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INTRODUCTION

INTRODUCTION
INDUSTRIAL CONTEXT

The aeronautic industry uses more and more composite materials to lighten its structures
and enhance their performances. This weight saving also allows the aeronautic industry to
limit their environmental impact by significantly decreasing aircraft kerosene consuming and
consequently decreasing greenhouse gases emissions such as CO, and NO,. Nowadays,
composite materials constitute more than 50% of the latest generation civil aircraft structure
weight (Airbus A350 and Boeing B787).

Fig. 1: Airbus A350 XWB with more than 50% by weight of composite in the structure

Even if most of those composite materials are thermosetting composites, the use of
thermoplastic composites is gaining ground due to many benefits. In fact, they have good
damage tolerance, they are weldable, recyclable, they are especially suitable for automated
fiber placement and they can be consolidated out of autoclave. Those two last features
would help to increase the aircraft production rate which is currently a major issue for aircraft
manufacturers.

Among those thermoplastics, Poly Aryl Ether Ketone (PAEK) polymer family would be the
best candidate as matrix for composite structural parts. Indeed, they have high temperature
performances, high chemical and oxidation resistance. The most well-known thermoplastic
belonging to the PAEK family is PEEK which is already used as matrix for composite
structural parts as for the A400M cockpit floor consolidated out of autoclave and produced by
Daher Company. However, this material is still much expensive than epoxy resins and its
processing is made difficult by the high melting temperature (around 400°C) leading to high
processing times and costs and potential degradation of the matrix during processing.

In this industrial context, new range of high performance thermoplastics PAEK matrices have
been recently developed such as Arkema PEKK KEPSTAN™. PEKK are nowadays much
studied in the aircraft industry to compete with PEEK as matrix for composite structural parts.
Indeed, for equivalent mechanical performances, PEKK matrices have lower processing
temperatures (around 360°C) simplifying the manufacturing of composite parts.
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OBJECTIVES

The final mechanical performances of composite parts are closely linked to their processing.
In fact, depending on the thermal processing cycle, the matrix properties as well as the
interaction between the matrix and the carbon fibres are modified. The first composite
manufacturing part step is the consolidation associated to the heating of the composite part
above the matrix melting temperature to obtain a viscosity decrease of the matrix in order to
evacuate all porosities under pressure. As PEKK melting temperature remains above 300°C,
the matrix could be modified or degraded during this step and the final mechanical
performances of the composite part could be thus potentially altered [1,2]. Secondly, after the
consolidation step, the composite part is cooled down to the room temperature. During this
step, the matrix may crystallize with different crystallinity ratio and crystalline morphologies
depending on the cooling conditions which could also impact the final mechanical
performances of the composite part [3-8]. This is why, those phenomena must be
understood and controlled to be able to predict and then optimize processing parameters
regarding composite parts mechanical performances and processing times.

Temperature
A

T>T,
Mechanical performances?

Crystallization?
- Crystallinity
- Morphology

L

T T
Heating Consolidation Cooling

Fig. 2: Processing thermal cycle of a thermoplastic composite part

In collaboration with the PIMM laboratory of Arts et Métiers ParisTech and the material
provider Arkema, Airbus Group Innovations (AGI) aims to explore the capacities of those
new high performances thermoplastic PEKK composites for the manufacturing of
aeronautical structural parts. To answer to this problematic, the manuscript is divided in four
chapters:

This first chapter deals with a bibliographic review on the studied materials in the Phd. The
main properties of the tape prepregs used for the composite manufacturing as well as carbon
fiber reinforcements and PEKK matrices used in the prepregs are presented.

The second chapter investigates the crystallization kinetics modelling of PEKK matrices and
the influence of crystallinity and crystalline morphologies on PEKK matrix mechanical
properties.
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The third chapter focuses on the macromolecular modifications of PEKK matrices at high
processing temperatures under nitrogen and their impact on PEKK matrices crystallization
and mechanical properties.

The last chapter presents the influence of carbon fibers on crystalline morphologies and
crystallization kinetics, the manufacturing of unidirectional and + 45° PEKK composites under
press and autoclave and finally the impact of crystallinity and crystalline morphologies on
PEKK composite mechanical properties.
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CHAPTER I. MATERIALS

This first chapter deals with a bibliographic review on the studied materials. It is introduced
the main properties of the provided tape prepregs used for the composite manufacturing and
their impregnation way, the main properties of carbon fibers used for the prepregs
manufacturing, the chemical structure of PEKK copolymers matrices, their thermal properties
and finally their crystalline behaviors.

.1 PREPREGS

Composite materials were provided for the project as unidirectional tape prepregs of 50 mm
width and 140 pm thick with 60% by volume of carbon fiber and 40% by volume of PEKK
matrix.

Caron fibers used for manufacturing unidirectional tape prepregs are high strength non-sized
HexTow® AS4 carbon fiber provided by Hexcel. AS4 carbon fibers are continuous high
strength, high strain, PAN based fiber wih 12,000 (12K) filament count tows. Main properties
from the product data sheet are listed in Table 1.1.

Density Tensile Modulus | Tensile Strength| Strain at Brea

(g.cm™) (GPa)

1.79 231 4,413 1,7

Table 1.1 : Properties of Hexcel AS4 12K carbon fibers

Two different tapes were studied, PEKK 6002 and PEKK 7002 prepregs. Data taken from the
control certificate of tapes provided by the material supplier are summarized in Table 1.2.
Details for PEKK matrices are presented in paragraph 1.2 respectively. From those data
different characteristics were calculated as the matrix mass content which is necessary for
the calculation of the crystallinity of the matrix in the prepregs, the matrix and the fiber area
weight and the theoretical ply thickness which can give information of the quality of the
composite after consolidation. In fact, if the average of the ply thickness in the composite
after consolidation is higher than the theoretical value, this could be due to some porosities
trapped in the composite, which will be discussed later by microscopic observations.

Fig. 1.1 : Roll of PEKK tape prepregs
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Carbon fibers were impregnated with PEKK by passing them through a bath where PEKK
powder is suspended. Carbon fiber tows are then heated up to melt the PEKK polymer and
calendared at the dimension of the tape.

1.2

PEKK 6002 prepregs PEKK 7002 prepregs

Matrix density

) 1,27 1,29
(g.cm®)

Fiber density

) 1,79
(g.cm®)

Fiber volume content

(%) 60

Prepregs surface mass
(g-m?)

Matrix mass content

228,2 230,3

2,11 2,4

= 32, 32,45
Matrg( area weight 73,29 74,74
(9-m™)

Flberzarea weight 154.95 155,56
(9-m”)

Ply thickness 1443 144,8
(um)

Table 1.2 : Properties of PEKK prepregs tapes

PEKK MATRICES

I.2.1 PAEK polymer family

PAEK are semi-crystalline thermoplastic polymers made from ether and ketone molecules
(Fig. 1.2):

O
|
Lo A
a) b)

Fig. 1.2 : Ether a) and ketone b) molecules

With a high glass transition temperature (Table 1.4) and a high modulus and strength at yield
(Table 1.5), PAEK matrices have the best thermo-mechanical properties among existing
thermoplastics (Fig. 1.3):
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PAEK : PEEK, PEKK, PEKEKK, PEK

Arkema

Solvay, Sabic, DuPont,

7

y, >
/ o
/ABS/PC oM ///ﬁ

BASF, ex-Rhodia, DuPont,
Arkema, Lanxess, Bayer

Temperature performance

PMMA HDPE
PVC LDPE

Amorphous Crystalline

Fig. 1.3 : Classification of thermoplastic polymers as a function of their thermo-mechanical properties [9]

PAEK are different from each other depending on the number of ether and ketone molecules
of their monomer (Table 1.3):

<_}~ 0 PPO 0
O
<M/>“ 5 \w/ g B PEK 50
8]
Q‘OO—Q— ! - PEEK 33

G O
Q‘Oﬂ@'ﬁ* PEKK 67

Table 1.3 : Chemical structure of different PAEK with their ratio of ketone entities [10]

The influence of ketone entities on PAEK properties has been studied by different authors
[11-14]. They showed that the melting temperature (T,,) and the glass transition temperature
(Ty) increase with the ratio of ketone entities (Fig. 1.4). In fact, ketone bonds are less flexible
than ether one which increases the macromolecular chains rigidity and thus T4. They also
increase the compactness of the crystalline structure which increases the intermolecular
energy bonds and thus melting temperature T,,.
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Decomposition

4% -——-h—ﬂ———-m ———————————————————
5]
<
@ 300 1
5 Tm
=
1™
%]
=9
E
& 2007

Tg
100 + v T - T T T
0 20 40 60 80

% Keto

Fig. 1.4 : Evolution of Tq and T, as a function of the ketone ratio [10]

The PEKK homopolymer has the highest ratio of ketone entities (% Keto=67%) and thus the
highest T4 and T.. Its T4 is very interesting for high temperature applications (below Tg)
however its Ty, involves high processing temperatures which could lead to degradation during

composite parts manufacturing. To address this problem, PEKK chemical structure can be
modified to decrease its T, [10].

I.2.2 PEKK copolymers

The PEKK homopolymer is prepared from diphenyl ether (DPE) and terephthalic acid (T)
(Fig. 1.5.a). Terephthalic acid (T) with para phenyl links can be substituted by isophtaliques
acid (I) with meta phenyl links (Fig. 1.5.b) and form copolymers constituted with two different
isomers, the terephthaloyle (Fig. 1.5.a) and the isophthaloyle isomers (Fig. 1.5.b). Those
isomers can form two different diads, the TT diads compounded by two terephthaloyle
isomers (Fig. 1.6.a) and the Tl diads compounded by one terephthaloyle isomer and one
isophthaloyle isomer (Fig. 1.6.b). The introduction of isophthaloyle isomers decreases the T,
(Fig. 1.7) which makes PEKK very interesting for composite parts manufacturing.

O

|
a) \ | J b | A J
Y | | |

DPE T DPE |
Fig. 1.5 : PEKK terephthaloyle a) and isophthaioyie n) Isomers
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ool
a) )

Temperature (°C)

i

Fig. 1.6 : PEKK TT a) and Tl b) diads

500
L J
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3001 Tm
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-—-———.—-——-——-'————'—‘——.
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100 T n T T
50 60 70 80 90 100
% T

Fig. 1.7 : Evolution of the equilibrium melting temperature T’ measured with the Hoffman-Weeks method
and T4 as a function of the terephtaholoyle ratio (T) [10]

The decrease of the T, is due to meta linkages of isophthaloyle isomers which decreases the
macromolecular chain regularity and thus the compactness of the crystalline phase. As we
will see, they also induce lower crystallization kinetics (Fig. 1.8) and lower maximum
crystallinity ratios. However, it can be noticed that there is no significant impact on T4 which

is a strong advantage.

Peak Time (min)

T T T T T
102} t
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Fig. .8 : Plot of isothermal crystallization peak time vs temperature for PEKK copolymers crystallized

from the melt [10]
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Our study focus on PEKK matrices provided by Arkema Company referenced as PEKK
8002, PEKK 7002 and PEKK 6002 with T/l ratios of 80/20, 70/30 and 60/40 respectively. The
last digit is linked to the melt volume flow index of the polymer, the more important it is the
more the melt volume flow index is important. In our case, the melt volume flow index is
equal to 35cm?®.10min™ (1ISO 1133). The thermal and mechanical properties of those three
matrices compared to Victrex PEEK 450G are described in Table 1.4 and Table 1.5.

PEKK 8002 80/20
PEKK 7002 70/30 162 332
PEKK 6002 60/40 160 305
PEEK 450G 143 343

Table 1.4 : Thermal properties of PEKK copolymers from Arkema company [15-17] and PEEK 450G from
Victrex Company [18]

It can be observed that PEKK 8002 has a higher T, than PEEK which makes it less
interesting for its processing however it has the highest mechanical properties. PEKK 7002
has a lower T, than PEEK with similar mechanical properties which makes it a good
candidate as matrix for structural composite part. Finally, PEKK 6002 has the lowest T,, with
about 50°C less than PEEK one which is very interesting for its processing. However, it has
lower mechanical properties than the others. It can be added that mechanical tests have
been done on injected tensile samples and due to very low crystallization kinetics PEKK
6002 is at a quasi-amorphous state which explains much lower Young modulus and stress at
yield compared to PEKK 8002 and 7002 however its strain at break is much more important.
At room temperature, PEKK 6002 do not have a brittle behavior which shows that it is tested
above its brittle-ductile transition temperature.

Young modulus | Stress at yield [ Strain at yield | Strain at break

Grade (GPa) (%)
PEKK 8002 3.8 105-125 52 20-30
PEKK 7002 3.8 70-110 52 2-20
PEKK 6002 2.9 88 5.4 >80
PEEK 450G 3.7 100 5.5. 45

Table 1.5 : Mechanical properties of PEKK copolymers from Arkema company [15—-17] and PEEK 450G
from Victrex Company [18] tested at room temperature ( PEKK 6000 is at the amorphous state compared
to the others which are fully crystallized)

12



CHAPTER I. MATERIALS

1.2.3 Crystalline morphology

As the others PAEK, it has been shown in the literature [10,19-21] that PEKK copolymers
crystallizes with a two-chain orthorhombic unit cell with the following dimensions: lamellae
growing direction a=0.767nm, b=0.606nm and chain axis c=1.008nm [22] (Fig. 1.10). This unit
cell has been identified from a Cu Ka X-ray diffraction pattern with the (110) peak at
20=18.7°, the (111) peak at 26=20.6° and the (200) peak at 26=22.7° (Fig. 1.9). This unit cell
will be called “form I” throughout the manuscript.

110

PEKK(100/0)

211
}-.
=
L
'z -
E PEK
PEEK

0 15 20 25 30 35
SCATTERING ANGLE

Fig. 1.9 : WAXS measurement for three different PAEK [10]

Fig. 1.10 : Two-chain orthorhombic unit cell of PEEK [23]
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In addition to form |, it has been reported that depending on the crystallization conditions and
the T/l ratio PEKK can crystallize with two additional forms called form Il and Il [22,24-28].
Form Il has been identified by Blundell et al. [28] and DuPont and ICI research group [22,24—
27] from X-ray measurements with the apparition of an additional peak (020) at 26=16° (Fig.
I.11) and indexed by a one or two-chain orthorhombic lattice depending on the authors (Fig.
1.12). The ability to form this second crystalline phase is significantly favored for high chain
stiffness and low molecular mobility. PEKK copolymers have a high ratio of ketone linkages
which increases the stiffness of the molecule and enhances the apparition of form II. More
precisely, ketone linkages have high rotational conformation energy barriers which enhance
chain stiffness.

Intensity in arb. units

QHp

5@ 10° 15¢ 20° 25¢ 30° 35°
20

Fig. .11 : X-ray diffraction scans of PEKK 100/0 crystallized at 340°C during 1h from the melting state (a),
at 180°C for 1h from the glassy state (b) and crystallized from solvent-induced crystallization (c) [22]

Fig. .12 : Polymorphism with different crystal unit cells in PEKK : form | (a), form Il suggested by Blundell
et al. [28] (b) and by Gardner et al. [10,25] (c) [22]
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The apparition of form |l for PEKK is strongly linked to the crystallization conditions and the
ratio T/l. A phase diagram proposed by Gardner et al. [25] summarizing the apparition
conditions of form | and Il is presented in Fig. 1.13. Firstly, it can be observed that form I
appears for high T/I ratio. In fact, as ketone linkages, terephthaloyle entities have a high
chain stiffness favoring the apparition of form II. Secondly, form Il apparition seems to be
enhanced for solvent crystallization or low mobility crystallization conditions such as cold
crystallization which is consistent with Fig. 1.11 whereas only form | was observed for
crystallization from the melting state corresponding high chain mobility crystallization.

Form 1 1&2 Form 2

(R R ———

Ol e B @ 0 m
Flexability

..........

T/I Ratio

a & & & & & & & & 400
i'.“

e & ® ODOOOODO

Chain

M:?Ir Cc:]d Sol;ent
Crystallization Method

Fig. .13 : Phase diagram of the two crystalline polymorphism in PEKK as a function of the T/l ratio and
the crystallization conditions [25]

In addition to form | and Il, an intermediate morphology called form IIl was reported in the
literature by Gardner et al. [10] ,Cheng et al. [22] and Ho et al. [26] with the apparition of the
peak (113) at 20° (Fig. 1.14) indexed to an orthorhombic unit cell. This subsidiary form was
observed for high annealing temperatures and assumed to correspond to a recrystallization
process of form Il to a more stable form.
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Fig. 1.14 : X-ray diffraction scans of PEKK 50/50 crystallized at 260°C for 60 min from the melting state
before annealing (a) and after annealing at 310°C for 10 min
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[.2.4  Secondary crystallization

Isothermal crystallization mechanisms of PEKK have been studied by Gardner et al. [10] and
Cortés et al. [29]. After annealing, they observed an additional endotherm during the melting
which occurs about 10°C above the annealing temperature (Fig. 1.15). Such behavior has
also been observed for PEEK [20,30,31] and other semi-crystalline polymers as
poly(ethyleneterephthalate) [32—34] and is called the double-melting behavior. This additional
endotherm is attributed to the melting of a secondary crystallization associated to the growth
of an interlamellar crystalline structure within lamellae [35]. This subsidiary crystallization

appears after long annealing or slow cooling rates.

T T T T T T
-Ii’:.l’hﬂm
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]o
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Fig. 1.15 : DSC heating scans at 10°C.min™" of PEKK 80/20 crystallized at different temperatures from the
melt [10]
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[.2.5 Nucleation and growth

As for most of thermoplastic polymers, PEKK crystallizes with a spherulitic growth by chain
layovers and deposits.

10 um 400 nm

Fig. 1.16 : Polarized optical microscopy (a) and TEM (b) observations of PEKK spherolites after isothermal
crystallization at 280°C for 30 min [10]

Crystalline lamellae are separated by amorphous zone which includes end of chains, chain
segments belonging to two adjacent crystalline lamellae and entangled chain segments. The
lamellae thickness depends on the crystallization conditions. It has been shown for PEEK
[36] that the motif {crystalline lamellae + amorphous zone} is about 15 nm with a crystalline
lamellae thickness of 10 nm corresponding to 7 consecutive crystalline unit cells

Fig. .17 : Crystalline morphology model of PEEK [36]
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.3 CONCLUSION

Tape prepregs used for the composite manufacturing are prepared with 40% by volume of
PEKK matrix and 60% by volume of carbon fibers volume. PEKK matrices are copolymers
containing isophthaloyle (1) and terephthaloyle isomers (T) with different ratios depending on
the copolymer. Three different PEKK are studied, PEKK 8002, PEKK 7002 and PEKK 6002
with T/I ratios of 80\20, 70\30 and 60\40 respectively. They have the same glass transition
temperature whereas their melting temperature decreases with the number of isophthaloyle
entities until 305°C for PEKK 6002. PEKK matrices crystallize with spherulitic growth and
depending on the ratio T/l and the processing thermal conditions they can crystallize with two
different crystalline morphologies with different unit cell dimensions. In addition, a secondary
crystallization associated to the growth of an interlamellar crystalline structure within lamellae
can occur after long annealing or slow cooling rates. Each PEKK copolymer crystallizes
differently with different crystallization kinetics and crystallinity. PEKK 6002 crystallizes more
slowly than PEKK 7002 and 8002 and has a lower crystallinity.
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CHAPTERII.  IMPACT OF THERMAL CYCLES ON PEKK
MATRICES MECHANICAL PROPERTIES

In this chapter, we investigated the isothermal and non-isothermal crystallization kinetics
modelling of neat PEKK resins. Crystalline structure and morphologies were first identified by
X-ray measurements and optical microscopy. A new methodology was developed to identify
the parameters of the isothermal crystallization kinetics Hillier model directly from the heat
flow measured by DSC. Isothermal Time Transformation Temperature (TTT) diagrams of the
crystallinity were built providing a useful tool for PEKK processing. A new non-isothermal
crystallization kinetics model established from the derivative of the isothermal crystallization
kinetics Hillier model is presented allowing the prediction of the non-isothermal crystallization
behavior of neat PEKK. Finally, we studied the impact of crystallinity and crystalline
morphologies on the mechanical properties of neat PEKK at room temperature and above
the glass transition.

.1 EXPERIMENTAL
II.L1.1 Differential Scanning Calorimetry (DSC)

Isothermal and non-isothermal crystallization analyses were carried out on a TA Instruments
Q2000 on granules of about 7-8 mg. For cold and melt crystallization, all specimens were
first heated at 10°C.min™" from room temperature to 360°C for PEKK 6002, 380°C for PEKK
7002 and 400°C for PEKK 8002 during 5 minutes (T, in Fig. ll.1). Those temperatures are
above PEKK equilibrium melting temperatures [10] to erase the thermal history.

For isothermal crystallization from the melt, specimens were then cooled at 40°C.min™ to
annealing temperatures (T in Fig. 1.1). Annealing temperatures were maintained during 240
minutes and specimens were finally cooled to room temperature at 40°C.min™'. For
isothermal cold crystallization, the polymer is cooled from the melt at 60°C.min™" to room
temperature and then heated at 60°C.min™ to the isothermal temperature which was
maintained during 240 minutes. Finally, specimens were cooled at 40°C.min”" to room
temperature. The chosen cooling and heating rates were high enough to make sure that the
polymer does not crystallizes before annealing and the annealing time was long enough to
allow the polymer to fully crystallize.

Temperature

A
Smin
T |-----

-40°C/min
240min
+5°C/min

a)

> time
Temperature

Smin

-60°C/min

+5°C/min

+10°C/min
b)

> time

Fig. 1.1 : Isothermal melt (a) and cold (b) crystallization thermal cycles for DSC measurements
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For non-isothermal crystallization, specimens were cooled at cooling rates between 1°C/min
to 30°C/min to room temperature.

For all specimens, a heat scan at 10°C.min™" to 400°C was carried out after crystallization to
measure the glass transition, the melting temperature and the melting enthalpy induced by
the crystallization cycle.

I1.L1.2 Wide angle X-ray diffraction

The X-ray data were collected by performing wide angle X-ray scattering (WAXS) patterns at
room temperature on samples with a thickness of 2mm thanks to the SAXS/WAXS system
from Xenocs. The apparatus consists of an X-ray source using a Cu-K,anode radiation with
a wavelength of a 1.54 A delivering a parallel beam. The X-ray patterns were recorded with a
MAR300 2D detector piloted with the MAR300 software. The sample to detector distance
was 168 mm. Silver behenate standard reference material was used for sample-to-detector
distance calibration. The exposure time was 15h. The 2D patterns were treated using Fit2D
software developed by the European Synchrotron (ESRF). The 2D X-ray diffraction patterns
were integrated along the azimuthal direction from isotropic samples.

11.L1.3 Optical microscopy

The optical microscope used was a polarizing Nikon Eclipse LV100 model equipped with a
Nikon DS Digital Sight DS-Fi1 camera and a hot stage Linkam LTS-420. Observations were
carried out with an ocular lens of 30x on PEKK film with a thickness of 5 um prepared with a
Leica RM-2235 microtom. Films were first heated at 10°C.min™" from room temperature to
360°C during 5 minutes to erase the thermal history of the specimen and then cooled down
at 40°C.min™" to 270°C. The annealing temperature of 270°C was maintained during two
hours and corresponds to a low supercooling i.e. to a low nucleation rate allowing the
formation of large spherulites.

I.L1.4 Mechanical tests
11.L1.4.1 Tensile tests

Mechanical tests were carried out with a tensile test machine Instron 5966 equipped with a
laser extensometer and an oven to make tests at high temperature. Tests were done on
normalized 1BA tensile samples (ISO 527) with length of 75 mm, width of 5 mm for the fitting
length and a thickness of 2 mm machined from amorphous plates of 100x100x2 mm?
crystallized in an oven (Fig. 11.5). Plates were first dried at 120°C during 48h and crystallized
from the glassy state at 200°C, 230°C and 260°C (T.) (Fig. I.2.b.) and from the melting state
(360°C during 5 minutes) at 260°C during different times to obtain different crystallinities (Fig.
11.2.b.). For PEKK 8002 and 7002 only amorphous or fully crystallized from the glassy state
plates could be compared due to their fast crystallization rates (Fig. 11.2.b.).
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Temperature
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Fig. 1.2 : Isothermal melt (a) and cold (b) crystallization thermal cycles for PEKK crystallization plates

A casing was used during the crystallization to keep the plat flat with the same dimensions
(Fig. 11.3). Plates were put between Teflon films for crystallization from the glassy state and a
more complex environment described in Fig. 11.4 was carried out for crystallization from the
melt due to a problem of bubbles apparition on the surface of plates. More precisely,
superposition of thermalimide strips and woven fiber glass of 300 g.m? has shown good
results to evacuate bubbles on the surface of plates. After crystallization, DSC scans from
room temperature to 400°C at 5°C.min"' were carried out on pieces cut from the crystallized
plates to measure the crystallinity. Specimens were tested at room temperature and 180°C
(above T,) with testing speed of 1 mm.min™ and 100 mm.min™ that is 0.033 s™ and 3.3 s™
respectively. At 180°C, PEKK matrices are at the rubbery state and the testing speed must
be high enough to measure entanglements network properties and not chain flow due to
disentanglement. At this temperature, the crystallization kinetics is low enough to assume
that the polymer do not crystallize during the test.
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Fig. 1.3 : Casing for the PEKK plates crystallization

Steel plate

Thermalimide

Woven fiberglass

Thermalimide

PEKK plate

Fig. 1.4 : PEKK plates environment for crystallization from the melt

Fig. 1.5 : PEKK plate crystallized with the machined 1BA tensile samples

[1.1.4.2 Dynamic Mechanical Analysis (DMA)

A DMA Q800 of TA Instruments has been used to characterize the viscoelastic behavior of
PEKK. The bending mode chosen was a “Single Cantilever” mode which is the most relevant
mode for rubbery state polymers and thermoplastics (AITM 1-0003). The calibration of both
clamps has been made with a standard sample of steel 17.5 x 12.77 mm? with a thickness of
3.16 mm. For every sample, the working length was 17.5 mm corresponding to the distance
between the two clamps. The atmosphere was the room air. DMA tests were done on
rectangular samples with length of 50 mm, width of 10 mm and thickness of 2 mm machined
from fully crystallized plates at 230°C from the glassy state with the protocol describe in the
previous paragraph. Fully crystallized samples were tested from 40°C to 300°C with a
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heating rate of 3°C/min which is low enough to consider the thermal inertia of the material
negligible. A strain of 0.5% at a frequency of 1 Hz were determined to stay in the linear
viscoelastic domain and to consider that dynamical mechanical properties do not depend on
strain.

.2 CRYSTRALLINE MORPHOLOGIES
I1.2.1 Crystalline structure

WAXS measurements have been carried out on a PEKK 6002 sample crystallized from the
melt and from the glassy state at 230°C during 2 hours (Fig. II.6). It has been observed for
crystallization from the melting state a diffraction pattern with the (110) peak at 26=18.7°, the
(111) peak at 26=20.6° and the (200) peak at 26=22.7°. This pattern is similar to the other
PAEK and is attributed the crystalline morphology form | presented in paragraph 1.2.3. An
additional pattern with the (020) peak at 26=16° has been observed for both crystallization
conditions which corresponds to form Il reported in paragraph 1.2.3. For PEKK 6002
crystallized from the glassy state, a more important (020) peak has been observed compared
to crystallization from the melting state and the (111) peak is non-existent. This is consistent
with the fact that cold crystallization induces low chain mobility enhancing the growth of the
form Il. The disappearing of the (111) peak highlights that PEKK 6002 crystallized from the
glassy state presents only pure form Il.

- (110) 1

(200)

Intensity (Arbitrary Unit)

20 (degree)

Fig. I.6 : X-ray diffraction scans of neat PEKK 6002 crystallized at 230°C during 2h from the melting state
(a) and from the glassy state (b)

[1.2.2  Nucleation and growth

Fig. I.7 shows the crystal growth of a PEKK 6002 sample crystallized from the melt at 270°C
during 20 minutes (Fig. 11.7.a), 30 minutes (Fig. 11.7.b) and 40 minutes (Fig. I.7.c). Radial
growths of crystalline entities similar to spherulites were observed. During the first step of
crystallization, the crystalline entities grow independently to each other with the same size
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until impingement which is typical to an instantaneous nucleation. The initial number of
potential nuclei Ny has been calculated and is equal to about 0.0014 pm™. It is equal to the
number of nuclei at the early beginning of the crystallization divided by the volume containing
the nuclei which have been both measured with an image processing program. At the end of
the crystallization process, the crystalline entities diameters have been measured from 18um

to 33um.

Fig. Il.7 : Micrographs of PEKK 6002 crystallized from the melt at 270°C during 20min (a), 30min (b) and
40min (c)

The evolution of the radius of a spherulite during the crystallization process as a function of
time at 270°C from the melting state has been followed in Fig. 11.8. In order to better assess
the crystalline growth rate, the followed spherulite has been chosen to be the most far as
possible from the others to collect enough data before impingement. Three different steps
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can be observed during the crystallization process. The first step is related to the
crystallization initiation where the spherulite studied was first observed after 8 minutes of
crystallization with a radius of 2 um. This time depends on the device resolution. After this
initiation step, the spherulite grows constantly until it impinges on another spherulite. The
growth rate G is independent of the size of the spherulite and calculated from the slope of the
line by G=dR/dt. The growth rate of spherulites at 270°C from the melt has been measured of
about 0.2um.min™". At the end of the crystallization growth, the radius has been observed of
about 16.5um. Those results will be compared later with the following DSC study.
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Fig. 11.8 : Spherulite radius vs time during crystallization at 270°C from the melting state

1.3 CRYSTALLIZATION KINETICS
11.3.1 Crystallization kinetic comparison

In a first approach, PEKK 8002, 7002 and 6002 matrices were cooled from the melt at three
different cooling rates (1°C.min™", 5°C.min”" and 10°C.min™") to compare their crystallization
kinetics. For each cooling condition, the melting enthalpy was measured by DSC during a
heat scan at 5°C.min"' after crystallization and the crystallinity (X.) was calculated with
Equation 11.1:

_AH, —AH_

XC
AHlOO%

Equation 1.1

with AH,,, the melting enthalpy (J.g™"), AH.. the cold crystallization enthalpy (J.g™") and AH;ggy
the fully crystallized polymer enthalpy which was taken the same as for PEEK equal to 130
J.g™" [20]. Results are presented in Table 11.1. DSC heating scans at 5°C.min™" of PEKK 8002,
7002 and 6002 cooled from the melt at 10°C.min™" are presented in Fig. I1.9.
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Fig. 11.9 : DSC heating scans at 5°C.min"* of PEKK 8002, 7002 and 6002 cooled from the melt at 10°C.min™*

It can be observed in Fig. 11.9 that PEKK 8002 crystallizes more than PEKK 7002 with
melting enthalpies of 51 J.g™" and 41 J.g™' respectively. A cold crystallization peak appears for
PEKK 6002 scan with an enthalpy of 9 J.g™" closed to the melting enthalpy equal to 11 J.g™".
This shows that PEKK 6002 hardly crystallizes for a cooling rate of 10°C.min”" from the melt
due to a low crystallization kinetics. Additional endothermic peaks were noticed at around
300°C and 260°C for PEKK 8002 and 7002 respectively which are associated to the melting
of a secondary crystallization (see CHAPTER I).

X (%) at X, (%) at X (%) at
V=10°C.min”" | V=5°C.min" | V=1°C.min"’
39 39 40

PEKK 8002
PEKK 7002 31 32 33
PEKK 6002 2 14 28

Table 1.1 : Crystallinity X (%) vs cooling rate for PEKK crystallized from the melt

In Table Il.1, we can observe that PEKK 8002 and 7002 crystallinities are quasi-independent
of the cooling rate between 1°C/min and 10°C/min showing a high crystallization rate. On the
contrary, the final crystallinity of PEKK 6002 is very sensitive to the cooling rate. In fact, its
crystallinity drops down with the increase of the cooling rate until almost not crystallizing at
10°C/min (see Fig. 11.9). Thus, PEKK 6002 matrix may not fully crystallize during the
composite processing which could be a problem because we can assume that mechanical
properties are linked to the crystallinity. It is thus essential to be able to predict crystallization
depending on the thermal cycle.
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11.3.2 Isothermal crystallization kinetics
11.3.2.1 Modified Hillier model

The isothermal crystallization kinetics of PEKK was already studied by Gardner et al. [10]
with a peak-time method (time for which the crystallization exothermic peak is maximum) but
they did not use a crystallization kinetic model taking into account the secondary
crystallization (see CHAPTER ). This subsidiary crystallization makes the crystallization
kinetics modeling more difficult.

Different isothermal crystallization models have been developed to incorporate the
secondary crystallization, the most relevant reported are the Velisaris Seferis [37] and the
Hillier models [35]. The former postulates that two Avrami type crystallization processes [38]
occur in parallel independently whereas the second assumes that a primary Avrami type
crystallization process occurs followed by a first order crystallization process which grows
from the primary crystallization. Hsiao et al. [39] investigated the isothermal crystallization
kinetics of a PEKK 70/30 with a modified Hillier model which postulates that the secondary
crystallization is not necessarily a first order process and compared it to the Velisaris Seferis
model. They concluded that the modified Hillier model has a better physical meaning than
the Velisaris Seferis one because it is more suitable to describe the growth of a second
crystalline structure within lamellae. In this modified Hillier model, the primary crystallization
is expressed by an Avrami equation:

a, (t):l—exp (— K, t" ) Equation I1.2

where q4(t) is the relative volume fraction crystallinity at time t, K; is the crystallization rate
constant depending on the annealing temperature and n, the Avrami exponent depending on
the nucleation and the growth geometry, for the first mechanism.

The secondary crystallization process which occurs once a volume element has been
included in the lamellae at time 6 is expressed in the modified Hillier model by an Avrami
equation:

a, (t):fal(e)x;—e(az(t—e))de Equation 11.3

where a,(t) is the relative volume fraction crystallinity at time t, K, is the crystallization rate
constant depending on the annealing temperature and n, the Avrami exponent depending on
the nucleation and the growth geometry, for the second mechanism. The Avrami exponent n,
is not necessarily equal to 1 according to Hsiao et al. [39]. The total crystallinity at time t
arising from those two consecutive crystallization processes is equal to:

a(t): W, o, (t)+ W, a, (t) Equation 1.4

where wy and w; are the weight factor between the primary and the secondary crystallization
with wy+w,=1, indicating that the relative crystallinity at infinite time is unity which
corresponds to the Avrami model hypotheses [38]. Values of weight factors provide the
relative importance between both crystallizations. Consequently, From Equation 11.2,Equation
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1.3 and Equation 1.4, total crystallinity at time t can be expressed by the modified Hillier
model:

alt)=w, [1- (- Kt* )]

rwkon, f[L-ep(-K.0*) -0y en K, (-0) do Equation 115
0

It can be noticed that Equation 1.5 differs from Hsiao et al. [39] model which could be due to
a misprint in their article for the derivative of the secondary crystallization in Equation 11.3.

If n,=1, then the simplified Equation 11.5 gives the Hillier model:

alt)=w, [1-ep(- K" )]

+ W, KJ[i—exp(- Kﬂ"l)]exp [_ Kz(t —(9)] do Equation 11.6
0

11.3.2.2 DSC thermogram analysis

Isothermal DSC scans of PEKK 6002 samples at 200°C and 230°C cooled at 40°C.min™
from the melt are reported in Fig. 11.10. It can be witnessed that the beginning of the
crystallization exothermic peaks are truncated corresponding to a gap between the beginning
of the crystallization peak and the baseline (double arrow in Fig. 11.10). This phenomenon
has been observed by different authors [39,40] and was attributed to the instrumental
thermal inertia switching from the cooling to the isothermal step. It can be observed that this
gap is more important for isothermal at 230°C than 200°C due to higher crystallization
kinetics at 230°C.
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Fig. 11.10 : DSC thermograms of neat PEKK 6002 crystallized from the melt during isothermal
crystallization at 230°C (solid line) and 200°C (dashed line)
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The absence of the crystallization peak beginning involves a problem to determine the
evolution of the relative volume crystallinity because it is calculated from the area above the
heat flow curve with Equation I1.7:

Jaw
a(t)z 0 dt Equation 11.7

[o)

Where Q(t) is the heat flow measured at time t and t.. is the time when the polymer is fully
crystallized. It was thus necessary to extrapolate the beginning of the crystallization peak
until the baseline to take into account the overall crystallization process. Two different
approaches have been investigated to rebuild the crystallization peak.

11.3.2.3 First approach: modified Hillier model fitting on the relative
crystallinity

The first approach was to extrapolate the beginning of the crystallization peak by a linear
curve (dashed line in Fig. 11.11) until the base line.
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Fig. 1.11 : DSC thermograms of PEKK 6002 crystallized from the melt during isothermal crystallization at
230°C with the linear extrapolation of the crystallization peak beginning (dashed line) with the
crystallization induction time t; (dotted line)

In this case, a delay can be detected between the beginning of the extrapolated
crystallization peak and the isothermal scan. This delay has also been observed for other
polymers with low crystallization kinetics and modelled as a crystallization induction time (t;)
[33,41]. It would correspond to the time to reach a steady state of nucleation i.e. the time to
reach enough critical nuclei in the bulk to initiate crystallization. Indeed, the increase in
number of critical nuclei which leads into the steady state linear would be initially slow [42]. In
this work, the induction time t; has been defined by the intersection of the baseline and the
extrapolation line of the crystallization peak beginning (Fig. 11.11).

For each isothermal crystallization, the relative crystallinity a(t) has been calculated with
Equation 11.7 (Fig. 11.12) and its double logarithm has been plotted in Fig. I1.13. Straight line
trends have been observed for the double logarithm plot in Fig. 11.13 during the beginning of
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the crystallization which is consistent with the Avrami theory. For every crystallization, the
slopes of the lines corresponding to the Avrami exponent have been measured of about
2.05+0.01 (dashed lines in Fig. 11.13). The corresponding Avrami model (Equation 11.2) has
been plotted in Fig. 11.12 (dashed lines) with an Avrami exponent n; fixed by 2. It can be
observed that the Avrami model fits well with experiments for relative crystallinity below 0.6.
According to the Avrami theory, a value of 2 for the Avrami exponent would be associated
either to a two dimensional crystallization growth with an instantaneous nucleation or to a
one dimensional crystallization growth with a sporadic nucleation. Since the microscopic
study has shown previously that the nucleation process is instantaneous (Fig. 11.7), it can be
assumed that the first crystallization mechanism would be a two dimensional disk-like
crystallization. However, this assumption does not seem to be consistent with the
microscopic observations where growing crystalline entities behave like spherulites.
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Fig. 1.12 : Relative crystallinity a(t) vs time, the Avrami model (dashed curves) and the modified Hillier
model (solid curves) plots for PEKK 6002 isothermal crystallization from the melt
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Fig. 1.13 : Double logarithm vs In(time), the Avrami model (dashed curves) and the modified Hillier model
(solid curves) plots for PEKK 6002 isothermal crystallization from the melt
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For values of relative crystallinity above 0.6, crystallization kinetics become slower than the
Avrami model which corresponds to a bending of the double logarithm plots in Fig. 11.13. This
phenomenon is typical of the formation of a secondary crystallization process within the
primary crystallization with a slower crystallization kinetics [37,39]. The modified Hillier model
previously presented (Equation [1.5) has been used to take into account this secondary
crystallization and fit with experiments during the overall crystallization process. The best fit
of the modified Hillier model determined with a multi linear regression fitting has been found
for a secondary crystallization Avrami exponent n,=1. It is associated to a one dimensional
crystallization growth with an instantaneous nucleation. This value is the same as reported
by Hillier for polymethylene [35] and attributed to a first-order crystallization law within the
crystalline lamellae. Consequently, the used crystallization kinetics model corresponds to the
Hillier model presented in Equation 11.6.

To conclude, this first approach gives good results regarding the fitting of the modified Hillier
model with experiments [43]. However the value of 2 found for the primary crystallization
Avrami exponent seems not to be consistent with microscopic observations. This could be
due to the linear extrapolation of the crystallization peak beginning.

11.3.2.4 Second approach: Derivative Hillier model fitting on the heat flow

Due to inconsistent results regarding the primary crystallization Avrami exponent presented
in paragraph 11.3.2.3 another approach has been investigated to extrapolate the
crystallization peak beginning. Instead of fitting the Hillier model with the relative crystallinity
calculated from the extrapolated crystallization peak by a straight line, this approach consists
of fitting directly the Hillier model with the heat flow measured by DSC. In fact by deriving
Equation 1.7, it can be written:

de _ Q@M _ QWM _ QW)
dt % AH, AH,
JQwt

Equation 11.8

where AH. is the crystallization enthalpy and AH,, is the melting enthalpy after crystallization.
According to Equation 11.4, the derivative of the Hillier model can be expressed by:

da dey da,

—=W,—+W,

dt dt dt
where the derivative of the primary and the secondary crystallization kinetics equations
(Equation 11.2 and Equation 1.3 respectively) can be expressed by:

Equation 11.9

% = Klnltnl_l exp (_Kltnl) Equation 11.10
d;? —o"? K,n, [l—exp (—Kltnl)] Equation I1.11

+ Kznzj[l—em(—Klenl)]em [— K, (t -0)" ]{(n2 _1)(t _9)”2—2 _ Kznz(t _0)2n2—2 }d@
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It can be observed that for time close to 0, the derivative of the primary crystallization kinetics
equation (Equation 11.10) becomes:

—=C Klnltnl_l Equation 11.12

In this case, if ny is equal to 2, the expression of the derivative of the primary crystallization
corresponds to the equation of a linear curve with a slope equal to Kin,. This observation is
very interesting because if we assume that only primary crystallization occurs during the
beginning of the crystallization, this explains the value of 2 of the Avrami exponent for the
primary crystallization found in the first approach where the crystallization peak beginning
was extrapolated by a linear curve.

According to the microscopic observations, the primary crystallization Avrami exponents n,
has been fixed with a value of 3 corresponding to a three dimensional growth with an
instantaneous nucleation [38]. As for the first approach, the best fit of the derivative Hillier
model determined with a multi linear regression fitting has been found for a secondary
crystallization Avrami exponent n,=1. Thus, by simplifying with n,=1, the derivative of the
secondary crystallization kinetic equation (Equation 11.11) becomes:

de,
dt

t
= Kz[l—exp (—Kltnl)]— K,? j[l— exp (—Kﬂ”l)]exp [ K,(t—0)] d9  Equation .13
0

The fitting of the derivative Hillier model (Equation 11.9) with the heat flow measured by DSC
divided by the melting enthalpy AH,, (Equation 11.8) for isothermal crystallization at 230°C and
200°C are presented in Fig. I1.14. Heat flows for the primary crystallization (Equation 11.10)
and secondary crystallization mechanisms (Equation 11.13) determined from the derivative
Hillier model fitting have also been plotted. It can be noticed that no induction times were
found for this approach compared to the first one assuming that the crystallization process
begins at the same time as the isothermal scan.
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Fig. Il.14 : DSC thermograms of neat PEKK 6002 crystallized from the melt at 230°C (a) and 200°C (b) with
the fitting of the derivative Hillier model (solid line) and the primary (dash curves) and secondary
crystallization (dash-dot curves) modeling

We can observe that the model fits well with the heat flow and allows building the beginning
of the crystallization peak truncated by the DSC. The beginning of the model fitting is
cofounded with primary crystallization plot which shows that the early beginning of the
crystallization process corresponds only to the growth of the primary crystallization. It is then
followed by the growth of the secondary crystallization related to the enhancement of the first
crystallization stage.

11.3.2.5 Hillier parameter modelling

Following the general approach reported in literature for nucleation and crystallization
growth, crystallization rate constants (K; and K,) can be expressed as a function of the initial
number of potential nuclei (No) and the crystal growth rate (G) depending on the
dimensionality of crystallization and the nucleation mode. For the primary crystallization
which has been shown to have a three dimensional crystallization growth with an
instantaneous nucleation, the crystallization rate constant can be written:

K, = gﬂ' N01G13 Equation 11.14

with No4 the initial number of potential nuclei and G, the crystallization growth rate for the
primary crystallization.

For the secondary crystallization which has been shown to have a one dimensional
crystallization growth with an instantaneous nucleation, the crystallization rate constant can
be written:

K2 = N0262 Equation 11.15

with No, the initial number of potential nuclei and G, the crystallization growth rate for the
secondary crystallization.
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According to the Hoffmann and Lauritzen theory [44—46], the crystal growth can be
expressed by:

U’ Ky .
G(M=G,exp| ——— |exp| ——2— Equation 11.16
(1) =G Xp( R(T—Tw)J Xp( TATfJ

where Gy; is a pre-exponential factor independent of the temperature. The first exponential
term contains the contribution of the diffusion process to the growth rate, where U’ is the
activation energy of the molecular transferring through the melt crystal interface, T. is the
temperature below which diffusion stops (T.=Tg-30K) with T4,=155°C and R is the gas
constant.

The second exponential term is the contribution of the nucleation process, where Kgi is the
activation energy of nucleation for a crystal with a critical size, AT is the degree of
supercooling (AT=T,o-T) with T the equilibrium melting temperature and f is a correction
coefficient for the temperature dependence of the melting enthalpy (f=2T/(Tmo+T)). The index
i for G;, Ggi and Kg; is equal to 1 for primary crystallization and 2 for secondary crystallization.

Finally, the primary crystallization rate constant can be written:

K,(T) =K, exp __3YU__ exp| — Ko Equation 11.17
R(T-T,) TAT f

And the secondary crystallization rate constant can be written:

K,(T) =K, exp Y exp| — Koz Equation 11.18
RT-T,) TAT f

4
with the pre-exponential factors K01=§7r N, G, and.K,, =N,,G,, independent of

temperature. Regarding the evolution of the primary crystallization weight factor w, with the
crystallization temperature (Fig. 11.16), it was chosen to model w4 by a linear equation:

w,(T)=aT +b, Equation 11.19

where a; and b, are two constants independent of the temperature.

11.3.2.6 Comparison of crystallization kinetics between cold and melt
crystallization

The logarithm of K; and K, determined from the derivative Hillier model fitting have been
plotted in Fig. 11.15 and fitted with the Hoffman and Lauritzen model (respectively Equation
11.17 and Equation 11.18) for crystallization from the melt and cold crystallization of neat resin
samples. Results for Ko, Kg and U are presented in Table 11.2. As expected, we observed
that both plots have typical bell shapes regarding the Hoffman and Lauritzen growth theory
[45]. Crystallization kinetics are the most important around 240°C and very low close to the
T4 and T, corresponding to low diffusion and nucleation kinetics respectively. Interestingly, it
appears that crystallization rate constants for cold crystallization are slightly higher than
those for crystallization from the melt. We attributed that to a lower final degree of crystallinity
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for cold crystallization (AH~26 J.g™") than for crystallization from the melt (AH=~31 J.g™).
Values of K are similar to those reported in the literature for other PAEKSs [47,48].

Since, the crystallization rate constant K, is linked to G4 with Equation 11.14, we propose to
crosscheck K, value with the previous microscopic study assuming that the spherolite growth
rate is equal to the crystalline lamellae growth rate. Thanks to this study, the growth rate G at
270°C from the melt and the initial number of potential nuclei Ny were measured about 0.2
um.min” and 0.0014 um™ respectively. By assuming that the growth rate is associated to the
primary crystallization process, the crystallization rate constant In(K;) was calculated about -
8.37 min™' with Equation 11.14 (square in Fig. I1.15). This value is consistent with the In(K,)
value calculated with the Hillier model at 270°C from the melt of about —=9.3 min™ (Fig. 11.15).
It is noteworthy that the value of In(K,) calculated with the microscope study is slightly higher
than the one calculated from the DSC measurements with the Hillier model which could be
partly attributed to an heterogeneous nucleation taking place on the surface of the film which
is between two glass slides.
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14t Microscopy
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A Cold Crystallization
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Fig. I1.15 : Logarithmic plot of the primary (a) and the secondary crystallization (b) rate constants vs
temperature for isothermal crystallization from the melt and cold crystallization of neat PEKK 6002 with
the Hoffman and Lauritzen model fitting
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The primary crystallization weight factor (w,) for crystallization from the melt and cold
crystallization has been plotted as a function of temperature in Fig. 11.16 with the fitting of the
linear model (Equation 11.19). Results for a; and b, are presented in Table 11.2. We observed
that wy decreases with temperature showing that the formation of the secondary
crystallization is promoted for low degree of supercooling. This observation has also been
reported by few authors [29,49] with the increase of a first endothermic peak which occurs
10°C above the annealing temperature attributed to the melting of the secondary
crystallization. In fact, for high annealing temperatures, the diffusion process is very
important with a high mobility of the chains allowing the enhancement of the crystalline
phase.
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Fig. I11.16 : Weight factor of the primary crystallization vs temperature for isothermal crystallization from
the melt and cold crystallization of neat PEKK 6002 with the linear model fitting

Kineti
Melt crystallization | Cold crystallization
paramaters

Tmo (°C) 340 340

Kor (min™) 1.1.10™ 1.3.10"
Koz (min™) 1.1.10* 3.0.10°
Kyt (K?) 3.6.10° 2.7.10°
Kgz (K?) 3.5.10° 2.7.10°
U (J.mol™) 4.7.10° 4.7.10°
ar (K" -3.3.10° -4.8.10°
b, 2.2 2.9

Table 1.2 : Parameters of the kinetic models for the crystallization rate constants (K1 and K) and the
weight factor (w1) for neat PEKK 6002 crystallization from the melt and cold crystallization
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From modelling of the kinetic constants K; and K, (Fig. I1.15) and the weight factors w; (Fig.
11.16) depending on temperature, the evolution of the relative crystallinity depending on time
for any crystallization temperature can be plotted with the modified Hillier model (Equation
11.5) for the overall crystallization process as well as for the separated primary and secondary
crystallizations. Fig. 11.17 shows the plot of the modified Hillier model for the overall
crystallization, the primary and secondary crystallizations at 200°C, 230°C and 260°C for
crystallization from the melt. It can be observed that at the beginning of crystallization, the
curves of overall crystallization and primary crystallization are confounded which shows that
crystallization starts with the primary crystallization growth. Then, the secondary
crystallization occurs with a lower crystallization kinetics corresponding to the enhancement
of the primary crystallization with the growth of a second crystalline structure within lamellae.
As it was observed for the crystallization weight factor, the proportion of the secondary
crystallization process increases with the annealing temperature which shows that the
secondary crystallization is favored for high crystallization temperatures. We can notice that
at 260°C the proportion of the secondary crystallization is more important than for the
primary crystallization (wi<ws,).
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Fig. 1.17 : Relative fraction crystallinity a(t) vs time with the Hillier model for the overall crystallization
(solid curves), the primary (dashed curves) and the secondary crystallization (dashed dotted curves) at
200°C (a), 230°C (b) and 260°C (c) for neat PEKK 6002 crystallized from the melt

As the relative crystallinity of PEKK 6002 depending on time can be determined for any
temperatures with the modified Hillier model, Time Transformation Temperature diagrams of
the relative volume fraction crystallinity for the overall crystallization (Fig. 11.18.a), for the
separated primary (Fig. 11.18.b) and the secondary crystallization (Fig. I1.18.c) have been
built. This kind of representation allows determining the crystallinity of the material for any
isothermal crystallization process as well as corresponding crystallinity ratios of each
crystallization mechanism. As expected, crystallization kinetics are the most important for
temperatures around 240°C and become very slow close to the glass transition and the
melting temperature. For instance, Fig. [l.18.a shows that around 240°C, it takes
approximatively 55 minutes to reach 95% of the relative crystallinity whereas the last 5%
takes more than 45 minutes to be achieved. This is consistent with the fact that the first
crystallization mechanism is fast compared to the secondary stage. As it has been shown
previously, the secondary crystallization process is promoted for high annealing
temperatures (Fig. I1.18.c) which is the opposite for the primary crystallization (Fig. 11.18.b).
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Fig. 11.18: TTT diagram of the relative crystallinity for the overall crystallization (a), the primary
crystallization (b) and the secondary crystallization (c) for neat PEKK 6002 crystallized from the melt

As for crystallization from the melt, the Time Temperature Transformation diagram of PEKK
6002 crystallized from the glassy state has been built and plotted in Fig. 11.19. As expected, it
can be noticed that the crystallization kinetics of PEKK 60002 crystallized from the glassy
state is higher than for crystallization from the melting state.
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Fig. 11.19 : TTT diagram of the relative crystallinity for the overall crystallization for neat PEKK 6002
crystallized from the glassy state

11.3.2.7 Comparison of crystallization kinetics between PEKK 6002 and
PEKK 7002

The crystallization kinetics of PEKK 7002 has also been studied to validate the derivative
Hillier model on a PEKK copolymer which crystallizes faster than PEKK 6002 (Table II.1).
The result of the fitting of the derivative Hillier model (Equation 11.9) with the heat flow
measured by DSC for PEKK 7002 isothermal crystallization at 250°C is presented in Fig.
11.20. The same primary crystallization Avrami exponent (n,=3) as PEKK 6002 has been
chosen for PEKK 7002 regarding optical microscopy observations. The same secondary
crystallization Avrami exponent (n,=1) as PEKK 6002 has also been used corresponding to
the best fit of the derivative Hillier model with a multi linear regression fitting.
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Fig. 1.20 : DSC thermograms of neat PEKK 7002 crystallized from the melt at 250°C with the fitting of the

derivative Hillier model (solid line) and the primary (dash curves) and secondary crystallization (dash-dot
curves) modeling

In Fig. 11.21 is compared the fitting of the derivative Hillier model with the heat flow measured
by DSC for PEKK 6002 crystallized at 230°C and PEKK 7002 at 250°C. These temperatures
correspond to the temperatures where the crystallization kinetics of PEKK 6002 and 7002
are the highest. It can be observed that even if the crystallization peak for PEKK 7002 is very
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narrow compared to PEKK 6002 (Fig. 11.21), the derivative Hillier model fits well with
experiments and allows rebuilding the crystallization peak beginning.

Heat Flow (W.g™)

| PEKK 6002 crystallized at 230°C
+ +  PEKK 7002 crystallized at 250°C Endo
Derivative Hillier Model Fitting

i i I A
0 25 5 7.5 10 12,5

time (min)
Fig. 11.21 : Comparison of the fitting of the derivative Hillier model for neat PEKK 6002 and PEKK 7002

The comparison of the logarithm of the Hillier parameters K; and K, for PEKK 6002 and
PEKK 7002 have been plotted in Fig. I1.22 and fitted with the Hoffman and Lauritzen model
(respectively Equation 11.17 and Equation 11.18). Compared to PEKK 6002, it was not
possible to carry out isothermal crystallization measurements over a large temperature range
but only until 260°C. As PEKK 7002 crystallizes very fast, below this temperature the
polymer crystallizes before the crystallization temperature. A solution could have been to use
a flash DSC to reach lower crystallization temperatures as it was done by Tardif et al. [50] for
PEEK (although this tool implies very small samples which could not be representative for a
crystallization process in volume). Results for Ky and Ky are presented in Table 11.3. As
expected crystallization kinetics parameters K; and K, are much higher for PEKK 7002 than
for PEKK 6002. PEKK 7002 crystallization kinetics is the most important around 245°C.
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Fig. 11.22 : Logarithmic plot of the primary (a) and the secondary crystallization (b) rate constants vs
temperature for neat PEKK 6002 and 7002 isothermal crystallization from the melt with the Hoffman and
Lauritzen model fitting

The primary crystallization weight factor (w4) for PEKK 6002 and 7002 has been plotted as a
function of temperature in Fig. 11.23 with the fitting of the linear model (Equation 11.19).
Results for a; and b, are presented in Table 11.3. We observed that PEKK 7002 weight factor
seems to be quasi constant as a function of temperature with a value of about 0,78. PEKK
7002 weight factors are higher than for PEKK 6002 which could be attributed to a more
organized crystallization leaving less room to the growth of the secondary crystallization.
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Fig. 11.23 : Weight factor of the primary crystallization vs temperature for PEKK 6002 and 7002 isothermal
crystallization from the melt with the linear model fitting
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PEKK 6002 PEKK 7002
parameters

Tmo (°C) 340 360
Kot (Min’®) 1.1.10™ 1.79.10"
Koz (min™) 1.1.10* 2.6.10°
Kg1 (K?) 3.6.10° 4.0.10°
Kg2 (K?) 3.5.10° 4.4.10°
U (J.mol™) 4.7.10° 4.7.10°
as (K" -3.3.10° 0

b, 2.2 0.78

Table 1.3 : Parameters of the kinetic models for the crystallization rate constants (K1 and K) and the
weight factor (w) for PEKK 6002 and 7002 crystallized from the melt

As for PEKK 6002, the TTT diagram of PEKK 7002 has been built and plotted in Fig. 11.24.
This TTT diagram shows the very fast crystallization kinetics of PEKK 7002. For example, it
takes 10 minutes at 240°C for PEKK 7002 to fully crystallized.
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Fig. 1.24 : TTT diagram of the relative crystallinity for the overall crystallization for PEKK 7002 crystallized
from the melt

11.3.3 Non-isothermal crystallization kinetics
11.3.3.1 Extended derivative of Avrami model

The non-isothermal crystallization kinetics of PEKK has also been investigated to be able to
predict the crystallinity for any processing cycle. Different models have been developed to
model the non-isothermal crystallization kinetics of thermoplastics. All are extended from the
Avrami equation (Equation I1.2). The most widespread in the literature are the Ozawa [51]
and the Nakamura [52] models. However, those two models don’t take into account the
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secondary crystallization. Velisaris and Seferis [37] and Cebe [53,54] used an integral
Avrami expression to model the non-isothermal crystallization kinetics of PEEK taking into
account the secondary crystallization. Nevertheless, those models are based on different
empirical parameters which depend on the material. In this study, we propose a non-
isothermal crystallization kinetics model based on the Hillier model taking into account
primary and secondary crystallization applicable for any thermoplastics.

Non-isothermal crystallization cycles can be considered as a succession of small isotherms
occurring at a temperature T as described in Fig. 11.25. It is thus possible to determine the
relative crystallinity for non-isothermal crystallization by summing up the relative crystallinity
formed during each isotherm [41,55,56].

Temperature

Aa(Kq(T1),Ka(T1),wq(T1),wo(T4))
T1
Aa(K4(T2),Ka(T2),w4(T2),Wo(T>))
T2
T3 Aa(K4(T3),Ka(T3),w1(T3),wo(T3))
Aa(Ky(T4),Ka(Ta),W1(T4),Wo(T4))
T4

5

time

t1 t2 t3 4 5

Fig. I1.25 : Diagram of the decomposition of a non-isothermal crystallization cycle by small isotherms

For isothermal crystallization conditions, the transformation rate for the primary crystallization
(Equation 11.2) can be expressed by:

dO!l — Klnlt”rl e)(p(_Kltnl) Equation 11.20
dt
From Equation 1.2, it comes:
1
t= [_ In(l_al)]nl Equation 11.21
Ky (T)

By replacing t from Equation 11.21, the derivative of a4(t) can be written:

1 n;-1
dal — n1

it n, K, {—ln[l—al(t)]}Tl [1—al(t)] Equation 11.22

Equation 11.22 corresponds to the Avrami derivative model proposed by Patel and Spruiell
[55] for any cooling rate.
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As well as for the primary crystallization, the derivative of the secondary crystallization
kinetics equation a, (Equation I1.3) with n,=1 can be expressed by:

da,

dt

t

= Kz[l—exp(—Klt"l)]— K, Hl—eXp (—Kﬂ”l)]exp [-K,(t-06)] do Equation 11.23
0

By using Equation 11.2 and Equation 11.3, Equation 11.23 can be simplified by:

de,
dt

Finally, from Equation 1.4, Equation 11.22 and Equation 11.24, the derivative model proposed
by Patel and Spruiell extended to the secondary crystallization from the Hillier model can be
expressed by:

= Kz[oq(t)—oz2 (t)] Equation 11.24

C:j_i! =wWn Klﬁ {_ |n[1—051 (t)] }:T_ [1_0‘1(0]"' w, K, [al ) -, (t)] Equation [1.25

with wi+w,=1.
11.3.3.2 Numerical scheme for non—-isothermal crystallization

According to the non-isothermal crystallization kinetic principle (Fig. 11.25), the relative
crystallinity is determined by solving Equation 11.25 for each isotherm at a temperature T. A
first approach is to use the explicit Euler method expressed by:
a(t+AtT)=a(t,T)+ f(a(t,T))At Equation 11.26
where a(t,T) is the relative crystallinity at time t, a(t+At,T) is the relative crystallinity at time
d
t+At, f(G(t,T))=d_: and At is the time between t and t+At which has to be small enough to

ensure Euler hypotheses.

However, if we consider a crystallization process without initial crystallinity, a,(t=0,T)=0 and
0o(t=0,T)=0, f(a(t=0,T))=0 and thus Equation 11.26 cannot be solved. Another method is to
solve Equation 11.25 with the implicite Euler method expressed by:

at+ALT)=a(t,T)+ f(a(t +At,T))A'[ Equation 11.27

It is in this case, it is necessary to solve an equation to determine a(t+At,T) expressed by:
at+AtT)—a(t,T) - f(a(t +At,T))At=0 Equation 11.28
Applicate to primary crystallization (Equation 11.22), Equation 11.28 is expressed by:

1 n;-1

at+AtLT) - (t,T) -, Kl(l')i{— IN[L— oyt +ALT)]} ™ [1- eyt + AL T)]At =0 Equation 11.29

where K;(T) is calculated with Equation 11.17.
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For the secondary crystallization (Equation 11.24), Equation 11.28 becomes:

o, (t+ALT) —a, (6, T) = K, (T)[ey (t + AL, T) -, (t + A, T)JAt =0 Equation 11.30

where K4(T) and K,(T) are calculated with Equation 11.17 and Equation 11.18 respectively and
a4(t+At) is the relative crystallinity determined by solving Equation 11.29.

Finally, the total crystallinity for each isotherm at a temperature T is equal to:

a(t+ALT) =W (T) g (t+ALT) +W,(T) o, (t + AL, T) Equation 11.31

where a4(t+At,T) and a,(t+At,T) are determined by solving Equation 11.29 and Equation 11.30
respectively and w4(T) and w,(T) are calculated with Equation 11.19.

To pass from a temperature T4 to a very close temperature T,, the continuity equations for
the primary and the secondary crystallization as followed respectively have to be used:

W (T) e (8, T,) =w(T,) e, (1, T,) Equation 11.32
W, (T) o, (8, T,) =W, (T,) e, (1, T,) Equation 11.33

Form Equation 11.32, a4(t+At,T,) is calculated by replacing a,(t,T) in Equation 11.29 with:

W (M) e (t.T,)
W, (T,)

From Equation [1.33, a,(t+At, T,) is calculated by replacing ax(t,T) in Equation 11.30 with:

oyt T,) = Equation 11.34

w,(T) a, (t,T,)
w, (T)

a,(t,T,)= Equation 11.35

Finally, the total relative crystallinity a(t+At,T,) is calculated with Equation [1.31 with T=T,.

11.3.3.3 Comparison of the non-isothermal crystallization kinetics of PEKK
6002 and PEKK 7002

From the non-isothermal kinetic modelling presented in paragraph 11.3.3.2 applicate to PEKK
6002 and PEKK 7002 and with isothermal crystallization kinetics parameters identified in
Table 1.3, the evolution of the relative crystallinity modelling as function of temperature for
different cooling rates compared to experimental measurements carried out by DSC are
presented in Fig. 11.26.
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Fig. I1.26 : Relative crystallinity a(t) vs temperature for neat PEKK 6002 (a) and 7002 (b) crystallized from
the melt at different cooling rates with the modified non-isothermal crystallization kinetics modelling

It can be observed for both PEKK 6002 and PEKK 7002 that the non-isothermal
crystallization kinetic modelling is overpredicting the experimental results and this
phenomenon is more pronounced for high cooling rates. This observation has already been
reported by different authors in the literature [41,55-57] and explained by the fact that the
Patel and Spruiell model would not account for the induction (lag) time for nucleation. As for
isothermal induction time reported for the first approach in paragraph 11.3.2.3, the origin of
this non-isothermal induction time has no real physical background and has the function to
take into account a delay of the crystallization beginning to better fit data with physical
models. As the induction time can only be measured for isothermal crystallization, Chan et al.
[56] and Kenny et al. [41] calculated the non-isothermal induction time from the measured
isothermal induction times according to the following equation:

Equation 11.36

fnon I (r)

0 IISO

where t; s, is the isothermal induction time as a function of temperature.
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We rather think that this phenomenon is due to the iso-kinetic hypothesis assuming that the
nucleation and the growth kinetics are proportional which could not be fully true for non-
isothermal crystallization. Then, we modified the Hoffman and Lauritzen parameters for the
primary crystallization process identified for isothermal crystallization in Table 1.3 to have a
better correspondence between the non-isothermal crystallization kinetics modelling and
experiments. Results of the non-isothermal crystallization modelling with the modified
kinetics parameters are presented for PEKK 6002 and 7002 in Fig. 11.27.a and Fig. 11.27.b
respectively. The modified kinetics parameters are presented in Table 1.4 and the plots of
the modified Hoffman and Lauritzen curves with those new parameters for PEKK 6002 and
7002 are presented in Fig. 1.28.a and Fig. 11.28.b respectively.

el T ™ T
4+ 10°C/min
a ®  5°C/min
A 1°C/min
Modified Non-Tsotehrmal Modelling
0.8
=
= 0.6f
=
2
)
)
204
ot
=
)
~
0.2
4+ i
++ 44 +4+y = o
+4+
0 | | ey R s
175 200 225 250 275 300
Temperature (°C)
1
0.8
=
ot
=]
= 0.6f
R d
&
)
)
204
N
E
)
~ 30°C/min
X 20°C/min
0.2 +  10°C/min
®  5°C/min
A 1°C/min
Modified Non-Isothermal Modelling

0 L I o
200 220 240 260 280 300
Temperature (°C)

Fig. I1.27 : Relative crystallinity a(t) vs temperature for neat PEKK 6002 (a) and 7002 (b) crystallized from
the melt at different cooling rates with the modified non-isothermal crystallization kinetics modelling

It can be observed a good agreement for the different cooling rates between the non-
isothermal modelling and experiments for PEKK 6002 and PEKK 7002 which validates this
new method for the non-isothermal crystallization kinetics modelling. A small discrepancy
between data and modelling occurs at low cooling rate (1°C/min) and high conversion rate. In
fact, the crystallization kinetics modelling is lower than experiments at the end of
crystallization which might be due to too low w, at high temperatures (above 270°C). This
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means that w;(T) is probably not constant for PEKK 7002 (see Fig. 11.23). To identify this
phenomenon, isothermal at temperatures between 280°C and 300°C should have been
done, but it is very difficult to do such experiments at so low crystallization kinetics.
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Fig. 1.28 : Comparison of the Hoffman and Lauritzen plots with isothermal and non-isothermal
crystallization kinetics parameters for neat PEKK 6002 (a) and PEKK 7002 (b) crystallized from the melt

By modifying the crystallization kinetics parameters, the Hoffman and Lauritzen curve is
shifted to the bottom decreasing the non-isothermal crystallization kinetics modelling.
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Hoffman and PEKK 6002 PEKK 7002
Lauritzen parameters Isothermal Non-Isothermal Isothermal Non-Isothermal

Ko1 (min’®) 1.1.10" 1.2.10™ 1.79.10" 1.79.10"
Kyt (K?) 3.60.10° 3.65.10° 4.0.10° 4.0.10°
U (J.mol™) 4.70.10° 4.95.10° 4.7.10° 4.9.10°

Table 1.4 : Isothermal and non-isothermal crystallization kinetics parameters for PEKK 6002 and 7002
crystallized from the melt
Crystallization peaks for an isothermal crystallization at 230°C from the melt modeled with
the identified isothermal and non-isothermal crystallization kinetics parameters (Table 11.4)
have been plotted in Fig. 11.29.
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Heat Flow (W.g™")

Endo
0.01 W.g" -

Isothermal Modelling
e —— Non-Isothermal Modelling

. Isothermal at 230°C T

1 I ! I

0 10 20 30 40 50
time (min)

Fig. 11.29 : Comparison of the isothermal crystallization peak modelling for crystallization at 230°C from
the melt for isothermal and non-isothermal kinetics parameters
It can be observed that the two crystallization peaks modelling are very different whereas the
Hoffman Lauritzen modelling of K; for non-isothermal crystallization (Fig. 11.28) was just
shown to be slightly shifted to lower kinetics compared to isothermal crystallization. In other
words, the differences between the grow rate modeling in Fig. 11.27 could not be due to
experimental dispersions.

1.4 INFLUENCE OF CRYSTALLIZATION ON THE MATRIX MECHANICAL
PROPERTIES

In this part, we have been carried out experiments to identify the influence of the crystallinity
on the mechanical properties of PEKK.

I1.4.1 Crystallinity measurement of PEKK plates

DSC measurements were carried out on PEKK plates crystallized with different thermal
conditions in which tensile samples were machined to associate the mechanical properties to
the crystallization conditions. For example, in Fig. 11.30 is plotted the crystallinity of PEKK
6002 plates crystallized at 230°C from the glassy state as a function of the crystallization
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time compared to the Hillier modelling drawn with identified parameters in 11.3.2.6
corresponding to the same crystallization conditions. It can be observed a good agreement
between the Hillier modelling the experimental points which validates the ability of our
modelling to predict the crystallinity depending on the crystallization conditions.
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Fig. 11.30 : Comparison between the crystallinity of PEKK 6002 plates crystallized at 230°C from the glassy
state during different times and the Hillier modelling

11.4.2 Influence of crystallinity on PEKK matrix mechanical properties
11.4.2.1 Dynamic Mechanical Analysis

DMA experiments were first carried out on fully crystallized PEKK samples to investigate the
evolution of the mechanical properties with temperature. Results of the storage modulus as a
function of the temperature for fully crystallized PEKK 6002, PEKK 7002 and PEKK 8002 are
presented in Fig. 11.31. For all, the storage modulus is quasi constant until T4 where it
collapses until another plateau. The storage modulus of the first plateau is around 3 GPa and
the glass transition was measured around 155°C. Above T4 the amorphous phase of the
polymer is in a rubbery state which explains very low moduli in this temperature range.

It can be observed that for temperatures below T, the storage modulus for the three
materials are very close whereas above T4, a strong difference between them can be
noticed. PEKK 8002 has the highest storage modulus, followed by PEKK 7002 and finally
PEKK 6002. This phenomenon is attributed to the fact that they have different maximum
crystallinity. At 230°C, PEKK 8002 crystallized with 38%, PEKK 7002 with 33% and PEKK
6002 with 28% which explains that PEKK 8002 has a higher storage modulus than PEKK
7002 and that PEKK 7002 has a higher storage modulus than PEKK 6002. Above T4, it is the
crystalline phase which gives the mechanical strength to the matrix which explains a more
important difference between the storage modulus of three PEKK matrices above T,.
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Fig. I1.31 : Storage modulus vs temperature for fully crystallized at 230°C from the glassy state PEKK
6002, PEKK 7002 and PEKK 8002

In the next paragraph, tensile tests were carried out at room temperature and at 180°C
(above Tg) to understand the impact of crystallinity on the mechanical properties.

11.4.2.2 Tensile tests
11.4.2.2.1 Tensile tests at room temperature

In Fig. 11.32, the evolution of the stress as a function of the strain for amorphous and fully
crystallized PEKK 6002 tensile specimens tested at room temperature is presented. For
both, at the beginning of the test, stresses rise rapidly until the stress at yield corresponding
to the elastic domain. It can be observed a higher stress at yield for the fully crystallized
specimen compared to the amorphous one. A higher Young modulus were also measured
for fully crystallized PEKK specimen which is consistent with the literature [3,5-8]. Then, the
stress drops corresponding to the decrease of the section over all the specimen length.
Finally, the fully crystallized specimen breaks around 50% whereas the amorphous specimen
stress increases of about 40 MPa from 100% until 185%. This phenomenon called strain
hardening is well known for thermoplastic polymers and is attributed to the alignment of the
macromolecular chains in the direction of the stress (up to a “so called” strain induced
crystallization) increasing the material strength in the stress direction.[4,58-60]. To conclude,
regarding those two curves, it can be assumed that crystallization increases elastic
mechanical properties but makes the matrix more brittle. It also means that amorphous
PEKK 6002 in the glassy state is not fragile and the ductile-fragile transition is below ambient
temperature for the considered strain rates.
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Fig. I1.32 : Tensile measurements of amorphous and fully crystallized at 230°C from the glassy state neat
PEKK 6002 tested at room temperature

Same tests as in Fig. 11.32 were carried out on specimens with different crystallinities to
investigate the evolution of PEKK mechanical properties regarding crystallinity. The change
of the Young modulus, the stress at yield and the strain at break as a function of crystallinity
for tensile tests carried out at room temperature are presented in Fig. 11.33, Fig. 11.34 and Fig.
11.35 respectively. We can observe that the Young modulus and the stress at yield increases
linearly with crystallinity whereas there is a drop of the strain at break at around 22% of
crystallinity which collapses from 130% to 50%. As the maximum crystallinity of PEKK 8002
and 7002 is more important than for PEKK 6002, their Young moduli are higher.
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Fig. 11.33 : Young modulus vs crystallinity at room temperature of neat PEKK crystallized at 230°C from
the glassy state
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Fig. 11.34 : Stress at yield vs crystallinity at room temperature of neat PEKK crystallized at 230°C from the
glassy state
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Fig. I1.35 : Strain at break vs crystallinity at room temperature of neat PEKK crystallized at 230°C from the
glassy state

11.L4.2.2.2 Tensile tests at 180°C

In Fig. 11.36, the evolution of the stress as a function of the strain for amorphous and fully
crystallized PEKK 6002 tensile specimens tested at 180°C (above T,) is presented. It can be
observed much lower stress compared to test at room temperature which is due to the fact
that at 180°C, the amorphous phase is in a rubbery state. It was noticed a strong difference
between those two specimens which is consistent with DMA results. In fact, above T, the
crystallinity has a strong impact on the mechanical properties. Strain hardening was
observed for both specimens (not observable for the amorphous specimen in Fig. 11.36).
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Fig. I1.36 : Tensile measurements of amorphous and fully crystallized at 230°C from the glassy state neat
PEKK 6002 tested at 180°C with a strain rate of 3.3s™

In Fig. 11.37, Fig. 11.38 and Fig. 11.39, the change of the Young modulus and the stress at yield
as a function of crystallinity for tensile tests at 180°C is presented. It can be observed that
PEKK are more sensitive to crystallinity at 180°C than at room. In fact, above T, the
amorphous phase is ductile and thus the mechanical properties of the polymer only depend
on the crystalline phase. The highest Young modulus has been measured for PEKK 8002
due to a higher crystallinity. For this temperature test, high strains at break were not able to
be measured due to the maximum tensile test machine displacement.

1750 I T T T T]
> &
I e  PEKK 6002
1500 - 4+  PEKK 7002 X
X  PEKK 8002
=
g, 1250
S
n
51000 1
=
<
=
S 750 y
e
= L
> 500 ]
-
250 ]
ase?
[ o o
olae sav 1 ® ! 1 |
0 10 20 30 40
Crystallinity (%)

Fig. 11.37 : Young modulus vs crystallinity at 180°C of neat PEKK crystallized at 230°C from the glassy
state with a strain rate of 3.3s™
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Fig. 11.38 : Young modulus vs crystallinity at 180°C of neat PEKK 6002 crystallized at 230°C from the
glassy state with a strain rate of 3.3s™
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Fig. I1.39 : Stress at yield vs crystallinity at 180°C of neat PEKK crystallized at 230°C from the glassy state
with a strain rate of 3.3s™

11.4.3 Influence of crystalline morphologies on PEKK 6002 mechanical
properties

In this part, the effect of the crystallization temperature on the mechanical properties were
carried out by testing PEKK 6002 specimens crystallized at 200°C, 230°C and 260°C from
the glassy state and at 260°C from the melt. In fact, depending on the crystallization
temperature the crystalline morphologies are not the same. Large spherulites were observed
for crystallization at 260°C from the melt (Fig. 11.7) whereas at 200°C from the glassy state,
spherulites are too small to be observable by optical microscopy.
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As the mechanical properties are less sensitive to crystallinity at room temperature than at
180°C, only results for tensile tests at 180°C are presented. In Fig. 11.40 and Fig. 11.41 is
plotted the evolution of the Young modulus and the stress at yield depending on the
crystallinity for specimens crystallized with different conditions. It can be observed that the
influence of the crystallization conditions is more pronounced for the stress at yield than the
Young modulus.

It seems that the Young modulus and the stress at yield for crystallization at 200°C are
higher than for the other crystallization temperatures. Secondly, the results for crystallization
at 230°C and 260°C are closed regarding the Young modulus. This could be due to the fact
that for crystallization at 260°C, the polymer begins to crystallize during the heating until the
crystallization temperature especially as the polymer passes through high crystallization
kinetics temperatures around 240°C (Fig. 11.15) and this is why we also investigate
crystallization at 260°C from the melt. It can be observed that the Young modulus for
crystallization at 260°C from the melt is close to crystallization at 200°C from the glassy state
until 20% and then it stabilizes around 110 MPa. For the stress at yield, it is noticeable that it
is less important for crystallization at 260°C from the melt. It could thus be assumed that
above T4, the presence of small spherulites (crystallization from the glassy state at
temperatures close to Ty) enhances the elastic properties of PEKK matrices compared to
large spherulites (crystallization from the melt at temperatures close to Ty). This is consistent
with Kargin et al. [61] and Chan et al. articles [2] which showed that high nucleation density
and thus small crystallites involve a more homogeneous crystalline structure and thus higher
mechanical properties.
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Fig. .40 : Comparison of the evolution of the Young modulus vs crystallinity at 180°C of neat PEKK 6002
depending on the crystallization conditions with a strain rate of 3.3 st
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Fig. 11.41 : Comparison of the evolution of the stress at yield vs crystallinity at 180°C of neat PEKK 6002
depending on the crystallization conditions with a strain rate of 3.3 st

.5 CONCLUSION

As reported in the literature, we have observed from optical microscopic and X-ray
measurements that PEKK matrices crystallize with spherulitic growth and for low mobility
crystallization conditions, they can crystallize with two different crystalline morphologies
which have different unit cell dimensions. A secondary crystallization was identified with the
apparition of an additional melting peak which corresponds to the melting of an interlamellar
structure growing within crystalline lamellae. PEKK 6002 has the lowest melting temperature
(around 305°C) and crystallizes much slowly than PEKK 7002 and 8002. It has also lower
final crystallinity.

The modelling of PEKK crystallization kinetics were found to be difficult due to the secondary
crystallization which has to be taken into account into the modelling and a truncation of all
isothermal crystallization peaks beginning measured by DSC hindering the integration of the
peaks and the fitting of crystallization models with experimental curves. To solve this
problem, a new method has been established from the derivative of the Hillier isothermal
crystallization kinetics model which can be fitted directly with the crystallization heat flow
measured by DSC. Isothermal crystallizations kinetics of PEKK 6002 and 7002 crystallized
from the glassy state and from the melt have been modelled with this method. Cold
crystallization was shown to be faster than crystallization from the melt due to a lower final
degree of crystallinity. PEKK 7002 was shown to crystallize much faster than PEKK 6002
with fast crystallization kinetics around 240°C. According to the linear modeling of the
primary crystallization weight factor w4, the secondary mechanism was found to be enhanced
for low degree of supercooling due to a high diffusion process. Isothermal Time
Transformation Temperature (TTT) diagrams of the crystallinity have been built for PEKK
6002 and 7002 providing a useful tool for PEKK processing.
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CHAPTER II. IMPACT OF THERMAL CYCLES ON PEKK MATRICES MECHANICAL PROPERTIES

The derivative isothermal crystallization kinetics Hillier model has been established allowing
the prediction of the non-isothermal crystallization kinetics of neat PEKK. This new modelling
was observed to overpredict experimental results. This phenomenon was assumed to be
attributed to the failure to comply isokinetics hypothesis for non-isothermal crystallization
conditions. Hence, overall crystallization kinetics parameters were slightly modified to take it
into account. Consequently good agreements were observed between experiments and
modelling.

As expected, it has been shown that the Young modulus and the stress at yield increase with
crystallinity whereas this is the opposite for the strain at break. This behavior is emphasized
for testing temperatures above the glass transition as for those temperatures the amorphous
phase is ductile and the mechanical properties of the polymer only depend on the crystalline
phase. Finally, higher young modulus and stress at yield have been observed for low
crystallization temperatures involving small spherulites which was attributed to a more
homogeneous crystalline structure compared to large spherulites.
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CHAPTER Ill.  IMPACT OF TIME/TEMPERATURE PARAMETERS
ON THE PROCESSING WINDOW

During thermal exposure, it is known that PEEK can be degraded by free radicals formation.
These radicals, in lack of oxygen, can react with themselves and thus lead to a crosslinking
by a termination process. Our first objective in this chapter is to check out if this crosslinking
process occurs for PEKK and to assess the kinetic associated to this process as a function of
temperature of exposure. A second objective is quantified these macromolecular
modifications, model their apparition kinetics and finally their consequences on crystallization
kinetics and mechanical properties. We mainly focused on anaerobic conditions, i.e.
degradation under nitrogen. Indeed, from an applied point of view, the PEKK matrix can be
also oxidized during consolidation phase in air. However, oxidation process is confined only
at surface (~10 nm in depth) in contact with air during processing since oxidation is very fast
compare to oxygen diffusion.

.1 EXPERIMENTAL
1.L1.1 Thermo-Gravimetric Analysis (TGA)

Thermogravimetric measurements were carried out on a TA Instruments Q500 equipped with
a Gazmix system allowing monitoring the ratio between oxygen and nitrogen content of the
atmosphere with a flow rate of 50 mL/min. Tests were made with an atmosphere containing
100% of nitrogen and a ratio of 21% of oxygen and 79% of nitrogen. For every test, PEKK
6002 amorphous granules of about 7-8 mg were introduced in a platinum nacelle. The weight
loss of PEKK 6002 specimens was followed isothermally at 400°C during 15h and non-
isothermally from room temperature to 900°C with a heating rate of 10°C/min.

I11.1.2 Rheological measurements

Rheological properties of PEKK 6002 were measured with an Anton Paar MCR 502
rheometer under nitrogen for isothermal temperatures conditions. PEKK 6002 amorphous
granules previously dried at 120°C during 48h were first introduced between 25 mm diameter
aluminum parallel plates at the testing temperature and then crushed by the plates separated
by a 1 mm gap. The melted polymer between plates was then deburred. After this step, the
polymer is thermally stabilized at the testing temperature before the beginning of the test.
This procedure was done the most rapidly has possible to neglect the possible modification
of the polymer before the analysis. Sinuso