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1 | INTRODUCTION

France Chabert!

| Gerard Bernhart’® | Toufik Djilali’

Abstract

A new low melting temperature poly(aryl ether ketone) (PAEK) thermoplastic
polymer (Victrex AE 250) was investigated through thermal and rheological
analysis of films and flakes. DSC was assigned to evaluate the influence of
cooling rate on crystallinity and thermal transitions. Rheometry was used to
assess its flowing behavior through the evaluation of dynamic moduli and
complex viscosity in the melted state. The relaxation times were found from
the rheological curves: they are between a few ms to 200 ms for AE 250, lower
than those found for PEEK 450, meaning a faster mobility of macromolecules.
The thermal activation energy, E, obtained from Time Temperature Superposi-
tion is the same for films and flakes in spite of a lower viscosity for flakes. The
molecular weight between entanglements is evaluated at 8000 g.mol ' for
FMc and 13,000 for FLc, it is compared to the value of about 2000 g.molf1
found for PEEK 450 with the same procedure. Also, the viscosity was com-
pared to other commercial PAEK such as PEEK and PEKK based on data from
the literature. This polymer appears very efficient to compete with high perfor-
mance thermoplastics to be processed by compression molding, out of auto-

clave consolidation, additive manufacturing, and welding.
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For about 10 years, the trend is the replacement of ther-
moset composites by thermoplastic composites in the aim

The biggest challenge that the aerospace industry has to
overcome is to reduce its environmental footprint. The
Covid crisis can fast-track business transformation toward
higher sustainability. One option is to lighten materials
and structures by shifting to composites. Poly(aryl ether
ketone) (PAEK) are high performance thermoplastic poly-
mers. From their launch in the 80's, they have been
increasingly used in the aerospace industry, among which
the manufacturing of carbon fiber reinforced composites.
Their chemical structure is composed of benzene rings
which bring mechanical strength, chemical and heat
resistance, separated with either ether or ketone groups.

of reducing manufacturing cost and environmental
impact since thermoplastic polymers can be recycled
unlike thermoset polymers.” Fiber reinforced PAEK are
processed by fast and well-known techniques® such as
compression molding or out of autoclave consolidation.
Among the PAEK family, PEEK poly(ether ether
ketone) is by far the most used in the industry to find
applications in automotive, aerospace, and healthcare
sectors.*”” Indeed, PEEK exhibits high elastic modulus
below its glass transition at 150°C and it can be used up
to its melting temperature at 330°C. In comparison to
other semi-crystalline polymers, it also displays great
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chemical resistance to most solvents and severe condi-
tions and its biocompatibility make it suitable to be used
in biomedical applications.® Its association with carbon
fibers has made PEEK-based composites essential in the
thermoplastic composite industry. PEEK was first devel-
oped by ICI in the late 70's but since the early 80's, PEEK
from Victrex company has accounted for the majority of
the world demand. PEEK is synthesized by a nucleophilic
substitution from hydroquinone, fluorinated aromatic
compound, and dry potassium carbonate reagents. It is
obtained by a polycondensation process with a polar
aprotic solvent such as diphenyl sulfone (DPS).” Due to
high production cost, PEEK is one of the most expensive
thermoplastic materials. The synthesis is performed at
high temperature (around 400°C) requiring high power
energy.

Poly(ether ketone ketone) (PEKK) is another polymer
of the PAEK family that challenge the use of PEEK in the
industry. It is mostly developed by the company Arkema
and synthesized by a Friedel-Crafts polymerization. Vari-
ous grades of PEKK exist, allowing a melting temperature
ranging from 305 to 390°C depending on the terephthalic
(T)/isophthalic (I) ratio. The T configuration matches a
para position of the groups surrounding the benzene ring
whereas the I configurations matches a meta position.
The T/I ratio has also an influence on the crystallinity
and mechanical properties.'®

Gardner et al'' has demonstrated the link between the
ether/ketone ratio and the thermal transition tempera-
tures of PEKK. An increase of the ketone ratio implies a
linear increase of the melting temperature and, to a lesser
extent, a linear increase of the glass transition.!! PEKK
with a T/I ratio of 1 is the PAEK that exhibits the highest
melting and glass temperatures. Nonetheless, the author
has mentioned that by varying the T/I ratio, the values of
the melting temperature decrease while maintaining the
high glass transition temperature of the PEKK 100% ter-
ephthalic. It was assumed that the decrease in the melting
temperature is due to the formation of configurational
defects when terephthalic conformation is replaced by
isophthalic conformation. Therefore, those grades of
PEKK do not follow the same laws of thermal transition
variation as usual PAEKSs.

Lately, Victrex has elaborated a new PAEK named
Victrex PAEK AE 250. It is an innovative material that
promises a lower melting temperature (around 300°C)
while maintaining a glass transition and mechanical
properties similar to PEEK. Current PAEK have high
glass temperature associated with high melting tempera-
ture. For instance, Ty = 150°C and Ty, = 340°C for PEEK
450G, which is the most industrially used PAEK. PEK,
PEKK, and PEKEKK exhibit high T, but also have a
higher T,. There is a relationship between T, and Ty, for
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FIGURE 1
polymers as a function of the ether/ketone ratio (from Friedrich
et al.'¥)

Melting and glass temperatures of usual PAEK

all PAEK, as their transitions are plotted on Figure 1
below according to the ether/ketone ratio. Increasing T,
means extending the thermal stability and therefore the
operating temperature range, since these types of poly-
mers are often used below T, to benefit their high
mechanical strength. The polymer manufacturers target
to increase T,. However, until now, increasing T, of
PAEK was paired with increasing T,,. Yet, high melting
temperature brings specific hardships and challenges to
be faced: the processing temperature is above T, what-
ever the techniques: injection molding, extrusion, or
additive manufacturing. In the latter, many studies report
that defects such as delamination and distortion are cau-
sed by thermal gradient across the part when printing by
Fused Deposition Modeling (also called Fused Filament
Fabrication): large internal stress, warpage, and delami-
nation stem from a large temperature change during for-
ming according to Hu."? Arif et al." reports delamination
and poor mechanical performance for PEEK specimens
built vertically, still due to high thermal gradient in the
build-direction. Moreover, the high processing tempera-
ture of PEEK (350 to 430°C) associated with high viscos-
ity restricts the machines available to process this
polymer whatever the processing technique. So, a new
grade of PAEK combining high T, and lower Ty is a
great achievement. PAEK AE250 fit this requirement
with T, = 150°C and Ty, = 300°C. So that the relation-
ship between Ty and Ty, is not valid anymore for this
new grade.

As it can be seen in Figure 1, glass and melting transi-
tions of PAEKs depend on each other following a varia-
tion relying on the ether/ketone ratio."* A decrease of the
ether/ketone ratio implies an increase of both glass and
melting temperature. However, PAEK AE 250 does not
follow usual behavior of PAEK polymers. It cannot be
put into the graph since its melting temperature is



around 300°C while its glass temperature remains around
150°C. This new generation polymer is attractive because
it can be processed at a temperature lower than usual
PAEKSs. Nevertheless, few information is available about
its chemical composition and properties due to its nov-
elty. The only study about the properties of PAEK AE
250 is by Audoit et al,'> who used differential scanning
analysis (DSC), thermal conductivity measurements,
dynamical mechanical analysis (DMA), and dynamic
dielectric analysis to characterize it. It was confirmed that
PAEK has a melting temperature about 40°C lower than
PEEK while maintaining a glass transition in the same
range, at 150°C. The authors also showed that this poly-
mer has a crystallization rate lower than PEEK. They
assume that the crystallization process is faster for AE
250 and that configurational defects are present in its
structure. Moreover, it was pointed out that the differ-
ence between melting (Ty,) and crystallization (T.) tem-
peratures was higher for PAEK AE 250, which led to an
easier processability of PEAK AE 250. Finally, thermal,
mechanical, and dielectrical properties of PAEK and
PEEK are close to each other. Despite the relevance of
this article, a deeper insight about its flowing behavior in
the melted state and its kinetics of crystallization are still
needed before processing AE 250. Moreover, a quantita-
tive comparison to existing PAEK would confirm the
attractive potential of AE 250 to compete with other
PAEK for manufacturing of thermoplastic composites.

To this end, this study focuses on the evaluation of
thermal and rheological behaviors of PAEK AE 250.
First, isothermal conditions and dynamic heating ramps
are conducted by DSC in order to get the kinetics of crys-
tallization and by TGA to check the heat resistance.
Then, dynamic rheological tests are carried out to evalu-
ate the flowing behavior above the melting temperature,
from which we access to relaxation times. The results are
compared with other usual PAEKs such as PEEK and
PEKK from data available in the literature. Thus, the
PAEK polymer can be placed in respect to the other
available products in the industry considering their
properties.

2 | EXPERIMENTS

2.1 | Materials

PAEK AE 250 was supplied by Victrex as 60 pm thick
films (FM) and flakes (FL). FM were used as received for
differential scanning calorimetry (DSC) and ther-
mogravimetric (TGA) analyses. FM and FL were
processed in a press at 350°C for 3 min in order to obtain
25 mm diameter disk-shape samples for rheometry,

named respectively, FMc and FLc. All samples (FX and
FXc) were dried at 150°C in an oven for 4 h before being
used in any experimental procedures. PEEK 450G from
Victrex was also supplied by Victrex and dried in an oven
at 120°C for 24 h.

2.2 | Characterization

2.21 | Thermogravimetric analysis

The evolution of dried FM under high temperature
conditions is evaluated through isothermal experiments
at 320 and 350°C on a TGA 2 Mettler Toledo device. In
both cases, the tests are performed under nitrogen and
oxygen atmospheres at 50 ml.min ' for 2 h. Encapsulated
samples are between 5 and 15 mg-weight.

2.2.2 | Differential scanning calorimetry

The effect of cooling rate on thermal transitions and
enthalpy are determined using a Perkin Elmer Differen-
tial Scanning Calorimeter 8000. After heating at 360°C to
cancel the thermomechanical history, cooling rates at
2,5, 10, 20, 50, 100°C.min ! are applied under a nitrogen
flow rate of 20 ml.min~" until reaching the glass transi-
tion temperature. The aim is to compare the structure of
FM, FL, and FLc without taking into account their
processing conditions. Finally, a second heating at 20°C.
min~! is undertaken from 80 to 360°C to measure ther-
mal transitions and enthalpies at different cooling condi-
tions. Each test is repeated at least 3 times. Crystallinity,
X 18 determined using the following Equation 1:

_ AH, —AH.

AL (1)

Xe

where AH,,, and AH, are the melting and cold crystalliza-
tion enthalpies. AH,, is the theoretical enthalpy if the
polymer was completely crystalline. The value is not
available for the polymer of this study. Therefore, the
value of PEEK, AH, =130J.g ' was used. This adds
uncertainty in the determination of y. but other authors'”
have chosen this method as well.

2.2.3 | Rheometry

Rheological behavior was investigated using a HAAKE
MARS Rheometer by Thermofisher. The experiments are
carried out using a 25 mm diameter parallel-plate config-
uration with a 2mm gap under argon atmosphere.



Initially, dynamic strain sweeps were performed to deter-
mine the linear viscoelastic regime (LVR).

Time sweep have been performed to check the ther-
mal stability of the polymer along the experiment. The
curves are provided as supporting information (Figure S1).
The complex viscosity slowly increases with time. At
330°C, ;7* goes from 1600 to 1750 Pa.s, an increase of 9%.
At 390°C, ;7* goes from 750 to 900 Pa.s, an increase of
20%. The time sweeps confirm that structural changes
occur during the experiments, but the authors assume
these changes are small enough to not influence nor our
analysis neither conclusive remarks. Indeed, the values
in the terminal regime are not considered for calculation
of the relaxation times: The G' and G" are extrapolated
from the curves at higher frequencies, meaning the
10 first minutes of the frequency sweeps. Dynamic fre-
quency sweeps are then performed in order to quantify
the conservative and loss moduli, G' and G", from which
we calculate the complex viscosity 7. The complex vis-
cosity is given by the following equation, with w the
angular frequency:
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Conservative and loss viscosity, real and imaginary
component of the complex viscosity, respectively # and
17”, depend on complex moduli and angular frequency
according to:
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The experiments are conducted as a function of the
frequency f, which depends on the angular frequency of a
factor 2z, w = 2zf. A dynamic test at @ is equivalent to
a transient experiment for a duration ¢t = 1/ according
to the Cox-Merck principle.'® Thus, the relaxation times
are given as the inverse of the o values.

3 | RESULTS & DISCUSSION

3.1 | Thermal stability

Poly(aryl ether ketone)s are sensitive to thermo-oxidative
environments. Indeed, the atmosphere condition affects
the material response, especially in the melting state.'”
Moreover, Day et al'”'® has shown the leading decompo-
sition mechanism of PEEK starts with the molecular

chain scission of the ether bonds. It is followed by the
hydrogen abstraction of the neighboring polymeric
chains, which leads to stable phenolic end groups. The
reaction ends with the cleavage of the latter. It implicates
the creation of chemical species, which are able to form
phenol, the major product from pyrolyse reaction. The
degradation of PAEK initially induces viscosity increase
followed by a weight loss. Thus, it is necessary to evaluate
the thermal stability considering the weight loss in a
range of temperatures that will be used for processing AE
250 and for the following tests. Figure 2a shows the
weight variation of FM for two isothermal conditions:
320 and 350°C under inert and oxidizing atmospheres for
2 h. From the four curves, it is established that the atmo-
sphere has a very little influence on the weight loss of AE
250 after 2 h. At 320°C, the weight loss is considered
insignificant. At 350°C, there is a slight difference (lower
than 0.2%) of the weight loss between air and nitrogen
atmosphere testing. Furthermore, for each test, the
weight loss is never higher than 0.6%. The agreement of
weight loss degradation states that there is a degradation
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FIGURE 2 TGA curves of PAEK FM at two isothermal

conditions (320 and 350°C) under inert (N,) and oxidizing (air)
atmospheres (a) & dynamical TGA curves of FM from 30 to 800°C
at 2°C.min"" in an inert atmosphere (b) [Color figure can be
viewed at wileyonlinelibrary.com|
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for a weight loss above 5%. Therefore, it is considered
that there is no weight loss degradation, no matter the
atmospheric conditions. Nevertheless, the absence of
structural changes is not excluded, as other techniques
could reveal a degradation occurring by cross-linking and
molecular re-organization without weight loss, such as
rheometry for example.'>*° To go further, Figure 2b pre-
sents the weight variation for a dynamical test between
30 and 800°C at 2°C.min . It indicates that the degrada-
tion, considered when the weight loss is 5% starts at
573°C for this test condition. Shabaev et al*' demon-
strated that the degradation of PEEK starts at around
550°C, wether it is under air or inert atmosphere. The
stability of AE 250 is thus similar to PEEK. Finally,
the stability shown in Figure 2 approves the use of AE
250 for further experiments at temperatures between
300 and 400°C for a few minutes.

3.2 | Effect of cooling rate on thermal
transitions and enthalpy

Crystallinity rate and thermal transitions have a strong
impact on the mechanical properties of a polymer. As an
illustration, the Young's modulus of amorphous PEEK is
2 GPa whereas those of PEEK that reached its maximum
crystallinity (around 40%) is 3 GPa with a change in max-
imum strain at break.?” PEEK is known for its high melt-
ing temperature of 343°C, which requires specific
equipments for processing it and, therefore, a significant
amount of energy input. This is why this new PAEK poly-
mer is of great interest, it could facilitate the processing
due to its lower melting temperature. In this section, the
thermal behavior of FM, FL, and FLc were studied via
DSC analysis. As a reminder, FM and FL are the dried
PAEK used as received whereas FLc undergone hot press
cycles, which could affect the polymer structure, and thus
its properties. Figure 3 shows the first heating of the DSC
analysis for the three shapes of samples. For each shape,
the experiment was conducted at least 4 times. FM dis-
plays a glass transition at 157°C, a cold crystallization
temperature at 220°C and a melting temperature at
300°C with smooth results. The cold crystallization is
probably due to the fast cooling during the filmmaking
process, which led to an amorphous polymer. On the
contrary, the curve of FL presents some discrepancies,
especially with the presence of small peaks all over the
temperature range. As a result of the wide range of sizes
and shapes in the same batch of flakes, the contact area
of the sample within the pan can change during the DSC
measurements, especially when the polymer melts. Even
before melting, the flakes can move when heated, affect-
ing the data, and altering the straightness of the curve.
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DSC curves of FM, FL, and FLc for heating rate of

FLc first heating curve shows nonetheless less discrep-
ancy than FL which implies that the compaction has a
positive effect on DSC thermograms. The curves are more
accurate and exhibit less undesired variations. Despite
the irregulary of the curves, the average of the melting
temperature and enthalpies were calculated and pres-
ented in the following (Table 1). Melting temperatures of
FM, FL and FLc are lower than PEEK which improves
the processability of AE 250 compared to PEEK, while
maintaining a glass temperature in a similar range
(T([PEEK] = 143°C). The melting and crystallization
temperatures correspond to the maximum of the peaks.
The melting temperature of flakes (FL and FLc) is higher
compared to those of films of about 10°C. This difference
could be explained by the incorporation of small amount
of additives in the formulation, the latter hinder ou facili-
tate the crystallization by changing of the free volume
within the polymeric chains. Another hypothesis is the
difference in molecular weights, polydispersity, and
chemical structure. The flakes do not show a cold crystal-
lization, it is due to their processing: they have been
slowly cooled down to allow the polymer to crystallize at
most. Still in the case of flakes, the glass transition is not
visible and, therefore, it is not reported in the Table. It
can also be seen from the Table 1 that FL has a crystallin-
ity higher, at 25%, than compressed flakes at 19%. An
assumption is that the samples were cooled too fast dur-
ing the elaboration of our samples by compression
molding. Finally, FM, FL, and FLc feature a melting tem-
perature significantly lower than PEEK 450G, about
40°C, while keeping a glass transition in the same range.
These results have a positive influence on the processing
of PAEK AE 250 since it can be formed at lower tempera-
tures while maintaining a glass temperature similar
to PEEK.



o o . — — TABLE 1 Average thermal
T(C)  Tee('C)  Tm(°C)  AHe (g™  AH:(Jgh) (%) ” g
transitions and enthalpies for FM and
FM 157 220 300 —22.74 + 1.75 21.99 + 2.14 0.58 + 0.5 FL and FlLc
FL — — 312+ 2 — 32.65 + 3.52 25+ 2
FLc 155+ 2 — 308 +1 — 24.82 + 1.79 19+1
2 °C.min-1 <

a 10 °C.min-1 a

S <— S [ 2°C.min-1

ol20°Cmnt N/ | )

ke ke

S | 50 °C.min-1 S |5 °C.min-1

% 100 °C.min-1 % 10 °C.min-1

= =

© = 20 °C.min-1

Q Q -

T T |50 °C.min-1

100 °C.min-1
100 150 200 250 300 100 150 200 250 300
Temperature (°C) Temperature (°C)
FIGURE 4 DSC curves of FM for different cooling rates (2, 5, FIGURE 5 DSC curves of the second heating of FM

10, 20, 50, 100°C.min ")

Figure 4 shows the cooling curves of FM. As expected,
the crystallization is shifted towards lower temperatures
when the cooling rate increases. The same trend is notice-
able for FL and FLc, thus, the curves are not presented in
this article. This delay stems from both the inertia neces-
sary for the chains to crystallize and the low thermal con-
ductivity of the polymers. Moreover, the crystallization
rate depends on the cooling rate, explaining why the area
under the peak seems smaller when the cooling rate
decreased. However, the cooling speed is taken into
account for the calculation of the enthalpy. Crystallization
and melting DSC peaks are associated with a population
of crystallites with their own thickness.?® Figure 4 reveals
crystallization peaks corresponding to large lamellae. The
second heating of the same samples are presented for FM
in Figure 5. From the second heating, the enthalpies and
melting temperatures were calculated to evaluate the
influence of cooling rate. Indeed, the DSC device is not
calibrated on cooling, so the crystallization enthalpy is
not reliable. The enthalpy must be evaluated from heating
only that is why a following heating run was carried out
right after. For PEEK, an annealing or slow crystallization
is necessary in order to allow the entire crystalline phase
to crytallize.®* It can be seen that a second crystalline
peak appears at low cooling rate (from 20 to 2°C.min ).
The origin of this double-melting behavior is controversial
and has been explained with different interpretations.*
An explanation could be the apparition of a second

crystalline phase, as suggested by Ko et al,** implying that

the morphology of AE 250 must be similar to the one of
PEEK. The primary crystallization of PEEK is really fast,
around few seconds whereas the secondary crystallization
is a phenomenon that can last several hours. This is why
this second crystalline peak becomes more intense at slow
cooling rate.

Finally, melting enthalpies from the second heating
were assessed and the crystallinities are presented in
Figure 6a. As expected for all samples, the highest crys-
tallinities are obtained at low cooling speeds. A low
cooling rate allows a longer time for the macromolecular
chains to self-organize into an ordered phase. The crystal-
linity of PEEK for a cooling rate of 30°C.min""! is 33%,
which is higher than AE 250 at any cooling rate. Also, a
slight decrease of the crystallinity from 2 to 50°C.min "
is noticed. After 50°C.min ", the crystallinity tends to sta-
bilize to a threshold. The DSC device used in this study
has a limited cooling rate of 100°C.min """, this explains
why there is no higher cooling rate analyzed. If higher
cooling rates were investigated, it can be assumed that
the polymer could reach an amorphous state as it has
been seen that FM is amorphous. However, this thresh-
old is not observed for FL and FLc because of the large
scattering of the results. This phenomenon is associated
with the structure of flakes. They probably contain addi-
tives, which can alter the crystallization and contribute to
the scattered results. However, the maximum crystallin-
ity obtained is around 30%. Due to fast crystallization,
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mastering the crystallization rate of PEEK is a hard task.
When processing PEEK from the glassy state, it has been
demonstrated that there are two levels of crystallization
for PEEK 450G, identified as amorphous, or low level
and a fully crystallized level.*® At the first level, referred
as low one, the rate is around 15%. The second level of
crystallinity is around 35% from glassy state. Intermediate
crystallization rates are difficult to get because of fast
crystallization. Thus, mastering the properties of PEEK
products is challenging. A slower crystallization such as
in PAEK AE 250 is thereby of great interest. The crystalli-
zation can be more easily controlled and the polymer can
be turned amorphous, such as FM, and thus transparent
which is useful for some applications such as laser
welding. Moreover, Martineau et al.>’ studied the
autohesion of PEEK and brought to light the competition
between the diffusion of the macromolecular chains and
the crystallization growth during cooling. To create a
strong bond between two surfaces, the chains need to dif-
fuse at the interface and later crystallize. However, if the
crystallization process is too fast, it hinders the mecha-
nism of diffusion.

The second heating curves also point out the impact
of cooling rate on melting temperature, as shown in
Figure 6b. Only the melting point of the primary crystalli-
zation is taken into consideration for the Figure 6b. Ty,
decreases with the increase of the cooling rate for the
three shapes. FM have the lowest melting temperatures
in the entire range range of cooling rate and the highest
ones are for FL as already outlined in the first heating
curves.

3.3 | Rheological characterization

The rheological tests were performed in isothermal condi-
tions, at temperatures chosen right after the end of the
melting peak of AE 250, while preventing its degradation at
highest temperatures. All commercial PAEK are linear
polymers as they are polymerized from bifunctional mono-
mers. PAEK AE 250 is a linear polymer as described in the
patent from Victrex (GB 2543362): "A polymer material,
such as polyaryletherketone (PAEK) having a repeat unit of
formula (I) -O-R1-O-R3- and a repeat unit of formula (IT) -
O-R2-O-R3- wherein R1 and R2 are different”. The patent
lists all the possible monomers, they are all bifunctional
ones. Moreover, the chemical reaction is explained as "poly-
condensation of two different di-hydroxy-containing com-
pounds with one or more dihalogenated compounds”. And
these dihalogenated compounds are described as fluorine
atoms, in the patent. It means that the condensation is a
nucleophilic substitution, with the fluor attracting the labile
H of the other monomer. The same reaction is carried out
to synthetize PEEK from different monomers. This chemi-
cal reaction does lead to linear polymers.

Thus, to prevent the structural evolution, a new disk-
shape sample was step up on the plate of the rheometer for
each experiment. For the same reason, the frequency
sweeps start at 628 s ' for which the point are recorded
fast, up to the low frequencies. Each sample undergoes a
fast temperature rise until reaching the targeted tempera-
ture (330, 350, 370, or 390°C). First, strain sweeps define
the linear viscoelastic regime and characterize the strain
dependent viscoelastic properties of the samples. G' and G"
are respectively the conservative and loss moduli. The
modulus G" is always higher than G' in the studied
domain, which indicates a liquid-like behavior as expected
for molten polymers. G' and G" exhibit a pronounced non-
linear region at high strain amplitudes and tend towards a
plateau at low strain amplitudes. Then, frequency sweeps
from 6.28 to 62.8 s~ ' were carried out. G' and G" for each
temperature are presented in Figure 7. Also, both moduli
present a temperature dependency since they regularly
decrease with an increase of temperature. According to the
Rouse model, the moduli follow the rule of G' = Gw**
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and G" = Gwr. So, the slope of log G' and log G" are sup-
posed to be of, respectively, 2 and 1 in the terminal region
at low shear rate. As seen in Figure 7, the Rouse model
fails as predicting the behavior in the terminal regime.
Indeed, the angular frequency dependency is w'** and
"*? respectively for G' and G" for FLc and »"'! and 0*®
for FMc. Some data are available in the literature for PEEK
grades only. For instance, a dependency of »'*' and ©*
is found by Bangarusampath et al.*® for a Victrex PEEK
151. In Garcia-Leiner'work,” the slopes are 1.54 and 0.91
for G' and G" respectively for a PEEK Ketaspire KT-820NT
and 1 and 0.75 for G" and G" respectively for PEEK Victrex
450G. This deviation from the theoretical behavior is attrib-
uted to the evolution of the macromolecular structure dur-
ing the experiment. Seo et al.** displays the expected
shapes of G' and G" curves for PEEK 450G by using Time
Temperature Superposition (TTS) on data obtained at
higher frequencies for which the acquisition time at 350°C
is shorter to prevent structural changes.

PAEK AE 250 has initially a linear structure evolving
towards a partially cross-linked system. Indeed, all PAEK
are sensitive to thermo-oxidative degradation due to their
chemical structure. From the previous studies of Day'®>!
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FIGURE 8 Master curves of G' and G" for FLc and FMc with

the reference temperature at 330°C [Color figure can be viewed at
wileyonlinelibrary.com]

on the degradation mechanisms of PEEK, it is known
that when PEEK is kept above 340°C in oxidative condi-
tions, chain cleavage occurs adjacent to the carbonyl
functional groups and subsequent hydrogen abstraction
from the aromatic ring then leads to crosslinking
between adjacent aryl rings. This recombination causes a
color change, a dramatic increase of its shear viscosity
and a reduction in the crystallizability of the material.
The decomposition of this PAEK AE 250 has not been
studied yet, but it could follow the same degradation
mechanism, as its chemical structure is close to those of
PEEK. The main concern is the cross-linking kinetics.
From the time sweeps performed, it is clear that the
cross-linking starts as soon as the polymer is exposed to
temperature above its melting temperature.

Time Temperature Superposition (TTS) was applied
on previous data and shift factors, a;, were identified
from G’ and G" moduli, for each temperature by horizon-
tally shifting their curves. Between 6.28 and 62.8 s, the
time—-temperature superposition gives good results, which
confirms that this polymer follows more or less the
expected behavior for melted polymers. However, below
6.28 s, it becomes harder to match the different curves,
especially for FLc. When comparing both master curves
obtained for FL and FM in Figure 8, the cross-over point
is shifted towards low frequencies for FM, this indicates
that the molecular weight for FM would be higher than
those of FL.*

The complex viscosity 7 is then deduced by the fol-
lowing equation depending on the angular frequency w:

R /G/2 + GIIZ
= 5
n - (5)
Master curves of the complex viscosities of FMc and

FLc are displayed in Figure 9. They were calculated in
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both cases at a reference temperature of 330°C. The cur-
ves exhibit a pseudo- Newtonian plateau in the range
0.628 to 62.8 s~' and a shear-thinning region above
6.28 s71, following the well-known flow curve for melted
polymers. The complex viscosity at the plateau is called
the zero-shear viscosity, 7, The zero-shear viscosity
strongly depends on molecular weight: above a critical
mass noted Mc, the zero-shear viscosity depends linearly
on molecular weight while above Mg, it is supposed to
rise with M>*** Again, the complex viscosity for FM is
higher than those for FL. It corroborates the idea that the
molecular weight is higher for FM compared to FL. In
both cases, the complex viscosity slightly rises at the low-
est angular frequencies. The behavior at low frequencies
is not classical since a plateau would be extend up to the
zero-shear viscosity. Again, this is attributed to the evolu-
tion of the structure upon cross-linking of chains during
degradation'® as it was shown by Bakrani et al.** in vis-
cosity curves for PEEK 450G. This phenomenon could
explain the divergence in the shifting at low frequencies
and the fact that no weight loss was observed by TGA
analysis, that is, a structural degradation without weight
loss and possibly other phenomenons that are yet to be
understood.

Shift factors of TTS are plotted in Figure 10 for FLc
and FMc. The data agree with the Arrhenius law as
following:

In(ar) :A—lf—; ()

where E, is the activation energy, R is the gas constant,
and T the temperature. The activation energies for FLc
and FMc are, respectively, 61 and 66 kl.mol '. The
values of E, are considered as identical regarding the

FIGURE 10 Arrhenius graphe of the shift factor of

FLc (— [-) and FMc (—A—) [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 2  Activation energy for usual industrial PAEKs

E, (kJ.mol 1)
PEEK 151G* 35
PAEK AE 250 - (FLc) 61
PAEK AE 250 - (FMc) 66
PEEK 450G>¢ 90
PEKK 6003 *’ 136
PEKK 7003 %’ 156

uncertainty. The data found by other researchers are
reported in Table 2. The activation energy of AE 250 is
higher than E, for PEEK 151G and lower than E, for
PEEK 450G and PEKK 6003 and PEKK 7003. This
implies that AE 250 requires less energy to melt than
PEEK 450G and PEKK 6003 and PEKK 7003.

3.4 | Calculation of relaxation times

To go further, the relaxation times are calculated from
the frequency sweeps. Two average relaxation times are
determined: 7,, is the mean relaxation time in the termi-
nal region and 7, is the mean relaxation time at the cross-
over point. These relaxation times are assigned as the
reputation time, the time required by a polymeric chain
to escape from its tube in the theory of De Gennes.*®
These times are useful for any polymer processing when
diffusion of chains is required such as welding, compres-
sion molding, or additive manufacturing. Indeed, the
chains need to diffuse across an interface to reach
the next polymeric part or the next layer, resulting in the
creation of a bond.
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3.41 | Definition of 5,
The relaxation time z,, depends on the zero-shear viscos-
ity, 9, and the steady-state compliance, J 2, as follow:

Tw= JS’?O (7)

As explained above, the determination of the zero-
shear viscosity is tricky due to the evolution of the
structure during the experiments at low frequencies. To
circumvent this drawback, it is convenient to use the
Cole-Cole representation.®

Figure 11 features the Cole-Cole plot, depicting the
loss viscosity, ;7', as a function of the storage viscosity, ;1'/
for FMc. The experimental data are supposed to follow a
semi-circle equation and 7, is the value when the semi-
circle is crossing the x-axis in accordance with the equa-
tion given bellow:

’10:\/"2 —Ye X (8)

where X, and y. are the coordinates of the circle and r is
the radius. The model is plotted as a continuous line in
Figure 11 and seems to be consistent with experimental
data for each temperature. Experimental data at higher
conservative viscosities show a deviation from the model,
which can be explained by the evolution of the structure
for the longest experiments.

3.4.2 | Definition of J?

The steady-state compliance J ¢ corresponds to the resid-
ual elasticity of the macromolecule due to the existence
of an equilibrium conformation in coil chain under given

800 .
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FIGURE 11 Cole-Cole representation of the complex viscosity

of FMc: 7 = fi") for 330, 350, 370, and 390°C [Color figure can be
viewed at wileyonlinelibrary.com]|

temperature conditions. For melted polymers, J ¢ is
obtained from the intercept of the lines with slopes 1 and
2 of the moduli G" and G’ respectively, at low frequen-
cies. Since they do not reach this behavior, an extrapola-
tion is made and the intercept of the tangents of the
extrapolated curves is considered. G' and G" at low fre-
quency gives a value of modulus G~ that follows the
Equation 9:

G == (9)

The value of the steady-state compliance, J S, was cal-
culated for each temperature condition. Then, the mean
relaxation time z,, is calculated with the Equation (7). 7,
is associated with the motion of the longest chains. The
mean relaxation time 7, is associated to the motion of
the shortest chains. It corresponds to the inverse of the
frequency obtained at the crossover point, meaning when
G' = G". For instance, the cross-over at 350°C is at a fre-
quency of 20Hz so 7, is 0.05s. The values of z,, are pres-
ented in Table 3 with their corresponding modulus.
These two methods of calculation are displayed in
Figure 12. The uncertainty of measurement is higher for
7,, due to the extrapolation. The relaxation times of the
AE 250 polymer are shorter than those for PEEK,
Figure 13. The chains of FLc and FMc need less time
than PEEK 450G to start moving. The ratio z,, over 7,
gives an indication of the polydispersity I of the mate-
rials. Figure 13 gives a representation of the width
between t,, and 7, with temperature. FMc is more poly-
disperse than FLc since the ratio I is 76 for FMc and
22 pour FLc. This implies that the distribution of molecu-
lar weight, and hence the distribution of size of chains, is
higher for FMc. As seen in Figure 13, the polydispersity
of PEEK 450G is around 900 and it is higher than both
PAEK AE 250. A greater value of I indicates that small
and long chains of polymer coexist. The manufacturing
such as injection and compression molding is therefore
made more difficult since small chains will diffuse and
degrade faster than longer chains. However, higher poly-
dispersity can be interesting considering the assembly of

TABLE 3 Cross-over values of the moduli for FLc and FMc
FLc FMc
G'=G"(pa) 7,(ms) G =G"(pa) 7z, (ms)
330°C 65,000 2 84,000 5
350°C 46,000 1 125,000 2.7
370°C 28,600 0.7 75,000 2
390°C — — 56,000 1.7
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two polymer parts since smaller chains will diffuse faster
at the interface. Nevertheless, longer chains can entangle
more easily and increase the elasticity of the material,
which have a positive impact on the Young modulus.

3.5 | Calculation of the molecular weight
between entanglements

The plateau modulus GY is related to the density of
entanglements, noted v, by Gy =2vksT ** The molecular
weight between entanglements is obtained from:

_4pRT

M,=-"1 10
=3 (10)

The plateau modulus G § is the value of G'(w) at the
frequency where the minimum of the loss tangent tan ¢
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FIGURE 14 Zero-shear viscosity with temperature for PEKK

6002,* PEKK 6003,*> PEKK 7003,>” PEEK 151G,*® PEEK 450G,3*4¢
and PAEK AE 250 [Color figure can be viewed at
wileyonlinelibrary.com]

(tan 6 = %) is located. It is possible to measure the pla-
teau modulus for amorphous polymers by dynamic oscil-
latory tests. It becomes more tricky for semi-crystalline
polymers, because it is impossible to measure G'(w) and
G"(w) at the plateau zone. A possibility to overcome this
problem is the use of TTS. But, the frequency range of
rheological measurements is comparatively small, due to
the narrow temperature window between crystallization
and degradation. Some attempts for predicting the value
of G% from dynamic oscillatory measurements in the ter-
minal region are proposed in the literature. G% is calcu-
lated from:

G (11)

Tn

The molecular weight between entanglements is calcu-
lated with the previous data. M, is about 2000 g.mol " for
PEEK 450G which is consistent with the values found by
Herrmann-Schronherr*" at 2100 g.mol ' and Roovers* at
1300 g.molfl, the both from experiments at 350°C. The
values of M, for FMc and FLc are respectively 8000 et
13,000 gmol ', The molecular weight between entangle-
ments is unique for each polymer, it reflects the stiffness of
the chemical structure. The higher is M., the stiffer the
structure is. So PEEK has the more flexible chemical struc-
ture, followed by FLc and FMc, which are the most rigid
chains.

3.6 | Comparison to other PAEK

Finally, the zero-shear viscosity of AE 250 is compared to
some commercial PEEK and PEKK in Figure 14. It can
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be seen the divergence of activation energies and temper-
ature ranges. It can be noted that the viscosity of PEEK
450G, the most industrially used grade of PEEK, is higher
than the material of this study and a lower viscosity
implies an easier manufacturing. It is due to the fact the
melting temperature of PEEK is about 40° above Victrex
AE 250 PAEK. PEKK 6002, PEKK 7003, and PEEK 151G
show complex viscosity between FMc and FLc consider-
ing the value of #,. Similarly, PEKK 6002 seems to pos-
sess a slope equivalent to FMc and FLc, which would
suggest that the rheological behavior of Victrex AE
250 PAEK is close to PEKK 6002. As seen in Table 2, the
activation energy of FMc and FLc are equivalent to the
E, of PEKK 6002 as noted in Figure 14. Activation ener-
gies of PEKKSs 6003 and 7003 are higher due to the lower
number of ether groups, which hinders the mobility of
the polymer chains.

4 | CONCLUSIONS

This study gives a deeper knowledge of the crystallization
and rheological properties of Victrex PAEK AE 250. This
new polyaryletherketone has been recently launched
with the promise of easier processing compared to other
polyaryletherketones. The properties of PAEK AE
250 were investigated through the analysis of two shapes,
films, and flakes. DSC analysis was performed in order to
quantify the thermal transitions and enthalpies. The
films initially exhibit an amorphous structure compared
to flakes that have a crystallinity between 19% and 25%.
Therefore, cold crystallization will occur when the films
are heated. As expected, the thermal transitions are del-
ayed when the heating ramp or cooling ramp is faster.
Also, the dependence of the crystallinity with the cooling
ramp has been measured. From these results, it appears
that the crystallization of AE 250 is slower than those of
Victrex PEEK 450. Similar to the latter, a second crystal-
line phase was observed at low cooling rate, which
increases the crystallinity up to 26% at most. The crystal-
lization must be thoroughly controlled during the for-
ming process because the mechanical properties strongly
depend on the crystallinity.

Then, dynamic rheological tests were carried out to
evaluate the flowing properties above the melting tem-
perature. The rheological behavior of both PAEK AE
250 films and flakes looks similar to any melted polymer
with a Newtonian plateau and a shear-thinning region,
even is the data at low frequencies are not reached due to
the evolution of the chemical structure with time. The
shift of dynamic moduli fits the Time-Temperature
Superposition, from which the aT coefficients show an
Arrhenius-law dependency with an activation energy of

60 kJ.mol~!. Then, two mean relaxation times were cal-
culated: 7, for the longest macromolecules in the termi-
nal regime and z,, for the shortest macromolecules at the
cross-over point when G' = G”.

The relaxation times of AE 250 are between a few ms
to 200 ms. They are lower than those found for PEEK
450, meaning a faster mobility of macromolecules. More-
over, the relaxation times of the flakes are lower than
those of films. The ratio of relaxation times gives an idea
of the polydispersity. Both films and flakes demonstrate a
sharper polydispersity than PEEK 450. Then, an attempt
to calculate the molecular weight between entanglements
has been made to compare the chemical structure of
these PAEK. Even if the uncertainty is high due to the
lack of experimental data at low frequency, we provide
some information towards a better understanding of the
properties of AE 250. Lastly, the complex viscosity of AE
250 flakes and films is compared with other commercial
PAEK such as PEEK and PEKK from data available in
the literature. The viscosity and its variation with temper-
ature are similar to those for PEKK 6002. These results
confirm that the properties of new Victrex AE250 are
high enough to compete with other commercially avail-
able PAEK among high performance thermoplastics.
Moreover, a better control of the crystallization will be
possible thanks to a slower kinetics compared to PEEK.
Also, a lower melting temperature and polydispersity will
facilitate the processing conditions. Still, shorter relaxa-
tion times are decisive for welding, compression molding,
and additive manufacturing of polymers and composites.

As described by Victrex patent,** the PAEK chemical
structure consists of chains of two repeat units: -O-R1-O-
R3 and -O-R2-O-R3 with R1 selected from phenyl, ter-
phenyl, napthyl or phenyletherphenyl moities, R2 is a
biphenyl or terphenyl moities and R3 is a benzophenone
or other similar benzenic compounds. We assume that
the AE250 flakes are composed of more flexible moities
compared to films.
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