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Abstract:

The combination of high-performance thermoplastic poly(ether ether ketone) (PEEK) with
inorganic fullerene-like tungsten disulfide (IF-WS,) nanoparticles offer an attractive way to
combine the merits of organic and inorganic materials into novel polymer nanocomposite
materials. Here, we report the processing of novel PEEK/IF-WS, nanocomposites, which
overcome the nanoparticle agglomerate formation and provide PEEK-particle interactions.
The IF-WS, nanoparticles do not require exfoliation or modification, making it possible to
obtain stronger, lighter materials without the complexity and processing cost associated to
these treatments. The nanocomposites were fabricated by melt-blending, after a pre-dispersion
step based on ball milling and mechanical treatments in organic solvent, which lead to the
dispersion of individually IF-WS; nanoparticles in the PEEK matrix as confirmed by scanning
electron microscopy. In order to determine the performance of the PEEK/IF-WS,
nanocomposites for potential critical applications, particularly for the aircraft industry, we
have extensively investigated these materials with a wide range of structural, thermal and

mechanical techniques using time-resolved synchrotron X-ray diffraction, thermogravimetric



analysis, differential scanning calorimetry, dynamic-mechanical analysis, tensile and impact
tests as well as thermal measurements. Modulus, tensile strengh, thermal stability and thermal

conductivity of PEEK exhibited a remarkable improvement with the addition of IF-WS,.
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1. Introduction

In the last years there has been a great deal of activity in the synthesis and development of
high performance and high temperature polymers motivated by the need for advanced
materials required for a diverse range of applications in the aerospace, automotive and
microelectronic industries. These applications often demand a unique combination of
properties including high glass transition temperatures, toughness, good adhesion, oxidative
and thermal stability, and low dielectric constant. In this regard, polymer-inorganic
nanoparticle offer an attractive means to combine the merits of organic and inorganic
materials of various architectures (e.g. spherical, tube, cube, platelike, fiber, wire, rods) into
novel polymeric systems.l'7 Hybridization of such organic and inorganic is an important and
evolutionary route for the growth of strong polymer—nanofiller interface in order to improve
the thermal, mechanical, tribological and optical properties of polymeric systems. Practically,
it offers economic advantage and is versatile in nature. This can be explained by the low
volume (1-10%) of nanofillers required to achieve properties which are comparable or even
better than those achieved by conventional loadings (15-40%) of traditional fillers. The
lowest loadings facilitate processing and reduce component weight. Also, this means higher
strength to weight ratio which is very useful in case of automobile and aerospace industries to

increase fuel economy.



However, many applications of high performance and high temperature polymers (e.g.
polyether-ether-ketones, semicrystaline polyimides, etc.) are limited by the solubility and
distribution of the nanoparticles in the polymer matrices. While these semicrystalline
polymers offer tremendous opportunities due to the diverse range of useful properties
(ductility, toughness, easy processing, thermal stability, recyclability), this limitation has
certainly impeded their advancement with respect to large scale applications. Melt processing
is obviously beneficial compared to solvent routes because it is: (1) environmentally friendly
(does not require handling dangerous solvents often associated with high performance
polymers) (2) involves significantly shorter cycle times (3) processing is easier (4) often
economically more attractive and (5) makes some large scale applications feasible. Another
attractive feature desirable in these linear aromatic thermoplastic is the presence of a
crystalline phase, which leads to substantial improvement in many properties including
solvent resistance, radiation stability and partial retention and enhancement of certain
mechanical properties much above the glass transition temperature. In this regard, new
strategies such as the dispersion of inorganic fullerene-like materials (IF) are required to break
through the performance ceiling of current nanocomposites. The revolutionary properties of
inorganic fullerene-like nanoparticles (e.g. tungsten disulfide, IF-W'S,),%such as high modulus
and low friction coefficient, attributed to their small size, closed structure and chemical
inertness, make them potential candidates to improve the thermal, mechanical and tribological
properties of thermoplastic polymers, as has been shown for poly(ether ether ketone) coatings
produced using aerosol-assisted deposition process’ as well as isotactic polypropylene
(iPP)'*!" and polyphenylene sulfide (PPS)'*'* produced via melt blending, without using
modifiers or surfactants. Fullerene-like nanoparticles have been shown to exhibit excellent
solid lubrication behaviour, suggesting many applications in, for example, the automotive and

aerospace industries, home appliances, and recently for medical technology.'> Numerous



development programmes are in progress, some of them at a very advanced stage or even
having made products. The first medical application (e.g. alleviating friction in orthodontic
wires) was recently demonstrated,'® with numerous others to follow. Toxicological tests on
the fullerene-like WS, nanoparticles concluded that they are safe.'” These findings open up
vast opportunities for various potential applications in the field of polymer nanocomposites.
Since its introduction by the Imperial Chemical Industries (ICI) in the 80s, PEEK has
generated lot of industrial interest as one of the leading thermoplastic matrix candidate for use
in automotive, oil & gas, healthcare, aircraft, semiconductor, fuel cell devices and various
industrial friction and wear components. The chemical structure of PEEK, consisting of an
aromatic backbone molecular chain, interconnected by ketone and ether functional groups,
confers stability at high temperatures (exceeding 300°C), resistance to chemical and radiation
damage, compatibility with many reinforcing agents (such as glass and carbon fibers), and
greater strength (on a per mass basis) than many metals, making it highly attractive in critical
industrial applications, such as aircraft, automotive, fuel cell energy and medical implants.'***
The prime objective of this research is to develop and characterize novel PEEK/IF-
WS, nanocomposites processed by advantageously traditional melt processing technique. It is
well known that the properties of a crystalline polymer including the thermodynamic,
physical or mechanical ones depend on the details of the structure and morphology that
evolve from the melt. Thus, detailed nano-level investigation of processing/characterization
along with the performance evaluation would give an insight into the structure—property—
performance relationship of such nanocomposites
2. Experimental Section
2.1. Materials and processing
Polyether ether ketone (PEEK 150P) used in this study was provided in coarse powder form by

Victrex plc, UK. This low viscosity grade, the most suitable for potential aircraft structural



applications, presents the following physical characteristics: Molecular weight (My,) ~ 40000
g/mol, glass transition (Ty) = 147 °C, melting temperature (T,) = 345 °C and density at 25°C
(dysec) = 1.32 g/em’. The IF-WS, nanoparticles (NanoLub™) were provided by Nanomaterials
(in Israel, ApNano Materials in USA). The particles are multifaced polyhedra with an apparent
shape ranging from spheres to ellipsoids. The particle aspect ratio ranges between 1 (spheres)
and 2.3, with a mean value of 1.4, standard deviation of 0.3 and a median of 1.36. The particle
dimensions are in the range of 40 to 200 nm with a mean value of 80 nm, standard deviation of
30 nm and median of 75 nm.'® In our investigation, the ball milling strategy was only used to
reduce the particle size of pure PEEK from millimeter to micrometer-scale (i.e ~ 5 pm),
without the addition of IF-WS, nanoparticles. This process was performed at room
temperature in a Restch MM 2000 vibratory ball mill, operating at maximum amplitude for 3
min. The cylinder had an internal volume of 8 cm® and we employed two steel balls of @=12
mm. Before the milling the thermoplastic polymer was dried at 120°C for 4 hours to minimize
the effects of moistures.

Each mixture of PEEK and IF-WS; nanoparticles (0.1, 0.5, 1 and 2wt.%) was dispersed
in a small volume of ethanol and then homogenized by mechanical stirring and bath
ultrasonication for approximately 10 min. Subsequently, the dispersion was partially dried in
vacuum at 50 °C under a pressure of about 70 mbar for 24 h. The melt-mixing of the resulting
dispersions was performed using a Haake Rheocord 90 system operating at 380°C and a rotor
speed of 150 rpm for 20 min. In order to test the role of the previous preparation step, several
concentrations of IF-WS, were introduced directly with PEEK by melt-mixing without using
ethanol. Then, the samples were pressed as films of 0.5 mm thickness in a hot-press system
using two heating/cooling plates.

2.2. Characterization techniques



Scanning electron microscopy (SEM), Thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC) and simultaneous Small- and Wide-angle X-ray scattering
(SAXS/WAXS) were undertaken to analyze the morphological, thermal and structural
characteristics of the PEEK/IF-WS, nanocomposites. The dispersion of IF-WS; in the PEEK
matrix was characterized using a Philips XL30 ESEM scanning electron microscope (SEM)
equipped with an energy dispersive X-ray (EDX) EDAX superUTW microanalytical
system.The cryo-fractured from film specimens were coated with a ~5 nm Au/Pd overlayer to
avoid charging during electron irradiation. The thermal stability of the nanocomposites was
analyzed by thermogravimetric analysis (TGA) using a Mettler TA-4000/TG-50
thermobalance with a heating rate of 20°C/min from room temperature to 750°C both in
oxidizing (air) and inert (nitrogen) atmosphere. The crystallization and melting behaviour of
nanocomposites were investigated by differential scanning calorimetry using a Mettler
TA4000/DSC30. The experiments were carried out in nitrogen atmosphere using
approximately 12 mg of sample sealed in aluminum pans. Prior to the cooling and heating
scans, the samples were held at 380 °C for 5 min to erase the thermal history of PEEK. Then,
the crystallization of the samples under non-isothermal conditions was carried out by cooling
from 380 to 30 °C. Four different crystallization experiments at cooling rates of at 2, 5, 10 and
15 °C/min were performed. Simultaneous SAXS/WAXS experiments using synchrotron
radiation were performed at the A2 beamline of the HASYLAB synchrotron facility (DESY,
Hamburg). The experiments were performed with monochromatic X-rays of 0.15 nm
wavelength using a germanium single crystal as the dispersing element. The scattering was
detected with a linear Gabriel detector. The sample to detector distance of SAXS was 2360
mm, and for WAXS was 135 mm. The scattering angle of the SAXS pattern was calibrated
with the RTT (rat tail tendon), and that of the WAXS profile was calibrated with a PET

standard. The maximum of the Lorentz-corrected SAXS diffractograms was used to calculate



the long period (L=1/smax) as a function of the temperature. L represents the sum of the
average thickness of the crystal lamellae and of the interlamellar amorphous regions.
Measurements were performed with acquisition time of 30 s (wait time=20 s and read
time=10s).

In addition, a wide range of mechanical testing methods were used to analyze the
mechanical performance of the nanocomposites. The dynamic-mechanical behaviour was
studied using a dynamic mechanical analyzer (Mettler DMAS861). The samples were cut in
rectangular shapes with size of approx. 19.5x4x0.5 mm’ and mounted in a large tension
clamp. The measurements were performed in the tensile mode at various frequencies (0.1, 1
and 10Hz), in a temperature range between -130 and 260 °C with a heating rate of 2 °C/min.
A dynamic force of 6N oscillating at fixed frequency and amplitude of 30 um was used.
Tensile mechanical properties of the nanocomposites were measured with an INSTRON 4204
tester at room temperature 23 + 2 °C and 50 + 5 % relative humidity, using a crosshead speed
of 1 mm/min and a 1 kN compression load cell. Dog-bone specimens (Type V) were
employed, as specified in the UNE-EN ISO 527-1 standard. All the samples were conditioned
for 24 h before the measurements. At least 5 specimens for each type of naocomposite were
tested to ensure reproducibility. Charpy notched impact strength measurements were carried
out using a CEAST Fractovis dart impact tester. A hammer mass of 1.096 kg impacted at a
constant velocity of 3.60 ms” and an energy of 7.10 J on notched specimen bars with
dimensions of length = 33 mm, width = 10 mm, and thickness = 3 mm, with a V-shape notch
of tip radius = 0.25 mm and depth = 2 mm, as described in the UNE-EN ISO 179 standard.
Measurements were performed at room temperature 23 + 2 °C and 50 + 5 % relative humidity.
The presented data correspond to the average value of at least 7 test specimens.

Finally, thermal conductivity experiments were carried out with a THASYS Hukseflux

thermal sensor equipped with a thin heater (THAO1) and a measurement and control unit



(MCU). To eliminate the problem of contact resistance, thin film samples (~0.5 mm thick)
were immersed in glycerol. Thermal conductivity values were calculated from the heat flux
and the differential temperature across the samples. At least 3 specimens for each composition

were tested to report an average value.

3. Results and discussion

3.1. Dispersion of IF-WS; in the PEEK matrix

Nanocomposites can, in principle, incorporate nanoparticles (ej. clays, organoclays, carbon
nanotubes, etc.) in a number of ways including various in situ polymerization, solution, and
latex methods. However, melt processing has involved the greatest interest because this is
generally considered more economical, more flexible for formulation, and involves
compounding and fabrication facilities commonly used in commercial practice."® For most
purposes, the dispersion of individual nanofillers in the polymer matrix is the desired goal of
the formation process. However, this ideal morphology is frequently not achieved. Figure 1
shows SEM images of melt-procesable PEEK/IF-WS, nanocomposites obtained from both
direct and pre-dispersion step in ethanol. It is clearly seen that the pre-dispersion step is an
efficient method for dispersing IF-WS, nanoparticles into the PEEK matrix. The apparent
average size of the individual nanoparticles is about 110 nm, corresponding to a dispersion of
individual IF particles or small clusters of 2-3 particles, which indicates that these
nanoparticles are potential candidates for the preparation of new formulations based on high-
performance thermoplastics like PEEK. Since particle size is an important factor in nucleation
efficiency, proper particle dispersion is of paramount importance in property improvement.
3.2. Thermal stability

Thermogravimetric analysis was performed in order to test the influence of these promising
nanoparticles on the thermal stability of PEEK. The thermogravimetric curves for PEEK and

PEEK/IF-WS, nanocomposites are shown in Figure 2 and the degradation tabulated data are



summarized in Table 1. It can be observed that the thermal stability of PEEK increases with
the addition of IF-WS,, and the decomposition process of the PEEK components seems to be
more complex in the presence of oxygen (i.e overlapping of two degradation steps).”** The
incorporation of the IF-WS; nanoparticles induces a remarkable thermal stabilization of the
polymer matrix, with an increase of the initial degradation temperature (7;) up to 60°C (55°C
in the case of air atmosphere). In the same way, the nanocomposites show a significant
increase in thermal stability, in terms of the maximum degradation rate temperatures (7,)
compared to pure PEEK (e.g. T,, of PEEK increase by 60°C in nitrogen atmosphere).
Moreover, the thermal stability of PEEK/IF-WS;, nanocomposites is also influenced by the
processing route. As shown in Table 1, the TGA temperature values of nanocomposites
incoporating individual nanoparticles are higher than those obtained from direct mixing,
suggesting the effective role of the pre-dispersion step. These results show an important
enhancement in the stability, in different environments, making the PEEK/IF-WS,

nanocomposites highly attractive in critical industrial applications such as aeronautics.

3.3. Crystallization behaviour

The properties of a crystalline polymer including the thermodynamic, spectroscopic, physical
or mechanical ones depend on the details of the structure and morphology that evolve from
the melt. Thus, understanding crystallization mechanisms is a key to understanding properties.
For this reason, the crystallization of the PEEK/IF-WS, nanocomposites under dynamic
conditions was carried out by cooling from 380°C to 30°C at different cooling rates. As the
cooling rate increases, the crystallization exotherm broadens and shifts to lower temperatures
for PEEK and PEEK/IF-WS, nanocomposites. This is directly related to the formation of
smaller crystals with a wider distribution of crystallite sizes. However, the most relevant
observation was the influence of IF-WS; concentration on the crystallization temperature of

PEEK for a particular cooling rate (Figure 3). The addition of low concentrations of IF-WS,



(i.e. less than or equal to 0.5 wt.%) leads to a slight increase in crystallization temperature of
PEEK, which may imply that the nucleation of PEEK crystals is favored by the IF-WS,
nanoparticles. This observation is reproducible for nanocomposites crystallized at different
cooling rates as can be shown in Figure 4 and is quite common compared with the effect of
other nanofillers on polymer crystallization.>*?® It is generally accepted that the addition of
nanoparticles into the polymer matrix favors heterogenous nucleation and thus is expected to
make the molecular chains of polymer matrix easier to crystallize and increase the
crystallization rate of the nanocomposites in contrast to that of neat polymer (i.e. increase of
peak crystallization temperature of polymer matrix). However, the further addition of IF-WS,;
causes a drastic change from promotion to retardation of the crystallization of PEEK, without
variation of the crystallinity (i.e. around 43%). This behaviour is reproducible for the
nanocomposites obtained from direct mixing, which indicates that the variation of the
crystallization rate of PEEK is related to the increase of the concentration of IF-WS,; in
PEEK/IF-WS, (e.g. Tcpeex=311°C, T¢0.1w%=313°C and T w.%=305°C at cooling rate of
10°C.min™"). The decrease in the crystallization temperature of PEEK with increasing IF-WS,
content suggests that IF-WS, does not act as nucleating agent in PEEK/IF-WS,
nanocomposites. In this case, the presence of these nanoparticles may impede the diffusion
and arrangement of the long polymer chains and thereby postpone the overall crystallization
process. Similar behaviour has been reported recently for other formulation like PEEK/nano-
Si0, and compatibilized PEEK/SWNT with polysulfones using a ball milling technique.””**
However, no variation of the crystallization rate of PEEK was observed with increasing
SWNT content for the PEEK/SWNT nanocomposites incorporating pure SWNT as well as
SWNT modified with PEI as a compatibilizer.zg’30

In order to understand the experimental data obtained for the crystallization behaviour

of PEEK/IF-WS, nanocomposites we analysed the DSC curves at different cooling rates in

10



order to determine the kinetic parameters (i.e. nucleation activity, activation energy, etc.). The
physicochemical changes during an exothermic event in DSC are complex and involve multi-
step processes occurring simultaneously at different rates. It is well-known that the
crystallization from the melt-state involves simultaneous nucleation and growth during the
initial stage, while from the region nearer to the crystallization peak the process is mainly
dominated by growth, i.e. nucleation if at all exists becomes negligible from the region nearer
to the crystallization peak and the process becomes isokinetic. Dobreva and Gutzow '
suggested a simple method for calculating the nucleation activity for foreign substrates. It is
known that the nucleation activity (¢) decreases with the addition of fillers. If the foreign

substrate is extremely active, @ approaches 0, whilst for inert particles, ¢ approaches 1. For

homogeneous nucleation, the heating rates can be written as:

Ing=A4- B 5 (1)
AT,
while for the heterogeneous case,
B*
Ing=A4- 2
¢ AT’ 2)
B*
=— 3)
v B

where ¢ is the heating rate, 4 is a constant, and A7), is the difference between the melting
temperature and the temperature corresponding to the peak temperature of the DSC cold-

crystallization curves. B is a parameter that can be calculated from the following equation:

3172
wc’V

=2 T 4)
3nk,T AS’

where @ is a geometrical factor; o is the specific energy, ¥V, is the molar volume of the
crystallizing substance, n is the Avrami exponent, AS,, is the entropy of melting, kg is the

Boltzman constant and 7, is the infinite crystal melting temperature. Therefore, the

nucleation activity ¢ was simply calculated by the ratio of the slopes of log ¢ vs. 1=AT" with
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and without IF-WS; filler by using eqgs. (1) and (2). From the slopes of these lines, the values
of B and B* can be calculated as shown in Figure 5. The addition of low concentrations of IF-
WS, (i.e. less than or equal to 0.5 wt.%) reduces the values of ¢, which indicates that [F-WS,
was acting effectively as a nucleating agent in the PEEK matrix. However, the further
addition of IF-WS, leads to a negative effect on the nucleation process because their values
are close to 1 (i.e. 1 and 1.2 for nanocomposites with 1 and 2 wt% of IF-WS,), implying that
IF-WS; is not nucleating the PEEK matrix. This dependence of the nucleating activity of IF-
WS, on the PEEK matrix justifies the variation of the crystallization temperature of PEEK
with the content of [F-WS, (Figures 3 and 4).

On the other hand, the crystallization activation energy, or effective energy barrier AE,
can be used to estimate the growth ability of the chain segments. The higher AE, the more
difficult is the transport of macromolecular segments to the growing surface. Considering the
variation of the peak temperature 7, with the heating rate ¢, AE could be derived from the

Kissinger equation through eq. 5:*°

ln(i) =Constant - AL
T? RT

p p
where R is the universal gas constant, the rest of the parameters being described previously.

)

From the plots of /n (¢/T, pz ) vs. 1=T,, the values of AE for PEEK/IF-WS, nanocomposites can
be calculated (Figure 6). In the same way, the values of AE evidenced by Kissinger analysis
are also a unique manifestation of the composition-dependent crystallization behaviour of
PEEK. A drastic change from crystallization promotion (low AFE) to crystallization retardation
(higher AF) is observed as a function of the IF-WS, content. In this case, the increase in the
AE indicates that the transport of the macromolecular segments to the growing surface of

PEEK in the nanocomposite is difficult and crystallization is slower because of the inactive

nucleating role of IF-WS; nanofillers.
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To verify if the variation in the crystallization characteristics is accompanied by the
modification of the crystalline structure of PEEK, we have monitored the crystallization
process by in situ real-time SAXS/WAXS experiments using synchrotron radiation. Figure 7
shows the WAXS diffractograms recorded during the cooling process at a rate of 10°C/min
for PEEK/IF-WS;, (2wt.%). The main Bragg reflections of the orthorhombic structure of
PEEK are observed at 26 angles of 18.7°, 20.6° 22.9° and 28.8°, associated to the diffraction
of the (110), (111), (200) and (211) crystalline planes, respectively.**”> The peaks in WAXS
patterns of PEEK appear as soon as the material attains an appreciable degree of crystallinity.
The appearance of these peaks relates well to the crystallization temperature calculated from
DSC curves (Figure 3). However, the crystalline structure of PEEK appears unchanged with
the addition of IF-WS,. Therefore, the changes in the crystallization parameters must be
assigned to the nucleating efficiency of the IF-WS; nanoparticles. In addition to the above
WAXS observation, the long period (L) values of PEEK in the nanocomposites have been
obtained from the scattering maxima of real-time SAXS measurements. As an example,
Figure 8 presents the temperature-evolution of the long period (L) of PEEK and its
nanocomposites obtained during cooling. If one takes into account the particle size of IF-WS;
and the L values obtained, it seems evident to suggest that IF-WS, is absent from the
interlamellar spaces of the PEEK crystals. Also, from the results of the L data, the possible
role of the IF-WS; on the variation of thickness of the crystal lamellae of PEEK can be
investigated. As noted previously, L can be considered as the sum of the average thickness of
the crystal lamellae and of the interlamellar amorphous regions. In addition, the parameter L
and the crystallinity can also be used as a simple approximation to calculate the average
thickness of the crystal lamellae of PEEK. Therefore, the increase of L value obtained at room

temperature of the nanocomposite with 2wt.% of IF-WS; could be connected to the increase
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of the size of the crystallites of PEEK in the PEEK/IF-WS, nanocomposites, or in other

words, the formation of more perfect crystals due to the reduction of the crystallization rate.

3.4. Mechanical performance
3.4.1. DMA measurements
Dynamic tests over a wide range of temperature and frequency are especially sensitive to all
kinds of transitions and relaxation processes of the matrix and also to the morphology of the
composites. An analysis of the storage modulus and fan 6 curves is very useful in ascertaining
the performance of a sample under stress and temperature. Figure 9 shows the effect of the IF-
WS, content on the storage and loss factor of PEEK. It is well-known that the dynamic
storage modulus is very important in many structural applications. A clear understanding of
the storage modulus-temperature curve obtained during a dynamic mechanical test provides
valuable insight into the stiffness of a material. In the glassy region, the components are in a
frozen state, i.e., highly immobile. In such a state, there exists a close and tight packing
resulting in high modulus. As temperature increases the components become more mobile and
lose their close packing arrangement. As a result in the rubbery region, there is a significant
change in modulus. When the IF-WS, nanoparticles are incorporated the stiffness of
nanocomposites increases, resulting in higher storage modulus that the PEEK matrix. Thus, at
room temperature, the addition of 0.1, 0.5, 1 and 2 wt.% IF-WS, increases the storage
modulus of the pure polymer (~ 4 GPa) by about 7, 16, 25 and 31%, respectively. The highest
increment percentage obtained in these systems was observed for compatibilized
PEEK/SWNT nanocomposites with 1wt.% of SWNT.**® However, the direct inclusion of 0.1
and 1 wt.% IF-WS; has less reinforcing effect and only increased the modulus by ~2 and
18%, respectively (Figure 10).

The evolution of the loss factor (tand) as a function of temperature for PEEK and the

nanocomposites is also shown in Figure 9.b. Several relaxation peaks can be observed:* the
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maximum at lower temperatures (S relaxation) is related with local motions of the ketone
groups, and the most intense peak (a relaxation) corresponds to the 7, of the materials (~148
°C for pure PEEK). The incorporation of nanoparticles results in a small reduction of the loss
factor magnitude over the whole temperature range. With increasing IF-WS, content, all
relaxation peaks broaden and shift to higher temperatures. The addition of 0.1, 0.5, 1 and 2
wt.% IF-WS; increases T, of the matrix by about 2, 6, 13 and 17 °C, respectively, whereas the
direct integration of 0.1 and 1 wt.% IF-WS, without the use of the pre-dispersion step (Figure
9.b) only rises it by 0.5 and 9°C, respectively. In general, it has been established that the shift
of T, results from the contribution of the interaction between the dispersed phase and the
matrix and the volume fraction of the resulting interface. Therefore, the remarkable
temperature increment in the systems prepared by the combination of ball-milling and
mechanochemical pre-treatments in ethanol could be ascribed to the strong interaction
induced by the improved filler dispersion and adhesion with the matrix attained by this
procedure. On the other hand, the area and the magnitude of the « loss tangent peak is a
reflection of polymer chain motion of amorphous phase. It can be observed from the figure
that the height of the loss peak decreases with increasing nanoparticle concentration, pointing
out this reduction in mobility caused by the addition of the IF-WS, nanoparticles. Moreover,
the area under the loss peak is indicative of the energy dissipated in the viscoelastic
relaxations. Samples containing small nanoparticle contents present similar area than the pure
matrix. However, further increase in the concentration decreases this area, being the
diminution about 18% for composites including 2 wt.% IF-WS, content. This decrease is less
pronounced for nanocomposites prepared by direct mixing, indicating that the combination of
melt-blending with a pre-mixing stage in an organic solvent improves the material stiffness

without a detriment in its ability to dissipate energy.

3.4.2. Room temperature tensile tests
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Figure 11 shows the more representative tensile tests of PEEK/IF-WS, nanocomposites and
the tabulated data are summarized in Table 2. As shown in Figure 11.a, all the studied
materials present a linear elastic behavior at the beginning of tensile tests. The incorporation
of nano-fillers increases the Young’s modulus of PEEK (4.1 GPa) by an average of 8, 19, 30
and 35% for loading fractions of 0.1, 0.5, 1 and 2 wt%, respectively (Figure 11.b). In contrast,
for composites prepared by direct mixing, the increments were only 5, 23% for 0.1 and 1 wt%
IF-WS,. The improved behaviour found for the former nanocomposites is attributed to a more
efficient dispersion, hence larger interfacial area filler-matrix, as indicated by SEM
observations. Our results reveal a non-linear growth of the modulus with the filler content, the
increase being more pronounced at low concentrations, in agreement with the behavior
reported for PEEK composites reinforced by SWNT>’ and nano-sized SiO, particulates.”’ The
highest increment percentage obtained in these systems was observed for PEEK/SWNT
(1wt.%) nanocomposites compatibilized with polysulfones (e.g. Epgrx ~ 4.1GPa, Epgp/iwtos ~
5.5 GPa)’” as well as PEEK nanocomposites incorporating higher concentration of inorganic
nanoparticles (e.g. Epeex ~ 3.9 GPa and Epgek/10wt.% 30nm o3 ~ 5 GPa).*®

Focusing on the tensile strength (Figure 11.c), experimental data reveal a continuos
enhancement with increasing nanoparticle content. It increased by about 2, 6, 9, 14% for
composites including 0.1, 0.5, 1 and 2 wt.% IF-WS,; content in comparison to the pure PEEK
(~129 MPa). However, in the studied range, the incorporation of nano-SiO; does not result in
a pronounced modification in the tensile strength of PEEK.”’On the other hand, the
incorporation of IF-WS, does not result in a significant modification of the strain at yield for
most of the samples tested. Moreover, the strain at break (~12% for pure PEEK) slightly
decreases up to loading fractions of 0.5 wt%, although drops by about 36% for samples
containing 2 wt.% nanoparticle loading, indicating that higher filler contents restrict the

ductile flow of the matrix (Figure 11.d). Nevertheless, this restriction is considerably less
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drastic than the observed in PEEK composites reinforced with inorganic nanoparticles, where
1 wt.% of Si0, and Al,Os reduced the strain to failure by about 70 (i.e. from 9.5 to 3%) and
40% (i.e. from 12 to 7%), respectively.”””® In the case of samples prepared by direct
integration of the nanoparticles, the tensile failure elongation shows a strong drop (close to
35%) for 1 wt% particle loading. The drawn process is considerably more limited in these
samples, probably presumably due to a small degree of particle agglomeration, which strongly
obstructs the plastic deformation of the matrix.

The area under the tensile curve is a measure of the toughness of the system. In the
nanocomposites containing well-dispersed IF-WS,, this area was maintained up to loading
fractions of 0.5 wt.%, and then decreased slightly, being the reduction ~14 and 21% for
samples loaded with 1 and 2wt.% IF-WS,. However, for samples prepared by direct mixing
containing 1 wt.% loading, the reduction is considerably stronger, close to 40%. Overall, the
strength and toughness of the composites seem to be very sensitive to the state of dispersion of

the filler, and improve significantly in the samples prepared by dispersion in ethanol.

3.4.3. Charpy impact tests

Charpy notched impact strength measurements were carried out at room temperature to obtain
more information about the toughness of the nanocomposites, and the results are also
collected in Table 2. The incorporation of 0.1 and 0.5 wt.% IF-WS, nanoparticles increases
the impact strength of PEEK (~6 kJ/m?) by 20 and 7%, respectively, while higher loadings
lead to a decrease of the toughness, being the reduction nearly 25% for samples including 2
wt.% IF-WS, content. However, for nanocomposites prepared by direct mixing, the decrease
was considerably stronger, consistent with the lower degree of plastic deformation of these
composites as revealed by the tensile tests. This dependence of the impact strength on the IF-
WS, content and the different behaviour found for samples prepared by different procedures

is in agreement with the analysis of the areas under the tensile curves. Furthermore, it is also
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consistent with the trends observed from the area under the loss factor peaks, since it is
related to the energy dissipated in the viscoelastic relaxations, and any molecular process that
promotes energy dissipation improves the impact resistance of the polymer.

As known, the shape, size, state of dispersion of the filler and its interfacial adhesion
with the matrix strongly condition the rate of energy absorption, hence the impact properties of
polymer nanocomposites.®?’”* The toughness of PEEK/IF-WS, nanocomposites improved
noticeably by the mechanochemical pre-treatments in ethanol, due to the more homogeneous
filler dispersion which minimizes the stress concentration nuclei, as well as the enhanced
interfacial adhesion that prevents the propagation of cracks. The incorporation of low content
of other inorganic nanoparticles increased the tensile modulus of PEEK with the sacrifice of
the matrix toughness and ductility. In contrast, the addition of IF-WS, provided a good balance
between the stiffness and toughness. Moreover, the improvements in mechanical properties
attained at 2 wt.% IF-WS, content are similar to those achieved in composites including 1
wt.% SWNT. This is highly interesting, since the inclusion of much cheaper nanoparticles in
comparison to CNTs can lead to analogous enhancement in the strength and impact properties

of these composites.

3.5. Thermal conductivity

In order to analyze the influence of the nanoparticles on the thermal conductivity of PEEK,
room temperature measurements were performed as a function of the IF-WS, content for all
nanocomposites tested (Figure 12). The thermal conductivity is an important parameter that
limits the cycle times in industrial injection processes. The thermal conductivity of PEEK
(0.23 W m'K™) raises progressively with increasing nanoparticle loading being the increment
around 10, 27, 41 and 52 % for samples including 0.1, 0.5, land 2 wt.%IF-WS,. In contrast,
for those prepared by direct mixing, the improvements for 0.1 and 1wt% were only 5 and 30

%, respectively. This indicates that the thermal conductivity is sensitive not only to the filler

18



concentration but also to the state of dispersion of the filler. Similar trends were reported for
PEEK/SWNT nanocomposites, although the improvements were larger in those samples,
probably due to the larger conductivity of SWNTs in comparison to these nanoparticles.’*’
The increase of the thermal conductivity of PEEK in PEEK/IF-WS, nanocomposites can lead

to a reduction in cycle times and therefore to greater processing efficiency during melt

processing techniques like injection moulding process.

Conclusions.

In summary, we have demonstrated how IF-WS, nanofillers enable the preparation of
advanced PEEK nanocomposite materials combining inorganic (which are known to be
environmentally safe) and high-performance thermoplastic polymer using advantageously
traditional melt processing technique (i.e. low-cost method). Bridging the surface energy gap
between inorganic and organic constituents in composites has traditionally been achieved by
chemical additives. Our present study shows how a pre-dispersion processing step based on
ball milling and mechanical treatments in organic solvent makes possible the integration of
the IF WS, in the polymer matrix. This strategy provides a strong interaction induced by the
improved filler dispersion and adhesion with the matrix attained by this procedure. An
unprecedented shift in the initial degradation temperature of over 20°C is obtained for PEEK
at only 0.1wt.% of IF-WS,, and with 2wt.% there is an improvement of nearly 60°C under
nitrogen atmosphere (55°C in the case of air atmosphere). In the same manner, the
incorporation of IF-WS, leads to an increase in the thermal conductivity of PEEK. On the
other hand, dynamic mechanical analysis reveals a remarkable increase of the modulus and
glass transition temperature of PEEK with the addition of IF-WS; due to the strong PEEK-
particle interactions. However, the increase of concentration of [F-WS, leads to modifications
of the crystallization behaviour of the PEEK. The nucleation activity and effective energy

barrier confirmed the unique dependence of the crystallization behaviour of PEEK on
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composition. However, crystallinity and crystal structure of PEEK appear unchanged with
addition of IF-WS,. The overall mechanical performance demonstrates a good balance
between the impact strength and stiffness of PEEK/IF-WS, nanocomposites as a lightweight

alternative for use in critical applications, particularly for the aircraft industry.
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Table 1. TGA data under nitrogen and oxygen atmosphere of PEEK/IF-WS; nanocomposites

obtained during heating at 20°C/min. The displayed temperatures are T;: initial degradation

temperature obtained at 2% weight loss; Tjo:

temperature corresponding to the maximum rate of weight loss.

IF-WS, Air Nitrogen
content
(%)
i TIO TmrI,II Ti TIO Tmr

) S S ) S S
0 478 520 528/586 516 541 554
0.1 499 532 540/603 535 559 573
0.5 519 551 559/618 548 572 588
1 537 567 575/628 565 586 599
2 533 579 585/633 575 594 613
0.1 486 527 532/597 527 548 562
1" 521 558 563/620 552 580 591

" Nanocomposites obtained from direct mixing.

temperature for 10% weight loss and Ty,
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Table 2. Mechanical parameters derived from the room temperature tensile and charpy impact
tests of PEEK/IF-WS, nanocomposites. £: Young’s modulus, o,: tensile strength at yield, ,:
strain at yield, op: tensile strength at break, e;: strain at break, F: impact force and Echarpy:

impact strength.

IF-WS, Tensile tests Charpy impact tests
content
(%)
E Oy &y Op €p F Echarpy
(GPa) (MPa) (%) (MPa) (%) N) (kJ/m?)
0 41+£0.1 129+1 40+0.1 106+1 11.8+0.2 590 =20 59+04
0.1 45+0.1 132+1 3.8+£0.1 1091 11.6+04 720 + 30 7.1+£0.9
0.5 49+0.1 135+1 3.7+£0.1 112+1 10.5+£0.5 730 =50 6.3+0.8
1 53+£0.1 139+£2 34+£0.1 115=+1 093+04 630 +20 52+0.5
2 5602 147=+1 3602 125+1 07.6+0.5 685 =30 44+09
0.1" 43+0.1 131+2 39+£0.1 109+2 11.2+£0.3 48060 6.0+1.0
1" 51+£0.2 138=+1 35+£0.1 1152 08.7+0.3 555+40 4.0+1.0

*Nanocomposites obtained from direct mixing.
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Figure Captions.

Figure 1. Melt-procesable PEEK/IF-WS, (1wt.%) nanocomposites obtained from both (a)
direct and (b) pre-dispersion step in ethanol.

Figure 2. TGA curves of PEEK/IF-WS, nanocomposites (a) in nitrogen and (b) oxygen
atmospheres.

Figure 3. DSC thermograms of dynamic crystallization of PEEK/IF-WS, nanocomposites
from melt to room temperature at 10°C/min.

Figure 4. Crystallization temperatures of PEEK/IF-WS, nanocomposites obtained at various
cooling rates.

Figure 5. Variation of the nucleation activity of IF-WS; with concentration for PEEK/IF-WS,
nanocomposites.

Figure 6. Variation of the effective energy barrier of PEEK crystallization with IF-WS,
concentration for PEEK/IF-WS, nanocomposites.

Figure 7. WAXS diffractograms of dynamic crystallization PEEK/IF-WS, (2wt.%) obtained
during cooling at 10°C/min.

Figure 8. Long period (L) values of PEEK/IF-WS, nanocomposites obtained during cooling
at 10°C/min.

Figure 9. Dynamic mechanical analysis of PEEK/IF-WS, nanocomposites: (a) storage
modulus versus temperature and (b) loss tangent versus temperature.

Figure 10. Room temperature values of storage modulus of PEEK/IF-WS, nanocomposites
obtained at the frequency of 1 Hz versus IF-WS, concentration. (*) nanocomposites obtained
from direct mixing.

Figure 11. Tensile properties of PEEK/IF-WS; nanocomposites versus IF-WS, concentration:
(a) representative stress—strain curves, (b) Young’s modulus, (c) tensile strength and (d) strain

at break.
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Figure 12. Thermal conductivity of PEEK/IF-WS, nanocomposites versus IF-WS,

concentration.
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Figure 7.
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