finally, some DMA experiments were performed on PEEK 
samples having different water contents (Figure 8); these 
m n f i i e d  that the PEEK @-mechanical relaxation is 
a f f d  by the presence of water, although to a lesser 
extent than the dielectric relaxation. 

3.3.2. Ageing and Morphology Influences on the 
&Relaxation (Dry PEEK). The dielectric loss tangents 
of two PEEK samples, measured at two different ageing 

I ' d  -I 

B l  ' ' 10.0 100 
1: , , A ]  1 

0.0 100 
50 150 250 350 50 150 250 350 

T (K) T (K) 
Figure 9. Dielectric loss tangent of dry PEEK in the subglass 
relaxation range (test frequency: 400 Hz). The arrows indicate 
the maximum of the &process. (A) influence of ageing history; 
(B) influence of semicrystalline morphology and ageing history. 
Symbols: (A) sample Q, aged 3 days at 373 K and 7 days at 
room temperature; (m) sample M/293 aged 5 months at room 
temperature and6 days at 373 K (0)  same sample aged 13 months 
at room temperature and 9 days at 373 K; (A) sample G/453 aged 
2 days at 373 K and 60 days at room temperature; (0) sample 
W573 aged 11 months at room temperature and 5 weeks at 373 
K; (0) same sample aged 19 months at room temperature and 
6 weeks at 373 K. 

times, are displayed in Figure 9A (tan 6 will be preferred 
to ci each time different samples have to be plotted together, 
to get rid of geometrical factor uncertainties). The 
yrelaxation and the low-temperature side of the @-re- 
laxation loss peak are unaffected by variations in the 
sample thermal histories (the small downward shift 
between the two measurements of sample MI573 is due 
to a minor experimental problem). However, the high- 
temperature side of the relaxation is slightly decreased by 
the increase of ageing. This is consistent with observations 
made by Struik on other po1ymers.M As a result, the loss 
maximum location decreases 5-10 K with ageing time. 
Thus, the claim that @-relaxation peak locations are hardly 
influenced by thermal historiesM should be taken in a broad 
acceptation. It is not clear whether ageing modifies the 
tail of the glass transition, thereby changing the high- 
temperature side of the @-relaxation, or directly affects 
the 8-relaxation. 

Figure 9B presents the loss tangent (400 Hz) of samples 
having well-marked differences in morphology. Compar- 
isons should be carefully performed since the ageing 
histories of these samples are not identical. Sample Q 
(fully amorphous sample) has been very little aged prior to 
measurement; however, the loss peak maximum of this 
sample is located at a lower temperature than the more 
aged samples MI293 and Gl453. Sample MI573 has been 
very importantly aged but its @-peak location is almost 
identical to that of the almost unaged sample Q. These 
complex observations point to the fact that the @-relaxation 
location results from an interplay between ageing and 
morphology effects. The stringent requirement to measure 
fully-dry PEEK samples implies simultaneously that only 
aged samples can be measured. It is not possible from the 
present study to dissociate ageing effecta, whose rate 
depends on and direct morphology effecte. 

Below 200 K, in the yrelaxation region and in the 
beginning of the &relaxation region, the dielectric losses 
are simply proportional to the amount of amorphous 
matter in the samples (1 - 41, whatever the ageing history 
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4. Discussion 
4.1. The y-Region (77-200 K). The poeeible motions 

in this temperature range are very restricted, phenyl group 
flipping will be demonstrated below to occur only at higher 
temperatures. Consequently, the molecular motions oc- 
curring in the y-range must be of smaller amplitude; since 
they are dielectrically active, they probably consist in 
restrided wagging of the polar bridges without correlated 
intra- and interchain motions. The highly localized nature 
of these motions implies that they are directly dependent 
on local potentials resulting from chain packing and 
neighboring phenyl tilt angles. The atomic-de dieorder 
of the amorphous regions is expected to give rise to a very 
broad spectrum of local potentinla and thus to a very broad 
distribution of activation energies; this results in a small 
frequency dependence of the dielectric loss, as observed. 
The strong temperature dependence of the y-relaxation 
(as compared to ita frequency dependence) could be due 
to a progreseive increase of the y-wagging amplitude, 
leading ultimately to the 8-relaxation more complex 
motion. Indeed, the onset of the ,&relaxation displays 
fsaturessimilartothoseofthey-relruation,namelyasmall 
dependence on frequency, insensitivity to ageing, and 
details of morphology. Moreover, as can be observed in 
Figure 11, there is no clear-cut separation between the 
two low-temperature relaxation proteases, suggesting the 
progressive transformation of the y-motions into Bmo- 
tions. 

4.2, Tbe &Relaxation. A major phenomenon able to 
explain the transformation of the localked y-wagging into 
a more complex 0-motion is the appearance of phenyl f l i p  
occurring at frequencies comparable to the testing he- 
quencies. A recent solid-state '3C NMR study of PEEK@ 
has revealed that a fraction of the phenyl rings (between 
10 and 40% following crystallinity) undergoea lsOo flips 
superimposed on small-amplitude phenyl oscillations and 
wiggles at room temperature. The average frequency of 
these flips, oscillations, and wiggles was e a t h t e d  to be 
of the order of 100 kHz to 1 MHa at room temperature for 
samples of uncontrolled water content. From an Arrhenius 
extrapolation of measurementa performed on three sam- 
ples measured without any prior drying procedure, the 
average frequency of the dielectric &, relaration Q found 
to be 160-210 kHz at roomtemperature, in good a g " e n t  
with the previous NMR estimation. A similar correspon- 
dence between the temperature/hequency dependence of 
the secondary transition and the frequency of ring flipping 
has been found for Bisphenol-A polycarbonate (PCBPA).ao 

Thus, the onset of &motions is dictated by the oneet of 
phenyl flips, The @-motions are not restricted to phenyl 
flip since thew are not per sedielectxidy or mechanically 
active. But the coupling of theae flips with the y-wagging 
provides room to the appearance, of a larger-scale motion 
involving the polar bridges. When phenyls are blocked, 
steric hindrances between neighboring phenyls during 
conformational changea drastically reduce the available 
range of chain conformations. The relief of thew hin- 
drances to conformational changes is probably the main 
reason which explaias the appearance of the &motion as 
soon as phenyl flips occur. The exact molecular motion 
associated with the &relaxation cannot be detailed on the 
basis of our experiments. However, some information on 
this motion wil l  be given below. This requires firet the 
consideration of the effecta water has on the @-relazetion. 

4.2.1. Water Inflwnoe. The@~relerationisnoteLnply 
due to uncorrelated motions of water h i d e  the PEEK 
matrix. In such a hypothesis, it is possible to compute the 
relaxation strength due to the water molecules by using 

1 4  
Figure 10. Evolution with amorphouB content (1 - 4) of the dry 
PEEK loss tangent (400 Hz) at selected temperatures in the 
y-relaxation region and in the onset of the &region (5" I 200 K). 
Symbols: (0) 100 K; (0) 150 K (m) 200 K. 
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Figure 11. Dependence of they- and 8-relaxations of dry sample 
MI673 on temperature and frequency. Test frequency: (0) 200 
Hz; (0) 400 Hz; (m) 500 Hz; (0) 1 kHz; (e) 2 kHz; ( 0 )  5 kHz; (A) 
10 kHz; (A) 20 kHz. 

or sample lamellar morphology (Figure 10). However, 
above 200 K, this relation does not hold anymore. Clearly, 
lamellar morphology and/or ageing influences the /?-re- 
laxation location. 

Figure 11 presenta the dielectric permittivity of sample 
W573 as a function of temperature for various frequencies. 
Identical behaviors are obtained for other samples, with 
some differences in the intensity and the location of the 
&relaxation as described above. A striking feature of the 
PEEK dielectric l m  is the very weak frequency de- 
pendence one observes below - 220 K in the y-relaxation 
region and in the beghming of the &relaxation region (for 
frequencies ranging from 2 X 102 to 2 X lo" Hz). More 
exactly, the frequency dependence is beyond the ti 
resolution of the measuring system (-2%). The tem- 
perature dependence of ti is much greater than ita 
frequency dependence. The existence of temperature- 
dependent didectric loeeee, having only a weak frequency 
dependence, haa been documented in the literature;% 
however, their actual origin is not yet well established. 
Activetion energiea computed from the frequency depen- 
dence of the @-loss peak maximum were found to be 61.5 

3 kJ mol-', with no significant difference between the 
various samples. 
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the Frehlich-Kirkwood theory? 
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of phenyl flips. Now a question to be addreased is whether 
the phenyl flipping rate is controlled by intramolecular 
energy barriers or by external barriers. C-INDW and ab 
initio- computations on diphenyl ether and benzophe- 
none have shown that the energy internal barriers to phenyl 
rotation are small in these PEEK model compounds (&&a 
5.4,S7 or 7.1M kJ mol-’ for benzophenone; 1.3,a 0.7,m or 
0.4@ kJ mol-’ for diphenyl ether), provided the rotations 
of the two phenyls are properly correlated. However, when 
one phenyl is bIocked in its equilibrium angular position, 
the energy barrier for rotation of the other phenyl 
increasesaIss around 4&50 kJ mol-’. Thus, in dilute 
solution at room temperature, PEEK phenyl groups wil l  
undergo easy rotational motions. This is supported by 
the observationeg that PEEK in solution at 303 K behaves 
like a freely rotating chain with approximately 120° valence 
angles: the phenyl groups virtually can be considered as 
long chemical bonds, connecting together the ketone and 
ether bridges. The internal barriers to phenyl rotation 
are easily crossed in such conditions, in accordance with 
theoretical predictions. Hence, the isolated PEEK chain 
is not intrinsically rigid at room temperature. 

However, in the condensed state, only a restricted 
fraction of the PEEK phenyls are undergoing r-flips at 
room temperature (1&40% following c r y ~ W t y ) . ~ ~ T h i s  
implies that the others are blocked due to environmental 
constraints resulting from the close packing. The blocking 
of these phenyls by external energy barriers results in turn 
in a dramatic increase of the internal barriers to be crossed 
by the flipping phenyls. This explains the high value of 
the @-relaxation activation energy. Thus, the @-motion is 
essentially controlled by intermolecular interactions , partly 
relayed from one phenyl to the next by intramolecular 
barriers. The external control of the relaxation rate is 
supported by two supplementary observations: (1) the 
@-relaxation is affected by ageing or de@ of the 
semicrystalline morphology and thus changes in the 
relaxing segment environment; (2) the @-relaxation is 
significantly affected by the presence of water molecules 
which perturb the environment of the relaxing segment. 
As pointed out above, the @-relaxation of PCBPA is 

also controlled by the onset of phenyl flips. It is probable 
that the @-motions of both polymers bear some similarity, 
since the @-motions of PEEK are mostly determined by 
external hindrances due to the chain packing in the 
amorphous state, the same holding for PCBPAe70 Ex- 
perimental studies performed on block copolymers (with 
miscible blocks) led Jho and Yee70 to the conclusion that 
the subglass relaxation of PCBPA requires both inter- 
and intrachain cooperations to occur. The same conclusion 
was obtained when the so-called coupling mode171 was used 
to interpret the @-relaxation of pure PCBPA. It has thus 
to be expected that the @-motion of PEEK requires also 
some cooperative motions of the environment of the 
relaxing segment, although this cannot be deduced directly 
from our measurements. It is probable that these con- 
siderations hold for many other aromatic polymers whose 
secondary transitions bear similarity with PEEK in some 
respects (PET,3l poly(pheny1ene various poly- 
(aryl ether18 and poly(ary1  sulfone)^^^^^ etc.) 
4.3. Glass Transition. The cooperative nature of the 

large-scale segmental motions whose onset defines the glass 
transition has often been theoretically postulated; exam- 
ples are thermodynamic76 or k i n e t i ~ ~ ~ ~ ~ 8  entropy-based 
glass transition theories, coupling model,7l and many other 
m ~ d e l s . ~ ” ~  Due to this cooperative nature, any modi- 
fication in the number of accessible chain conformations 
will affect the Tg of a given polymer: a decrease of this 

with ER and cu the relaxed and unrelaxed value of e,, N the 
density of water molecules (having M as dipole moment 
in vacuum), g the correlation factor, and co the vacuum 
permittivity.62 For the water-saturated sample Mi293 
(0.77 wt % of water for -10% crystallinity, thus -605 
mol-m-3 water in the amorphous regions), using parameters 
derived from the HN fit of the @,-relaxation (cu = 3.22 at 
250 K and ( e ~  - tu) << cu), and taking M = 6.08 X Cam 
(i.e., 1.82 D), one finds that (CR - eu) should be 0.44 g at 
250 K. For the low water concentrations of the water- 
saturated PEEK samples, there is on the average only one 
water molecule per 2.75 nm3; there is thus no orientational 
correlation between water molecules andg = 1. The value 
obtained from the NH fit is (CR - cu) = 0.175. 

One could wonder if the discrepancy between the 
expected value and the measured value is not due to some 
water clustering. In this case, the correlation factor should 
be different from unity. Actually,g is expected to increase 
above unity, as correlations between water dipoles should 
be similar to that found in water,6l and the discrepancy 
sould be even worse. Also, the discrepancy is not due to 
water desorption during the sample mounting in the 
cryostat: from results on water diffusion in PEEK 
published by others,63 we estimated that an upper bound 
to the water loes during sample mounting is -25 7% (leading 
to ( e ~  - cu) * 0.34 g). Thus the conclusion follows that 
the discrepancy arises from the choice of an incorrect 
model: the dielectric @,-losses are not due to uncorrelated 
motions of water in PEEK. 

In other words, the water motions are restricted due to 
interaction with neighboring PEEK chains (they are 
correlated to the local environment). This is in agreement 
with previous infrared spectroscopy results showing that 
water is bonded to PEEK.64 Moreover, these water 
motions are coupled to some motion of neighboring PEEK 
chain segments, since water affects the PEEK mechanical 
relaxation. Furthermore, the &-relaxation tends smoothly 
to the dry PEEK @-relaxation upon water desorption 
(Figure 6). Clearly, the dielectric relaxation cannot be 
described as the sum of two independent processes, the 
f i i t  being due to water motions, and the second to PEEK 
chain @-motions. Actually, water acts as a @-plasticizer: 
increasing the water content decreases the @-relaxation 
temperature location, while the activation energy de- 
creases. 

Thus, the @,-relaxation involves a cooperative motion 
of a PEEK segment and a water molecule, the PEEK 
segment motion being similar to the @-motion occurring 
in dry PEEK. The water presence allows an easier PEEK 
segment motion, as revealed by the lower activation 
energies required. From water sorption studies,63 it was 
concluded that there is some distortion in the amorphous 
chain packing in the vicinity of a sorbed water molecule. 
The @-motion of a PEEK segment will be easier in the 
neighborhood of a water molecule, since this molecule will 
accommodate with the motion of the PEEK segment more 
easily than the usual chain environment, in a kind of 
positional exchange. Thus, activation energy is reduced, 
and the intensity of the relaxation is increased, probably 
not only due to the supplementary motion of the water 
dipole moment but also due to an increase of the number 
of PEEK chain segments able to undergo the @-motion. 

4.2.2. Dry PEEK @-Motions. It was demonstrated 
above that the PEEK @-motion is controlled by the onset 
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number is associated with an increase of the glass transition 
temperature. For instance, the Gibbs-Di Marzio theory76 
states that, due to the loss of freedom resulting from a 
decrease of the number of accessible conformations, the 
largsscale segmental motions require a higher thermal 
energy to be initiated. 

In the semicrystalline morpholgy, the connections of 
amorphous segments to ~rystallites?~ the stretching88.89 
or squeezing” of polymer coils in the amorphous regions, 
and the trapping of entanglements in these regi0ns9OVg1 
contribute to restrict the region of phase space which can 
be explored by a set of chains of an amorphous region, as 
compared to the same chains without boundary conditions 
imposed by the crystallites’ presence. As 1, increases with 
T,, one may expect that the relative influence of these 
boundary conditions wi l l  decrease, resulting in the ob- 
served decrease of T, with 1,. 

If we assume that the amorphous regions are in 
equilibrium given the boundary conditions imposed by 
the crystahation, the T, variations can be thermody- 
namically related to variations of the configurational 
entropy (S,) of the amorphous regions. Attempts to 
introduce in the crystallization free energy terms arising 
from the entropy decrease in the amorphous regions as 
crystallization proceeds can be found in the literature.8gg1 
In these models, the growth of the crystalline lamellae,@*89 
or more interestingly the interlamellar distance,” are 
controlled by the entropy decrease in the amorphous 
regions upon crystallization. In the frame of such models, 
the relationship between T, and 1, is clearly expected from 
their common dependency on S,. 

4.4. The PEEK Amorphous Interlayer. In the 
Introduction, mention was made that the structure of 
semicrystalline polymers has to be described with a three- 
region model, including the crystalline phase, the amor- 
phous liquid-like phase, and the interphase region. The 
interphase region is defined as a spatial region in which 
an experimental parameter P(r) progressively varies 
between the crystal value and the bulk amorphous phase 
value. Unfortunately, with such a definition, the inter- 
phase spatial extent depends on the parameter P selected 
to probe it. For instance, one could use the local average 
segment orientation relative to the crystal/amorphous 
interface,1° the local amount of a given chain con- 
formation,12-14 the local density,1517 the local value of the 
relaxation time associated with a given motion,l&21 etc. 
To each parameter could correspond a different estimation 
of the interphase thickness. 

Highly-localized molecular motions, like the PEEK 
y-motions, are sensitive to local potential barriers. Since 
they are not cooperative, the relaxation curve in the 
frequency domain reflectsa distribution of relaxation times 
originating from a wide variety of local environments. One 
would expect a shifting of this curve toward longer 
relaxation timea for the denser interphase regions, similarly 
to what is reported for the effect of pressure on local 
secondary relaxation.M However, the very small depen- 
dence on frequency of the PEEK y-losses and the 
superposition of the /%relaxation on the y-relaxation above - 200 K prevent the detection of this phenomenon in our 
frequency range. 

For the long-range cooperative motions occurring near 
T,, it is no longer valid to consider the relaxation curves 
as reflecting a distribution of local relaxation times.71-80 
However, for a sample having large amounts of inter- 
spherulitic amorphous regions (G/423), the lose modulus 
curve can be considered as the superposition of a loss peak 
identical to that of a pure amorphous sample, plus a loss 
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Figure 12. Typical examples of the convolution function g(r)  
defined in eq 3. Symbols: (0) G/423; (H) G/453; (A) G/673. 

peak originating from intraspherulitic amorphous regions. 
This is shown in Figure 12, where the regult of the 
deconvolution of the losa modulus of this sample by the 
loss modulus of the pure amorphous sample is presented, 
assuming 

(4) 
The presence in the convolution function g(r) of a sharp 
peak located at the origin testifies for the presence of 
significant amounts of amorphous matter behaving like 
the pure amorphous PEEK. This origin peak is not 
observed for samples wherein spherulites impinge, as 
shown in Figure 12. Thii means that b i d e  spherulites 
there are no amorphous regions large enough (as compared 
to the size of the cooperative motions occurring at Tg) to 
be considered as truly liquid-like. Or, stated otherwise, 
if the amorphous interlayers are probed with the larke- 
range a-motions, they must be considered as consisting 
essentially of interphase regions. Of c o w ,  this is a 
conclusion which would not be obtained by using more 
localized motions, for which the influence of the crystallite 
boundaries would vanish for shorter distances. It is related 
to a particular choice of the parameter P used to 
characterize the interphase. 

It has been stated in the l i t e r a t ~ r e ~ ~ ~ ~ ~ ~ ~  that the so- 
called rigid amorphous fraction &- is located in the 
crystalliie/amorphous interphase. If we consider the 
entropy of amorphous regions as arising in part from a 
configurational term S, independent of other entropy 
terms (vibrational etc.), the difference between the liquid 
and glass specific heats (for 1 g of amorphous region) is 

Hence, for the semicrystalline polymer, the specific heat 
jump at T, is 

where Sc,liq is defined per gram of amorphous material 
and cp  per gram of semicrystalline material and pm is 
the weight fraction of amorphous matter not able to 
participate in the relaxation (tight folds, extended tie 
molecules, and 80 on). For PEEK, it is clear that the so- 
called rigid amorphous fraction &-, as defined by eq l, 
is not equal to $*,, since Sc3q depends on the morphology 
of semicrystalline PEEK as attested to by the large T 
variations. In this case, it is difficult to find a physid 
meaning for &,,, but it should not be equated to a volume 
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fraction of amorphous regions not participating in the glass 
transition due to “immobilization” by crystallites. Ac- 
tually, the term “rigid amorphous fraction” is somewhat 
misleading. It includes the true rigid amorphous fraction 
($*cam) as well as contributions due to differences in the 
temperature derivative of the entropy of amorphous 
regions participating in the relaxation. Hence, there are 
no reasons to consider it to be proportional to the volume 
of the crystalline/amorphous interphase. It is located in 
regions where configurational entropy differs from that of 
the pure amorphous polymer, Le., in almost the whole 
amorphous interlayer in the case of semicrystalline PEEK. 
Similar comments should be valid for other semicrystalline 
polymers having para-aromatic groups in their main chain 
and having strong dependences of Tg with crystallinity 
(PET,2g32 various aromatic  polycarbonate^,^^ poly(phen- 
ylene sulfide)94), but are unassailable for polymers like 
polypropylene and isotactic polystyrene, whose T i s  are 
almost morphology independent.lgt95 

5. Conclusions 
In this paper, the relation between the PEEK subglass 

relaxations and glass transition and its semicrystalline 
morphology has been studied by various techniques. The 
major observations are as follows: 

1. Interpretations of PEEK SAXS patterns using either 
a simple Bragg analysis or the Strobl correlation function 
analysis give similar results. This suggests that insigificant 
amounts of interfibrillar amorphous material exist in 
samples with impinging spherulites, as compared to 
interlamellar amorphous polymer. 

2. Two subglass relaxations have been observed by 
dielectric s p e c t m p y  and tentatively interpreted in terms 
of molecular motions. A highly-localized motion (y- 
wagging) was shown to occur in the amorphous regions 
and to be independent of the morphological details of the 
semicrystalline arrangement. The combination of phenyl 
flips with y-wagging results in the appearance of a larger- 
scale 8-motion at higher temperatures. The barriers 
controlling the @-motion are determined by intermolecular 
interactions, relayed by phenyl intramolecular rotational 
barriers. Variations of the relaxing moiety environment 
with water content, ageing history, or sample morphology 
consequently affect the location of the @loss peak. 

3. The PEEK glass transition has been shown to be 
extremely sensitive to the semicrystalline morphology. A 
correlation between the amorphous interlayer thickness 
and the glass transition has been found. It is suggested 
that both parameters, Tg and la,  are dependent on the 
configurational entropy reduction experienced by the 
amorphous regions while crystallization proceeds, lower 
crystallization temperatures corresponding to larger en- 
tropyreductions, smaller la)s, and higher Tis .  The entropy 
changes in the amorphous regions are also illustrated by 
specific heat jump perturbations (the so-called “rigid 
amorphous fraction”). 

These observations contribute to further our knowledge 
of the PEEK semicrystalline morphology. An interesting 
observation is that almost no true liquid-like amorphous 
phase exista in semicrystalline PEEK samples with 
impinging spherulites, if the amorphous regions are probed 
with the long-range a-motions. This clearly brings im- 
portant consequences on the description of PEEK crys- 
tallization, since the properties of the PEEK amorphous 
regions are depending on the crystallib formation. This 
should be taken into account in a proper crystallization 
theory. 

In various instances, the similarity between the relax- 
ation behavior of PEEK and various other para-aromatic 
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polymers has been pointed out (water influence on the 
@-relaxation, coincidence between the onset of phenyl flips 
and 8-motions, influence of Crystallinity on Tg). The 
relaxation behavior of this important polymer class could 
be probably rationalized in a general picture. 
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