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Abstract

The mechanical behavior of amorphous poly(etherk¢ttene) (PEEK) was investigated just above

the glass-transition temperature (Tg). In the rubbery state, the mobility of the macromolecular chains
reveals a drop of mechanical properties with the onset of cold-crystallization as limit, as shown by
dynamic-mechanical and thermal analysis. For an isothermal at 155°C, the onset of cold-
crystallization begins after 40 minutes, this delay is long enough to perform static mechanical analysis.
Thus, the understanding of the mechanical behavior was thoroughly investigated. From this study,
di:fferent contributions are highlighted in the rubbery state: viscous and elastoplastic.

1 Introduction

Mastering the processing and the properties of PEEK is the foremost challenge in achieving the
advances promised by thermoplastic composites. For about twenty years, carbon fiber reinforced
PEEK offers a high potential for manufacturing high performance light weight structures for aerospace
or other demanding applications [1]. In such fields, when high mechanical strength combined to
resistance to temperature changes as well as resistance to chemicals are required, only high
performance polymers can be used. In some cases, these kinds of polymers gradually replace metallic
alloys with the advantages to be lighter and resistant to corrosion. Among them, the
polyaryletherketone (PAEK) family has demonstrated to be the most resistant to thermo-oxidative
degradation [2]. Nevertheless, due to high temperature processing and issues for controlling the
crystallinity, forming PAEK based composites is still a challengendustry, the stamping process,
widely used for manufacturing throughputs, induces often high cooling rates leading to degrees of
crystallinity below the maximum attainablét is well known that the mechanical behavior is
influenced by the degree of crystallinity [3]. Indeed, the crystalline phase, where the macromolecules
are closely packed to each others, strengthen the amorphous phase [4]. As a consequence, a polymer
with a higher crystalline degree has a higher elastic modulus in the glassy state. This variation is even
more striking above the glass transition temperature (Tg). The behavior of the PEEK matrix in the
rubbery state has not been extensively studied until now. However, a deeper knowledge of the
mechanical properties of PEEK in the rubbery state would lead to a better prediction of the behavior of
parts under working conditions. In some cases such as machining of PEEK composites or high
frequency fatigue loadings, the temperature of the material may locally exceed its glass transition. So,
it is of great importance to well determine the behavior of PEEK for various degrees of crystallinity.
Theaim of the study hereby is to define the mechanical behavior of PEEK in the rubbery state, atan as
low as possible degree of crystallinity cléséhe amorphous PEEK ones.



2. Material and experimental

Thick amorphous PEEK films (250 um) were purchased. Films were characterized in the as received
condition and after 24h drying.

Amorphization level was checked by wide angle X-ray scattering, using a Philips PW 1700 in
reflection mode with CuK.. radiation. The crystalline degree was calculated by integrating the area of
the narrow peaks on the halo region of the amorphous phase.

Isothermal crystallization was carried out by using a Netzsch DSC 200 F3 at 155, 156, 157, 158, 159
and 160°C. The isothermal point was reached with a heating rate of 10°CTh@initial time of the
analysis was taken right after the sample reaches the equilibrium at the crystallization temperature. For
clearer results, the baseline was corrected as a straight line passing through the two limits of the
exothermal peak obtained.

The dynamic-mechanical behavior of the samples was analysed using the DMTAV Rheometric
Scientific in tension mode, at a frequency of IHz in the temperature range of 70 to 250°C. The heating
rate was 3°C.mirl-

Relaxation tests at 155°C were performed for ten different engineering strain levels (05,2, 5,

10, 15, 20, 25 and 30). The strain level was reached at a strain rate of-eutd fmld time was 1000

s. The same testing conditions were applied on two testing apparatus: an electromechanical tensile
testing machine Bose ElectroForce, for the higheairslevels, and a DMTAV Rheometric Scientific

in tension mode, for the lowest ones.
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2mm/s (0.1 Shat 155°C. Stress was calculated based on the initial cross-sectional area of the film.

3. Results and discussion

Wide angle X-ray scatteriog was used to make sure the PEEK is in amorphous ctat@arison to

thermal analysis such as DSC (differential scanning calorimetry), this technique does not require any
sample heating, and leads to a more accurate degree of crystallinity [5-7]. Fighoavs the
comparison of the patterns obtained for the amorphous PEEK film and the serni-crystalline PEEK film
after annealing at 250°C for 2h. For amorphous PEEK, the wide amorphous halo region is observed
with a very small peak at 20=29°, whereas numerous narrow peaks are superimposed on the halo
region for the annealed PEEK. The degree of crystallinity is estimated to be lower than 1% for the
amorphous film and 36% for the semi-crystalline film.
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Figure 1.X-ray diffractometer scans for amorphous PEEK film and film re-crystallized at 250°C for
2h

Like for any polymeric material, the mechanical mws®es of PEEK in its amorphous and semi-
crystalline stataredifferent asshown byCebeat room temperature [8]. This differencestsikingly

for high temperatures, especiallinenthe PEEK goes\er its glass transitioat 150°C. Beyond Tg

the difference between storage moduli of amorphous PEEK and crystallized PEEK reaches one to two
decades as shown on Figure 2 where the storage moduli measured by dynamic mechanical analysis for
a temperature scan from 70°C up to 250°C are plotted. The structural order in the crystallized material
hinders the relaxation of its macromolecular chains. As a consequence, the storage modulus stays at
about 1 GPandit slightly decreases with Tg up t@kateauat 0.1 GPa in the rubbery state

The effect of temperature on the modulus is evererposnounced foamorphousPEEK: from 1 GPa

in the glassy state, its modulus decreases up to 6 MPa. Just above the Tg, the modulus of amorphous
PEEK increases due to the onset of cold-crystallization. According to Blugdedh that we are

above Tg, the cold-crystallization kinetics has an exponential evolwitbntemperature [6]. From

200°C, the storage modulus of amorphous PEEK reaches a plateau at 70 MPa.
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Figure 2. Storage modulugersus temperature for: amorphous PEEK film; crystallized PEEK film.
Frequency 1Hz for 3 9@in

In order to characterize the mechanical behaviorawforphous PEEK in the rubbery state, no
structural reorganization must occur during the analysisdarethe reliability of the measurements

The stability of the temperature during the test is the key parameter to control the crystallization
kinetics and thereby its initiation. Strain can also generate a crystalline arrangement buelshef le

strain applied here are not high enough to provoke it [9]. Therefore, a thermal analysis bas been set up
in order to choose the temperature of the test. Figure 3 shows the exothermic peaks extracted from the
DSC scans for several amorphous samplesse peaks are representative of the cold-crysttdn,

for various isothermalemperature from 15%& to 160C. As a result, aetnperatue of 155°C whee

the cold crystalliation only initiates aftr 40 minuteswould apgar to be suable for carrying the
mechanical tests.



T=160°C
T=159°C
T=158°C
T=251-c

T=156°C

T=155°C

0 500 1000 1500 2000 2500 3000

Time (s)

Figure 3.Isothermal thermograms for amorphous PEEK at different temperatures

Stress-strain behavior at 155°C is shown Figure 4. The strain rate has a strong effect on the mechanical
behavior of amorphous PEEK in the rubbery state. With a mechano-optical study, Daver explains this
relation of dependence by a significant reduction in chain relaxation for high strain rates, thus leading
to an increase of modulus [9]. This behavior is representativeis¢@us character.

f1l
C..
m

ngs

ri

)]
Q)

Qi

uJ

0L0

1.4

0 0.05 0.1 0.15 0.2 0.25 0.3
Engineering Strain

Figure 4. cr versuse curve for different strain rates



Stress relaxation tests were undertaken in order to differentiate the viscous contribution from the
elastic and/or plastic contribution. The method applied hereby has been used by Kichenin to simulate a
two dissipative mechanisms model for polyethylene [10]. The principle is to define, from results of
relaxation tests, thestress-strain curve dtzero strain-rate’, and thus to remove the viscous
contribution. Indeed, the stress response for relaxed chains does not take into account this contribution.
Two experimental devices were used depending on the strain temels: rheometer for the smallest

strains and a tensile testing machine for the largest strains. For each test, the strain was held constant
until the stabilization of the stress is observed. As expected, all curves show the same general behavior
in Figure 5 and the relaxation takes longer when the initial strain is higtevalue of the stress after
stabilizationpjim,was noted
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Figure 5.Stress relaxation for various levels of initial defation

The stress-strain curve drero strain-rate” is generated by plottingiim versusem [12]. This curve,

plotted in Figure 6, is divided into two linear parts with different slopes. This is an indication of an
elastoplastic behavior. The initial slope corresponds to the elastic part and the second slope
corresponds to the kinematic hardenasgumed dmear.
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4. Conclusion

Semi-crystalline and amorpholEEK show a very differenbehavior justaboveglass transition
temperatureln particular,the dynamic-mechanicalnalysis showshat the storagemodulus of the

second one is more than one order of magnitude lower than first one. Moreover, this behavior happens
only in avery narrow temperature rangend vanishes withime due to coldecrystallization.The
mechanical behaviowas investigated by tensile ancblaxation tests at 155°C to ensure that no
structural reorganization occurs during #erimentsA viscousbehavior emerges fromme tensile

tests at higlstrains. Thisviscous contributiorpreventsthe readability of the other behaviossich as
elasticand/orplastic. A stress-strain curve areo strain-rate’ has beemenerated from theelaxation

tests at low strains. Thus, thiscouscontribution isconcealed anthe othersarehighlighted. This
stress-strain curve indicates elastoplastic behavior &terostrain-rate”.
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