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Dielectric relaxations in PEEK by combined dynamic dielectric
spectroscopy and thermally stimulated current

Aurélie Leonardi • Eric Dantras • Jany Dandurand •

Colette Lacabanne

Abstract The molecular dynamics of a quenched poly

(ether ether ketone) (PEEK) was studied over a broad

frequency range from 10-3 to 106 Hz by combining

dynamic dielectric spectroscopy (DDS) and thermo-stim-

ulated current (TSC) analysis. The dielectric relaxation

losses e00KK has been determined from the real part e0T(x)
thanks to Kramers–Kronig transform. In this way, con-

duction and relaxation processes can be analyzed inde-

pendently. Two secondary dipolar relaxations, the c and the

b modes, corresponding to non-cooperative localized

molecular mobility have been pointed out. The main a

relaxation appeared close to the glass transition tempera-

ture as determined by DSC; it has been attributed to the

delocalized cooperative mobility of the free amorphous

phase. The relaxation times of dielectric relaxations

determined with TSC at low frequency converge with

relaxation times extracted from DDS at high frequency.

This correlation emphasized continuity of mobility kinetics

between vitreous and liquid state. The dielectric spectros-

copy exhibits the ac relaxation, near 443 K, which has been

associated with the rigid amorphous phase confined by

crystallites. This present experiment demonstrates coher-

ence of the dynamics of the PEEK heterogeneous amor-

phous phase between glassy and liquid state and

significantly improve the knowledge of molecular/dynamic

structure relationships.
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Introduction

Poly(ether ether ketone) (PEEK) has been synthesized in

the 1980s and many works have been done to study its

physical structure. The molecular structure of PEEK is

presented in Fig. 1. Recently, a strong interest has been

devoted to this polymer due to new issues as sizing,

adhesion, or ageing [1]. The understood of structure/

properties relationships is crucial.

For example, physical properties of thermostable ther-

moplastic polymers like PEEK are strongly dependent

upon thermal history. These properties make PEEK an

attractive high performance polymer for composite matrix

and structural adhesive applications. PEEK can be obtained

as quasi amorphous or semi crystalline film; it depends on

the processing conditions from the molten state. The

complexity of its amorphous phase was often studied by

DSC [2–10]. PEEK is described with a ‘three-phase

model’: crystallites, the mobile and the rigid amorphous

fractions (RAF) [2–5], consistent with other low-crystal-

linity semiflexible polymers [11–13]. The RAF consist in

‘amorphous’ material highly constrained due to its prox-

imity with crystalline phase. The temperature dependence

of the amorphous phase molecular mobility has been

already characterized by DMA [13–17], dielectric spec-

troscopy [4, 6, 18–20], and TSC [21–25]. Two subglass

relaxations have been observed by dielectric spectroscopy

and tentatively interpreted in terms of molecular motions.

The c relaxation is unaffected by variation in sample

thermal histories [6]. The dynamic manifestation of the

glass transition named a relaxation has been pointed out

near 423 K. The temperature dependence of the a mode

clearly exhibited a non-Arrhenius behaviour [19, 26]. A

second peak, labelled ac relaxation, at 468 K was due to

relaxation of amorphous portion constrained by the crystal.
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Two components have been distinguished in the vicinity of

the glass transition and associated with the molecular

mobility of the ‘true amorphous phase’ and ‘rigid amor-

phous region’.

The aim of this study is give rise to the relationships of

the mobility kinetics in PEEK by combined liquid

(dynamic dielectric spectroscopy) and vitreous (thermally

stimulated currents) response and to shed some light on the

complex dynamic above the glass transition temperature.

Experimental

Materials

The investigated PEEK samples were supplied by VictrexÒ

(AptivTM 1000) in semi-crystalline sheets form of 100 lm.

Thermal analyses were performed with a differential

scanning calorimeter (Perkin-Elmer DSC 7) under nitrogen

at a heating rate of 20 K-1 min to check the amorphous

nature of PEEK. The samples (*10 mg) were placed in an

aluminium pan and melted at 693 K for 15 min. Then there

were quenched into liquid nitrogen in order to erase ther-

mal history and to remove small nuclei that might act as

seed crystals. Heating scans were recorded after quenching

from the melt. Three DSC curves were performed in the

same conditions.

Figure 2 shows the DSC curve of the quenched PEEK

film. The heat capacity step at Tg = 420 K is associated with

the glass transition characteristic of the amorphous phase.

Upon heating, a sharp exothermic peak appears at Tcc =

450 K indicating a cold crystallization. A broad endothermic

peak at Tm = 610 K is the melting. Thanks to the heat of

melting for 100 % crystalline DH
?
= 130 J g-1 [7] the

crystallinity ratio has been determined at vc = 6 %. This low

value of crystallinity for PEEK allows us to consider this

sample as quasi amorphous.

The glass transition temperature of PEEK is Tg =

427 K. The number of entanglements in the amorphous

zone of quenched sample is smaller, the chain mobility is

increased and glass temperature appears at lower temper-

ature [27].

The broad endothermic thermal manifestation is asso-

ciated in the literature with a spherulitic morphology.

Several authors [8–10] have suggested a dual morphology

in which the thicker primary lamellae melts close to the

equilibrium melting temperature and the thinner secondary

lamellae melt at lower temperature, giving rise to the broad

endotherm.

Methods

Thermo-stimulated currents

TSC analyses were carried out on a TSC/RMA analyser

developed in our laboratory and consisted of recording the

depolarization current after removal a static field [28].

For recording complex thermogram, the sample was

polarized by an electrostatic field Ep = 6 9 106 V m-1

during tp = 2 min over a temperature range from the

polarization temperature Tp down to the freezing temper-

ature T0. Tp and T0 were chosen according to the temper-

ature range of the relaxation modes. Then the field was

turned off and the depolarization current was recorded with

a constant heating rate (qh = ? 7 K min-1), the equivalent

frequency of the TSC thermograms was feq * 10-2-

10-3 Hz.

feq ¼
1

2psðTmÞ
ð1Þ

The equivalent frequency depend on the relaxation time

s(Tm) recorded at the temperature Tm at the maximum of

elementary peak. Elementary TSC thermograms [29, 30]

were recorded with a poling window of 5 K. Then the field

was removed and the sample cooled down to a temperature

Tp-40 K. The depolarization current was recorded with a

constant heating rate qh. The series of elementary

thermograms was recorded by shifting the poling window

by 5 K towards higher temperature.
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The relaxation times, obtained by fractional polarisation

(FP), of all elementary thermograms obey the Arrhenius

equation:

sðTÞ ¼ soa � exp
DH

RT

� �

ð2Þ

where soa is the pre-exponential factor, DH the activation

enthalpy, R the gas constant, and

soa ¼
h

kBT
exp

ÿDS

R

� �

ð3Þ

where h is the Planck constant, kB is the Boltzmann con-

stant, and DS the activation entropy.

Activation enthalpies of non-cooperative process follow

the Starkweather’s ‘line’ corresponding to the theoretical

activation enthalpy DH0 associated with zero activation

entropy. It obeys the following law [31]:

DHDS¼0 ¼ RT ln
kBT

2phfeq

� �

ð4Þ

According to William–Hoffmann–Passaglia model,

cooperative movements depend to the length of mobile

sequences and the relaxation times of processes isolated

from FP obey a compensation law:

sðTÞ ¼ sc � exp
DH

R

1

T
ÿ

1

Tc

� �� �

ð5Þ

The compensation law assumes that all entities relax at the

compensation temperature Tc with the relaxation time sc.

Dynamic dielectric spectroscopy

Broadband dielectric measurements (DDS) were performed

using a Novocontrol spectrometer covering a frequency

range of 10-2-106 Hz. This technique has been exten-

sively described by Kremer and Schönhals [32]. The fre-

quency scans were carried out isothermally following a

temperature step of 5 K between 123 and 523 K. The

complex dielectric permittivity e*T(x) was recorded.

Relaxation modes were fitted with the Havriliak–Negami

equation [33]:

e�TðxÞ ¼ e1 þ
eS ÿ e1

ð1þ ðixsHNÞ
aHNÞbHN

ð6Þ

where e
?

is the relative real permittivity at infinite fre-

quency, es is the relative real permittivity at zero frequency,

sHN is the relaxation time, aHN and bHN are the Havriliak–

Negami parameters and x is the angular frequency.

Dipolar relaxations are often hidden by dissipative los-

ses due to ohmic conduction. The Kramers–Kronig trans-

form [34] offer an analytical tool for calculate e00KK from the

real part e0
TðxÞ:

e00KKðx0Þ
¼

r0

e0x0

� �

þ
2

p

Z

1

0

e0ðxÞ
x0

x2 ÿ x2
0

� dx ð7Þ

Since the conductivity hindered observing high-temperature

phenomena, some authors [5, 35] used complex modulus

formalism to extract the Havriliak–Negami relaxation times

sHN, instead of Kramers–Kronig equation.

M�
HNðxÞ ¼ M1 þ

MS ÿM1

1þ ÿi
xsHNÿM

� �aHN
� �bHN

ð8Þ

The dynamic of the liquid state is explored thanks to these

previous formalisms and gives access to relaxation times of

the primary relaxation. The relaxation times of a primary

relaxation are generally not linear in an Arrhenius diagram.

They can be described by a Vogel–Tamman–Fulcher

(VTF) equation [32]:

sðTÞ ¼ s0v � exp
1

afðT ÿ T1Þ

� �

ð9Þ

where s0v is the pre-exponential factor, af is the thermal

expansion coefficient of the free volume, and T1 is the

critical temperature at which any mobility is frozen.

Results

The quasi amorphous samples 100 lm thick were prepared

by melting the as-received PEEK at 693 K for 15 min,

directly on aluminium electrodes (1 cm diameter). The

complex TSC thermograms and its fine structure show

three dipolar modes on all the studied temperature range.
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The c mode shown in Fig. 3 appeared at 170 K. A sec-

ondary relaxation mode at 163 K with a shoulder at 198 K

were previously reported in TSC experiments of PEEK with

vc = 10 % [23]. The difference between the two crystallinity

ratios does not explain the modification of the TSC response.

The dissimilarity of the results is explained by the fact that

PEEK suppliers have changed the processing conditions. At

low temperature, interfacial polarisation appears and is due to

stress relaxation at the interface between free and rigid

amorphous phase. A supplementary relaxation mode labelled

b was observed at 343 K in Fig. 4. A primary relaxation

mode named a was showed in Fig. 5. As the temperature of

the a peak is in agreement with the glass transition temper-

ature determined by differential scanning calorimetry, it has

been associated with the dielectric manifestation of glass

transition. This primary relaxation was more intense than

secondary relaxationmodes and a linear relationship between

the applied field Ep and the magnitude of each peak is

observed. It is characteristic of a dipolar depolarisation.

The e00 evolution has been measured with DDS in the tem-

perature range from 123 to 523 K between 10-2 and 106 Hz.

The corresponding dielectric surface is presented in Fig. 6 and

give rise to the appearance of two secondary relaxations c andb

then the a primary relaxation. Samples were prepared with the

thermal treatment previously described.

The relaxation times extracted from M00 and the Kra-

mers–Kronig transform applied to e00 data were compiled

on the same Arrhenius diagram in Fig. 7. We point out c, a,

and ac. We focused on Kramers–Kronig transform due to

the effective relaxation mode fitting of the a main relaxa-

tion. The relaxation loss e00KK deduced from e0T(x) and

corresponding to the ac relaxation mode is showed in

Fig. 8. These results have shown the fruitful synergy of

TSC/DDS combination. In the case of b mode only an

increase of dielectric loss at low frequency is observed and

prevented us for a precise extraction of relaxation times.

Discussion

Liquid response

Activation enthalpies of isolated processes was extracted

from FP procedure and presented in Fig. 9. Activation
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enthalpies of c and b secondary relaxations followed the

Starkweather line; they have been associated with non-

cooperative mobility of localized dipoles. According to the

Eq. (3) of s0a, when entropy is null, the pre-exponential

factor is closed to 10-12 s. This time is enough slow to

permit reorientation of localised entities. For the main a

relaxation the values DH depart from this line, it has been

attributed to delocalized molecular mobility of cooperative

motions. Non cooperative versus cooperative behaviour

would be essentially controlled by the length of mobile

sequences involved in a given processes. The temperature

dependence of the relaxation times has been plotted in

Fig. 10. Possible molecular origins of these relaxations are

suggested [14, 36] more particularly by 13C NMR [37]. A

compensation temperature Tc (c) concerning c mode

appeared at low temperature. This localized mobility might

be attributed to the rotational mobility of phenylene rings,

the ether–ether rings were found to be more mobile than

the ether–ketone rings [18–20]. Accordingly, the structure

of amorphous polymers is described as a regular packing of

repeats units in which there are some disorders sites. The

molecular displacements are supposed to be initiated in

these sites [16]. Relaxations time corresponding to

molecular motions involved in the b relaxation converge in

Tc (b) close to the cold crystallisation temperature Tcc. This

phenomenon was attributed to inter macromolecular

localized conformational defects displacement. At
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crystallisation temperature Tcc, conformational defects re-

organised due to the increase of crystallinity ratio and lead

to cooperative motions. The main a relaxation has a

compensation temperature close to the glass transition

temperature and a compensation time around few seconds.

The temperature lag between Tc and Tg is a feature of

compensation effect [38]. The average value of Tc-Tg is

31 K in a wide variety of crystalline polymers [28]. This

compensation phenomenon is in agreement with coopera-

tive mobility of free amorphous phase relaxation.

Vitreous response

Secondary relaxation and primary relaxation followed

Arrhenius behaviour. A VTF behaviour was reported by

some authors [19, 26] for the PEEK a relaxation. However,

the increase of crystallinity ratio upon heating and the high

chain rigidity of PEEK are responsible for this Arrhenius

behaviour.

At high temperature, dielectric loss values increased and

confirmed the dipolar phenomenon attributed to the rigid

amorphous phase labelled ac. Indeed, the dielectric relax-

ation study of poly(trimethylene terephthalate) [12] shed

some on light on a strong increase in a relaxation intensity

with temperature above Tg suggested a gradual mobiliza-

tion of the rigid amorphous phase. The rigid amorphous

phase are constrained by crystallites, the amount of free

volume is restricted and leads to an higher relaxation

temperature [17, 19] described by an Arrhenius law. The

molecular dynamics of the dipolar entities of PolyAmide

6.9 [39] and poly(ethylene terephthalate) [40] has been

analysed by DDS. The a0 relaxation of PA 6.9 and the au
relaxation of PET appeared at higher temperature than a

main relaxation and were attributed to the amorphous

phase constrained by crystallines lamellae. In the same

manner, the influence of the amorphous confinement on the

chains dynamics was probed into the fluorinated parylene

(PA-F) [41] well above the glass transition temperature.

Combination of dielectric data in the whole frequency

range

Comparison of DDS and TSC results allows us to correlate

complex relaxations on a large frequency scale (10-3–

106 Hz). The combination of these two techniques were

previously performed to studied relaxation times of Poly-

amide 6.9 [39], poplar cell wall [42], the poly(n-alkyl

methacrylates) [43].

Relaxation times extracted with Havriliak–Negami

equation and elementary relaxation times isolated by the

fractional polarisation procedure in TSC are reported on the

same Arrhenius diagram in Fig. 10. Elementary relaxation

times of c secondary relaxation and a main relaxation were

matched by the sHN deduced from the Kramers–Kronig

analysis. The ac mode attributed to the rigid amorphous

phase relaxation is only observed by DDS. Indeed, the

temperature range studied in TSC was not enough broad to

show the rigid amorphous phase phenomenon.

Activation parameters deduced from Arrhenius fitting of

liquid and vitreous response are reported in Table 1.

At low temperature, the apparent activation energy is of

the order of 30–45 kJ mol-1, then Ea increases with tem-

perature which is consistent with values described in lit-

erature [16, 22]. The activation parameters reflect the size

of domains where cooperative mobility takes place. The

low value of DH and DS pointed out localised mobility.

Non cooperative c and b relaxation involve short-chain

sequences acting individually. The activation enthalpy of a

relaxation confirms a cooperative delocalized mobility of

nanometric sequences of the main chain. After the classical

increase of DH with temperature, due to intramolecular

interaction of electronics orbital, DH becomes constant,

from the glass transition temperature, in a wide series of

semi-crystalline polymers with semi-rigid chains [44].

Considering the influence of crystalline morphology and

chain rigidity, this evolution has been assigned to the

relaxation of amorphous sequences under stress from

crystallites. A slight decrease of the activation parameters

of PEEK, also reported by Mourgues et al. [23], is due to

the establishing of local order in the rigid amorphous phase

which cannot propagate cooperative movements.

The low frequency extrapolation of DDS results is in

agreement with TSC results. The correlation between

dielectric measurements is well suited to the analysis of

dynamics continuity associated with transitions in vitreous

and liquid state and to improved knowledge of PEEK

molecular mobility.

Conclusions

Dielectric relaxation has been applied to thorough inves-

tigation of the dynamic molecular mobility of quenched

PEEK. The combination of both dielectric spectroscopy

has bringing to light the coherence between molecular

Table 1 Activation parameters obtained from Arrhenius fit of TSC

and DDS data

TSC DDS

DH/kJ

mol-1
DS/J

mol-1 K-1
DH/kJ

mol-1
DS/J

mol-1 K-1

c Relaxation 50 25 56 80

b Relaxation 106 34

a Relaxation 581 100 302 485

ac Relaxation 253 291



dynamics in vitreous and liquid state. At low temperature,

we expect two secondary relaxation modes due to localized

non-cooperative motions. The molecular origin of c mode

is due to phenyl rings oscillations, this study provides the

evidence of vibration regularity between glassy and liquid

phase. The b secondary relaxation mode is attributed to

conformational defects. At higher temperature, the coop-

erativity of delocalized molecular mobility has been

shown. The a relaxation of free amorphous phase occurred

around the glass transition temperature. The ac relaxation

mode validated the ‘three-phase model’ and confirmed the

existence of rigid amorphous phase constrained by crys-

tallites. The good consistency between DDS and TSC

results allows us to propose a phenomenological model

explaining heterogeneity of amorphous PEEK useful in

vitreous state as well as in liquid state.
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