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Thermal, mechanical and dielectric behaviour of poly(aryl ether
ketone) with low melting temperature

Jérémie Audoit’ - Lisa Riviére' - Jany Dandurand’ - Antoine Lonjon' - Eric Dantras' « Colette Lacabanne’

Abstract

New poly(aryl ether ketone)s (PAEKSs) with a low melting temperature (relative to PEEK) are of interest in order to
simplify the manufacturing of high-performance polymers or composites. In this study, we propose to investigate the
physical properties of a new PAEK from Victrex, namely PAEK LM. Combinations of thermal analyses were used as
follows: standard and modulated temperature differential scanning calorimetry, dynamic mechanical analysis, dynamic
dielectric analysis and guarded hot plate technique. We found that the global mechanical, dielectric and thermal properties
are very similar to the PEEK reference. The glass transition temperature was observed in the same range than PEEK
(~ 150 °C) while the melting temperature 7T,,, was measured at 307 °C for PAEK LM which is about 35 °C below the
melting temperature of PEEK. The degree of crystallinity of PAEK LM was found to be 27% while for PEEK it is 38%,
depending on the processing conditions. This work explored crystalline structure—property relationships to explain the

behaviour of PAEK LM.

Keywords Poly(aryl ether ketone) - DSC - Dynamic mechanical analysis - Dynamic dielectric spectroscopy -

Thermal conductivity

Introduction

Poly(aryl ether ketones) (PAEKSs) are high-performance
thermoplastic semi-crystalline polymers. Poly(ether ether
ketone) (PEEK) and poly(ether ketone ketone) (PEKK)
excited interests in various sectors because of their good
mechanical properties and their solvent resistance. Their
high-mechanical properties made them suitable as struc-
tural material for medical applications [1, 2], polymer
blends for gas separation membranes [3], nanocomposites
[4-7] and polymer matrices for high-performance com-
posites [8—11]. The thermal stability of PAEKs was widely
investigated [12, 13]. Physical properties of PEEK and
PEKK were analysed by solid state NMR [14], XRD [15],
DSC [16-19], mechanical relaxation [20-22] and dielectric
analysis [23-25].
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High-temperature processing is required for PAEK
polymer/composites [23]. Decreasing melting temperature
of thermostable polymers has a potential interest to facil-
itate PAEK polymer processing in order to reduce manu-
facturing costs. The lowering of melting temperature has
been already successfully achieved for PEKK by the
introduction of precursor with different configurations
during the Friedel-Crafts polymerization [26]. A fixed ratio
of terephthalic (7) over isophthalic (/) moieties (7/]) en-
ables the melting temperature of the resulting polymer to
be tuned with a limited influence on the glass temperature
or mechanical properties [21]. Gardner [27] reported a
range of melting temperatures between 300 and 400 °C as
a function of the 7/I ratio. During polymerization, the
modification of configurations by the substitution of T en-
tities by / entities induced conformational defects resulting
in local disorder. These conformational defects lead to a
decrease in melting temperature and degree of crystallinity
[21, 28].

Tuning the melting temperature by chemical modifica-
tions of the repeating unit generally increases the solubility
of the modified-PEEK in organic solvents depending on the



substituted moieties. Recently, Victrex (UK) developed a
new PEEK-like polymer: VICTREX AE™ 250. It is sup-
posed to have similar physical properties to PEEK with a
lower melting temperature. To our knowledge, no config-
urational variations have been reported for PEEK. In this
work, we propose to compare physical structure, thermal
mechanical and dielectric behaviours of AE™ 250 and
PEEK and to highlight similarities and differences.

Materials and methods
Materials

PEEK (150 pF) and VICTREX AE™ 250 grades (labelled
PAEK LM) were supplied by Victrex as ultra-fine powders.
Polymer samples were processed directly from powder for
15 min at 360 and 400 °C for PAEK LM and PEEK,
respectively. Three thermal histories were explored.
“Quenched” samples were obtained by fast cooling from
the melt into a cold water bath; “slowly cooled” films were
obtained by slow air-cooling from the melt; and “an-
nealed” samples were obtained by annealing for 2 h
“slowly cooled” samples at various temperatures from 180
to 250 °C.

Methods
Standard differential scanning calorimetry

Differential scanning calorimetry was performed using
DSC7 from PerkinElmer. Samples are thin discs of 6 mm
in diameter, with a mass ranging between 5 and 15 mg.
Three cycles are performed on each sample from 50 to
360 °C at a rate of 10 °C min~". The first-order transitions
were measured at the peak maximum. Crystallinity ratio y
was determined from melting enthalpy AH,, according to
Eq. (1).
AH,, — AH,

2(%) = T (1)
AH,. is the cold crystallization enthalpy. It was used for
quenched samples only.

AH, is the theoretical melting enthalpy of the 100%
crystalline polymer [16]. The PEEK value AH.pggx =

130 J g~ was utilized.
Modulated temperature differential scanning calorimetry

Modulated temperature differential scanning calorimetry
(MT-DSC) allowed us to determine the specific heat
capacity in quasi-isothermal conditions. It relies on the
superimposition of a modulated temperature programme to

isotherms and the analysis of the sample modulated heat
flow response. Separation of the in-phase and out-of-phase
responses from total heat flow leads to specific heat
capacity determination. Specific heat capacity ¢, is pro-
portional to the modulated in-phase heat flow amplitude
Ayr and the modulated temperature amplitude At far from
any thermal event, according to the following equation
[29]:

AnF

=K Ar (2)
K is the calibration constant determined by a run with
standard sapphire. It accounts for thermal responses of the
reference, pans and furnace. PEEK- and PAEK LM-
specific heat capacities were determined with the MT-DSC
2920 from TA Instruments at 19, 34 and 48 °C. Samples
were discs of slowly cooled polymers with a diameter of
6 mm, a thickness less than 500 pm and a mass ranging
from 11.7 to 20.6 mg, encapsulated in aluminium pans. An
empty aluminium pan has been used as reference. Mea-
surements were performed with a temperature amplitude of
1 °C and modulation period of 100 s to ensure uniform
heat flow across the sample [30]. Calibration runs with
sapphire were performed before each measurement.

Guarded hot plate method

In the guarded hot plate method, a cylindrical sample is
stacked between two plates imposing a temperature gra-
dient AT across it. Resulting heat flow ¢ is measured with a
calorimeter placed under the stack, and the thermal con-
ductivity, 4, is determined according to the following
equation based on Fourier’s law:

e

e is the sample thickness and S its cross section. A guard
annihilates heat losses through samples’ lateral surface.
The guarded hot plate apparatus DTC 300 from TA
Instrument was used to measure PEEK and PAEK LM
thermal conductivities at 25, 50, 80, 150, 200 and 250 °C.
Samples were discs with 50 mm in diameter and a thick-
ness varying from 2.4 to 2.7 mm. Thermal conductivity
measurements were performed after annealing at 250 °C
during 30 min to avoid bias due to crystallites reorgani-
zation during measurements above the glass transition
temperature.

A

Dynamic mechanical analyses

Dynamic mechanical analyses were performed using an
ARES Gl strain-controlled rheometer. Experiments were
carried out in rectangular torsion mode, over the



temperature range from — 135 to 250 °C at constant
angular frequency @ = 1 rad s™', with a heating rate of
3 °C min~'. Parallelepiped samples (35 mm x 10 mm x
500 pm) are processed by a hot-press. The conservative
G, (T) and dissipative G, (T) moduli were determined for
a 0.1% constant strain.

Dynamic dielectric analyses

Dynamic dielectric analyses were performed using broad-
band dielectric spectroscopy. Polymer films were elabo-
rated with 40 mm in diameter and a thickness between 60
and 100 pm. The complex permittivity &f(w) is isother-
mally measured, with a Novocontrol Alpha-A impedance
analyser on the 107°-10° Hz frequency range in the tem-
perature range — 150/250 °C. Relaxation modes are fitted
with the Havriliak—Negami equation [31]:

&) — €x
(4)
(1 + (l.CUTHN)“HN)ﬁHN

*

er(®) = e +

& and &, are, respectively, the permittivity at zero and
infinite frequency. tyy is the relaxation time; oun and Py
are the Havriliak—Negami parameters.

The relaxation time is plotted as a function of 1/7, on an
Arrhenius diagram. Sub-glass relaxations are fitted with the
Arrhenius equation (Eq. 5).

wanlT) = oo~ 1) (5)

where 79, E, and R are the pre-exponential factor, the
activation energy and the gas constant, respectively. Above
the dielectric manifestation of the glass transition, relax-
ation times are fitted with the Vogel-Tammann—Fulcher
equation (VTF) (Eq. 6).

tvre(T) = Toexp (ﬁ) (6)

where 7 is the pre-exponential factor, o; is the free volume
thermal expansion coefficient, T, 1is the critical
temperature.

Above the dielectric manifestation of the glass transition
temperature, the Maxwell-Wagner-Sillars phenomenon is
partially hidden by the conductivity—mainly ionic con-
ductivity for PEEK polymer [24]. The Kramers—Kronig
transform was used to calculate the dissipative part of the
permittivity &g, from the values of the real part of the
permittivity &'

Wo

5dw (7)

2 00
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Results and discussion
Physical structure
Quenched PAEK

DSC analysis highlights the physical structure differences
between PEEK and PAEK LM. Quenched samples show
three thermal events: the glass transition at 7, the
exothermic cold crystallization at 7. and the endothermic
melting at 7},,.

Main differences in cold crystallization and melting,
between quenched PEEK or PAEK LM, are shown in
Fig. 1. Parameters extracted from the analysis of the curves
are reported in Table 1. The PAEK LM melting tempera-
ture is about 35 °C lower than for PEEK; the cold crys-
tallization is observed almost 15 °C above the one of
PEEKSs. Contrarily, the glass transition temperature is the
same for both polymers (~ 150 °C). The same behaviour
(decrease of Ty, for a stable T;) was already reported for
PEKK [27]. It is pertinent to report here that, when the 7/
I ratio of PEKK increases, the melting temperature also
increases while the cold crystallization temperature
decreases. Such data emphasized the key role of configu-
rational order.

In the case of quenched samples, the crystallinity ratio
was 6 and 10% for PAEK LM and PEEK, respectively
(Table 1). PAEK LM crystallization kinetic is rapid
(< 2 min), which is consistent with results reported for
PEEK [17] or PEKK with 7/I ratio of at least 70/30. Results
showed that such rapid cooling rates (100 °C min~") are
not sufficient to prevent crystallization. PAEK LM crys-
tallization kinetic is faster than for PEEK. The literature
shows that the PEKK crystallization is tunable when the
cooling rates are between 10 and 60 °C min~! [21]. The
crystallization kinetics of PAEK LM will be investigated in
a future work.

The cold crystallization was observed at 169 and 182 °C
for PEEK and PAEK LM, respectively. A similar beha-
viour was described for PEKK: the cold crystallization
temperature was reported to increase from 205 to 250 °C
when the 7/ ratio decreases, i.e. upon the increase in
configurational defects [21]. As for PEKK with low 77/
I ratio, a possible explanation for the increased crystal-
lization temperature of PAEK LM is the decrease in
polymer chain symmetry.

PAEK LM samples crystallized from the glass have a
crystallinity ratio around 26%, close to the value obtained
for melt-crystallized samples (y = 27%), indicating the
PAEK LM quickly crystallizes close to its maximum
crystallinity ratio. The crystallinity ratio of cold-crystal-
lized PEEK reached a higher value ypgpx = 38%. While
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Fig. 1 DSC curves for A PAEK LM and B PEEK for heating and cooling rate of 10 °C min~'. For each quenched polymer, (a) is the first
heating curve, (b) is the cooling scan, and (c) is the second heating curve

Table 1 Transitions temperatures, crystallization enthalpies, crystallinity ratio and heat capacity jump of quenched PEEK and PAEK LM

T,/°C T,../°C AH /Y g~! T,,/°C 1/% Trys/°C AC/T g™!
PEEK 142 + 2 169 = 1 —-30+£2 342 + 2 10£2 308 £+ 2 0.30 + 0.02
PAEK LM 147 £ 1 182 &+ 1 —-25+£2 305 £ 1 6+2 265 + 1 0.29 + 0.02
Standard deviations were determined from the variability over various samples
crystallized from the melt, the exotherm was monitored at Tgm ] Eng
264 °C for PAEK LM and 308 °C for PEEK. The ratio T,/ e - ; :eez‘t';% Tog e

, » 2 W,

T, was found to be in the same range for both polymers. [

Slowly cooled PAEK

DSC analyses of slowly cooled samples are reported in
Fig. 2. Glass transition temperature of PAEK LM is mea-
sured at 151 and 148 °C for PEEK, slightly higher com-
pared with their respective quenched samples. The T,
increase is attributed to the presence of the crystalline
phase, which reduces the amorphous phase mobility. The
PAEK LM glass transition temperature is in the same range
of PAEK polymers: PEEK (Table 1), PEKK [18] and PEK
[32]. The percentage of rigid amorphous fraction (RAF)
was determined with Eq. (8) according to Ref. [33]. It was
determined to be 22 £ 2 and 25 £+ 2% for PEEK and
PAEK LM, respectively. These values suggest that both
polymers have a similar local order.

A

RAF =17 —MAF=1-z -4

(8)

CPo

The melting temperature is measured at 307 °C for
PAEK LM and at 342 °C for PEEK. The melting temper-
ature of PAEK LM is 40 °C lower than the one of PEEK.
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Fig. 2 DSC curves of PEEK and PAEK LM for slowly cooled
samples. Dashed lines are the curves obtained after polymer
processing, and solid lines are the curves obtained on the second
heating scan. The inset is a blow-up on the glass transition

The value is similar to PEKK with a ratio 7/I = 60/40,
reported by Quiroga Cortes et al. [21]. The literature
indicates that the variability of PEKK could be attributed to
configurational defaults when terephthalic entities are

replaced by isophthalic ones [27]. Only melting



temperature and thus crystallinity ratio are modified. We
suggest that the PAEK LM macromolecule may contain
some configurational defaults.

For each polymer, the second heating scan is identical to
the first scan while the temperature is below T,. A slight
deviation should be noted on the second scan for both
polymers. For PEEK, the two signals are deviating at about
270 °C (~ T, + 130 °C) instead of 165 °C (~ T, +
10 °C) for PAEK LM, indicating a relative metastability of
PAEK LM. There is also a symmetry modification of the
melting endotherm that is visible for both polymers. This
peak is more intense indicating a remodelling of the crys-
tallites morphology. This effect is qualitatively more
important for PEEK compared with PAEK LM (Table 2).

The range between the melting temperature (heating)
and the crystallization temperature (cooling) was found to
be 43 and 35 °C for PAEK LM and PEEK, respectively.
This result suggests an easier processing for PAEK LM.

Annealed PAEK LM

Annealing process was carried out at four different tem-
peratures between T, and Ty,. DSC results are shown in
Fig. 3. Independently from the annealing temperature,
glass transition temperature of all samples increases from
151 to 154 °C. This behaviour is attributed to the reorga-
nization of amorphous phase, although the RAF content is
not different from non-annealed samples. An additional
endothermic peak is also observed systematically from 10
to 20 °C above the annealing temperature. The double-
melting behaviour was previously reported for PEEK
[34-36] and for PEKK by Quiroga Cortes et al. [21]. No
influence of the annealing temperature was observed on the
value of melting peak, indicating that primary crystalline
phase is not sensitive to the annealing process [16, 37]. The
annealing endotherm indicates the melting of secondary
crystalline phase. Their origin could be ascribed to the
reorganization of amorphous phase in smaller crystallites
rather than to the primary crystalline phase [37].

For PAEK LM, an increase in the annealing endotherm
enthalpy is observed with the increase in annealing tem-
perature. Lower annealing temperatures (180-200 °C) lead
to low annealing enthalpy (<2J g '), while higher
annealing temperatures (220-250 °C) generate higher
endotherm enthalpy (> 3 J g~ "). For PEEK, Dasriaux et al.
[37] suggest that the annealing temperatures below 250 °C

Normalized heat flow

without annealing

100 150 200 250 300
Temperature/°C

Fig. 3 DSC curves for PAEK LM after annealing at 180, 200, 220
and 250 °C

promote crystallites growth, while annealing temperatures
above 250 °C promote new crystallites germination (slight
increase in melting enthalpy). PAEK LM tends to have a
similar behaviour to PEEK, although for annealing tem-
perature over 250 °C, the annealing endotherm would be
overlapping the melting endotherm. It is not excluded that
the higher endotherm could be the result of the formation
of an another crystalline morphology [36].

As a comparison, a reference annealed PEEK sample
(annealing temperature of 200 °C) exhibits a lower
enthalpy (~ 0.9 J g~"). Consequently, there is no evolu-
tion of DSC curves upon thermal treatment. PEEK
macromolecules do not undergo reorganization upon
annealing as PAEK LM macromolecules do.

Thermal behaviour
Specific heat capacity

The PAEK LM- and PEEK-specific heat capacities are
plotted as a function of temperature in Fig. 4. Both specific
heat capacities slightly increase with temperature. Experi-
mental data have been fitted by Egs. (9) and (10) for PAEK
LM and PEEK, respectively.

Table 2 Transitions

0, ) —1 N 0, —1
temperatures, melting enthalpies T/°C Tu/"C A/ g 1% Terys"C AGYT g
and crystalline ratio of slowly PEEK 148 + 2 342 4 2 5142 3842 308 + 2 0.12 + 0.02
cooled PEEK and PAEK LM
PAEK LM 151+ 1 307 + 1 36 + 3 2742 265 + 1 0.14 + 0.05

Standard deviations were determined from the variability over various samples
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Fig. 4 Specific heat capacity measured by modulated temperature
differential scanning calorimetry (MT-DSC): PAEK LM (square) and
PEEK (circle). Each measure was performed on different polymeric
samples. The error bars were determined from the variations over the
sample, for each temperature

cppaekLm) = 0.003T + 0.94 )
cppeek) = 0.0037 + 1.00 (10)

The determination of heat capacities of polymers con-
taining phenylene groups, including PEEK, has been
extensively studied by Cheng et al. [38-41]. Below the
glass transition, the increase with temperature of PEEK-
specific heat capacity has been associated with local
mobility in the vitreous state. For macromolecules, each
group vibration contributes to the total specific heat
capacity. PEEK repeating unit is constituted of three phe-
nylene groups, two ether groups (—O-) and one carbonyl
group (-CO-). At 27 °C, PEEK-specific heat capacity
calculated from their vibrational contribution is
1.1231] g_1 K™! [40]. Kemmish et al. [42] reported the
experimental value of 1085 J g~ ' K™™' at 27 °C. These
values are close to the extrapolated PEEK-specific heat
capacity at 27 °C, calculated from Eq. (2) cppgek) =

1.081 J g~ ' K™'. It appears, according to experimental
results and the literature, that PAEK LM has a slightly

lower specific heat capacity than PEEK. Extrapolated
PAEK LM-specific heat capacity at 27 °C, calculated from
Eq. (9), is cppapk 1wy = 1.021J g7 K" This lower
specific heat capacity could be due to configuration or
spatial conformation less favourable to localized mobility
compared with PEEK.

Thermal conductivity
Figure 5 displays the evolution of PAEK LM and PEEK

thermal conductivities as a function of temperature. The
hatched zone corresponds to the glass transition domain

0.29
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< PEEK
L 0.2
£ 0.28
> 0.27
=
3 0.26
°
c
Q
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=< 0.25
£
©
[E 0.24 Glass transition region
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Temperature/°C

Fig. 5 Thermal conductivity measured by the guarded hot plate
method: PAEK LM (square) and PEEK (circle). Errors bars are
determined from the experimental standard deviation from successive
measurements for each sample

(T, = 145 £ 20 °C). For both polymers, thermal con-
ductivity increases with temperature over the explored
temperature range. Below the glass transition temperature,
thermal conductivity of semi-crystalline polymers with low
crystallinity ratio (< 50%) increases with temperature as
any disordered material [43, 44]. This behaviour is related
to the heat capacity increase with temperature over the
phonon mean-free path limitation with increasing temper-
ature [45]. The thermal conductivity evolution around and
above the glass transition is related to more complex
mechanisms. In semi-crystalline polymers, the physical
structure may evolve during measurements near or above
T, (physical ageing, crystallites reorganization). Thermal
conductivity evolution is linked to the amorphous phase
evolution through the balance between heat capacity
increase and energy dissipation during the viscoelastic
transition [46, 47]. It also depends on the crystalline phase
evolution because of resistive mechanisms at crystallites/
amorphous regions interfaces. In this study, thermal con-
ductivities of PAEK LM and PEEK slightly increase with
temperature above 7, indicating the dominant contribution
of the heat capacity increase above T.

We note that thermal conductivity values of PAEK LM
and PEEK are very close. Table 3 presents thermal con-
ductivity of PAEK LM at 26 °C and PEEK at 28 °C along
with values taken from the literature for PEEK. The ther-
mal conductivity of PAEK LM falls into the same thermal
conductivity range than for PEEK. These two polymers
have similar thermal conductivities behaviour (magnitude
and temperature evolution).



Table 3 Thermal conductivity

of PAEK LM at 26 °C. PEEK at Temperature/°C Thermal conductivity/W m~" K™ References

28°C PAEK LM 26 0.240 + 0.001 This work
PEEK 28 0.244 + 0.002 This work
PEEK 20 0.2 Diez Pascual et al. [48]
PEEK 22 0.259 Choy et al. [49]

Comparison with the literature data for PEEK

Dynamic mechanical/dielectric relaxations
Global dynamic relaxations

Dynamic mechanical and dielectric analyses were carried
out on both PEEK and PAEK LM samples after different
cooling treatments. Data of slowly cooled samples are
reported in Fig. 6. Conservative moduli of both polymers
are shown in Fig. 6a. PAEK LM glassy and rubber moduli
are lower than for PEEK. This difference has been attrib-
uted to the lower degree of crystallinity of PAEK LM as
observed by DSC analysis. Contrary to PAEK LM, two
consecutive PEEK curves are superimposed. For PAEK
LM, an increase in the conservative modulus is observed.
This evolution is more pronounced on the rubbery plateau.
The crystallinity ratio of PAEK LM, controlled by DSC
before each successive mechanical analysis, does not show
significant variation. The increase in the modulus has been
attributed to the organization of a rigid amorphous phase
RAF at the periphery of crystallites [19].

The dissipative moduli are observed for both polymers,
and they are reported in Fig. 6b. Two relaxation modes are
pointed out. The high-temperature relaxation, labelled «, is
situated at 151 and 154 °C for PEEK and PAEK LM,
respectively. These values of viscoelastic relaxation are

consistent with the values of T, as measured by DSC. A
low-temperature relaxation, labelled f5, is observed in the
range of — 100 to — 40 °C: for more clarity, it is reported
in the inset of Fig. 6b. The analyses of the obtained results
are separated into two sections: (1) higher temperature, in
the range of the viscoelastic « relaxation; (2) lower tem-
perature, where the sub-glass relaxation occurs.

o Relaxation

The dynamical mechanical analysis was carried out on
PAEK LM samples for quenched, slowly cooled and
annealed samples. Note that there are no reference PEEK
data since it is not possible to make such thermal treat-
ments to thick PEEK samples The conservative shear
modulus G’(7) is reported in the inset of Fig. 7. A vis-
coelastic relaxation o is systematically observed in the
range of 140-200 °C. The thermal history has a negligible
influence on the vitreous plateau (7' < 100 °C). However,
the mechanical behaviour in the region of the viscoelastic
transition is strongly dependent on the thermal history.
Slowly cooled samples exhibit a decrease in the conser-
vative modulus AG’ of 1 decade in agreement with the
behaviour classically observed for semi-crystalline poly-
mers [50]. On the contrary, the onset of viscoelastic
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Fig. 6 Dynamic mechanical analyses of PEEK and PAEK LM.
a Conservative modulus. Inset: Enlargement of the viscoelastic
relaxation zone. b Dissipative modulus. Inset: Enlargement of sub-

glass relaxation. First scans are represented by dashed lines; second
scans are represented by the solid lines
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Fig. 7 Mechanical energy losses measured by dynamical mechanical
analysis (DMA): quenched (circle), slowly cooled (square); and
annealed (triangle) of PAEK LM. The inset shows the conservative
modulus by DMA, for the same samples

transition is observed earlier for quenched samples

(~ 141 °C). The amplitude presents a decrease of 3 dec-
ades around T, followed by a 2 decades increase starting at

170 °C. This specific mechanical behaviour—recently
reported for PEKK [21]—is observed for samples with a
low crystallinity. Accordingly, it has been attributed to the
mechanical manifestation of a cold crystallization process
above T,. Annealed samples present a slightly higher
conservative modulus on all temperature range. Excepted
for quenched samples, DSC analyses were carried out on
DMA samples before and after mechanical analysis. For
slowly cooled and annealed samples, there is no significant
variation of the crystallinity ratio. Two hypotheses are
compatible with the increase in the rubbery modulus at
constant crystallinity ratio: (1) thickening and/or growth of
the crystalline regions and (2) increase in the rigid amor-
phous phase. This last one was previously reported on
annealed PEEK [23, 37]. The conservative modulus of
annealed samples exhibits around 215 °C, a step that might
be correlated with the annealing peak observed by DSC.
This correlation reinforces the hypothesis of the formation
during the annealing process of secondary crystals that
melt when the scanning temperature reaches the annealing
temperature.

The o relaxation is located at 144, 151 and 155 °C, for
quenched, slowly cooled and annealed samples, respec-
tively (Fig. 8). For each thermal treatment, the temperature
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Fig. 8 Arrhenius diagram of relaxation times from dynamic dielectric
spectroscopy: quenched (filled circle/open circle), slowly cooled
(filled square/open square) annealed (filled triangle/open triangle) for
PAEK LM (filled symbols) and PEEK (open symbols). Solid lines
correspond to the VTF fits. The inset reports as reference data for
slowly cooled samples. Relaxation times from dynamic mechanical
analysis (filled star/open star) for PAEK LM (filled symbols) and
PEEK (open symbols) have been plotted for comparison

of the o mechanical relaxation is consistent with the
calorimetric glass transition temperature.

Figure 8 shows an Arrhenius diagram for both PEEK
and PAEK LM o relaxation, obtained by dielectric mea-
surements for all the thermal histories. In the case of a
specific thermal history, the dielectric alpha transition of
PAEK LM is always observed at higher temperature than
the PEEK one. These results are consistent with a higher
calorimetric T, (or T,, by DMA) analyses. Slowly cooled
and annealed samples present similar « relaxation param-
eters that illustrate the high physical stability of the poly-
mers. The relaxations have been fitted by a VTF equation,
except for quenched samples because the crystallization
process induced a perturbation on that avoided a precise
determination of 7. Then, the DMA o relaxation for both
polymer was added (star symbol) on the diagram (inset in
Fig. 8). The corresponding relaxation times were deter-
mined as a function for the angular frequency © = 27/,
while the temperatures were taken at the maximum of the
relaxation peek (Fig. 7). An excellent correlation between
both techniques for both polymer matrices is observed.

An additional dielectric relaxation is visible above the
glass transition temperature from isotherms 195 to 250 °C.
This mode corresponds to MWS polarization resulting
from the electrical charges trapped at the interface between
crystallites and amorphous phase [24]. The MWS dielectric
strength is about 100 times superior to the main o



relaxation. The MWS relaxation is also described by the
VTF equation for both polymers. This relaxation was
previously described for PEEK [51], but no parameters
were determined. Herein, we have gathered the obtained
results in Table 4. The high value of is consistent
with large dipoles.

Tomws

P Relaxations

The low-temperature relaxation, labelled as f, shows a
complex response. This relaxation was known as bimodal
for PEEK [22, 52].The evolution of mechanical relaxation
upon thermal treatment can only be observed on PEEK-LM
as indicated earlier. (Figure 9) The lower temperature
contribution, designated as f;, was observed by DMA
(— 100 °C) and by DDS (from — 110 to 25 °C depending
on frequency). We previously discussed that this relaxation
was found to be visible during the first scan, while missing
during the second one (inset Fig. 6b). The activation
energy of 44.3 kI mol~' was determined by dielectric
relaxation (Arrhenius diagram Fig. 10). Our results are
consistent with the literature for PAEK [20-23, 53]. The
molecular origin was previously determined to be a plas-
ticized localized mobility of aromatic rings near polar
regions due to water sorption at room temperature.

The f3, relaxation is easily observable on dried samples,
but only as a shoulder of f/; on wet samples. Both PEEK
and PAEK LM displayed the f§, mechanical relaxation at
the same temperature (— 58 °C) that strengthen the simi-
larity of the two polymers. The literature identifies the f3,
relaxation as the localized mobility of aromatic rings in
various PAEK polymers [21, 22, 54]. Quiroga et al. [21]
have also observed the f, relaxation of PEKK which is
located at higher temperature than the PEEK one, probably
due to a lower proportion of Ether moieties.

The thermal treatment was found to have no influence
on the mechanical position of the sub-glass relaxation of
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Fig. 9 Mechanical energy loss of f3; relaxation measured by dynamic
mechanical analysis for PAEK LM with different thermal histories

PAEK LM. The first mechanical scan always reveals the /3
relaxation which is systematically observed at — 100 °C.
The dielectric analyses reported in Fig. 10 show that the
activation energy remains in the same range of magnitude
(~ 45K molfl) for all the thermal treatments for both
polymers. Our values remain consistent with the literature
for PEEK [23, 54]. As there is a very similar behaviour
between PEEK and PAEK LM (by DMA and DDS), the
localized mobility of both polymers and their molecular
origin are probably the same: oscillations of aromatic rings
near polar regions interacting with water molecules. On
subsequent scanning, the f; relaxation is not observable,
indicating water desorption.

As seen in Fig. 10 and Table 4, for slowly cooled
PAEKSs, configurational defects have a significant influence
on the parameters of the relaxation times of the f; relax-
ation. The increase of 7, with the percentage of defects

Table 4 Kinetic parameters of the dielectric relaxation modes for PEEK and PAEK LM

Thermal treatment p o MWS
To/s E,/kJ mol ™! a/°C™! To/s T../°C o /°C™! To/s T../°C
PAEK LM
Quenched 20 x 107" 469 - - - 74 x 107" 20 x107° 99
Slowly cooled 12 x 1077 443 88 x 107* 81 x 107" 117 73 x 107 85 x 1077 97
Annealed 37 x107° 515 1.1 x 107 29x107"? 124 12 x 1072 1.5 x 107 124
PEEK
Quenched 51 x 107% 475 - - - 6.6 x 107* 3.6 x 107° 96
Slowly cooled 38 x 107 466 81 x 107" 20x 107" 110 7.6 x 107* 21 x107° 102
Annealed 45 x 107" 517 05x 107  47x107'* o8 84 x 1074 1.9 x 107° 106
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Fig. 10 Relaxation times of f; relaxation measured by dynamic
dielectric spectroscopy. They are plotted on an Arrhenius diagram for
PEEK (open symbols) and PAEK LM (filled symbols). Solid lines are
the Arrhenius fits

from PEEK to PAEK LM indicates a localization of the
molecular mobility related to configurational order for the
1 mode.

Conclusions

Thermal, mechanical and dielectric properties of a new
PAEK polymer from Victrex (AE™ 250) have been anal-
ysed by calorimetry (differential and modulated) and ther-
mal, mechanical and dielectric techniques. They have been
compared to the PEEK reference. Several thermal treatments
were necessary to highlight the difference between the two
polymers. The PAEK LM presents a lower melting temper-
ature (307 °C) than classical PEEK (343 °C), but the glass
transition is in the same range of temperature. Moreover, the
degree of crystallinity of the PAEK LM (27%) is lower than
for PEEK (38%). The physical structure of the PAEK LM
might involve smaller crystallites than PEEK due to a large
percentage of structural defects.

The reduced melting temperature makes the processing
for PAEK LM easier than for PEEK. This original beha-
viour was not previously reported for PEEK. The asym-
metry of the PAEK LM polymer chain might be higher
than for classical PEEK. The cold crystallization process
was found to occur at higher temperature for PAEK LM
which corroborates the hypothesis of asymmetrical defects
of PAEK LM. Thermal, mechanical and dielectric beha-
viours of both polymers are analogous due to the similarity
of the PAEK LM and the PEEK. The PAEK LM presents

the same bimodal relaxation than PEEK. Their molecular
origin has been discussed. The f5; relaxation was sensitive
to the moisture content: the activation energy
(45 kJ mol™") was found in the same range than for the
PEEK one. The f, relaxation mode was found to be
independent from the water content: it has been ascribed to
the flip of aromatic rings between two ether moieties. The
excellent correlation between the different analysis tech-
niques allows us to improve our understanding of the
physical behaviour of PEEK and PAEK LM. The thermal,
mechanical and dielectric properties of PAEK LM high-
light that it is possible to preserve the performance of
PEEK with the advantage of a processing at lower
temperature.
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