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Polyetherketones, PEKs, are an important family of high-
performance thermoplastic materials that display a unique combi-
nation of toughness, stiffness, thermooxidative stability, chemical
and solvent resistance, flame retardancy, and retention of physical
properties at high temperatures. A relevant step forward in the
development of these materials has been the recent incorporation
of nanofillers to extend their utility in advanced technological
applications. This review provides an extensive overview of the
research on PEK-based nanocomposites with a special emphasis
on both carbon-based nanofillers, such as nanotubes or nanofibers,
and inorganic nanoparticles. Nanocomposites can be fabricated by
simple, low-cost conventional techniques such as extrusion and
compression molding, generally combined with pre-processing
stages involving mechanochemical treatments in organic solvents.
Different strategies employed to efficiently incorporate carbon
nanofillers into these matrices, including polymer functionaliza-
tion, covalent grafting and nanofiller wrapping in compatibilizing
systems are described. The analysis of the influence of the prepara-
tion and processing conditions as well as the nanofiller type, attri-
butes and loading on the structure and properties of the resulting
materials is also considered. Composites incorporating carbon
nanofillers display remarkably improved thermal stability, electri-
cal and thermal conductivity as well as mechanical property
enhancements compared to the neat polymers. On the other hand,
the incorporation of inorganic nanoparticles such as WS2, SiO2 or
Al2O3 significantly enhances the tribological properties of the
matrix, mainly the coefficient of friction and wear resistance.
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Finally, current and potential applications of these multifunctional
nanocomposite materials in fields such as medicine, telecommuni-
cations, electronics, aerospace, automobile and chemical industries
are described.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The field of nanocomposite materials, currently an area of intense activity, promises to have
far-reaching impact in our society. Amongst the extraordinary range of developing research lines,
the introduction of nanofillers into polymers in order to impart specific and noticeable property
improvements is still demonstrating important advances [1,2]. These nanocomposite materials exhibit
significant enhancements in mechanical, electrical and thermal properties that are difficult to achieve
using conventional fillers such as carbon, glass, or aramid fibers, and are currently applied in marine,
automobile, aeronautical, aerospace and other engineering applications [3,4] that demand an excellent
combination of mechanical and thermal properties. An important aspect of these nanocomposites is
that property improvements are attained at very low reinforcement loadings (typically 65 wt.%),
and strongly depend on the degree of nanofiller dispersion and the nanofiller–matrix interfacial
adhesion [5,6].

High-performance semicrystalline thermoplastic polymers such as aromatic polyetherketones,
PEKs, are ideal candidates as matrices in nanocomposite materials due to their unique combination
of high glass transition temperature (Tg), stiffness, strength, toughness, chemical and solvent
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resistance, thermooxidative stability, flame retardancy, low dielectric constant, retained properties at
very high temperatures, long storage periods and recyclability [7–9]. PEK based nanocomposites can
be manufactured by simple and low-cost conventional polymer processing techniques such as extru-
sion and compression molding, frequently combined with pre-processing stages such as mechano-
chemical treatments in organic solvents. In order to close the gap between the high expectations of
these materials and the technologically interesting improvements that can further increase their
applications portfolio, optimum nanofiller dispersion and improved load transfer ability from the ma-
trix to the nanoreinforcement must be achieved. In this respect, different methods have been devel-
oped to efficiently incorporate nanofillers into these matrices; in the case of carbon nanofillers,
strategies such as polymer functionalization [10], covalent grafting [11] and nanofiller wrapping in
compatibilizing systems [12,13], discussed here, have been reported to improve the performance of
PEK based nanocomposites and to establish a basis for future developments.

The objective of this review is to provide a comprehensive discussion of the recent research from
numerous groups on the development of high-performance nanofiller-reinforced PEK composites,
focusing on those incorporating carbon-based nanofillers (nanotubes, nanofibers) and inorganic nano-
particles, and including the most innovative preparation and incorporation strategies. Details on the
characterization of these nanocomposite materials and a comparative assessment of the physical
and mechanical properties obtained have been elaborated. Finally, current and potential applications
have been considered.
2. Structure and properties of PEKs

PEKs are an important family of high-performance semicrystalline thermoplastic polymers with
excellent thermal and mechanical properties [7–9] as well as good chemical resistance and low mois-
ture absorption [14] that defines them as engineering materials with high-quality applications. They
generally have Tg values in the range of 140–165 �C, and high melting temperature (Tm), between 335
and 380 �C. These polymers are insoluble in most common solvents at room temperature, with the
exception of strong protonating acids such as concentrated sulfuric, hydrofluoric, methane sulfonic
and trifluoro methane sulfonic acids [9,15]. PEKs can be transformed from the melt to glassy or semi-
crystalline states, depending on the cooling conditions, and can be obtained in the semicrystalline
state by heating from the glassy state or by slow cooling from the melt [16]. The thermal history
has a fundamental influence on the mechanical properties of PEKs, e.g. impact resistance, yield stress,
fracture toughness, etc., since these are highly dependent on the degree of crystallinity and crystalline
morphology of the polymers [17]. The tensile moduli of these materials range from 2.0 to 4.5 GPa at
25 �C and decrease at higher temperatures (100–200 �C). Some of their properties are compared to
those of other engineering thermoplastics in Table 1 [9,17–20].
Table 1
Properties of some engineering thermoplastics. Data extracted from Refs. [9,17–20].

Property PEEK PEK PEKK PAEK PPS PEI PES

Density (g/cm3) 1.30 1.30 1.30 1.40 1.36 1.27 1.37
Tg (�C) 143 165 156 147 85 217 192
Tm (�C) 340 373 338 310 285 _ _
Processing temperature (�C) 380 400 370 350 320 343 330
Crystallinity (%) 30 _ 26 20 36 _ _
Melt viscosity (Pa s) 1000 700 2500 500 200 _ _
Tensile modulus (GPa) 3.8 4.0 4.5 2.0 2.2 3.9 2.41
Tensile strength (MPa) 103 105 102 70 80 104 76
Tensile elongation (%) 12 5 4 4.3 15 25 7
Fracture energy (kJ/m2) 2.0 _ 1.0 _ 1.2 2.5 3.0
Limiting oxygen index (%) 35 40 _ _ 44 47 38
Maximum service temperature (�C) 260 260 _ _ 200 170 180
HDT (�C) 156 186 _ _ 136 210 241

Nomenclature: PEEK: poly(ether ether ketone); PEK: poly(ether ketone); PEKK: poly(ether ketone ketone); PAEK: poly(aryl
ether ketone); PPS: polyphenylene sulfide; PEI: polyetherimide; PES: poly(ether sulfone).
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PEKs are generally synthesized by an aromatic nucleophilic substitution reaction of activated aryl
dihalides with aromatic diphenolates or by Friedel–Crafts acylation of aryl ethers.

In 1962, Bonner [21] at DuPont was the first to report the synthesis of low-molecular weight aro-
matic poly(ether ketone ketone) (PEKK) (Fig. 1a) by Friedel–Crafts acylation. Isophthaloyl chloride was
condensed with diphenyl ether using an aluminum trichloride catalyst in nitrobenzene solvent. This
semicrystalline thermoplastic exhibits very high tensile modulus (4.5 GPa), good flammability charac-
teristics, high chemical resistance to hydraulic fluids, good durability, and property retention at ele-
vated temperature when saturated with moisture. Later poly(ether ketone) (PEK) (Fig. 1b) was
prepared in a similar manner by self-condensation of p-phenoxybenzoyl chloride in methylene chlo-
ride solvent [22]. It was first commercialized by Raychem Corporation with the trade name Stilan be-
tween 1972 and 1976 and subsequently by Imperial Chemical Industries (ICI) in 1984 with the trade
name Victrex. It exhibits a Tg at around 165 �C, a very high heat deflection temperature, good tensile
and flexural properties as well as excellent chemical and radiation resistance.

Johnson et al. [23] reported the first attempt to synthesize poly(ether ether ketone) (PEEK) by poly-
condensation of bisphenolate with activated dihalides using DMSO as solvent and NaOH as base. High
molecular weight polymers were difficult to obtain due to their crystallinity and insolubility in DMSO.
To circumvent the solubility problem Attwood et al. [9] used diphenyl sulfone as solvent, and the
polymerization was carried out close to the melting point. Using this method Victrex PEEK was
commercialized by ICI in 1982, and was developed primarily as a coating and insulating material
for high-performance wiring. It has also use in aerospace, military, nuclear plants, chemical process
equipment and oil-well applications. PEEK has excellent abrasion resistance and absorbs much less
water than many thermoplastics, possesses excellent chemical and hydrolysis resistance, and can
Fig. 1. Chemical structure of some members of the poly(ether ketone) family: (a) poly(ether ketone ketone) (PEKK);
(b) poly(ether ketone) (PEK); (c) poly(ether ether ketone) (PEEK).



1110 A.M. Díez-Pascual et al. / Progress in Materials Science 57 (2012) 1106–1190
be utilized in steam or high pressure environments without any detrimental effects on properties
[24,25]. It exhibits very low flammability, and when burning gives off low levels of smoke and toxic
gas. PEEK has excellent high-temperature properties because of its stiff backbone chain with the re-
peat unit (Ø–O–Ø–O–Ø–CO) (Fig. 1c), and can be used continuously at 200 �C.

All PEKs display a similar crystal structure, corresponding to an orthorhombic unit cell, albeit with
differences in axis dimensions (nm) [16,26]: PEKK: a = 0.769, b = 0.606, c = 1.016; PEEK: a = 0.783,
b = 0.594, c = 0.986; PEK: a = 0.776, b = 0.601, c = 1.001, where c is the direction of the polymer back-
bone. The phenyl rings are inclined in an alternating manner in relation to the backbone plane, and the
inclination angle lies in the range 37–40�. There are two chains per unit cell, and the symmetry cor-
responds to the spatial group Pbcn.
3. Carbon based nanocomposites

3.1. Carbon nanotube reinforced nanocomposites

Carbon nanotubes (CNTs) are one dimensional, nanoscale carbon-based materials that possess very
large aspect ratio (ca. 300–1000), low mass density (�1.8 g/cm3), high flexibility and exceptional
mechanical, electrical and thermal properties [27], which make them excellent candidates for the fab-
rication of multifunctional nanocomposites. Their particularly high Young’s modulus up to 1.2 TPa,
and tensile strength in the range of 50–200 GPa, makes them the strongest and stiffest materials on
earth and, in principal, ideal candidates for polymer reinforcement. CNTs can be divided into two main
groups: Single-walled carbon nanotubes (SWCNTs) are comprised of a single graphene layer rolled up
into a seamless cylinder with a diameter in the range of 0.7–3 nm, closed at both ends by a hemispher-
ical cap formed by the replacement of hexagons with pentagons that induce curvature in the graphitic
sheet; and multi-walled carbon nanotubes (MWCNTs), composed of more than two coaxial cylinders,
each rolled out of single sheets, separated by approximately the interlayer spacing in graphite; the
outer diameter of the MWCNTs can vary between 2 and 40 nm. Both types of CNTs can be synthesized
using different methods, which can broadly be classified into two categories [28]: high-temperature
evaporation using arc-discharge or laser ablation, and gas-phase catalytic growth from carbon mon-
oxide or chemical vapour deposition (CVD) from hydrocarbons. The products of the high-temperature
routes tend to be highly crystalline, with low defect concentration, although they tend to contain
undesirable carbonaceous impurities. The main contaminants in CVD materials are residual catalyst
particles.

The successful utilization of CNTs in composite applications depends on their homogenous disper-
sion throughout the matrix. Another challenge is to achieve a strong CNT–polymer interfacial adhe-
sion, hence an effective load transfer, a pre-requisite to obtain materials with enhanced mechanical
properties. However, two fundamental issues must be taken into account when dealing with this type
of nanofillers. Firstly, the strong tendency for agglomeration of the CNTs, in particular SWCNTs that
are generally encountered as bundles of aligned tubes, and secondly, the persisting impurities that
accompany the CNTs, such as metallic catalyst particles and carbonaceous fragments (amorphous
and crystalline carbon beads). The most commonly employed purification method consists in oxida-
tion of the CNTs with strong acids [29] such as nitric, sulfuric or a mixture of both. Nevertheless, this
approach introduces defects into the tubular framework that can have an adverse effect on their
mechanical properties and/or disrupt the electronic continuum, reducing surface electrical and ther-
mal conductivities, and can produce significant damage such as sidewall opening or tube breakage
[30]. The design of effective methods for fabricating PEK/CNT nanocomposites is required in order
to address the aforementioned challenges.
3.1.1. Common strategies to incorporate CNTs in PEK matrices
Several methods have been reported for the preparation of thermoplastic/CNT nanocomposites

[31], including solution mixing, sonication, melt-compounding and in situ polymerization. However,
in the case of PEKs, processing via solution techniques is very difficult due to their insolubility in
common organic solvents at room temperature. Consequently, the melt-blending process is the most
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frequently used for the integration of CNTs in PEK matrices. The following sections describe in detail
the strategies employed to incorporate different types of nanotubes into these polymers.
3.1.1.1. In situ polymerization and covalent grafting to CNTs. The very first attempt to prepare nanocom-
posites with PEKs covalently anchored to carbon nanotubes (or carbon nanofibers) was reported by Oh
et al. [11], based on the in situ polymerization of the polymer chains in the presence of dispersed
nanofillers (Fig. 2). The synthetic method comprised of an electrophilic substitution reaction initiated
onto the surface of the nanotubes by an AB or AB2 monomer derivated from phenoxy benzoic acids, in
the presence of polyphosphoric acid (PPA) and P2O5 [11]. The process was carried out under a flow of
inert gas and continuous high torque mechanical stirring. The participation of P2O5 as a dehydrating
agent allowed the Friedel–Crafts reaction with PPA to undergo more efficiently. PPA is a mild and vis-
cous medium that promotes the protonation of the nanotubes without damaging their structure due
to its moderate acid nature, and avoids nanotube reaggregation after dispersion achieved by shear
force. The resulting PEK-g-MWCNT nanocomposites were easily processed by conventional molding
techniques. However, these nanocomposites were difficult to handle due to their poor solubility. To
resolve this issue, three-dimensional globular hyperbranched PEK molecules (HPEK) were grafted onto
MWCNTs [32], leading to composites soluble in common polar aprotic solvents as well as in concen-
trated ammonium hydroxide. By tuning the initiating monomer, e.g. including flexible oxyethylene
spacers [33], composites with lower transition temperatures were obtained that could be conve-
niently processed at lower temperatures for advanced applications such as structural additives. Using
a similar in situ polymerization approach, Jain et al. [34] covalently grafted PEK onto few-wall carbon
nanotubes (FWCNTs), and fibers with a weight ratio in the range of 99/1 to 80/20 were processed by
dry-jet wet-spinning. In this case a PEK-g-FWCNT/PPA solution was placed into a barrel, extruded
through a single-hole spinneret equipped with filter, and then passed through a water coagulation
bath at room temperature. The as-spun fiber was kept immersed in water for several days to remove
residual PPA, and subsequently drawn at 200 �C to various draw ratios.

The aromatic electrophilic substitution method is difficult to scale up, and specific monomers must
be employed to obtain high molecular weight polymers. Nucleophilic substitution reactions are gen-
erally more preferable, because of the availability of suitable monomers, the non-corrosive reaction
media and the operational convenience in conducting the synthesis. Du et al. [35] reported the prep-
Fig. 2. Schematic representation for the in situ polymerization of phenoxybenzoic acid monomers with MWCNTs or VGCNFs to
yield PEK-g-MWCNT or PEK-g-VGCNF nanocomposites. Reprinted from Ref. [11], copyright 2006, with permission from Elsevier.
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aration of PAEK-g-MWCNT nanocomposites by this method. The process involved the in situ polymer-
ization of phenolphthalein and difluorobenzophenone monomers in the presence of acylated
MWCNTs. The acyl groups reacted with phenolphthalein through the formation of ester bonds; the
nanocomposites were dissolved in DMF, stirred and cast onto glass substrates maintained at a con-
trolled temperature in an oven. The resulting films were optically transparent, confirming that the
MWCNTs were homogeneously dispersed in the PEK matrix. Moreover, the viscosity of the nanocom-
posites increased rapidly with nanotube loading, highlighting the crosslinking effect of the acyl
groups.

Another approach to covalently attach CNTs to PEKs is based on the chemical modification of the
polymer which allows further covalent interaction with functionalized nanotubes. Babaa et al. [36]
proposed a route to covalently graft commercial MWCNTs by using this method. PEEK dissolved in
concentrated H2SO4 produced sulfonated PEEK (SPEEK) with functionalization yields of 70%. MWCNTs
covalently functionalized with terminal amine groups were grafted to SPEEK by prolonged stirring of
both components in DMF at 40 �C. The reaction generated sulfoamide groups that linked MWCNTs to
the PEEK matrix. This covalent anchoring was demonstrated by near edge X-ray absorption fine struc-
ture spectroscopy (NEXAFS) and X-ray photoelectron spectroscopy (XPS), and the interactions be-
tween SPEEK and the MWCNTs were investigated using solid state nuclear magnetic resonance (13C
NMR) [37]. Other works have reported the covalent grafting of a hydroxylated PEEK derivative
(PEEK-OH) onto the surface of acid-treated SWCNTs [38,39]. The synthesis of PEEK-OH was carried
out by selective carbonyl reduction in NaBH4 [10], leading to a degree of hydroxylation of 37%. The
grafting reaction was performed following two different procedures [38]. In the first approach,
PEEK-OH and oxidized SWCNTs were simultaneously dispersed in DMF, and the mixture was stirred
under nitrogen at 40 �C for 68 h. The second procedure was carried out in two steps. Firstly, acid-trea-
ted SWCNTs were reacted with SOCl2 to yield acyl-chloride-functionalized SWCNTs. Secondly, the
acylated nanotubes were added to a polymer suspension in DMF and the mixture was maintained un-
der stirring at 60 �C for 20 h. The extent of the grafting reactions was calculated from thermogravimet-
ric analysis (TGA) considering that the first stage of weight loss of the nanocomposites is associated
with the elimination of non-reacted substituent groups from the polymer backbone.
3.1.1.2. Nanotube wrapping in compatibilizing agents. An alternative method to covalent grafting is the
dispersion of CNTs in materials that can act as compatibilizing agents, typically block or graft copoly-
mers that possess segments capable of interacting with each component of the blend [40,41]. These
polymeric surfactants reduce the interfacial tension and promote the adhesion between the matrix
and the dispersed phase. The selection of compatibilizers is based on their affinity to both the matrix
and the nanofillers. Polyetherimide (PEI), poly(bisphenol-A-ether sulfone) PES and poly(1-4-pheny-
lene ether-ether sulfone) PEES, amorphous thermoplastic polymers that are miscible with and struc-
turally similar to PEEK, have been employed as compatibilizing agents to effectively incorporate
SWCNTs into this polymer matrix [12,13,42]. The bisphenol-A and phenyl moieties of the compatibi-
lizers interact strongly with the matrix chains, due to their chemical similarity, as well as with the
SWCNTs through p–p interactions between the aromatic rings and the sp2-bonded carbon hexagonal
networks. Moreover, the imide and imidazol rings have high polarity and can generate polar interac-
tions (e.g. hydrogen bonds) with acid-functionalized SWCNTs. The aforementioned selective affinities
improve the nanotube–matrix interfacial adhesion, enhancing the properties of the resulting
nanocomposites.

The wrapping process was typically carried out in a liquid medium [12,13], where a solution of the
compatibilizer in an organic solvent (e.g. CHCl3, 1,4-dioxane or 1-methyl-2-pyrrolidone) was mixed
with the SWCNTs under intense stirring, and subsequently treated with an ultrasonic tip for a short
time, filtered and dried under vacuum at �60 �C. The sonication stage weakens the intertube interac-
tions facilitating the intercalation of the compatibilizer among the CNT bundles. The amount of com-
patibilizer retained by the SWCNTs was in the range of 7–11 wt.% [12,13]. The wrapped SWCNTs were
characterized by several techniques [13] such as SEM, TEM, FT-Raman spectroscopy and X-ray diffrac-
tion to confirm the success of the polymer wrapping. Whilst intense bundle lattice peaks were ob-
served in the diffractogram of pristine laser-grown SWCNTs at low diffraction angles (Fig. 3),
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wrapping induced an effective debundling of the SWCNTs as revealed by the disappearance or notice-
able reduction in the intensity of these peaks.
3.1.1.3. Ball milling, sonication and melt-blending approach. Ball milling is a method employed to reduce
particle size and, in turn, alter surface properties of materials by modifiying surface area, porosity and
shape. This technique has been applied to grind PEK polymers supplied in pellet form to produce a fine
powder that can be more effectively mixed with nanotubes [12,13,43]. The polymer powder and the
CNTs are subsequently dispersed in a low viscosity organic solvent such as acetone or ethanol by son-
ication in an ultrasonic bath. The ultrasonication breaks the agglomerates and promotes nanotube
debundling. The dried dispersion can then be melt-blended or directly hot-pressed to produce homo-
geneous nanocomposites.

Melt-blending is the most commonly used approach for the fabrication of PEK/CNT nanocompos-
ites. It has three main advantages: it is more versatile since it does not require the polymer to be dis-
solved; it is compatible with conventional industrial processes such as extrusion, injection and blow
molding, making large scale applications more feasible; and it is environmentally sound due to the
absence of organic solvents. One disadvantage is that the CNT concentration needs to be relatively
low due to the high viscosity of the nanocomposites at high nanofiller loadings. CNTs are mechanically
mixed with molten PEK by application of intense shear forces, typically using an extruder operating at
temperatures between 360 and 380 �C, with high screw speeds and mixing times between 10 and
20 min. Prolonged mixing times usually lead to an improved distribution of the nanotube aggregates.
The resulting extrudate is then compression molded to yield nancomposite films. Kumar et al. [44] re-
ported a novel method to manufacture MWCNT-reinforced PEEK nanocomposites that achieved a con-
tinuous dispersion of CNTs whilst avoiding excess breakage of the nanofillers. They employed a single
screw extruder equipped with a high power ultrasonic attachment with two horns oscillating at a fre-
quency of 20 kHz mounted on the barrel surface where the molten compound was subjected to differ-
ent ultrasonic cycles. The polymer pellets were initially hand mixed with the MWCNTs and fed into
the extruder by flood feeding. Temperature was set to 300 �C in the feed zone and to 340 �C along
the rest of the equipment, and the residence time in the ultrasonic treatment zone was 7 s. The result-
ing extrudates were quenched in water and pelletized online using a grinder.

A combination of melt-blending and hot-compression approaches has been employed for manufac-
turing PEEK/SWCNT/glass fiber (GF) composite laminates [45]. PEEK was mixed with SWCNTs in an
extruder and the extrudate was converted into thin films in a hot-press. Laminates were prepared
by alternatively placing four plies of glass fabric between five PEEK/SWCNT films, consolidating the
material at 380 �C in a hot-press under high pressure; the pressure steps were optimized to minimize
the formation of internal pores and improve fiber impregnation.
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3.1.2. Structure and morphology of PEK/CNT nanocomposites
A homogenous dispersion of CNTs in the polymer matrix is a key factor for the fabrication of nano-

composites with enhanced thermal and mechanical properties. This is a very difficult task in the case
of PEK composites due to the extremely high viscosity in the melt combined with the strong tendency
of the CNTs to aggregate and form bundles or micron-sized agglomerates that limit their uniform dis-
persion. Moreover, the interfacial bonding strengths between the nanotubes and the matrix are highly
dependent on the type and size of the fillers. MWCNTs are easier to disperse as they generally remain
as individual tubes with a low degree of entanglement. The morphology and state of dispersion of CNT
filled PEK nanocomposites has been characterized using both scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). For SEM observations, samples are typically fractured in li-
quid nitrogen and then annealed in an oven for a few hours at �200 �C. Fig. 4 shows representative
SEM microphotographs of PEEK/SWCNT nanocomposites prepared by different approaches
[12,13,39,43], illustrating the dispersion of CNTs synthesized either by arc-discharge or laser methods.
Nanocomposites prepared by direct integration of 1.0 wt.% pristine SWCNTs through melt-blending
[43] (Fig. 4a) showed a high degree of agglomeration, forming a highly entangled interconnected
structure with bundle diameters of �60 nm. A similar nanocomposite incorporating acid-functional-
ized SWCNTs previously mixed with the polymer by ultrasonication in ethanol displayed considerably
Fig. 4. SEM micrographs from fractured surfaces of different types of PEEK/SWCNT nanocomposites: (a) PEEK/arc-grown
SWCNT 0.5 wt.%; (b) PEEK/arc-purified SWCNT 0.5 wt.%; (c) PEEK/laser-grown SWCNT dispersed in polyetherimide (PEI)
1.0 wt.%; (d) PEEK/PEEK-OH-g-arc-purified SWCNT 1.0 wt.%. Adapted from Ref. [12], with permission from IOP Publishing, Ref.
[13], copyright 2010, with permission from Elsevier, Ref. [39], with permission from the Royal Society of Chemistry, and Ref.
[43], copyright 2009, with permission from Elsevier.
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better dispersion (Fig. 4b), with a smaller average bundle diameter. A further improved nanotube dis-
tribution was observed for composites incorporating SWCNTs wrapped in compatibilizing agents
[12,13] such as PEI (Fig. 4c), with bundle diameters of around 30 nm. The satisfactory SWCNT disper-
sion in these composites is ascribed to an effective pre-processing step with ultrasonic treatment in
ethanol combined with the use of compatibilizers. However, the most efficient approach to disperse
SWCNTs was found to be the incorporation of PEEK-OH covalently grafted onto acid-treated SWCNTs
[39] (Fig. 4d). Their average bundle diameter between 12 and 25 nm was considerably smaller than
those of samples loaded with non-grafted fillers, and their surface topology appeared to be smoother,
likely due to the lower degree of crystallinity of the derivative compared to that of PEEK. Moreover, the
CNTs were found to be more curled in the composites with covalent bonding probably due to stronger
interactions with the polymer chains of the matrix.

In a recent study on the morphology of PEEK/SWCNT/GF laminates [45] with and without PEES as a
compatibilizing agent, all composites exhibited a good degree of GF impregnation, and a matrix-rich
region was formed between glass plies. While the non-compatibilized composites with 1.0 wt.% CNT
loading showed bundle diameters in the range of 30–60 nm and some CNT aggregates (P2 lm)
around the GF tows, but not penetrating them, the compatibilized composites displayed a random
and improved dispersion of the SWCNTs, with an average bundle diameter of �35 nm, preferentially
located in matrix-rich regions or even penetrating within the fiber tows.

Bangarusampath et al. [46] studied the morphology of PEEK based composites containing up to
17 wt.% CVD MWCNTs prepared via melt-compounding and injection-molding, and ultrathin sections
of �60 nm were observed by TEM. The MWCNTs were found to be well-dispersed within the matrix
due to the shear forces applied during melt-mixing that also resulted in some breakage of the nano-
tubes. At high magnification, individual MWCNTs appeared as a long hollow fiber with diameter of
10–15 nm, and were found to be curled, not straight, a fact that is expected to reduce their reinforcing
efficiency. Kumar et al. [44], working with a similar type of nanocomposites, analyzed the influence of
the ultrasonic treatment described earlier on the dispersion state of the nanotubes, and found that
whereas agglomerates were clearly visible in samples prepared by conventional melt-compounding,
those ultrasonically treated showed shorter, better dispersed nanotubes forming a network through-
out the matrix. Jeon et al. [33] and Oh et al. [11] examined the morphology of HPEK-g-MWCNT and
PEK-g-MWCNT nanocomposites, respectively, prepared by in situ polymerization. SEM images clearly
showed that the tube surfaces were uniformly coated with polymer, providing some indication of suc-
cessful grafting. Moreover, a fourfold increase in the CNT diameter was observed compared to that of
pristine MWCNTs, where the open ends of the nanotubes were heavily sealed by the polymer, attrib-
Fig. 5. High magnification TEM micrograph of a PEEK/MWCNT nanocomposite incorporating 15 wt.% loading. Reprinted from
Ref. [47], copyright 2007, with permission from Elsevier.
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uted to the larger population of sp2C–H at the tube ends. TEM micrographs showed that the MWCNTs
remained structurally intact after the grafting reaction, demonstrating the stability of the nanotube
network during the synthetic approach.

The properties of these nanocomposites are also directly related to the alignment of the CNTs in the
matrix. However, it is difficult to characterize their orientation due to their nanoscale dimensions.
TEM can provide some direct observation, although the specimens are usually cut by a microtome
and the stress applied to the sample during this process may alter the nanotube orientation. Deng
et al. [47] used a focused-ion-beam (FIB) technique to mill PEEK/MWCNT nanocomposites and evalu-
ate the distribution of the nanotubes in samples prepared by injection molding. TEM micrographs ob-
tained in different directions after milling revealed that the MWCNTs were aligned in the flow
direction of the matrix (Fig. 5).

Most PEK/CNT nanocomposites are semicrystalline, and their microstructure in terms of crystalline
structure, crystallinity and crystal orientation strongly depends on the thermal history, the manufac-
turing process employed and the presence of possible nucleation sites. Wide angle X-ray scattering
(WAXS) experiments are frequently performed to assess their crystal structure and degree of crystal-
linity. Díez-Pascual et al. [12,13,43] compared the room temperature diffraction patterns of different
SWCNT-reinforced PEEK nanocomposites at 1.0 wt.% loading. All the diffractograms exhibited four
main peaks at 2h values of 18.8�, 20.7�, 22.9� and 28.9� that correspond to the diffraction of the
(110), (111), (200) and (211) crystalline planes [16], respectively, of the orthorhombic unit cell of
the polymer crystals. Nanocomposites prepared by a pre-dispersion stage in an organic solvent
showed narrower peaks than those obtained by direct mixing, indicating a higher degree of
crystallinity and larger crystal size. The broadest peaks were found for composites incorporating
SWCNTs wrapped in PEI, attributed to the strong restrictions on chain mobility imposed by the intense
SWCNT–PEEK interactions due to the presence of the compatibilizer that inhibits polymer crystalliza-
tion. Moreover, it has been reported [12] that peaks become broader and less intense with increasing
CNT content, since the formation of a strong nanotube network also hinders crystal growth, decreasing
both the crystallinity and crystal dimensions.

PEK-g-MWCNT nanocomposites [11] also exhibited similar diffraction patterns to that of neat PEK,
with no shift in the position of the Bragg reflections, although the local order of the polymer decreased
after the grafting reaction. In contrast, HPEK-g-MWCNT composites [32] were found to be completely
amorphous, with no discrete order present, since the hyperbranched polymer is an amorphous mate-
rial. Based on WAXS studies, Jain et al. [34] investigated the orientation of PEK crystals in PEK-g-FWNT
composite fibers processed by dry-jet wet-spinning. The orientation factors obtained were relatively
low, <0.45, and the overall drawability of the fibers decreased with increasing nanotube loading. On
the other hand, PEEK-OH-g-SWCNT composites [38] showed a very low degree of crystallinity, due
to the lower crystallinity and smaller crystal size of PEEK-OH compared to PEEK, since the presence
of substituent groups modifies the ordered structure of the base polymer. Moreover, with the grafting
to the SWCNTs the crystallinity further decreased, improving the processability of these grafted sam-
ples and their blending ability with other materials. This is a clear example of how the crystalline mor-
phology of the polymer matrix is largely dependent on the processing routes employed, and strongly
conditions the ultimate properties of the resulting nanocomposites.

3.1.3. Properties of PEK/CNT nanocomposites
3.1.3.1. Crystallization and melting behavior. Taking into account the large and important number of
PEEK applications, its crystallization and melting behavior has been extensively investigated using dif-
ferential scanning calorimetry [16,48–51], X-ray diffraction [52–57], thermomechanical analysis
[58,59], optical and transmission electron microscopy [60,61], under shear and deformation [62–66]
and as a function of the molecular weight [67–70]. Velisaris and Seferis [71] proposed a dual crystal-
lization mechanism to explain the crystallization kinetics of PEEK in terms of a combination of two
competitive processes. The initial stage, with the highest rate (very short crystallization times), corre-
sponds to the primary crystallization through massive heterogeneous nucleation with the formation
of crystalline lamellae that arrange into spherulites, and accounts for about 80% of the crystalline
transformation. The second step corresponds to a secondary nucleation process associated with the
growth of crystalline lamellae in the inter-lamellar spherulitic region at very slow rates [72–75].
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Fig. 6. DSC crystallization exotherms and heating endotherms for films of PEEK and nanocomposites with different laser-grown
SWCNT content, prepared by pre-dispersion in ethanol followed by melt-blending. Adapted from Ref. [43], copyright 2009, with
permission from Elsevier.
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One of the most important phenomena associated with the crystalline behavior of PEEK is related
with the existence of a double-melting endotherm whose origin has been discussed from different
points of view; by a melting–recrystallization–melting process, or by considering the existence of nar-
rower primary crystal lamellae inserted between the thicker and more perfect primary lamellae,
known as the lamellar insertion model, or through the existence of individual and very narrow lamel-
lar stacks located within the amorphous regions of the material [53,76–85].

It has been demonstrated that both the temperature and residence time in the melt, before the
crystallization or processing, as well as the type of atmosphere (inert or oxidative) have a decisive
influence on the degree of crystallinity developed in PEEK and on the crystallization rate during cool-
ing, this effect being particularly important in oxidative environment and when the aforementioned
parameters are higher than 400 �C and 10 min [86,87]. It has been reported that the existence of cross-
linking reactions could be responsible for this crystallization behavior [86,88].

Very little information related to the crystallization behavior of PEK/CNT nanocomposites has
been published. Recently the crystallization and melting behavior of PEEK/SWCNT composites
incorporating acid-purified and pristine arc-grown SWCNTs as well as raw laser-grown SWCNTs has



Table 2
Change in the crystallization temperature (DTc), crystallinity (Dvc) and melting temper-
ature (DTm) for PEEK/SWCNT nanocomposites. Data extracted from Ref. [43].

CNT type CNT content (wt.%) DTc (�C) Dvc (%) DTm (�C)

0.1 �1.6 2.0 �0.7
Laser SWCNTsa 0.5 �4.0 1.2 �1.1

1 �5.8 �0.2 �1.6

0.1 �1.4 0.9 �0.8
Laser SWCNTs 0.5 �3.3 0.4 �1.2

1 �4.2 �0.7 �1.4

0.1 �1.0 2.3 �0.3
Arc-purified SWCNTsa 0.5 �2.5 1.6 �1.0

1 �4.8 �0.2 �1.6

Arc SWCNTs
0.5 �5.1 1.1 �0.3
1 �6.0 �1.2 �1.9

a CNTs integrated in the matrix following a pre-processing step based on ball milling
and premixing under mechanical treatments in ethanol.

Table 3
Crystallization temperature (Tc), crystallinity (vc), melting temperature (Tm) and crystallite size (D) values for PEEK/SWCNT
nanocomposites compatibilized with polyetherimide (PEI), poly(bisphenol-A-ether sulfone) (PES) and poly(1-4-phenylene ether-
ether sulfone) (PEES). Data extracted from Refs. [12,13].

Material CNT content (wt.%) Tc (�C) vc (%) Tm (�C) Da (nm)

PEEK – 309.0 42.5 344.2 20.9

0.1 307.5 44.5 343.5 20.5

PEEK/laser SWCNTs
0.5 305.1 43.7 343.1 19.6
1.0 303.1 42.3 342.6 18.7

PEEK/arc SWCNTs
0.5 306.5 44.0 343.1 20.1
1.0 304.0 42.4 342.3 19.4

PEEK/PEI – 305.2 41.1 343.0 18.9

PEEK/PEI/laser SWCNTs
0.5 303.7 42.2 342.7 18.5
1 299.9 40.7 341.2 17.9

PEEK/PEI/arc SWCNTs
0.1 305.9 43.0 343.0 19.3
0.5 303.4 42.4 341.9 18.7
1 299.5 40.9 340.3 17.8

PEEK/PEES – 306.1 40.6 342.4 20.0

0.1 311.0 45.0 345.7 23.0
PEEK/PEES/laser SWCNTs 0.5 304.5 42.5 342.8 21.9

1.0 300.8 41.4 340.7 20.2

0.1 312.6 46.2 346.1 23.6
PEEK/PEES/arc SWCNTs 0.5 307.4 43.4 344.0 22.3

1.0 303.5 42.1 342.3 21.5

PEEK/PSF – 305.3 39.8 342.1 19.8

0.1 310.4 44.3 345.3 22.7
PEEK/PES/laser SWCNTs 0.5 303.9 41.8 341.0 22.0

1.0 298.7 40.0 339.8 20.1

0.1 311.5 46.0 345.9 22.5
PEEK/PEES/arc SWCNTs 0.5 305.3 43.2 343.5 21.8

1.0 301.2 41.9 341.9 20.7

a Obtained from (110) reflection of X-ray diffractograms.
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been described [43]. Nanocomposites containing concentrations of 0.1, 0.5 and 1.0 wt.% SWCNTs were
prepared by melt-blending and some via a pre-processing stage based on polymer ball milling and
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CNT dispersion in ethanol media. Fig. 6 shows, as an example, the crystallization exotherms and heat-
ing endotherms for films of neat PEEK and its nanocomposites incorporating different laser-grown
SWCNT contents following the pre-dispersion stage, and Table 2 shows the variations in the crystal-
lization temperature (DTc), crystallinity (Dvc) and melting temperature (DTm), calculated as the differ-
ence between the values for neat PEEK and those for PEEK in the different nanocomposites. The
addition of increasing SWCNT contents leads to a progressive decrease in Tc, whilst Tm and vc remain
practically unaltered, and the crystalline structure of the polymer is maintained. This behavior was
unexpected, since it has been reported that CNTs exert a nucleating effect on polymeric matrices
[89,90], and was explained in terms of a confinement effect that reduces the mobility and hinders
the diffusion of the polymer chains, thus decreasing the crystallization rate [91,92].

Several studies [12,13] have been reported on the influence of compatibilizing agents on the crys-
tallization behavior of this type of nanocomposites. As mentioned earlier, the wrapping in compatibi-
lizers (such as PEI, PEES or PES) induces an effective disentanglement and debundling of the SWCNTs
within the PEEK matrix, leading to a more homogeneous dispersion. Blending PEI with PEEK in the
absence of CNTs decreases the Tc of PEEK (Table 3), due to their miscible character [93,94]. This effect
is in addition to the aforementioned confinement of the PEEK macromolecular segments due to the
presence of the SWCNTs; both synergetic effects lead to a stronger reduction in Tc that can be as much
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Fig. 7. DSC heating (a) and cooling (b) thermograms for PEEK-OH derivatives with different degree of hydroxylation and PEEK-
OH 3-g-SWCNT nanocomposites prepared via direct esterification (1) or acylation of the carboxylic groups with SOCl2 (2).
Adapted from Ref. [10], copyright 2009, with permission from the American Chemical Society, and Ref. [38], with permission
from the Royal Society of Chemistry.
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as 10 �C lower than that of neat PEEK for the nanocomposites with higher SWCNT content. Although
the crystalline weight fraction developed in this type of nanocomposites is almost the same as that of
neat PEEK, the matrix crystals grown from the melt are smaller, as revealed by the smaller crystallite
size (D) values calculated from X-ray diffraction measurements, but they maintain the same ortho-
rhombic crystalline structure. When SWCNT wrapping was performed in polysulfones (e.g. PES or
PEES) [13], a slight increase in Tc was reported for PEEK composites with 0.1 wt.% CNT loading, whilst
a significant decrease in this parameter (about 10 �C) was found for higher CNT contents (1.0 wt.%, Ta-
ble 3). This behavior is attributed to the fact that at low nanofiller contents the nucleating effect at the
CNT surface prevails over the loss in mobility and crystal packing of the PEEK segments, restricted by
the strong interactions between the components due to the compatibilizing effect of the polysulfones,
which results in an increase in the overall crystallization rate. At higher concentrations the effect is
opposite, as demonstrated by the values of nucleation activity determined using the Dobreva and Gut-
zow method [95,96], and the crystallization activation energy calculated by the Kissinger expression
[97]. On the other hand, nanocomposites incorporating arc-grown SWCNTs purified by acid treatment
exhibit higher Tc and vc values when compared to similar composites with pristine laser-grown
SWCNTs. All these nanocomposites also exhibit an orthorhombic crystalline structure, although those
with low nanofiller content have a larger D spacing compared to that of neat PEEK or PEEK blends with
polysulfones that is related to their higher Tm values (Table 3).

As mentioned earlier, the covalent grafting of functionalized polymers onto the CNT surfaces
[38] is an alternative strategy to the use of compatibilizing agents that improves their dispersion
within the polymer matrix, particularly at higher loadings. PEEK-OH derivatives synthesized by
carbonyl reduction [10] show a progressive increment in Tg as the degree of functionalization in-
creases (Fig. 7), and, while the crystalline structure of PEEK is retained, its ability to crystallize is
strongly hindered, as reflected by a fall in Tc, Tm and vc with increasing degree of hydroxylation
(Table 4). This is ascribed both to the random interruption of the structural regularity of the PEEK
chains and the strong inter and intra-molecular interactions associated to the hydroxyl groups.
Similar behavior has been reported for different types of PEEK functionalization such as carboxyl-
ation, nitration or sulfonation, which may lead in some cases to the complete amorphization of the
material [11,98,99]. Grafting via esterification reaction of these hydroxylated derivatives onto the
surface of purified arc-grown SWCNTs that incorporate carboxylic groups on their side-walls
generated grafted samples of PEEK-OH-g-SWCNT that ensured compatibility between the nanofil-
lers and the polymer when further integrated in a PEEK matrix [39]. Table 4 shows the crystalline
parameters for samples obtained by grafting a 37% hydroxylated derivative onto the surface of the
SWCNTs via direct esterification, denominated PEEK-OH-3-g-SWCNT-1 or acylation of the
Table 4
DSC and X-ray diffraction parameters for PEEK-OH derivatives with different hydroxylation degree (HD), PEEK-OH-g-SWCNT
samples prepared via direct esterification (1) or acylation of the carboxylic groups with SOCl2 (2), and PEEK/PEEK-OH-g-SWCNT-1
nanocomposites. Data extracted from Refs. [10,38,39].

Material CNT content
(wt.%)

HD
(%)

Tg

(�C)
Tc

(�C)
vc (DSC)
(%)

Tm

(�C)
vm (DSC)
(%)

v (RX)
(%)

PEEK – – 147.8 309.1 42.5 344.2 44.8 40.4
PEEK-OH-1 – 18.8 151.9 304.8 35.8 342.8 37.7 35.6
PEEK-OH-2 – 25.8 162.2 297.3 29.1 340.6 31.9 28.7
PEEK-OH-3a – 34.6 169.5 288.6 14.5 338.3 15.3 16.9
PEEK-OH-4 – 45.2 184.3 282.1 4.4 334.7 4.7 7.3
PEEK-OH-g-SWCNT-1 9.0 – 195.0 279.5 10.9 332.4 11.0 7.8
PEEK-OH-g-SWCNT-2 9.0 – 192.6 281.0 13.3 333.7 14.4 9.2
PEEK/PEEK-OH-g-

SWCNT-1
0.1 – 156.0 306.7 41.5 343.1 43.5 –
0.5 – 163.7 304.0 39.9 341.9 42.3 –
1.0 – 169.5 298.9 39.4 340.5 41.7 –

vc (DSC) and vm (DSC): degree of crystallinity obtained from DSC crystallization and melting thermograms, respectively; v
(RX): degree of crystallinity obtained from X-ray diffractograms.

a Hydroxylated derivative used for the esterification processes.
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carboxylic groups with SOCl2, PEEK-OH-3-g-SWCNT-2 [38]. The grafting process leads to an in-
crease in the stiffness of PEEK macromolecular segments, hence a reduction in their molecular
mobility reflected in a 45–50 �C increase in Tg. Moreover, the nanotube network and the strong in-
tra and intermolecular interactions of the free hydroxyl and carboxylic groups result in a strong
reduction in the crystallizability of PEEK, with a decrease of around 30 �C in Tc and crystallinity
values as low as 10%. The level of this reduction increases with the degree of grafting, and is also
reflected in smaller crystal sizes developed from the melt shown by lower Tm values.

Oh et al. [11] studied the crystallization behavior of mPEK-g-MWCNT and pPEK-g-MWCNT
nanocomposites prepared by in situ polymerization. The former have amorphous character and ex-
hibit similar Tg values to neat mPEK, whilst the latter are crystallizable with a slightly lower Tg

than that of pPEK. More recently, Jeon et al. [33] analyzed the behavior of linear (mPEK and pPEK)
and hyperbranched polymers containing flexible oxyethylene spacers grafted onto the surface of
MWCNTs. They showed that the Tg of mPEK-g-MWCNTs was about 5 �C higher than that of the
neat polymer, and observed a very slow crystallization rate despite the possible crystallization
of the oxyethylene segments. In the case of linear pPEK derivatives (pPEK-g-MWCNT), Tc was about
24 �C higher than that of neat pPEK, suggesting a high nucleating activity of the MWCNT surface
for the crystallization of pPEK. In contrast, the hyperbranched polymer and the corresponding
nanocomposites were amorphous. The nucleating effect observed for pPEK-g-MWCNT contrasts
with the results for PEEK-OH-g-SWCNT [38], commented earlier, where the SWCNTs did not act
as nucleating agents, but decreased the crystallizability of PEEK. These discrepancies can be ex-
plained considering that MWCNTs generally remain as individual tubes with a lower degree of
entanglement, hence are easier to disperse in the matrix, the different nature of the parent poly-
mer that incorporated flexible oxyethylene spacers, and the synthetic route employed for the prep-
aration of the samples.

Nanocomposites prepared via melt-blending by the incorporation of PEEK-OH-g-SWCNTs in a
PEEK matrix [39] have the advantage of possessing structural similarity between the components,
which ensures compatibility between the phases and the homogeneity of the CNT dispersion,
particularly at high loadings. Their crystallization behavior is very similar to that found in PEEK/
SWCNT nanocomposites prepared by direct incorporation of non-grafted SWCNTs. No nucleating
effect on PEEK crystallization was observed, and Tc, Tm and vc are slightly lower in the grafted sys-
tems, due to the strong restrictions on molecular mobility imposed by the inter and intramolecular
interactions.
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Rong et al. [100] studied the crystallization behavior of PEEK/CVD-grown MWCNTs and similar
composites incorporating acid-treated MWCNTs non-covalently functionalized with sulfonated PEEK
(SPEEK), where hydrogen bonding interactions occur between the carboxylic groups on the MWCNT
surface and the sulfonic groups of SPEEK. In the case of nanocomposites with pristine MWCNTs, Tc

shifts progressively to higher temperatures with increasing nanotube loading, between 4 and 8 �C
in the concentration range 0.5–5 wt.%. In contrast, the largest Tc increase in composites with function-
alized MWCNTs occurs at the lowest nanotube contents (0.5–1 wt.%), and decreases at higher load-
ings. The authors explained this behavior by the increase in the amount of nuclei crystallizing per
unit volume of the matrix due to the presence of the CNTs, which do not block the mobility of the PEEK
chains due to the weak interactions between the components. With increasing CNT content, some
agglomerates are formed that restrict the chain mobility and the nucleating effect becomes less effec-
tive. This behavior is more pronounced for nanocomposites with functionalized MWCNTs, ascribed to
more intense interactions with the matrix. The analysis of the crystallization kinetics in these systems
under isothermal conditions has demonstrated that the nanotubes modify the crystallization rate of
PEEK, but the crystallization mechanism remains unchanged. Fig. 8 shows the evolution of the crys-
tallization rate constant (k) and Tc as a function of MWCNT content for both types of composites.
An increase in k is observed in the presence of low contents of pristine CNTs and then remains almost
constant, whilst for functionalized CNTs the increment only occurs at lower concentrations decreasing
progressively above 0.5–1 wt.% loadings, thought to be a result of the restrictions on the rearrange-
ment of the PEEK chains.
3.1.3.2. Thermal stability. As mentioned earlier, PEKs possess high thermal resistance, which can be a
limiting factor since their processing requires very high temperatures (close to 400 �C), in a range
where their thermal stability can be questionable. The degradation of the polymer during melt pro-
cessing influences its crystalline behavior and morphology, and as a consequence its final properties.
Therefore, it is crucial from a technological point of view to select reasonable processing conditions
Table 5
Characteristic degradation temperatures for PEK/CNT composites obtained from TGA measurements under inert atmosphere.

Matrix CNT type Processing method CNT
content
(wt.%)

DTi

(�C)
DT10

(�C)
DTmax

(�C)
D Char
yield
(wt.%)

Ref.

PEEK Laser SWCNTs Sonication/melt-blending 0.1 21 13 7 0.5 [43]
0.5 23 18 15 1
1 25 23 19 2

PEEK Arc-purified SWCNTs Sonication/melt-blending 0.1 15 6 6 0.8 [43]
0.5 19 14 16 1
1 22 20 20 1.5

PEEK PEES-wrapped laser
SWCNTs

Sonication/melt-blending 0.1 19 15 14 1.5 [13]
0.5 30 22 23 2.1
1 43 38 33 3

PEEK PEEK-OH-grafted
acid-treated SWCNTs

Melt-blending 0.1 21 28 0.2 [39]
0.5 33 – 42 0.8
1 54 64 1.2

PEEK CVD MWCNTs Ultrasound assisted
extrusion

2 8 – 0 3 [44]
5 10 0 6
10 10 0 10

PEK PEK-grafted MWCNTs In situ polymerization/
compression molding

10 1 – 0 11 [11]

PAEK PAEK-grafted acid-
treated MWCNTS

In situ polymerization/
solution casting

0.1 1 0 12 [35]
0.2 2 – 4 15
0.5 4 0 9

DTi: increment in the initial degradation temperature; DT10: increment in the temperature of 10% weight loss; DTmax: incre-
ment in the temperature of maximum rate of weight loss.
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and to control the thermal stability, both under inert and oxidative atmospheres [87,101,102]. The
degradation from the melt at high temperature in an oxidative environment takes place through a first
step of random homolytic scission of the polymeric chains at the ether and carbonyl bonds [102], fol-
lowed by a second stage where a branching mechanism leads to the crosslinking of the material [72].
In an inert environment the degradation proceeds in a single step and the ether and aromatic struc-
tures remain in the residue. Table 5 provides the characteristic degradation temperatures observed
under nitrogen atmosphere for a variety of PEK/CNT nanocomposites. In general, the integration of
increasing CNT loadings results in a progressive rise in the matrix degradation temperatures. The larg-
est improvements are found for PEEK/PEEK-OH-g-SWCNT nanocomposites [39] where the addition of
0.1, 0.5 and 1.0 wt.% purified arc-grown SWCNTs leads to increments in the maximum degradation
temperature (Tmax) of 28, 42 and 64 �C, respectively. This exceptional enhancement has been attrib-
uted to different factors: Firstly, the PEEK-OH covalently grafted to the SWCNTs exhibits very good
dispersion within the matrix, and effectively hinders the diffusion of the degradation products from
the bulk of the polymer to the gas phase, thus decelerating the decomposition process. Secondly,
the covalent bonds between the SWCNTs and PEEK-OH strongly restrict the mobility of the polymer
chains, hence increasing the barrier effect. Moreover, thermal interfacial resistance between the CNTs
and the polymer has been reported [103] to decrease in the presence of chemical bonding, leading to
an enhancement of the thermal conductivity, facilitating heat dissipation within the composite. With
increasing CNT loading the barrier effect becomes stronger and the thermal conductivity rises, result-
ing in higher degradation temperatures. In contrast, the stabilization effect is almost insignificant in
composites based on PEK [11] or PAEK [35] matrices covalently attached to MWCNTs. A similar trend
has been reported under oxidative environment, albeit with smaller increments.

With regard to compatibilized and non-compatibilized systems, it is clear from Table 5 that the
addition of a compatibilizing agent significantly improves the thermal stability of the matrix. The larg-
est increments correspond to composites incorporating PEES, where for 0.1, 0.5 and 1.0 wt.% SWCNT
contents, the differences in Tmax between composites reinforced with laser SWCNTs wrapped and non-
wrapped in PEES are about 7, 8 and 14 �C, respectively [42]. This enhancement was explained in terms
of the improved dispersion of the CNTs and adhesion with the polymer matrix due to the presence of
the polysulfone, combined with the excellent thermal stability of this amorphous polymer [104].

On the other hand, while the synthetic method employed in the production of the CNTs appears to
only slightly affect the decomposition process, and samples reinforced with arc and laser-grown
SWCNTs exhibit very similar degradation temperatures, the nanotube type significantly influences
the thermal stability of the composite. MWCNTs hardly increase the degradation temperatures [44],
even at very high loadings (e.g. 10 wt.%), whereas strong increments have been observed for SWCNTs.
This is directly related to the lower thermal conductivity of MWCNTs [105].

3.1.3.3. Mechanical properties. One of the major goals of the integration of CNTs in PEK matrices is to
develop materials with enhanced mechanical properties. These properties depend on factors such as
CNT type, purification method, concentration, pre-treatments and processing strategies, amongst oth-
ers. The following section collects and summarizes published data obtained using a variety of tech-
niques in order to extract some general conclusions about the influence of the aforementioned
parameters on the mechanical performance of this type of nanocomposites. Table 6 collates the most
relevant room temperature data obtained to date. The results clearly show that the Young’s modulus
(E) of PEK/CNT nanocomposites is systematically higher than that of PEEK (about 4 GPa), with incre-
ments that fall in the range between 6% and 89% for CNT loadings between 0.5 and 17 wt.%. The largest
enhancement was observed for PEEK composites incorporating 15 wt.% CVD MWCNTs [106], where E
increased up to 7.55 GPa (Fig. 9). In this case the MWCNTs were homogenously dispersed within the
matrix using both extrusion and injection molding and were mostly aligned along the resin flow direc-
tion, confirming that orientation of the CNTs in the load direction significantly enhances the composite
modulus. However, the experimental values attained still remain far below the theoretical predictions
based on the modified rule of mixtures that takes into account the filler length and orientation factors
[107]. This model predicts a room temperature Young’s modulus of around 24 GPa for the nanocom-
posite with 15 wt.% loading (taking E for MWCNTs as 420 GPa), almost three times higher than the
experimental result. Complementary deformation studies using SEM and TEM [106] revealed that



Table 6
Mechanical properties for CNT-reinforced PEK nanocomposites.

Matrix CNT type Processing
method

CNT
content
(wt.%)

Young’s
modulus
(%
increase)

Tensile
strength
(%
increase)

Toughness
(%
increase)

Storage
modulus
(%
increase)

Flexural
modulus
(%
increase)

Flexural
strength
(%
increase)

Ref.

PEEK Laser
SWCNTs

Sonication/
melt-blending

1 24 11 �37 27 – – [43]

PEEK Arc-purified
SWCNTs

Sonication/
melt-blending

1 16 10 �41 21 – – [43]

PEEK PEES-
wrapped
laser
SWCNTs

Sonication/
melt-blending

1 37 17 �13 39 – – [42]

PEEK PEEK-OH-
grafted acid-
treated
SWCNTs

Melt-blending 1 58 23 7 54 – – [39]
0.5 37 15 9 40

PEEK CVD
MWCNTs

Melt-blending/
injection-
molding

17 48 4 – 26 – – [46]

PEEK CVD
MWCNTs

Melt-blending/
injection-
molding

5 20 3 – – 12 5 [100]
1 6 1 3 2

PEEK SPEEK-
wrapped
acid-treated
MWCNTs

Melt-blending/
injection-
molding

5 31 6 – – 15 7 [100]
1 10 3 5 3

PEEK CVD
MWCNTs

Melt-blending/
injection-
molding

15 89 19 – 56 – – [47,113]
9 50 8 26

PEEK CVD
MWCNTs

Ultrasound
assisted
extrusion

10 11 �7 – – – – [44]

PEEKa PEES-
wrapped
laser
SWCNTs

Melt-blending/
hot-
compression

1 16 8 9 22 33 18 [45]

PEEKb CVD
MWCNTs

Melt-blending 5 60 135 – – – – [112]

PEK PEK-grafted
FWCNTs

In situ
polymerization/
dry-jet wet-
spinning

5 29 0.8 �16 20 – – [34]

PAEK PAEK-
grafted acid-
treated
MWCNTS

In situ
polymerization/
solution casting

0.5 9 21 – – – – [35]

a Reinforced with glass fiber.
b reinforced with carbon fiber.
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isolated MWCNTs were pulled out of the matrix during the tensile tests, suggesting that the interfacial
adhesion between MWCNTs and PEEK was not strong enough to efficiently transfer the load from the
matrix to the nanotubes. From high-resolution TEM images it was observed that slippage occurred be-
tween the shells of MWCNTs and at the CNT–PEEK interface, thereby limiting the stress transfer.
Moreover, it has been reported [106] that the reinforcement effect is more effective at temperatures
above the Tg of the polymer, since the nanotube modulus is practically invariant with temperature. On
the other hand, a linear increase in the stiffness of these composites was observed up to 15 wt.% of
MWCNTs (Fig. 9). However, in most PEK based nanocomposites a non-linear relationship was found
with increasing CNT content. Even when a homogeneous dispersion of the nanofillers is obtained
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for all concentrations, the stiffness enhancement is usually most prominent at low loadings, a phe-
nomenon claimed to be related to changes in the matrix crystallinity [42]. The modulus enhancement
obtained at low contents of SWCNTs was associated with the increase in crystallinity caused by het-
erogeneous nucleation combined with the reinforcement effect, whilst at higher concentrations the
crystallinity was either maintained or decreased, due to intense restrictions on the mobility of the
polymer chains. Furthermore, in most cases changes in the CNT dispersion occur since the large sur-
face areas associated with high loadings are difficult to accommodate within the matrix, a similar ef-
fect to that reported for nanoclay-filled polymers [108]. Nevertheless, even in the presence of
nanotube agglomerates enhancements in composite stiffness have been observed [43].

When similar loading fractions of SWCNTs [42] and MWCNTs [46,100] incorporated in PEEK via
melt-blending are compared, it is clear that the SWCNTs are more effective reinforcements, which
can be ascribed to the superior modulus of SWCNTs in comparison to MWCNTs [109], due to their
higher aspect ratio. This discrepancy is also related to the different synthetic methods for CNT pro-
duction, since the purity, quality, aspect ratio and nature of impurities, hence the source of the
SWCNTs, are determining factors in the final properties of CNT based composites. All the SWCNTs
employed for the preparation of PEEK nanocomposites were obtained through high-temperature
routes, and showed high crystallinity and low defect content, particularly those synthesized
through the laser ablation process, where a 24% modulus enhancement was observed at only
1.0 wt.% loading [42]. In the case of composites incorporating arc-purified SWCNTs the increment
was smaller (about 16%), since the acid treatments used to purify the SWCNTs are known to short-
en the CNTs and induce side-wall defects [110]. In contrast, as a result of the lower growth tem-
perature, MWCNTs produced by the CVD technique present a larger number of defects, and this
has a detrimental effect on their mechanical properties [111], resulting in smaller increments in
the matrix modulus of around 6% for 1.0 wt.% MWCNTs. With regard to the preparation method,
improved properties were achieved for composites prepared by the melt-blending approach fol-
lowed by injection molding [106] as compared to those fabricated by ultrasound assisted extrusion
process [44], attributed to CNT damage provoked by the ultrasonic waves. Moreover, as mentioned
above, injection molding induces alignment of the CNTs, whilst the extruded composites display a
more random nanofiller distribution.

Several studies [12,42,100] reported improved mechanical properties for composites incorporating
non-covalently functionalized CNTs compared with those reinforced with pristine CNTs, derived from
enhanced nanotube dispersion and better CNT–matrix interfacial adhesion. Rong et al. [100] compared
the Young’s modulus of PEEK composites including CVD pristine MWCNTs with those containing acid-
treated MWCNTs wrapped in SPEEK, and a greater enhancement in the matrix modulus (on average
8%) occurred in the latter composites, attributed to hydrogen bonding interactions between sulfonic
groups of the SPEEK and carboxylic groups of the MWCNT-COOH. Thus, functionalization of nanotubes
not only enhanced the wetting of the fillers with the PEEK chains but also promoted their homoge-
neous dispersion within the matrix. However, it led to a shortening of the nanotubes, reducing their
aspect ratio, and the improvement in mechanical properties was also lower than that expected by the-
oretical predictions for fiber reinforced composites. A significant enhancement in the tensile modulus
was observed in PEEK nanocomposites reinforced with SWCNTs wrapped in polysulfones as compat-
ibilizing agents compared to non-compatibilized samples [42,45], and the differences were more pro-
nounced with increasing CNT content since the nanotubes have a tendency to form small aggregates at
higher loadings. Among the different compatibilizers tested, the largest increment in modulus was ob-
served for composites incorporating PEES, which has higher structural similarity to the matrix. Poly-
mer grafting is also very effective in improving dispersion and mechanical properties of composites
due to strong chemical bonding polymer–CNT. In the case of PAEK-g-MWCNT composites prepared
by in situ polymerization [35], the presence of ester bonds enabled a uniform dispersion of the
MWCNTs bundles, and the load was efficiently transferred from the matrix to the nanotubes leading
to 9% improvement in modulus at 0.5 wt.% loading. Significantly larger enhancements were achieved
by the incorporation of PEEK-OH-g-SWCNTs in a PEEK matrix [39] where the increments were 37%
and 58% for 0.5 and 1.0 wt.% SWCNT loadings, respectively. These extraordinary improvements at such
low loadings were attributed to very effective interfacial adhesion, hence high stress transfer ability,
achieved through covalent bonding into the matrix. Moderate improvements in tensile modulus have
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also been reported for PEK-g-FWCNTs composite fibers [34] where an increase of 29% was reported for
a 5 wt.% filler content.

With regard to the tensile strength (ry), similar trends to those discussed previously for the mod-
ulus are found, albeit with lower increments, generally in the range of 3–23%, suggesting that CNTs are
more effective in enhancing the stiffness than the strength of PEK matrices. A noticeable exception is
found in MWCNT reinforced PEEK/carbon fiber (CF) composites [112], where the tensile strength in-
creased by 135% at 5 wt.% content, whereas the rise in modulus was around 60%. This extraordinary
enhancement in ry was attributed to the formation of a reinforcing network of CFs and MWCNTs,
where the CFs were connected by threads of MWCNTs in the form of fine bundles providing a very
good filler dispersion. On the other hand, decreases in tensile strength have also been reported in
Fig. 9. Stress–strain curves for PEEK/MWCNT nanocomposites as a function of nanotube loading at (a) room temperature; (b)
100 �C and (c) 200 �C. Reprinted from Ref. [106], copyright 2007, with permission from Elsevier.
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PEEK/MWCNT nanocomposites prepared by ultrasound assisted extrusion [44]; a reduction in ry was
found at certain conditions of the ultrasonic treatment, ascribed to the degradation of polymeric
chains and possible breakage of CNTs on application of the ultrasonic waves.

Concerning the toughness of PEK/CNT composites, most of the studies [34,42] have reported a fall
in this property compared to that of the matrix, and is related to a drastic decrease in the elongation at
break, hence a reduction of the area under the stress–strain curves. This is a typical behavior of filler
reinforced composites and may limit their end use in practical applications. The direct incorporation of
1.0 wt.% arc-purified SWCNTs resulted in a drop in toughness of around 40%, whereas wrapping the
Fig. 10. Comparison between the mechanical properties of different PEEK nanocomposites, where PEES is poly(1-4-phenylene
ether ether sulfone). Adapted from Ref. [39], with permission from the Royal Society of Chemistry and Ref. [42], copyright 2010,
with permission from Elsevier.
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CNTs in compatibilizing agents and covalent grafting are strategies that help to maintain the matrix
ductility and lead to toughness enhancement. A recent study [39] compared the mechanical properties
of PEEK composites incorporating arc-purified SWCNTs with those reinforced with similar SWCNTs
wrapped in PEES and those filled with PEEK-OH-g-SWCNT (Fig. 10). While both polymer wrapping
and grafting led to greater improvements in the mechanical properties of the matrix than direct rein-
forcement, the PEEK/PEEK-OH-g-SWCNT composites exhibited simultaneous increases in stiffness,
strength and toughness for 0.1, 0.5 and 1.0 wt.% loadings. Thus, the addition of a polymer derivative
covalently attached to the surface of SWCNTs seems to be the most efficient way to improve the over-
all performance of the polymer.

Dynamic mechanical analysis (DMA) measurements have been performed to monitor changes in
the stiffness of the composites as a function of temperature [34,39,42,45,46,106,113]. DMA tests over
a wide range of temperature and frequency are sensitive to the transitions and relaxation processes of
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the matrix in the composite, and provide information about the CNT–matrix interactions. The storage
modulus (E0) is indicative of the elastic energy stored in the material, and is highly affected by its com-
position, morphology and geometrical characteristics. Ogasawara et al. [113] found an increase at
room temperature of 56% for PEEK/MWCNT nanocomposites with 15 wt.% loading, whereas E0

enhancements as high as 54% have been reported for PEEK/PEEK-OH-g-SWCNT composites with only
1.0 wt.% nanotube content [39], attributed to the strong interfacial adhesion attained through covalent
grafting. An increase in PEEK composite stiffness with increasing CNT content has been found both be-
low and above the softening point of the matrix (Fig. 11). The stiffening effect was generally more pro-
nounced above Tg, in agreement with the behavior observed for the tensile modulus. Tg is determined
as the peak maximum of tand (ratio of the loss to storage modulus), which is a measure of the damp-
ing within the system. The temperature of this relaxation process generally depends on the experi-
mental technique employed and is very sensitive to the semicrystalline morphology of the matrix
[114] that is governed by the thermal history. With regard to the Tg of PEEK based composites, signif-
icant discrepancies have been reported. Deng et al. [106] found the same transition temperature
(145 �C) for neat PEEK and composites with MWCNT concentrations up to 15 wt.%, suggesting that
the matrix morphology was not influenced by the nanotubes under the selected processing conditions.
In contrast, an increment of 20 �C has been reported [39] for composites incorporating PEEK-OH-g-
SWCNT corresponding to 1.0 wt.% SWCNT content. This noticeable increase in Tg was ascribed to
the intense restrictions on polymer chain mobility imposed by the inherent interaction between the
components, achieved through the combination of covalent and hydrogen bonding. Analogous behav-
ior albeit with smaller increments of around 5 �C was also reported for composites including PAEK
[35] and PEK [33] matrices grafted to MWCNTs. The incorporation of CNTs leads to a decrease in
the height of the tand peak (Fig. 11), ascribed to the confinement of the polymer chains within the
nanotube network. A similar effect has also been reported for other nanotube–thermoplastic compos-
ites [115]. Moreover, as the filler loading rises, the confinement effect becomes stronger, leading to a
larger fall in tandmax. This decrease was more pronounced for composites that included covalent
bonds, indicating improved filler-matrix interfacial adhesion. On the other hand, the broadening of
the tand peak with increasing CNT loading has been interpreted as enhanced CNT–matrix interactions
[42]. The polymer chains located in the vicinity of the nanotubes exhibit different relaxation behavior
to those situated in the bulk matrix, resulting in a broader peak. The broadening has also been related
to the heterogeneous nature of the composites [39].

Other mechanical properties of these composites, such as flexural or interfacial shear strength
(IFSS) have been scarcely investigated. Rong et al. [100] compared the flexural properties of PEEK
based composites incorporating pristine MWCNTs and MWCNTs wrapped in SPEEK, and the trends
reported were similar to those found for the tensile properties; wrapping in SPEEK improved the
nanofiller–matrix interfacial adhesion and led to larger increments in the flexural modulus and
strength, about 15% and 7% respectively, compared to those of neat PEEK. Another study [45]
examined the flexural behavior of PEEK/GF laminates incorporating as-grown SWCNTs and SWCNTs
wrapped in PEES, and similar conclusions were obtained. For these multiscale composites the
improvements in the flexural properties, which are mainly matrix dominated, were considerably
higher than those obtained for the tensile properties that are mostly filler dominated, a trend also
reported for epoxy/CNT/glass fiber laminates [116]. Recently, Tsuda et al. [117] described a new
method to evaluate the IFSS of MWCNT/PEEK composites. An individual MWCNT was pulled out
from the fracture surface of a composite film using a nano-pull out testing system, and the tensile
loading was measured with an AFM cantilever. The pullout length was controlled by making a
through-thickness hole near the specimen edge. The IFSS values obtained at 15 wt.% loading were
in the range 3.5–7.0 MPa, and agreed with those estimated from the stress–strain curves (6.2 MPa)
[113].

3.1.3.4. Rheological properties. Rheological studies on CNT-reinforced nanocomposites, particularly
those based on a semicrystalline matrix, are interesting for improving processing conditions and
understanding the microstructural changes occurring during processing. However, to date such stud-
ies are scarce [44,46]. Bangarusampath et al. [46] studied the role of MWCNTs on the viscoelasticity of
a PEEK matrix. Linear viscoelastic measurements obtained with a dynamic rotational rheometer dem-
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onstrated that the complex shear viscosity increased with increasing MWCNT concentration, up to six
orders of magnitude at low frequencies (Fig. 12). A rise in viscosity is a typical behavior found for CNT-
reinforced composites [118,119]. At low MWCNT loading, <1 wt.%, the composites remained essen-
tially Newtonian with slight viscosity increases. However, at higher concentrations they exhibited
considerably higher viscosity than pure PEEK, even at high frequencies. The steady shear viscosity
was also investigated using a capillary rheometer, and showed a small increase for the nanocompos-
ites compared to PEEK at high shear rates, indicative of the good processability of these composites.
Further, the addition of MWCNTs was found to modify the frequency-dependence of the storage
and loss moduli, particularly in the low frequency regime. The storage modulus exhibited a dramatic
increase of seven orders of magnitude at 1 wt.% loading, suggesting a transition from liquid-like to
solid-like viscoelastic behavior. This critical composition has been identified as the rheological perco-
lation threshold, above which tube–tube interactions dominate over polymer–CNT interactions due to
the formation of a nanofiller network. The percolation threshold is very sensitive to CNT dispersion
Fig. 12. (a) Complex viscosity g� for PEEK/MWCNT nanocomposites as a function of frequency. (b) Comparison of the complex
viscosity (filled symbols) and steady shear viscosity g (open symbols) for PEEK and nanocomposites with different nanotube
content at 360 �C. Reprinted from Ref. [46], copyright 2009, with permission from Elsevier.
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and aspect ratio, both strongly influenced by the processing conditions. Another study [44] dealing
with PEEK/MWCNT composites prepared by ultrasound assisted extrusion also found a rise in the
complex viscosity of several orders of magnitude with increasing filler loading up to 10 wt.%. Never-
theless, the rheological percolation threshold was observed at around 2 wt.% of MWCNTs, about
double the concentration of that reported in the aforementioned study. The ultrasonic treatment
led to breakage of MWCNT bundles, shortening the tubes, and simultaneously improved their
dispersion within the matrix. It was concluded that MWCNT breakage prevailed over the effect of
enhanced dispersion resulting in lower viscosity and higher rheological percolation as compared to
untreated samples. A decrease in the storage and loss moduli with ultrasonic treatment was also ob-
served for all loadings studied, confirming once again the increased degradation of the polymer chains
and nanotube damage on application of the ultrasonic waves.
Fig. 13. (a) Electrical conductivity for PEEK/MWCNT nanocomposites as a function of MWCNT concentration at a frequency of
1 Hz. Reprinted from Ref. [43], copyright 2009, with permission from Elsevier. (b) Electrical conductivity r (dashed lines) and
thermal conductivity k (solid lines) for PEEK nanocomposites as a function of SWCNT concentration. Reprinted from Ref. [36],
copyright Royal Society of Chemistry 2010.
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The study of melt-rheology in crystallizing semicrystalline polymers is of great importance for con-
trolling the manufacturing process of this type of composites that involves a range of temperatures.
Rheological measurements under non-isothermal conditions were undertaken on PEEK/MWCNT com-
posites containing up to 17 wt.% at a cooling rate of 5 �C/min and frequency of 1 rad/s [46]. The com-
plex viscosity slowly increased as the temperature decreased until reaching the crystallization onset
where it increased sharply. The addition of MWCNTs broadened the transition and increased the onset
temperature by about 5 �C suggesting a nucleation effect. Moreover, with increasing MWCNT loading
the change in viscosity with temperature became progressively smaller. Rheometric measurements on
the same composites [46] showed that the tensile force (melt strength) also increased dramatically
upon addition of nanotubes, whilst the draw-down ratio (drawability) significantly decreased. Thus,
for a nanocomposite with 5 wt.% MWCNTs, the melt strength was almost 10-fold that of PEEK,
although the drawability less than half. This behavior was ascribed to the reinforcement effect of
the aligned nanotubes on the molten matrix, the entanglement of the CNTs and the associated elastic
character of the system. Transient melt elongational experiments revealed similar enhancement in the
elongational viscosity of the composites. The increase in this parameter is known to help to prevent
the coalescence of the cellular structure during foaming processing, effectively widening the process-
ing window, especially for semicrystalline polymers [120].
3.1.3.5. Electrical and thermal conductivity. Pure PEKs are insulating polymers (r < 10�13 S/cm) and be-
come electrically conductive with the incorporation of CNTs. By controlling CNT loading it is possible
to produce nanocomposites for applications that require conductivity in different ranges such as elec-
trostatic dissipation (ESD) (10�6–10�8 S/cm), electrostatic painting (10�4–10�6 S/cm), electromagnetic
interference (EMI) shielding (10�3–10�1 S/cm), and lightning strike protection (>10�1 S/cm)
[6,121,122]. CNT-reinforced PEK composites exhibit percolation behavior (Fig. 13a), in which the
presence of an interconnected nanotube network results in a dramatic increase in their electrical
conductivity. The percolation threshold and the composite conductivity depend strongly on the
synthetic method, CNT type and aspect ratio, degree of dispersion and alignment. Table 7 compares
the electrical characteristics of different PEK based nanocomposites. The best electrical properties
were obtained for PEK-g-FWCNT composite fibers [34] where the conductivity reached up to 2.4 S/
Table 7
Electrical conductivity for CNT-reinforced PEK nanocomposites.

Matrix CNT type Processing method CNT
content
(wt.%)

Composite electrical
conductivity
(S/cm)

Percolation
threshold
(wt.%)

Ref.

PEEK Laser SWCNTs Sonication/melt-
blending

1 10�2 <0.1 [12]

PEEK Arc-purified
SWCNTs

Sonication/melt-
blending

1 8 � 10�3 <0.1 [12]

PEEK PEES-wrapped
laser SWCNTs

Sonication/melt-
blending

1 5 � 10�3 <0.1 [42]

PEEK PEEK-OH-grafted
acid-treated
SWCNTs

Melt-blending 1 4 � 10�3 <0.1 [39]

PEEK CVD MWCNTs Melt-blending/
injection-molding

17 1 1–1.5 [46]
2 10�1

1 10�11

PEEK CVD MWCNTs Ultrasound assisted
extrusion

<10 10�4 1–2 [44]

PEEKa PEES-wrapped
laser SWCNTs

Melt-blending/hot-
compression

1 10�4 (in plane) <0.5 [45]
10�5 (out of plane)

PEK PEK-grafted
FWCNTs

In situ
polymerization/dry-
jet wet-spinning

5 2 � 10�6 5–10 [34]
20 2.4

a Reinforced with glass fiber.
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cm at 20 wt.% loading. Moreover, it increased from 2 � 10�6 to 0.25 S/cm, over five orders of magni-
tude, with increasing FWCNT content from 5 to 10 wt.%, indicating that the percolation threshold lies
in this concentration range. Regarding the effect of the CNT type, it is clear that SWCNTs provide high-
er conductivity values than MWCNTs due to their higher aspect ratio. At 1.0 wt.% loading, PEEK/
MWCNT composites remained electrically insulating [46], whilst those incorporating SWCNTs exhib-
ited conductivity values of around 10�2 S/cm [12] (Fig. 13b). Moreover, the percolation threshold in
PEEK/SWCNT occurred at concentrations <0.1 wt.%, while for MWCNT-reinforced PEEK composites
was in the range of 1–2 wt.% (Fig. 13a). According to percolation theory [123] for a random distribu-
tion of CNTs with an aspect ratio g the excluded volume concept gives a statistical percolation thresh-
old UC � 0.7/g. Assuming a typical value of g = 1000, UC should be around 0.07 wt.%. Percolation
thresholds significantly lower than this theoretical value are attributed to kinetic percolation [124]
that allows for particle movement and re-aggregation. In the case of PEEK that has a high melt viscos-
ity (�103 Pa s [69]), shear forces during melt-blending could induce the re-aggregation of the CNTs, a
process that has been observed in high-viscosity thermoplastic systems such as polycarbonate/
MWCNT composites [125]. Nevertheless, neither aggregates nor entanglements were observed in
PEEK composites incorporating low SWCNT loadings, and it was claimed that these systems exhibit
a very low statistical percolation due to the large aspect ratio and improved dispersion of the SWCNTs.

A strong influence of the processing conditions on the composite electrical conductivity has also
been demonstrated. PEEK/MWCNT composites prepared by an ultrasound extrusion process [44]
exhibited around three orders of magnitude lower conductivity than those prepared by conventional
melt-extrusion [46], because of shortening of the tubes during ultrasonication that reduced the num-
ber of contacts between nanotubes leading to a decrease in conductivity. It is known that filler net-
work formation affects both rheological and electrical percolation in a related manner. According to
Du et al. [126] the rheological percolation is reached when the distance between two nanotubes be-
comes smaller than the radius of gyration of the polymer chains, whilst for electrical percolation the
nanotubes must approach sufficiently to allow electron hopping or tunnelling. Therefore, rheological
percolation generally occurs at lower concentrations than electrical percolation. However, for PEEK/
MWCNT composites [44,46] both percolation thresholds occur at similar loadings. By applying a
power-law relation, the rheological and electrical percolation thresholds were found to be 0.9 wt.%,
and 1.3 wt.%, respectively [127].

Compatibilized composites present similar [42] or even higher [45] electrical conductivity than
non-compatibilized composites. The influence of the compatibilizing agent was reported to be twofold
[42]. On the one hand, it leads to an improved and more stable dispersion of the SWCNTs due to im-
proved intermolecular interactions with the matrix that would enhance electron charge transfer. On
Table 8
Thermal conductivity for CNT-reinforced PEEK nanocomposites.

Matrix CNT type Processing
method

CNT
content
(wt.%)

Composite thermal
conductivity
(W/m K)

Increment in
thermal
conductivity (%)

Ref.

PEEK Laser SWCNTs Sonication/melt-
blending

1.0 0.57 145 [12]

PEEK Arc-purified
SWCNTs

Sonication/melt-
blending

1.0 0.50 118 [12]

PEEK PEES-wrapped
laser SWCNTs

Sonication/melt-
blending

1.0 0.48 110 [42]

PEEK PEEK-OH-grafted
acid-treated
SWCNTs

Melt-blending 1.0 0.58 150 [39]

PEEK CVD MWCNTs Melt-blending/
injection-molding

17.0 0.7 133 [46]
2.0 0.4 33

PEEKa PEES-wrapped
laser SWCNTs

Melt-blending/
hot-compression

1.0 0.42 90 [45]

a Reinforced with glass fiber.
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the other hand, it is widely accepted that polymer wrapping increases tube–tube resistance, thereby
leading to a reduction in conductivity. It was claimed that the disadvantages of compatibilization with
respect to SWCNT conductivity were outweighed by the enhanced dispersion and adhesion attained in
the presence of the compatibilizer. Thus, the electrical conductivity achieved for PEEK/GF laminates
reinforced with SWCNTs wrapped in PEES [45] was on average one order of magnitude higher than
that obtained for the non-compatibilized samples. It is interesting to mention that these laminates ex-
hibit anisotropic electrical behavior where the in-plane conductivity was about one order of magni-
tude higher than that out-of-plane. This observation was explained by the fact that the glass fiber
in-plane orientation inhibits the formation of electrical conductive paths in the z-direction. This
behavior was also related to the processing of the laminates, considering that pressure was applied
in direction perpendicular to the glass plies, thus the SWCNTs were preferentially aligned along the
resin flow direction favoring the electrical conductivity.

Regarding the influence of polymer grafting, the behavior reported [39] is similar to that mentioned
above for polymer wrapping. Composites incorporating a polymer derivative covalently grafted onto
the surface of SWCNTs show almost the same conductivity as those containing pristine SWCNTs
(Fig. 13b).

The thermal conductivity of PEEK nanocomposites was found to increase almost linearly with CNT
loading [39] (Fig. 13b), and no percolation effects have been observed, attributed to the smaller intrin-
sic difference between the filler and matrix values in comparison with the electrical characteristics.
The thermal conductivity of pure PEEK is about 0.3 W/m K and that of idealized SWCNTs is only a fac-
tor of 104 greater, whereas a critical ratio of 105 has been suggested as necessary for percolation [128].
Table 8 collates the reported room temperature thermal conductivity data for PEEK/CNT nanocompos-
ites. Bangarusampath et al. [46] found a thermal conductivity value of 0.7 W/m K for composites
incorporating 17 wt.% loading of CVD MWCNTs, around 130% higher than that of the neat matrix.
However, far more significant enhancements have been reported for composites reinforced with
SWCNTs [12,39,42], particularly those synthesized by the laser-method, where the addition of only
1.0 wt.% loading led to around 145% increase [12], indicating that thermal conductivity is also very
sensitive to the type, aspect ratio and degree of dispersion of the fillers. As mentioned previously,
the laser process leads to SWCNTs of very high quality with a large aspect ratio and few defects,
and subsequently are more effective in enhancing the thermal conductivity of the matrix. Composites
with SWCNTs wrapped in a compatibilizing agent [42] displayed slightly lower thermal conductivity
than samples without compatibilizer, as it hinders direct contact between the tubes despite the im-
proved dispersion of the CNTs within the matrix.

On the other hand, it was found that composites including a polymer derivative covalently attached
to the SWCNTs exhibited superior thermal conductivity values [39], with an increase of about 150% at
1.0 wt.% nanotube content (Fig. 13b). The thermal conductivity also depends on the tube–matrix inter-
facial thermal resistance that arises from the constraint that the energy contained in high-frequency
phonon modes within the nanotubes must first be transferred to low-frequency modes through pho-
non–phonon coupling in order to be exchanged with the surrounding medium. Whilst introduction of
covalent bonds between the CNTs and the matrix clearly reduces the high interfacial thermal resis-
tance [6], they lead to a decrease in the intrinsic tube conductivity by acting as scattering centers
for phonon propagation along the tubes. It has been reported [103] that covalent attachment only im-
proves the thermal conductivity for CNTs with moderately large aspect ratio (100–1000). The extraor-
dinary thermal conductivity enhancement reported for PEEK/PEEK-OH-g-SWCNT composites [39] was
attributed to the improved SWCNT dispersion attained by the covalent grafting. Nevertheless, taking
into account the exceptionally high thermal conductivity of SWCNTs (�103 W/m K) [6], the improve-
ments observed in PEEK composites are far below those expected according to the rule of mixtures.
The small thermal conductance of the nanotube–polymer interface and the high interfacial thermal
resistance among nanotubes [129] that considerably limit the heat transfer accounts for the discrep-
ancy observed between theoretical and experimental data.

3.1.3.6. Tribological properties. Nowadays, many advanced technological applications of polymeric
materials involve friction and wear, often under demanding operating conditions, particularly at ele-
vated temperatures. Assessment of the overall tribological performance of the materials is often
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essential. Factors such as the degree of crystallinity, glass transition temperature, molecular weight,
mechanical properties, orientation, hardness and surface energy have been shown to influence both
the friction and wear behavior of polymers under different experimental conditions. Moreover, the
type and structure of the reinforcement as well as the presence of lubricants, for example, play a major
role on the active wear mechanism. An overview of the various factors influencing the wear behavior
of polymers has been given in a brief review [130]. Although PEKs have been identified as polymers
with good tribological properties, several studies [131,132] have highlighted the influence of the
molecular weight on their tribological performance. Whereas the frictional coefficient under adhesive
sliding is almost independent of the molecular weight, the wear resistance deteriorates with decreas-
ing molecular weight, particularly at elevated velocities and contact pressures, a behavior attributed
to their semicrystalline structure. At low molecular weight, plastic deformation is promoted by the
enhanced sliding of molecules and the reduced shear strength, whilst at high molecular weight the
resistance to local cracking increases.

To date, there are very few reports on the tribological properties of PEK/CNT nanocomposites. Li
and Zhang [112,133] have investigated the influence of carbon fibers (CFs) and MWCNTs on the tribo-
logical performance of PEEK. CFs are commonly used for reinforcing PEK composites in order to make
tribological components and aircraft structures that encounter harsh operating conditions, such as
high stresses, speeds and widely variable temperatures. Their high thermal conductivity enables rapid
dissipation of frictional heat, and their layer-lattice graphitic structure imparts additional lubrication.
However, high loadings of CFs in PEK have some practical difficulties due to the brittle nature of the
fibers and extensive breakage during mixing. This can be overcome by incorporating small amounts of
CNTs with CFs. The comparison of the results for PEEK/CF (20 wt.%) and PEEK/CF (20 wt.%)/MWCNT
(5 wt.%) [112] demonstrated higher wear resistance under different abrading distances for composites
incorporating MWCNTs, attributed to the higher specific strength, thermal conductivity and better
lubricating property of the CF/MWCNT blend compared to those of the CFs. Furthermore, in the pres-
ence of MWCNTs the ductility of the PEEK matrix is greatly reduced and the hardness of the compos-
ites increases, improving the abrasion resistance. Worn surfaces of these composites were examined
to obtain information about the dominant wear mechanism under abrasion [112]. Generally, the wear
process involves four different mechanisms: microploughing, microcutting, microfatigue and micro-
cracking. SEM photomicrographs of PEEK/CF composites showed brittle fracture of the matrix, high
debris and fiber debonding. The damage to the fibers was also severe, and the generation of cracks
in the direction normal to the abrading direction was the main reason for the fiber failure. In contrast,
PEEK/CF/MWCNT composites showed lower damage, attributed to the synergistic effect between the
two fillers generating improved interactions between the fibers due to the presence of the CNTs,
resulting in better interfacial adhesion with the matrix.

3.2. Carbon nanofiber reinforced nanocomposites

Carbon nanofibers (CNFs) represent an important class of graphitic materials that are closely re-
lated to CNTs with regard to their structure and properties. They are generally synthesized by chem-
ical vapour deposition (CVD) [134,135] where gas-phase molecules are decomposed at high
temperatures and carbon is deposited on a substrate where the fiber grows around particles of a tran-
sition metal catalyst. This procedure involves separate stages such as gas decomposition, carbon depo-
sition, fiber growth, fiber thickening, graphitization, and purification. CNFs produced by this method
are known as vapour-grown carbon nanofibers (VGCNFs) that take the form of hollow tubes, with an
outer diameter in the range of 40–150 nm, and lengths ranging from 50 to 1000 lm, and are free from
other carbonaceous impurities such as amorphous carbon. CNFs have a smaller diameter than conven-
tional continuous or milled CFs (5–10 lm) but significantly larger than CNTs (1–40 nm). Depending on
the structure, they can be classified into two groups: parallel and fish-bone [136]. Parallel nanofibers
consist of coaxial cylindrical sheets of carbon in which the graphitic layers are oriented parallel to the
fiber axis, structurally similar to MWCNTs, and their surface contains a high density of basal planes.
Fish-bone CNFs can be visualized as stacked graphitic disks or cones and are intrinsically less perfect
as they have graphitic edge terminations on their surface. The stacked cone geometry is often called a
‘‘herringbone fiber’’ [137] due to the appearance of the longitudinal cross-section.
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CNFs are of key interest in recent polymer research due to their remarkable electrical, mechanical
and thermal properties [138,139]. At room temperature their thermal conductivity is around 1900 W/
m K [140], and their electrical conductivity has been reported to be in the order of 2 � 104 S/cm [141],
close to the conductivity of graphite. Since electrical conduction in CNF/polymer composites occurs
through a network of nanofibers, good CNF dispersion and maintained fiber continuity leads to high
composite electrical conductivity even at low loadings. Experimental tests on CNFs have shown that
their Young’s modulus lies in the range between 300 and 600 GPa [142] and their tensile strength is as
high as 8.7 GPa [143], approaching the strength of graphite microfibers. When incorporated into poly-
meric composites, CNFs can increase the tensile strength, Young’s modulus, interlaminar shear
strength, fracture toughness, and damping properties of the base polymer. The extent of improvement
depends on the polymer matrix, the degree of fiber dispersion and alignment, as well as the processing
history [144–146].

3.2.1. Preparation of PEK/CNF nanocomposites
CNFs can be dispersed in a PEK matrix using the same methods as for CNTs, such as melt-blending,

in situ polymerization and solution mixing, and melt-compounding is also the most commonly em-
ployed technique [137,147–149], where the as-received CNF material and the polymer are initially
dry-mixed and then extruded at about 380 �C. The extrudate is quenched into a water bath, air-dried
and then regranulated. Specimens are typically fabricated using an injection-molding machine oper-
ating at around 390 �C, with the mold temperature set to about 150 �C. For the preparation of carbon
nanofiber PEEK foams [120,150], the extrudate has been dry mixed with 1 wt.% of a blowing agent (in
this case Al(OH)3 or Clariant XH907), and the mixture injection-molded at 360 �C, with a mold tem-
perature of about 100 �C. The melt-blending approach has also been used to fabricate CNF-reinforced
PEEK fibers [148] that were spun from a capillary rheometer at 370 �C with a drawing speed of 15 m/
min, resulting in an average fiber diameter of 0.19 mm. Prior to characterization, samples are fre-
quently heat-treated at �200 �C for a few hours to ensure a uniform degree of crystallinity through
the polymer matrix.

Direct covalent attachment of PEKs onto the surface of VGCNFs has been carried out via in situ poly-
merization through an electrophilic substitution reaction in a PPA/P2O5 medium, similar to the proce-
dure described for the synthesis of PEK-g-CNT composites [11]. A solution-processing approach has
also been employed to prepare this type of nanocomposites [149,151]. Firstly, CNFs were dispersed
in benzophenone or benzophenone/Triton X-100 solution by ultrasonication at 50 �C for about 1 h.
PEEK powder was then added and the mixture stirred for 30 min. The solution was heated at around
280 �C for another 30 min to completely dissolve the polymer, followed by cooling to 120 �C, at which
the solution formed a gel due to polymer crystallization. Cold water was added to ensure precipitation
of the polymer that was subsequently washed with acetone to remove the solvent. The nanocompos-
ites obtained were dried in an oven under vacuum for 72 h and then compression molded.

3.2.2. Structure and morphology of PEK/CNF nanocomposites
Bartolucci et al. [151] examined the morphology of PEEK/CNF composites prepared by solution pro-

cessing at loadings between 0.1 and 5 wt.%. The CNFs were found to be well-dispersed for samples
with 0.1 wt.% loading, but for higher contents a certain degree of agglomeration was observed due
to the formation of a nanofiber network and the generation of a gel. The addition of surfactants im-
proved the wettability of the CNFs by the PEEK macromolecules and reduced aggregate formation
[149].

Verdejo et al. [150] examined the fractured surfaces of PEEK/CNF foams by optical microscopy and
X-ray micro-tomography. Whilst neat PEEK could not be foamed reliably using a conventional
injection-molding processes, the addition of CNFs led to the development of a homogeneous cellular
structure in the core of the PEEK/CNF samples that was associated with a simultaneous decrease in
size, and increase in number of cells. Further, the morphology was found to be strongly affected by
the degree of compatibility of the foaming agent used. SEM images indicated a gradual change of
the cellular structure along the melt-flow direction. Uniform rounded cells were concentrated around
the centre of the sample, whereas those close to the solid skin were elongated where the shear flow
was more pronounced. Larger cell sizes were observed with increasing CNF loading, ascribed to the
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higher melt strength and the associated network formation at higher concentrations, which hinder cell
growth. The CNFs were fully incorporated into the cell membranes and struts, and were aligned in the
direction of the elongational flow.

Oh et al. [11] investigated the morphology of PEK-g-VGCNF composites prepared by in situ poly-
merization. The nanofiber surfaces and open ends were coated with PEK increasing the average fiber
diameter by about 200 nm due to polymer grafting, a value approximately equivalent to 100 repeat
units, assuming that the polymer was aligned vertically on the VGCNF surface and the length of each
repeat unit is �1 nm. TEM images showed that the CNFs maintained their structural integrity through-
out the whole work-up process, confirming that the electrophilic substitution reaction in a PPA/P2O5

medium was an effective and benign approach to covalently anchor a PEK polymer onto CNFs.
Sandler et al. [147] studied the morphology of PEEK/VGCNF composites prepared by melt-blending

and injection molding with nanofiller loadings up to 15 wt.%, showing that for all samples the CNFs
were well dispersed within the PEEK matrix, no voids were detected (Fig. 14), and the nanofibers were
aligned along the resin flow direction during processing. SEM images revealed that some CNFs were
coated with a cylindrical polymer shell. Since the structure of the VGCNFs used was similar to that
of high strength CFs, the coating was interpreted as secondary crystallization of the PEEK molecules
that were constrained by the finely dispersed CNFs and could not contribute to the initial crystalliza-
tion starting within the bulk matrix. TEM images demonstrated good CNF–PEEK interfacial bonding in
these composites, and corroborated an enhanced CNF dispersion and the different degree of alignment
depending on the shear flow experienced during processing. A homogenous nanofiber dispersion was
Fig. 14. SEM micrographs from fractured surfaces of PEEK/VGCNF composites containing (a) 10 wt.% and (b) 15 wt.% loading.
Note the polymer coated nanofibers (squares marked on the images). Reprinted from Ref. [147], copyright 2002, with
permission from Elsevier.
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also observed for PEEK/CNF composite fibers [148], where SEM micrographs indicated both a high de-
gree of alignment of the CNFs to the spinning direction and a high quality surface finish.

In CNF-reinforced PEEK fibers, the presence of nanoscale fibers and the thermal history were found
to influence the matrix morphology in terms of crystallite size and orientation as well as the overall
degree of crystallinity, analyzed from the WAXS diffractograms [148]. The addition of CNFs led to a
progressive increase in crystallinity of the composites. Moreover, the as-spun fibers had a consider-
ably lower crystallinity than injection-molded and subsequently heat-treated samples. The authors
explained this difference on the basis of the different cooling rates experienced during processing.
In the as-spun fibers the combination of rapid quenching and high degree of polymer alignment in-
duced by the spinning process led to very small crystallites distributed within the matrix, whereas
for the injection-molded samples, slower cooling from the melt enabled the growth of larger crystals.
The alignment of the nanofibers was also investigated by X-ray diffraction analysis. The CNFs were ar-
ranged in a ‘‘herringbone’’ structure, and the graphitic planes were aligned within approximately ±30�.
This alignment was found to be independent of both CNF content and thermal treatment.

3.2.3. Properties of PEK/CNF nanocomposites
3.2.3.1. Crystallization and melting behavior. The crystallization behavior of PEEK is strongly influenced
by the presence of CFs that exert a nucleating effect, modifying important parameters such as temper-
ature and crystallization rate, degree of crystallinity and crystalline morphology [152–154]. These
parameters are dependent on the nature of the CF, its volume fraction and the processing or crystal-
lization conditions [155–157]. Two different types of crystalline nucleation have been described in CF-
reinforced PEEK composites. The first originates from discrete points on the CF surface and is strongly
dependent on the CF type, with high-modulus fibers exerting superior nucleating activity than high-
strength fibers. The second takes place at PEEK layers situated between adjacent CFs and is caused by
stresses induced in these thin layers of PEEK as a result of the different thermal contractions experi-
enced by both composite components during cooling [158,159].

In the case of PEEK nanocomposites reinforced with CNFs, the crystallization behavior reported in
the literature differs significantly from that described for CF reinforcements at the microscale. Re-
cently, Modi et al. [149] studied the crystallization behavior of PEEK/VGCNF nanocomposites prepared
by both solution processing and melt-blending approaches where the diameter and aspect ratio of the
VGCNFs were 183 nm and 39 nm, respectively. In both cases, the amount of CNFs incorporated in PEEK
was in the range 0.1–5 wt.%. The degree of crystallinity of PEEK in the solution-processed nanocom-
posites was about 18% and 12% for CNF concentrations of 1 and 2 wt.%, respectively, while for neat
PEEK processed identically the crystallinity was around 26%. Regarding the melt-processed samples,
their degree of crystallinity was considerably lower than that for solution-processed nanocomposites,
regardless of the cooling rate used, explained in terms of the thermal-oxidative degradation associated
with the high temperatures and residence times of the melt-blending, where a cross-linked network is
formed that hinders the crystallization process. This behavior is consistent with the study of Jonas and
Legras [72] on the effects of cross-linking on the crystallization of PEEK.

On the other hand, the reduction in the degree of crystallinity with increasing CNF content, regard-
less of the processing method, is in contrast to the results described in the literature for the nucleating
effect exerted by the CFs of larger diameter, at the micrometer scale, on the crystallization of PEEK
[154], where the crystallinity increased from 10% for neat PEEK to 17% for a composite reinforced with
37% CFs of 7 lm diameter with an aspect ratio of 860. The aforementioned results also differ from
those reported by Sandler et al. [148] for CNF-reinforced PEEK nanocomposite fibers processed in a
twin-screw extruder, where an increase of crystallinity from 6% for the neat polymer to 12% for fibers
with a CNF loading of 10 wt.% was observed after a cold crystallization process during the heating of
the nanocomposites, and they exhibit the characteristic orthorhombic crystalline structure of PEEK
previously observed for melt-spun and annealed PEEK monofilaments [66]. Analogous crystallinity
enhancement behavior was reported when the nanocomposite fibers were subsequently heat-treated
at 200 �C and subjected to the same crystallization cycles. This increase in crystallinity was found to be
independent of CNF content, and was attributed to local changes in polymer orientation or strain
caused by the presence of the CNFs where the graphitic planes are aligned during the spinning process.
The same authors described the absence of nucleating effects leading to changes in the level of
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crystallinity or in the crystallization temperature of non-aligned PEEK/VGCNF composites [147]. How-
ever, they observed some phenomena such as exotherm broadening or the appearance of a second
exotherm at lower temperatures, particularly at high CNF contents and slow crystallization that are
related to the existence of interactions between the CNFs and the polymeric segments of PEEK. These
provoke differences in the segmental mobility between the bulk matrix and the molecules in the vicin-
ity of the CNF surface and, consequently, differences in the crystallization rate, although the CNF sur-
faces do not act as nucleating centers. The separation of these two crystallization processes with
increasing CNF content might be attributed to a delayed secondary crystallization of those PEEK mol-
ecules that are constrained by the finely dispersed CNFs and cannot participate in the primary crystal-
lization initiated within the bulk of the matrix [137]. In general, the results reported in the literature
seem to indicate that the absence of heterogeneous nucleation induced by the rigid CNFs or the ab-
sence of preferential orientation of the fibers makes the folding of the segments of the polymeric
chains required during crystallization difficult, thus reducing the crystallization rate, and conse-
quently the degree of crystallininity of PEEK in the nanocomposites.

Recently, Verdejo et al. [150] reported very small increments, between 1 and 3 �C, in the crys-
tallization temperature, and between 2% and 4% in the degree of crystallinity of PEEK/CNF foams
prepared by melt-blending and subsequent injection molding, using different blowing agents. This
effect has also been justified by the existence of a certain degree of orientation of the CNFs in the
PEEK matrix.

3.2.3.2. Thermal stability. The thermal stability of PEEK/CNF nanocomposites has been scarcely inves-
tigated. Thermogravimetric analysis performed by Modi et al. [149] on solution processed samples re-
vealed that the degradation temperatures of PEEK improved only slightly upon incorporation of
VGCNFs. The temperature at which 50% weight loss occurred increased by about 2 �C at 1 wt.% CNF
loading as compared to that of neat PEEK, and by 4 �C at 2 wt.% nanofiber content. These increments
are considerably lower than those observed for PEEK/CNT nanocomposites [12,43] and could be
Table 9
Mechanical properties for CNF-reinforced PEEK nanocomposites.

Matrix CNF
type

Processing
method

CNF
content
(wt.%)

Young’s
modulus
(%
increase)

Tensile
strength
(%
increase)

Strain to
failure (%
increase)

Storage
modulus
(%
increase)

Flexural
modulus(%
increase)

Flexural
strength(%
increase)

Ref.

PEEK VGCNFs Melt-
blending/
injection-
molding

15 40 30 �76
12

38 22 [137,147]
10 28 19 �22 19 12

PEEK VGCNFs Melt-
blending/fiber
spinning

10 70
(as-spun)

31
(as-spun)

�5
(as-spun)

– – – [148]

61 (heat-
treated)

40 (heat-
treated)

�30 (heat-
treated)

PEEK VGCNFs Melt-
blending/
Foam injection
molding

10.0 �29a – – 18a 13a [150]
�41b �21b 17b 11b

PEEK VGCNFs Melt-
blending/
Foam injection
molding

15 – – – – 40 23 [120]

PEEK VGCNFs Melt/blending 1 – – – �60 – – [149]
2 �15

PEEK VGCNFs Solution
processing

1 – – – 28 – – [149]
2 52

a AlOH3 as foaming agent.
b Clariant as foaming agent.



Fig. 15. Stress–strain curves for PEEK/CNF composite fibers as a function of CNF loading: (a) as-spun and (b) heat-treated
samples. Three fibers were tested for each loading fraction. Reprinted from Ref. [148], with kind permission from Springer
Science Business Media.
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related to the lower aspect ratio of the CNFs compared to the CNTs, reducing the possibilities for the
formation of an effective network that can act as a heat shield.

3.2.3.3. Mechanical properties. CNFs have great potential to improve the mechanical properties of PEK
matrices on account of their high specific tensile modulus and strength. Table 9 summarizes the room
temperature mechanical properties data found in the literature for PEEK/CNF nanocomposites. With
regard to the tensile properties, the largest improvements in modulus were achieved with VGCNF
reinforced PEEK composite fibers [148], both as-spun and heat-treated, with increments at 10 wt.%
loading of about 70% and 61%, respectively, compared to PEEK fiber controls. Significant enhancements
were also observed for the tensile strength, around 45% and 52%, respectively, for the aforementioned
fibers at the same CNF loading. Some differences in the shape of the tensile curves were observed as a
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function of the thermal treatment (Fig. 15). As-spun nanocomposite fibers showed an initial yielding
at about 3% strain, followed by uniform necking and drawing, whilst the heat-treated fibers exhibited
neither the initial yielding nor the necking plateau. Furthermore, the heat-treated fibers underwent a
considerable decrease in the strain to failure values compared to the PEEK control, whilst for the as-
spun fibers the ductility was maintained. An increase in the composite modulus and strength was ob-
served with increasing CNF concentration that was considerably more prominent at low loadings for
both fiber types, and was ascribed to a combination of the increase in crystallinity arising from the
presence of the CNFs and the reinforcing effect. However, increasing the nanofiller loading hardly
modified the polymer crystallinity, thus the further rise in modulus was associated solely with the
reinforcing effect of the fillers. The authors found that the experimental results were considerably
lower than the theoretical predictions from the Krenchel’s rule of mixtures [160] for short-fiber
reinforced composites, taking into account the uniaxial alignment of the CNFs along the fiber draw
direction and the estimated aspect ratio of the VGCNFs.

Significant enhancements in the tensile properties were also observed for injection-molded PEEK/
VGCNF composites [147], exhibiting the highest absolute values of Young’s modulus and tensile
Fig. 16. DMA measurements for PEEK/CNF nanocomposites as a function of temperature: (a) storage modulus and (b) tand.
Reprinted from Ref. [147], copyright 2002, with permission from Elsevier.
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strength due to a homogeneous dispersion and high degree of nanofiller alignment combined with
strong PEEK–CNF interfacial-bonding. In these nanocomposites a linear increase in both modulus
and strength was observed up to 15 wt.% loading, attributed to the fact that the CNFs did not nucleate
PEEK due to interactions between the matrix and the nanofibers. Furthermore, the strain to failure and
composite toughness did not decrease significantly up to 10 wt.% CNF content, whilst they dropped
drastically at higher loadings, suggesting a ductile–brittle transition. The room temperature flexural
properties of these composites [137] increased with nanofiber loading in a similar manner as the ten-
sile properties. Samples incorporating 15 wt.% CNF content exhibited a brittle behavior and showed
premature failure as well as significantly lower maximum bending strain.

On the other hand, a decrease in the compression modulus has been reported for CNF-reinforced
PEEK foams [150], attributed to nanofiber buckling combined with a decrease in the sample density
due to an increase in volume porosity. Although the compressive properties of the foams were lower
than those of the solid counterparts, the CNFs offset this reduction. In contrast, these foams showed an
increase in the flexural modulus and strength with CNF loading regardless of the blowing agent em-
ployed. In these systems the bending properties were dominated by the solid skins located on the out-
er surfaces of the samples, whilst the foamed cores (which led to a density reduction) supported a high
bending moment structure. The specific flexural stiffness and strength of the foams were higher than
those of the solid samples, associated to the density reduction. The use of Clariant as blowing agent
provided the best mechanical performance for all loading fractions, due to the formation of a structure
with the smallest cell size and the lowest density. These polymeric foams are suitable for lightweight
structural applications, since the bending stiffness of PEEK can be maintained with a 20% weight
reduction.

The bending elastic modulus and damping properties of PEEK/CNF composites were characterized
by DMA measurements as a function of temperature [147] (Fig. 16). An increase in composite stiffness
with increasing nanofiber content was observed both below and above the softening point of the ma-
trix, the effect being more pronounced above Tg where the matrix stiffness decreased sharply. The Tg

was hardly affected by the addition of nanofibers, indicating that the semicrystalline matrix morphol-
ogy was not significantly influenced by the nanofibers under the selected processing conditions. How-
ever, a small broadening of the tand peak towards higher temperature was observed, explained
considering a hierarchical structure where the unconstrained segments of the polymer maintain the
Tg of the bulk PEEK whereas those segments close to the nanofibers are less mobile leading to an incre-
ment in Tg. Similar effects have been reported for PEEK/nanotube composites [42,43] and are typical of
polymer systems filled with finely dispersed materials. Moreover, a decrease in the height of the tand
peak was found with increasing nanofiber loading ascribed to the reduction in the weight fraction of
the matrix. DMA curves also showed the existence of a sub-Tg transition at about 65 �C, corresponding
to the so-called b-relaxation [161] related to phenyl ring flipping. Interestingly, only the nanocompos-
ite containing 15 wt.% CNFs exhibited a broadening of this peak and an upshift of 15 �C, clearly indi-
cating restrictions on the mobility of the phenyl moieties at higher CNF loadings. This fact also led to a
more pronounced increase in the stiffness of this composite at low temperatures and was associated
with its brittle fracture.

A recent study [149] compared the dynamic mechanical properties of PEEK/CNF nanocomposites
prepared via melt-blending and solution processing. In the case of melt-compounding 1 and 2 wt.%
loading, a drop in the room temperature storage modulus was observed due to an inhomogeneous
CNF dispersion. In contrast, both storage and loss moduli of the solution-processed nanocomposites
were found to rise with increasing CNF concentration, ascribed to an improved CNF dispersion and
higher degree of crystallinity of the composites.

3.2.3.4. Rheological properties. Modi et al. [149] extensively investigated the viscoelastic properties of
melt and solution processed CNF reinforced PEEK nanocomposites, both in the solid and molten states.
The storage modulus and complex viscosity of melt-blended samples were found to be dependent on
the processing conditions, e.g. temperature and environment. No time dependence was observed un-
der nitrogen environment at 360 �C, confirming the thermal stability of PEEK under those conditions.
However, when similar experiments were carried out in air, both the storage modulus and the com-
plex viscosity increased significantly with time that was associated with the thermooxidative degra-
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dation of the matrix [162]. The increase in viscoelastic properties was found to be more pronounced at
high temperatures, indicating a high degree of cross-linking of chains via a progressive branching
reaction, increasing the shear viscosity of PEEK and hindering its crystallization. Therefore, the storage
moduli of melt-processed nanocomposites were influenced by the state of dispersion of the CNFs, the
thermooxidative degradation caused by the high-temperatures and residence times involved in the
melt-processing, and the adverse effects of the cross-linking on the development of crystallinity.
The elasticity and viscosity of solution processed PEEK/CNF nanocomposites both at room tempera-
ture and 360 �C were found to rise with increasing CNF concentration up to 2 wt.% loading. At higher
concentrations the viscoelastic properties decreased, attributed to the difficulty of the CNFs to pack
isotropically due to excluded volume interactions, combined with a drop in crystallinity associated
with steric hindrance due to the presence of rigid CNFs.

Ruckdäschel et al. [137] investigated the complex viscosity, dynamic storage modulus and loss
modulus of melt-processed PEEK/CNF nanocomposites as a function of frequency at various nanofiber
loadings. Measurements were performed within the linear viscoelastic regime using a strain range of
1–5%. Under shear the PEEK matrix viscosity increased with filler loading, an effect that was more pro-
nounced at lower frequencies, and a rheological percolation threshold between 10 and 15 wt.% CNF
content was observed. At low frequencies, the strong increase in viscosity was attributed to both poly-
mer–fiber and fiber–fiber interactions, and this behavior is typical for highly filled nanocomposites,
independently of the filler type and geometry [119,163]. However, at high frequencies the rheological
response of the composites was dominated by the polymer matrix. Below the percolation threshold,
the enhancement in storage modulus was ascribed to the reinforcement effect of the nanofibers
due to favorable matrix–filler interactions in the molten state, whilst above this critical concentration
filler–filler interactions became dominant due to the formation of a CNF network. The rheological per-
colation threshold of melt-blended MWCNT-reinforced thermoplastic nanocomposites generally lies
between 0.5 and 5 wt.% [164,165], with a strong temperature dependency. The higher percolation
threshold observed for PEEK/CNF composites indicated that the length of the CNFs was greatly re-
duced during processing that resulted in low aspect ratios, albeit enabling good nanofiber dispersion.

Werner et al. [120] examined the rheological properties of CNF-reinforced PEEK nanocomposites in
the melt state, under both shear and extensional flows, using as a control a graphite filler with similar
hydrodynamic volume as the nanofibers. A significant reduction of the maximum melt elongation at
break and melt-strength were observed with increasing graphite content due to local stress concen-
trations in the vicinity of the graphite particles caused by the elongational flow of the melt strand that
led to premature failure. Nevertheless, for PEEK/CNF composites the melt-strength increased signifi-
cantly with filler loading and the elongation at break decreased more gradually than in the PEEK/
graphite composites. This was ascribed to the smaller size and higher degree of alignment of the
nanofibers that enable the relaxation of stress concentrations at the CNF–polymer interface during
melt-extension. Thus CNFs extend the thermal processing window of PEEK, which is of great interest
for processes such as fiber spinning and foaming. With increasing CNF content the complex viscosity
of the nanocomposites increased in the same range as for graphite-reinforced samples, indicating that
similar processing parameters could be appropriate for both types of composites during high-shear
methods such as injection molding or extrusion.

3.2.3.5. Tribological properties. VGCNFs are interesting additives for polymers in tribological applica-
tions, since they can significantly reduce the friction coefficient and wear rate through lubrication.
Due to their small size, the roughening effect on the counterpart surface observed for macroscopic
CFs is minimized. Werner et al. [166] investigated the tribological behavior of injection molded
PEEK/CNF nanocomposites with nanofiber contents between 5 and 15 wt.%, tested against two
different commercial steel-based counterpart materials. Both the wear volume and the specific wear
rate were found to decrease for the nanocomposites as compared to those of the pure matrix, regard-
less of the nature of the steel counterpart, although the effect was not strongly dependent on the CNF
content (Fig. 17). A minimum in the wear rate was observed for 10 wt.% loading, the optimum concen-
tration that has also been described in the literature for glass and carbon fiber-reinforced PEEK
[167,168]. This improved wear behavior was ascribed to the higher shear strength of the CNF-compos-
ites compared to that of the pure matrix, and/or a lubricating effect of the CNFs. Light microscopy



Fig. 17. (a) Wear volume as a function of sliding distance for PEEK and nanocomposites with different CNF content; (b) specific
wear rate of PEEK/CNF nanocomposites vs. 100 Cr6 steel as a function of CNF content. Three tests were carried out for each
material. Reprinted from Ref. [166], copyright 2004, with permission from Elsevier.
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images of worn surfaces of pure PEEK revealed the deposition of polymer debris forming large plaques
on the surface, whilst for the nanocomposites smaller chips were found since the CNFs reduced the
accumulation of the PEEK wear debris. Furthermore, the sliding surfaces became smoother with
increasing CNF content due to a more intense lubricating effect. The sharpness of the sliding tracks
also showed a minimum for the sample with 10 wt.% loading, mirroring the trend observed for the
specific wear rate.

In the same study, the wear rate of the composite reinforced with 10 wt.% CNFs was compared to
that of pure PEEK, PEEK/GF (40 wt.%), PEEK/CF (30 wt.%) and PEEK/CF (10 wt.%)/PTFE (10 wt.%)/graph-
ite (10 wt.%). When tested against 100Cr6 martensitic bearing steel, a change in the slope of the wear
curve of PEEK/CF samples was observed after a certain sliding distance, due to a tribo-chemical corro-
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sion reaction of the unalloyed steel counterpart. In the case of PEEK/GF composites, no evidence of a
wear transition or a tribo-chemical reaction was found, due to the chemical inertness of the GF. Supe-
rior overall performance was observed for PEEK/CNF samples, which seemed to be as chemically inert
as the GF albeit less abrasive due to their smaller size. With X5CrNi18-10 austenitic stainless steel the
CNF reinforced nanocomposites exhibited slightly higher wear rate when compared to PEEK/CF.

To further characterize the potential of CNFs as tribological additives, hybrid composites based on
CNFs and other conventional fillers, such as CFs, PTFE or a mixture of both, were also fabricated via
melt-processing and injection molding [166]. A PEEK/CNF/CF hybrid displayed a similar wear rate
as the binary PEEK/CNF composite when 100Cr6 was used as the counterpart, albeit showing a wear
transition that was slightly less pronounced than that observed for PEEK/CF. In contrast, the addition
of the CFs led to a significant reduction in the wear rate against the CrNi steel. The incorporation of
PTFE to the CNF nanocomposite decreased its shear strength and led to an increased wear rate. Further
addition of CFs compensated for this effect, and the wear rate of the multiphase PEEK/CNF/CF/PTFE
composite against 100Cr6 was about the same as that for the CNF/CF samples, although no tribo-
chemical reaction was detected. When a CrNi steel counterpart was employed this multiphase com-
posite showed the best performance, verifying the effectiveness of combining different fillers. The re-
sults obtained for both counterparts were within a very narrow range, indicating that the material
with four components was suitable for applications that require stable wear conditions throughout
their whole lifetime.
3.3. Other carbon-based nanocomposites

3.3.1. Graphene-based PEK composites
Graphene is a flat monolayer of carbon atoms in a two-dimensional (2D) honeycomb lattice, and is

the basic building block for graphitic materials of all other dimensionalities [169]. Graphene exhibits
unique physical and electronic properties [170,171] that make it a promising material for electronic
applications. A graphene sheet possesses remarkably high electron mobility (15,000 cm2/V s) and
the highest electrical conductivity known at room temperature (106 S/cm). The thermal conductivity
of graphene is in the range 4.84 � 103–5.30 � 103 W/m K [172] at room temperature, higher than the
values measured for carbon nanotubes or diamond. Furthermore, it is one of the strongest materials
known, with a breaking strength 200 times greater than that of steel, a tensile strength of 130 GPa
and a Young’s modulus of 0.5 TPa [173]. Graphene can be obtained by mechanical exfoliation of
3D-graphite [170], involving a mechanical peel-off of layers, known colloquially as the ‘‘Scotch tape’’
method, yielding a small amount of high-quality graphene. It can also be synthesized via epitaxial
growth on conducting noble metals and insulating surfaces via CVD [174]. Graphite oxide (GO) reduc-
tion was the first method used for graphene synthesis, and GO can be prepared by oxidation of graph-
ite in a nitric acid/sulfuric acid mixture. Subsequent sonication produces a colloidal suspension of
graphene oxide that is subjected to a chemical and/or thermal reduction to obtain crystalline graphene
structures.

Polymer/graphene nanocomposites are usually prepared by three different strategies: ‘‘in situ’’
intercalative polymerization, solution intercalation and melt-intercalation [175]. In the first method,
graphene is initially swollen within the liquid monomer, and subsequently the initiator is added. Poly-
merization is then initiated either by heat or radiation. The solution technique involves the dispersion
of graphene in a suitable solvent, where the polymer is then adsorbed onto delaminated graphene
sheets and finally the solvent is removed, leading to sandwich-like nanocomposites. In the melt-inter-
calation approach, a thermoplastic polymer is mixed mechanically with graphene at elevated temper-
ature using extrusion or injection molding. Generally, to achieve stable dispersions of graphene and
control the microstructure of the nanocomposites, polymer-covalent functionalization of graphene
is desired, and has been recently reviewed [176]. The direct modification of graphene laminates with
polymer matrices by using the oxygenated groups in GO represents an interesting strategy. Thus,
polymers with adequate functional groups can be covalently linked to graphene sheets. This proce-
dure has been applied to different thermoplastic polymers such as PVA or PVC [177]. An alternative
approach is the non-covalent modification, which enables the attachment of molecules through p–



Fig. 18. Room temperature mechanical properties for p-PEK-g-graphite composites: (a) stress–strain curves; (b) tensile
strength; (c) Young’s modulus; (d) toughness calculated as the area under the stress–strain curve. Reprinted from Ref. [178],
with permission from the Royal Society of Chemistry.
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p stacking or hydrophobic (van der Waals) interactions, preserving the intrinsic electronic properties
of graphene.

Choi et al. [178] recently reported the in situ grafting of para-PEK (p-PEK) to the edges of pristine
graphite (10 wt.%) via a direct electrophilic substitution reaction in a PPA/P2O5 medium, strategy pre-
viously used for the grafting of PEKs onto the surface of CNTs and CNFs [11]. The resulting p-PEK-g-
graphite nanocomposites exhibited a mixed morphology with graphene-like sheets linked by p-PEK
fibers that were found to be flattened and aligned parallel to the surface of the graphene-sheets.
According to TEM images, these sheets consisted of three layers of platelets with high crystallinity,
suggesting that pristine graphite was exfoliated into graphene-platelets without damage to the basal
plane. The Tg of p-PEK-g-graphite was about 8 �C higher than that of p-PEK, the Tm decreased by 6 �C
and the melting enthalpy was almost double that of the polymer, indicating that the nanocomposite
had lower crystal stability although higher crystallinity. Moreover, the composite exhibited an insu-
lating character, ascribed to the coating of the p-PEK around the graphene sheets. Tensile tests re-
vealed significant enhancements in the mechanical properties (Fig. 18). The Young’s modulus and
tensile strength increased by about 251% and 374%, respectively, and the toughness showed a sixty-
fold increase when compared to that of the pure matrix. The toughening mechanism was proposed
to be interlayer sliding along the stress direction of the graphene sheets that were covalently con-
nected to the p-PEK, leading to a very efficient load transfer.
3.3.2. Diamond nanoparticle-reinforced PEK nanocomposites
Detonation nanodiamond (DND) is another type of carbon nanofiller produced by detonation of

2,4,6-trinitrotoluene (TNT)/1,3,5-trinitrotriazacyclohexane (hexogen) explosives in a closed chamber
either in a gaseous atmosphere, e.g. CO2 (dry method), or in water (wet method) [179]. DND is also
known as ultradispersed diamond (UDD) or ultrananocrystalline diamond (UNCD), and is composed
of primary nanoparticles with an average size in the range of 2–10 nm and a very large specific surface
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area (SSA) >200 m2/g [180]. This nanofiller is available in large quantities, has a moderate cost, and is
non-cytotoxic and biocompatible, making it an attractive material for bionanotechnology. Li et al.
[181] reported the first example of a DND-polymer nanocomposite, in which poly(methyl methacry-
late) brushes were covalently attached onto the DND surface by an atom transfer radical polymeriza-
tion (ATRP) process. Zhang et al. [182] reported the grafting of aromatic polyimides on nanodiamonds.
In these reports, the polymer nanocomposites contained DND as aggregates of particles of around 20–
50 nm size, resulting in polymer-DND particles with sizes in the range of 100–200 nm.

Wang et al. [183] recently reported the arylcarbonylation and grafting of DND nanoparticles with
PEK polymer via in situ Friedel–Crafts polycondensation in a PPA medium. Pristine DND powder was
ground into particles of 20–30 nm, and treated with trimethylphenoxybenzoic acid in PPA/P2O5 at
130 �C for 72 h. The success of the grafting reaction was demonstrated by SEM and TEM analysis,
showing that the nanoparticles were quite well dispersed within the polymer, with an average size
double that of pristine DND. The nanocomposites were found to be soluble in solvents such as NMP
and THF and displayed remarkably higher viscosity and Tg values than the neat polymer due to mobil-
ity constraints. Moreover, the composites exhibited considerably higher thermal stability than PEK in
both nitrogen and air atmospheres, with around 60 �C increase in the temperature at which 5% weight
loss occurred at 1 wt.% DND under inert conditions. The abovementioned work is an example of the
coexistence of the hardest nanofiller and a flexible polymer in a covalently bound system.
Fig. 19. SEM fractographs of sandwich-like SWCNT-buckypaper PEEK composites at different magnifications. The image in (d)
shows SWCNT bundles bridging crack gaps of the PEEK matrix. Reprinted from Ref. [189], copyright 2007, with permission from
Elsevier.
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3.3.3. Buckypaper-reinforced PEK nanocomposites
CNT sheets, also known as ‘‘buckypapers’’ (BPs), have been recently used for the development of

reinforced composites. BPs are free-standing porous mats of entangled CNT ropes cohesively bound
by van der Waals interactions, and are commonly prepared by vacuum filtration through a mem-
brane of a suspended solution of randomly distributed CNTs [184]. Their electrical conductivity is
typically around 102 S/cm [185], and their experimental Young’s modulus generally lies between
0.3 and 2.3 GPa [186,187], depending on the synthetic method, purification treatment, degree of
porosity, type and characteristics of the CNT bundles (diameter, length, modulus). Magnetically
aligned BPs possess a room temperature thermal conductivity between 50 and 200 W/m K,
whereas those randomly oriented have values of approximately 20 W/m K [188]. BP composites
are manufactured by techniques such as hot-compression, electro-spinning, through-thickness infil-
tration and intercalation, and usually have carbon content greater than 30 wt.% resulting in a net-
work that acts as a skeleton. In these composites factors such as porosity, degree of impregnation
and quality of the BP-matrix interface play a key role on the final properties of the resulting
material.

Song et al. [189] developed SWCNT-BP reinforced PEEK composites using a hot-compression
method. BP sheets with an average thickness of 10 lm and PEEK films of 50 lm were consecu-
tively stacked to form a sandwich-like structure and then pre-heated to 375 �C. Subsequently,
the laminate was subjected to a pressure of 10 kN for 10 min and then cooled to room tempera-
ture. The morphology of fractured surfaces of the laminates revealed that PEEK macromolecules
were able to diffuse into the voids of the BP and wrap around the SWCNT bundles forming a tight
interfacial layer, hence leading to an increase in the bundle diameter (Fig. 19). Strong nanofiller–
matrix interfacial bonding enabled a very effective stress transfer between the two phases. Further-
more, SWCNTs bundles bridged crack gaps in the matrix that was favorable for improving the frac-
ture toughness of the polymer. The authors investigated the mechanical properties of the
developed materials, and found a strong dependence on the number of layers. The composite con-
taining one BP layer exhibited about 40% higher Young’s modulus than the matrix with marginal
improvement in strength at failure, whilst multilayer composites showed a similar modulus to that
of the polymer and a significant reduction in failure strength and elongation at break, ascribed to
the processing technique. However, due to the high viscosity of the PEEK melt, the macromolecules
had difficulty flowing inside the BP pores, particularly for the multilayer structures, leading to
internal voids that acted as stress concentration sites under load, resulting in premature failure.
Moreover, the SWCNTs in the BP were curled, which is known to limit the mechanical property
improvement. These composites exhibited electrical and thermal conductivity values of 10�2 S/
cm and 7.6 W/m K, respectively.

Recently, Díez-Pascual et al. [190,191] also manufactured SWCNT-BP reinforced PEEK laminates
with a CNT loading of 24 wt.% using a similar processing method. Nevertheless, the consolidation
cycle used for the manufacturing of the laminates was different; they were heated to 380 �C at a
rate of 5 �C/min, and subjected to successive pressure dwells of 5, 40 and 130 bars for periods of
6 min at each pressure. These cycle steps were optimized to minimize the formation of internal
pores and improve the BP impregnation with the polymer resin. Good interfacial adhesion between
the two composite phases was demonstrated, and no internal pores were found, with a degree of
porosity <4%. A strong enhancement in the thermal stability of the matrix was observed; for exam-
ple, the initial and maximum degradation temperatures in an oxidative environment increased by
about 35 and 55 �C, respectively. Significant enhancements in the matrix stiffness were also found.
The room temperature storage, tensile and flexural moduli increased by 32%, 29% and 21%, respec-
tively. However, a 25% decrease in toughness was observed ascribed to a reduction in the ductility
of the matrix. The room temperature electrical conductivity of PEEK/BP was about 2 S/cm, around
two orders of magnitude higher than that found by Song et al. [189], and the temperature depen-
dence of the electrical conductivity followed a fluctuation-induced tunnelling mechanism. A tenfold
thermal conductivity improvement was observed when compared to PEEK [191]. These studies
demonstrate the great potential of BPs to improve the mechanical, electrical and thermal proper-
ties of thermoplastic polymers such as PEKs.



A.M. Díez-Pascual et al. / Progress in Materials Science 57 (2012) 1106–1190 1149
4. Non-carbon based nanocomposites

4.1. Inorganic fullerene-like nanoparticles embedded in PEKs

Following the discovery of carbon fullerenes and nanotubes, the first closed-cage non-carbon
fullerene-like nanoparticles and nanotubes of tungsten disulfide (WS2) were reported by Tenne and
co-workers in 1992 [192], followed by molybdenum disulfide (MoS2) [193,194] and their diselenides
(WSe2, MoSe2) [195]. These nanomaterials were generally given the name of inorganic fullerene-like
(IF) nanoparticles and inorganic nanotubes (INT). Since the early 1990s, numerous new IFs have been
prepared, such as transition metal dichalcogenides MX2 (M = W, Mo, Sn, Ti, Re, Nb, Ta, Hf and Zr, etc.;
X = S, Se), transition metal oxides (TiO2, V2O5, Cs2O, Tl2O), halides (NiCl2, CdI2), elemental nanotubes
(Bi, Te) and BN, SiO2, K4Nb6O17, amongst others [196–198]. For a concise tutorial review on the salient
developments in this field over recent years the reader is referred to Ref. [199].

Transition metal sulfides (IF-MS2) are of the greatest interest and have been extensively studied.
These nanostructures have a characteristic anisotropic layered structure, with M–X atoms covalently
bonded in planar hexagonal arrays, each M atom surrounded by a trigonal prism of X atoms. Strong
covalent forces bind M and X atoms within a lamella, whereas adjacent lamellae interact through rel-
atively weak van der Waals forces. In analogy with graphite, the unit cell of MS2 is made of two layers
in a hexagonal arrangement (2H). This graphite like structure is considered to be responsible for the
lubrication behavior of these materials, because the weak inter-lamellar bonding facilitates shear
when the sliding direction is parallel to the planes of the material. Various synthetic methods for
IF-MS2 have been reported, including solid–gas or gas-phase reactions [194,200–202], electron beam
irradiation activation and arc discharge [203,204], thermal decomposition [205], hydrothermal or
solvothermal synthesis [206], sonochemical process [207], template synthesis [208], and pulsed laser
ablation [209]. However, the most commonly used technique suitable for industrial-quantity manu-
facture is the oxide-to-sulfide conversion using H2S at high temperature under a reducing atmosphere,
where the original spherical or rod morphology remains almost unchanged after conversion [192,202].
Using this technique, IF products that can be applied in a wide range of industries have been success-
fully commercialized [210]. In particular, MoS2 and WS2 nanostructures have excellent lubricant prop-
erties [211] and wide ranges of promising applications, such as heterogeneous catalysis, hydrogen
storage, lithium–magnesium ion batteries, and shock absorbing [212–215]. The first potential medical
application (e.g. alleviating friction in orthodontic wires) was recently demonstrated [216–218]. Fur-
thermore, self-lubricating friction-reduction coatings for artificial joints in biomedical applications
based on IF-MoS2 and IF-WS2 nanoparticles have been suggested by Samorodnitzky-Naveh et al.
[218]. They showed that a stable and well-adhered Co + IF-WS2 coating on NiTi substrates was ob-
tained; tribological tests demonstrated up to 66% reduction in the friction coefficient. Since NiTi alloy
is widely used for many medical applications, this unique friction reducing coating could be imple-
mented to provide better manipulation. In addition, toxicological tests on IF-WS2 nanoparticles con-
cluded that they are safe [219]. While these new properties and applications have generated great
interest, it has not been widely appreciated that these nanometric sized particles must generally be
combined with an organic material, usually polymeric in nature, in order to obtain macroscopic mate-
rials with useful properties. Depending upon the target properties, a variety of matrices have been ex-
plored, including epoxy [220], isotactic polypropylene (iPP) [221,222], polyphenylene sulfide (PPS)
[223–225], nylon-6 [226,227] and PEEK [228]. In particular, the incorporation of environmentally-
friendly IF-WS2 nanoparticles has shown to be efficient for improving the thermal, mechanical and tri-
bological properties of thermoplastic polymers obtained by melt-blending without using modifiers or
surfactants [221–228].
4.1.1. Preparation of PEK/IF-WS2 nanocomposites
As in the case with carbon based nanofillers, physical mixtures of organic polymers and preformed

inorganic nanoparticles can lead to separation in discrete phases, resulting in nanocomposites with
poor properties (e.g. mechanical, optical, electrical, etc.). In addition, particle agglomeration tends
to weaken the mechanical or optical properties of these materials. Unmodified inorganic nanoparticles
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Fig. 20. SEM images of the cross-section of: (a) PEEK nanocomposite coating with 2.5 wt.% IF-WS2 nanoparticles. Reprinted
from Ref. [230], copyright 2008, with permission from Elsevier. (b) PEEK based nanocomposite with 1.0 wt.% IF-WS2. Adapted
from Ref. [228], copyright 2010, with permission from the American Chemical Society. (c) PEEK based hybrid nanocomposite
containing equal concentration of both SWCNTs and IF-WS2 (0.5 wt.%). Adapted from Ref. [231], with permission from the Royal
Society of Chemistry.
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tend to aggregate in the polymer matrix independently of the type and size of the material. To avoid
these drawbacks different methods can be applied, e.g. the use of functional polymers that interact
with the surface of the particles, or surface modification of the particles to change their character. Pub-
lications dealing with different methods for incorporating inorganic nanoparticles into polymers (e.g.
addition of unmodified particles, encapsulation of particles in a polymer shell, in situ growth of parti-
cles in a polymer matrix, surface-modification with polymerizable or initiating groups,) and potential
applications are reviewed by Kickelbick [2] and Sanchez et al. [229], respectively.
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However, many applications of high-performance and high-temperature polymers such as PEKs are
limited by the solubility and distribution of the nanoparticles in the polymer matrix. Hou et al. [230]
have reported the use of IF-WS2 nanoparticles to obtain a self-lubricating PEEK-based coating by an
aerosol-assisted deposition process, resulting in an advanced PEEK/IF-WS2 nanocomposite with a low-
er friction coefficient and better wear resistance. Recently, Naffakh et al. [228] successfully dispersed
IF-WS2 into a PEEK matrix via a traditional melt-processing technique as an economical and scalable
route that overcomes the formation of nanoparticle agglomerates, avoiding the need for exfoliation or
modification, employing a single pre-dispersion step based on polymer ball milling and ultrasonica-
tion in an organic solvent. Novel hybrid PEEK-based composites containing SWCNTs and IF-WS2 nano-
particles were successfully prepared following two different strategies [231]; simultaneous mixing of
both nanofillers with the PEEK powder, and initial extrusion of SWCNTs with the polymer followed by
IF nanoparticle addition. The composites manufactured through the one-step melt-blending process
displayed improved overall performance due to a significant debundling of the SWCNTs and enhanced
nanofiller dispersion.

4.1.2. Structure and morphology of PEK/IF-WS2 nanocomposites
An important issue is the relation between performance and morphological structure. For most

purposes the dispersion of individual nanofillers in the polymer matrix is the desired goal of the man-
ufacturing process. However, this ideal morphology is frequently not achieved. Fig. 20a shows the SEM
image of the cross-section of a PEEK/IF-WS2 nanocomposite coating with 2.5 wt.% IF-WS2, fabricated
using an aerosol-assisted deposition method. The IF nanoparticles can be clearly observed in the
micrograph, with a diameter ranging from 80 to 220 nm, and most of the IF-WS2 are distributed indi-
vidually inside the matrix throughout the coating thickness, although a small degree of agglomeration
is detected. A typical SEM image of a melt-processable PEEK/IF-WS2 (1.0 wt.%) nanocomposite ob-
tained by a one-step melt-blending process [228] is shown in Fig. 20b. As can be observed, the ultra-
sonication in ethanol was effective for dispersing the IF-WS2 nanoparticles in the PEEK matrix. The
apparent average size of the nanoparticles was found to be about 110 nm that corresponds to individ-
ually dispersed particles or small clusters of 2–3 particles. Analogously, the use of the IF-WS2 was also
beneficial for processing well-dispersed PEEK/SWCNT nanocomposites. Fig. 20c corresponds to a
micrograph of a PEEK nanocomposite containing equal concentration of both SWCNTs and IF-WS2

(0.5 wt.%) [231]. In this figure, CNTs and IF-WS2 can be clearly distinguished. The average size of
the individual spherical particles is about 110 nm and the average diameter of the SWCNT bundles
is around 40 nm, in good agreement with previous works [43,228].

4.1.3. Properties of PEK/IF-WS2 nanocomposites
The physical properties of MS2 (M = W, Mo) nanostructures (IF and INT) have been studied in detail

both experimentally and theoretically. Over the last years, much effort has been focused on improving
thermal, mechanical and tribological properties of PEK matrices by the incorporation of nanofillers
[232], and similar studies were recently extended to IF-WS2 nanoparticles, where the effect of low par-
ticle loadings on the physical properties of a variety of PEEK nanocomposite formulations have been
described [228,230,231,233].

4.1.3.1. Thermal stability. The incorporation of inorganic fullerenes in a polymer matrix usually im-
proves its thermal stability, although there is to date little work available in the literature. Naffakh
et al. [221] reported for the first time an improvement in the thermal stability of nanocomposites that
combined iPP and IF-WS2, with an increase in the initial degradation temperature of up to 60 �C in an
inert atmosphere, and 40 �C in air. Similar studies were extended to PEEK [228]. Table 10 summarizes
the values of DT10 parameter, defined as the difference between the temperature for 10% weight loss
for the nanocomposites and for pure PEEK (DT10 = T10(PEEK/nanofiller) � T10(PEEK)). It can be ob-
served that the addition of IF-WS2 increases the T10 value of the matrix, and this effect is more pro-
nounced at higher IF-WS2 content (2.0 wt.%), with increments of 60 and 55 �C in air and nitrogen
atmospheres, respectively. Qualitatively similar trends were found for the initial degradation temper-
ature, Ti, and the temperature corresponding to the maximum rate of weight loss, Tmax [228].



Table 10
TGA, DSC and mechanical parameters for PEEK/IF-WS2 and PEEK/SWCNT/IF-WS2 hybrid nanocomposites. Data extracted from Refs. [228,231,233].

SWCNT
content
(wt.%)

IF-WS2

content
(wt.%)

DT10,

N2 (�C)
DT10,

Air (�C)
DTc

(�C)
DEa

(kJ/mol)
Themal conductivity
(% increase)

Young’s modulus
(% increase)

Tensile strength
(% increase)

Strain to failure
(% increase)

Impact strength
(% increase)

0.0 0.1 18 12 4.2 �102 11 8 2 �2 20
0.0 0.5 31 31 2.7 22 27 19 6 �11 7
0.0 1.0 45 47 �2.2 90 41 29 9 �21 �11
0.0 2.0 53 59 �5.7 90 52 35 14 �36 �25
1.0 0.0 23 14 �5.1 61 110 15 3 �43 �41
0.9 0.1 30 23 �4.1 33 118 27 7 �19 �17
0.5 0.5 53 49 �3.7 39 130 42 20 �25 �6
0.1 0.9 47 52 �6.3 88 57 36 11 �32 �3

DT10 = T10(PEEK/nanofiller) � T10(PEEK); DTc = Tc(PEEK/nanofiller) � Tc(PEEK); DEa = Ea(PEEK/nanofiller) � Ea(PEEK); T10 is the temperature for 10% weight loss, Tc is the crystallization
temperature and Ea the effective energy barrier.
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Fig. 21. Dynamic DSC crystallization thermograms for PEEK/IF-WS2 nanocomposites obtained by cooling from the melt to room
temperature at a rate of 10 �C/min. Reprinted from Ref. [228], copyright 2010, with permission from the American Chemical
Society.

Fig. 22. WAXS diffractograms of dynamic crystallization for PEEK/IF-WS2 (2.0 wt.%) nanocomposite obtained during cooling at
a rate of 10 �C/min. Reprinted from Ref. [228], copyright 2010, with permission from the American Chemical Society.
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Analogously, the thermal stability of PEEK/SWCNT(x)/IF-WS2(y) hybrid nanocomposites was found
to be tuneable by the balance between the amounts of nanoparticles employed [231]. The replacement
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of SWCNTs by IF-WS2 strongly influences the thermal stability of PEEK. As shown in Table 10, the hy-
brid with 0.1 wt.% IF-WS2 exhibits an increment of about 7 �C with respect to the value observed for
PEEK/SWCNT (1.0 wt.%) under inert atmosphere. This increment reaches the highest value for the hy-
brid with 0.5 wt.% loading of both nanofillers, while the nanocomposite with higher IF-WS2 content
displays a smaller DT10. These results indicate that there is an apparent optimum ratio of SWCNT/
IF-WS2 that leads to the highest thermal stability, approximately corresponding in this case to
x = y = 0.5 wt.%. The important enhancement in the degradation temperature of this hybrid nanocom-
posite could be attributed to a synergistic stabilization effect induced by the improved filler disper-
sion, where the presence of both nanofillers effectively hinders the diffusion of the degradation
products from the bulk of the polymer to the gas phase, hence decelerating the decomposition process.
In addition, there is also a positive effect on the thermal conductivity facilitating heat dissipation with-
in the nanocomposite, also delaying the degradation process [231].

Hou et al. [230] compared the thermal behavior of IF-WS2 nanoparticles, a pure PEEK coating and
different nanocomposite coatings with 1–20 wt.% of IF-WS2 under air, demonstrating that with the
incorporation of these nanoparticles, Tmax of PEEK shifts by 20–30 �C to the higher temperature region,
even with as little as 1 wt.% IF-WS2. In the coating systems the nanoparticles are covered by the PEEK
matrix and protected from oxidation at elevated temperature, e.g. >350 �C, even in the nanocomposite
incorporating 20 wt.% IF-WS2. The PEEK matrix starts to decompose and expose the nanoparticles to
the oxidizing environment only at temperatures >450 �C, when oxidation of both the matrix and the
nanoparticles occurs simultaneously. The authors concluded that the thermal stability of both PEEK
and IF-WS2 components was improved in the nanocomposite coatings.

4.1.3.2. Crystallization behavior. While it has been established that IF-WS2 can act as a nucleating agent
in some polymers [221], their effect on the overall crystallization rate depends on the polymer type
[223,226]. In the case of PEEK [228] the addition of low concentrations (60.5 wt.%) of IF-WS2 leads
to a slight increase in the crystallization temperature (Tc) of the matrix, as shown in Fig. 21, indicating
that the nucleation of PEEK crystals is favored by the addition of small amounts of these nanoparticles.
However, the further addition of IF-WS2 causes a drastic change from promotion to retardation of the
crystallization of PEEK without variation in the crystallinity (around 43%), as can be observed in Ta-
ble 10 where the values of DTc, defined as Tc(PEEK/nanofiller) � Tc(PEEK), are presented. The decrease
in the crystallization temperature of the matrix with increasing IF-WS2 content suggests that these
nanoparticles do not have a nucleating effect on PEEK. The presence of IF-WS2 may impede the diffu-
sion and rearrangement of the long polymer chains and thereby postpone the overall crystallization
process. Similar behavior has been reported for other formulations such as PEEK/nano-SiO2 [234]
and PEEK/SWCNT compatibilized with polysulfones using a ball milling technique [13]. However,
no variation in the crystallization rate of the matrix was observed with increasing SWCNT content
for PEEK based nanocomposites incorporating pristine SWCNTs [43] or SWCNTs modified with PEI
as a compatibilizer [12].

The X-ray diffraction of melt-crystallized PEEK/IF-WS2 nanocomposites has been investigated
using synchrotron radiation [228]. As an example, Fig. 22 shows the WAXS diffractograms recorded
during the cooling process at a rate of 10 �C/min for PEEK/IF-WS2 (2.0 wt.%). The IF-WS2 nanoparticles
show a typical reflection at 14� [223], and the peaks associated to the crystalline planes of the polymer
appear in WAXS patterns as soon as the material attains an appreciable degree of crystallinity. The
appearance of the characteristic peaks of PEEK relates well to the crystallization temperature calcu-
lated from DSC curves (Fig. 21). However, the crystalline structure of PEEK remains unchanged with
the addition of the IF-WS2. Therefore, the changes in the crystallization parameters must be ascribed
to the nucleating effect of these nanoparticles. Using the Dobreva and Gutzow model [95,96], the
nucleation activity (NA) of IF-WS2 nanoparticles on PEEK has been calculated [228]. The addition of
low nanoparticle concentrations, 60.5 wt.%, reduces the value of NA, which confirms that the IF-
WS2 act effectively as nucleating agents, whilst the incorporation of higher IF-WS2 contents leads to
an increase in NA with values close to 1, indicating the absence of a nucleating effect. The values of
DEa, expressed as the difference between the crystallization activation energy Ea for the nanocompos-
ites and for pure PEEK, determined following the Kissinger expression [97] (Table 10) show a drastic
change from crystallization promotion (low Ea) to crystallization retardation (high Ea) with increasing
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IF-WS2 content, in good agreement with the nucleation activity behavior. The rise in Ea indicates that
the transport of the macromolecular segments to the growing surface of PEEK in the nanocomposite is
difficult and the crystallization is slower because of the inactive nucleating role of the IF-WS2.

In the case of PEEK/SWCNT/IF-WS2 hybrid nanocomposites [231], the replacement of SWCNTs by
IF-WS2 nanoparticles negatively influences the crystallization rate of PEEK. According to DSC results
(Table 10), the addition of very small amounts of nanofiller (e.g. SWCNTs, IF-WS2 or mixed SWCNT/
IF-WS2) decreases both Tc and the crystallization rate of the matrix. This negative effect could be re-
lated to the state of SWCNT dispersion and is likely caused by steric hindrance that hinders the trans-
port of the PEEK chains, increasing the effective energy barrier as the nanoparticle loading rises.
4.1.3.3. Thermal conductivity. The thermal conductivity (k) of polymer nanocomposites depends on the
filler aspect ratio, conductivity, orientation and dispersion, as well as on the interfacial thermal resis-
tance between the filler and the polymer matrix [6]. Dispersion and orientation states leading to the
formation of networks are known to enhance thermal conductivity. Table 10 compares the increments
in thermal conductivity for PEEK nanocomposites filled with one (IF-WS2, SWCNT) or two nanofillers
(SWCNT(x)/IF-WS2(y)) with different x/y weight fractions. As can be clearly observed, k rises
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Fig. 23. Representative room temperature stress–strain curves for PEEK based nanocomposites with different nanofiller
loadings: (a) PEEK/IF-WS2 and (b) PEEK/SWCNT/IF-WS2. Adapted from Ref. [228], copyright 2010, with permission from the
American Chemical Society and Ref. [233], copyright 2011, with permission from Elsevier.
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progressively with increasing nanoparticle loading up to 52% for the nanocomposite incorporating
2.0 wt.% IF-WS2 [228]. This improvement in k can lead to a reduction in the cycle times and therefore
to greater efficiency during melt-processing such as injection molding. The hybrids with x/y = 0.9/0.1
and 0.1/0.9 exhibit k enhancements of 118% and 57% [231] compared to the pure matrix, which are
slightly higher than the increments obtained for PEEK/SWCNT and PEEK/IF-WS2, respectively. How-
ever, the highest thermal conductivity value was achieved by the simultaneous addition of equal con-
centration of SWCNTs and IF-WS2 (x = y = 0.5 wt.%), with increments of around 130% and 18%
compared to neat PEEK and the binary nanocomposite incorporating 1.0 wt.% SWCNTs, respectively.
This is of paramount interest since the inclusion of much cheaper IF-WS2 particles in comparison to
CNTs produces a remarkable enhancement in the thermal conductivity of PEEK.

4.1.3.4. Mechanical properties. In order to assess the mechanical performance of novel PEEK nanocom-
posites for potential critical applications, Naffakh et al. have investigated the mechanical properties of
melt-processable PEEK/IF-WS2 [228] and PEEK/SWCNT/IF-WS2 hybrid nanocomposites [231,233]
using both static and dynamic mechanical tests. Fig. 23 shows representative stress–strain curves of
the aforementioned nanocomposites, and the relative increments in the Young’s modulus (E), tensile
strength at yield (ry) and strain at break (eb) are tabulated in Table 10. As shown in Fig. 23a, all the
materials studied exhibited a linear elastic behavior at the start of the tensile tests. The incorporation
of IF-WS2 increased the Young’s modulus of PEEK by up to 35% at 2.0 wt.% loading. The highest incre-
ment obtained for PEEK/IF-WS2 systems is comparable to that reported for PEEK/SWCNT (1.0 wt.%)
nanocomposites compatibilized with polysulfones (�34%) [42] and higher than that of PEEK nano-
composites incorporating larger amounts of other inorganic nanoparticles (e.g. �28% for 10.0 wt.%
of 30 nm Al2O3 [232]). With respect to the hybrid nanocomposites prepared by concurrent addition
of both SWCNTs and IF-WS2, the enhancements are in the range of 27–42%, being maximum for the
composite with x/y = 0.5/0.5 (Table 10), whilst the binary nanocomposites reinforced with 1.0 wt.%
SWCNTs or IF-WS2 exhibit only 15% and 29% higher modulus than the pure matrix, respectively.
The improved behavior found for the hybrids is attributed to a more uniform SWCNT dispersion
due to the presence of the IF-WS2 nanoparticles that results in larger nanotube–matrix interfacial area,
combined with synergic reinforcement effects.

Regarding the tensile strength, the trends observed are qualitatively similar to those described for
the modulus, albeit with significantly smaller improvements. In particular, for PEEK/IF-WS2 [228], ry

of the matrix increases by up to 14% for 2.0 wt.% loading. Once again, the largest increment (�20%)
occurs in the hybrid nanocomposite with 0.5 wt.% content of both nanofillers. This improvement is
higher than that observed with the addition of 1.0 wt.% SWCNTs dispersed in PEES [42]. However,
in the concentration range studied, the incorporation of nano-SiO2 does not result in a pronounced
modification in the tensile strength of PEEK [234]. On the other hand, the strain at break slightly de-
creases up to 0.5 wt.% IF-WS2, although diminishes by about 36% for nanocomposites containing
2.0 wt.% nanoparticle loading, indicating that higher IF-WS2 contents restrict the ductile flow of the
matrix. Nevertheless, this restriction is considerably less drastic than that found in PEEK composites
reinforced with other inorganic nanoparticles, where 1.0 wt.% of SiO2 [234] or Al2O3 [232] reduced eb

by about 70% and 40%, respectively. A strong drop in eb, by �43%, is also observed on the addition of
1.0 wt.% SWCNTs, being about twice that found on the incorporation of the same amount of IF-WS2.
The spherical nanoparticles leave more free volume space between them allowing the polymer seg-
ments to deform in a more mobile manner, whilst the dense nanotube network strongly restricts
the ductile flow of the matrix. The restriction is less drastic in the case of the hybrids, where eb falls
by 19%, 25% and 32% for nanocomposites containing x/y = 0.1/0.9, 0.5/0.5 and 0.9/0.1, respectively.
Thus, the mechanical properties of PEEK/SWCNT composites can be further improved without the sac-
rifice of tensile ductility via incorporation of IF-WS2 nanoparticles.

The same authors [228,233] also carried out Charpy notched impact strength measurements at
room temperature to obtain more information about the toughness of these novel nanocomposites,
and the increments compared to the neat matrix are displayed in Table 10. The incorporation of 0.1
and 0.5 wt.% IF-WS2 increases the impact strength of PEEK by 20% and 7%, respectively, while higher
loadings lead to a decrease in toughness, the reduction being nearly 25% for the composite with
2.0 wt.% IF-WS2, clearly indicating that the toughness of PEEK/IF-WS2 is sensitive to the nanoparticle
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Fig. 24. Evolution of the loss factor (tand) as a function of temperature, at a frequency of 1 Hz, for (a) PEEK/IF-WS2 and (b) PEEK/
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concentration. In particular, the addition of low IF-WS2 loadings provides a good balance between
stiffness and toughness. However, the incorporation of low contents of other inorganic nanoparticles
was reported to increase the tensile modulus of PEEK at the expense of toughness and ductility (see
Section 4.2.2). On the other hand, the addition of 1.0 wt.% SWCNTs strongly reduces the matrix tough-
ness, by about 40%. The replacement of part of the SWCNTs by IF-WS2 is beneficial for the impact
strength behavior of PEEK; at very low IF-WS2 loading, the matrix toughness falls moderately,
�17%, while it remains almost unchanged for the other concentrations tested.

Hou et al. [230] investigated the nanohardness and Young’s modulus of nanocomposite coatings
calculated from loading–displacement curves derived from nano-indention testing. The hardness of
pure PEEK coating was reported to be around 0.33 GPa, and increased with IF-WS2 concentration,
reaching 0.55 GPa at 20 wt.% loading. The Young’s modulus of the coatings displayed a similar trend,
increasing by 60% for the same loading. The authors ascribed these enhancements to the reinforcing
effect of the nanoparticles, combined with the improved crystallization of the matrix in the presence
of the IF-WS2.
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An analysis of the storage modulus and tand curves is very useful in ascertaining the performance
of a composite under stress and temperature. As an example, Fig. 24 shows the evolution of the loss
factor (tand) as a function of temperature for PEEK/IF-WS2 (a) and PEEK/SWCNT/IF-WS2 (b) nanocom-
posites [228,233]. Two maxima can be observed: a low broad peak at lower temperatures (b relaxa-
tion), ascribed to motions of the ketone groups, and an intense peak (a relaxation) related to the Tg.
The addition of nanofillers leads to a decrease in tand magnitude over the studied temperature range.
Furthermore, the relaxation peaks become wider and shift to higher temperatures, indicating that
these nanofillers restrict the mobility of the PEEK chains. In particular, for PEEK/IF-WS2 nanocompos-
ites [228], the addition of IF-WS2 increases Tg of the matrix by up to 17 �C for 2.0 wt.% loading
(Fig. 24a). With respect to the hybrid nanocomposites, the temperature increment is remarkably high-
er than that obtained in the corresponding binary systems (Fig. 24b). The addition of x/y = 0.1/0.9, 0.5/
0.5 and 0.9/0.1 raises the Tg of the matrix by about 18, 22 and 13 �C, respectively [233], whereas binary
nanocomposites show only modest increments. The noticeable Tg enhancement in the hybrid systems
should be ascribed to the strong obstacle for polymer chain diffusion imposed by the presence of both
nanofillers homogenously dispersed through the matrix. Similar trends were reported for the variation
in the storage modulus of PEEK with composition [228,233], in good agreement with the behavior ob-
served for the Young’s modulus. In particular, the improvements in the storage modulus and Tg ob-
tained in the nanocomposite with 0.5 wt.% content of both SWCNTs and IF-WS2 are higher than
those attained in PEEK nanocomposites reinforced with 1.0 wt.% SWCNTs wrapped in PEI [12] or PEES
[42], suggesting that the addition of these nanoparticles can be even more effective in improving the
SWCNT dispersion than wrapping in compatibilizing agents. Moreover, replacement of part of the
SWCNTs with IF-WS2 leads to easier processability, lower cost and superior mechanical enhancement.

4.1.3.5. Electrical properties. IF-WS2 are semiconducting materials, hence do not improve the electrical
conductivity of PEEK. However, PEEK/SWCNT/IF-WS2 hybrid nanocomposites exhibit semiconducting
behavior, and the temperature dependence of their electrical conductivity (r) has been recently inves-
tigated [233]. As can be observed in Fig. 25, all the hybrids display lower r than the binary nanocom-
posite with 1.0 wt.% SWCNTs, and their conductivity rises with increasing SWCNT loading, showing a
percolation threshold between 0.1 and 0.5 wt.%. Thus, the hybrid with x/y = 0.1/0.9 remains insulating
(r < 10�8 S/cm) within the entire measured range, and its conductivity hardly changes with temper-
ature (Fig. 25d). In contrast, r for the nanocomposites with x/y = 0.5/0.5 and 0.9/0.1 (�3 � 10�6 and
4 � 10�5 S/cm at 25 �C, respectively) rises as the temperature increases following a non-linear trend
(Fig. 25b and c) indicating typical semiconducting behavior, and the change in r falls as the nanotube
content decreases. The temperature dependence of r for the hybrids with x P 0.5 wt.% was accurately
described by the FIT model proposed by Sheng [235]. This corroborates that the electrical conduction
in these nanocomposites is hindered by potential barriers between neighboring nanotube bundles due
to polymer wrapping. As expected, the characteristic temperature To (temperature above which the
thermal activated conduction over the barrier begins to occur) decreases with increasing SWCNT load-
ing, indicating that the charge-carrier generation process takes place at lower temperatures. From this
work [233] it was concluded that the disadvantage of the semiconducting IF-WS2 with respect to the
nanocomposite conductivity is almost outweighed by the improved SWCNT dispersion attained by the
simultaneous addition of both nanofillers. In particular, the electrical conductivity of these hybrid sys-
tems can be tailored by modifying the concentration of both nanofillers, making them suitable for spe-
cific applications such as electrostatic dissipation or electrostatic painting.

4.1.3.6. Tribological properties. PEEK has attracted increasing interest as a bulk or coating material for
bearing and sliding parts. However, direct contact of PEEK and ferrous metal has a relatively high coef-
ficient of friction (COF) and the associated heat can have a detrimental effect on PEEK [236]. Hou et al.
[230] used IF-WS2 concentrations ranging from 0.1 to 20 wt.% as a source of self lubrication for PEEK
coatings to reduce COF. The results from ball-on-flat tests demonstrated that with the incorporation of
2.5 wt.% IF-WS2 the COF of the coating decreased by about 70%, because of the lubricating capacity of
these nanoparticles. However, it was found that further increase in the IF-WS2 loading causes a slight
increase in the COF of the nanocomposite coatings. Two specific causes have been reported: firstly,
excess of IF-WS2 may affect the formation of the transfer film during wearing, and secondly, the
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agglomeration of nanoparticles tends to occur at higher concentrations, leading to a loss of lubricating
capacity. Thus, IF-WS2 nanoparticles are effective solid lubricants at relatively low concentrations (e.g.
2.5–5.0 wt.%).
4.2. Metal-oxide and non-oxide nanoparticles embedded in PEKs

Over the last decades, the properties of PEK polymers have been improved through the incorpora-
tion of micrometer-scale particles such as AlN [237], Al2O3 [238], CaCO3 [239], and hydroxyapatite, HA
[240]. The properties of the resulting materials are influenced by the characteristics, shape and dimen-
sions of the reinforcements as well as by the interfacial tension originated on the polymeric matrix. On
the other hand, since the 1980s PEK polymers have been increasingly employed in biological applica-
tions, due to their great hydrolysis resistance as well as excellent stability against UV radiation, com-
bined with their superior mechanical and thermal stability [241], biocompatibility [242,243] and
bioactivity comparable to that of bio-inert titanium alloys [244], in which attempts have been made
Fig. 26. TEM images of PEEK/HA nanocomposites with (a) 5.0 vol.% and (b) 15.0 vol.% HA content. Reprinted from Ref. [258],
copyright 2011, with permission from Elsevier.
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Fig. 27. TEM images of: (a) Al2O3 powder, magnification = 6.6 � 104. Reprinted from Ref. [259], copyright 2007, with permission
from Elsevier. (b) 0.6 vol.% and (c) 1.6 vol.% Al2O3 reinforced PEEK composites. Reprinted from Ref. [260], copyright 2006, with
permission from Elsevier.
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to improve performance through the addition of micro-hydroxyapatite [245–247], although the
mechanical properties decrease considerably. Taking into account the inconveniences and disadvan-
tages that inorganic microparticles exhibit, mainly related with their dispersion in polymeric matrices,
over the last decade interest has grown in developing polymers reinforced with nanoparticles due to
the unique properties associated with their nanoscale structure. The higher surface area/volume ratio
of the nanoparticles results in the formation of a larger interface, and in a stronger particle–matrix
interaction compared to microparticles, leading to an improvement in the load transfer [248,249]
and consequently, lower nanoreinforcement concentration (<5 vol.%) is required to improve the prop-
erties of the matrix in comparison to that of the reinforcements at the micrometer scale (>20 vol.%).
Further, inorganic nanoparticles are much cheaper in comparison to CNTs or CNFs, which is of basic
interest for the purpose of commercially fabricating nanoparticle-reinforced PEK nanocomposites at
a large scale.
4.2.1. Dispersion and morphology of PEK/nanoparticle nanocomposites
As previously mentioned, a homogenous distribution of the nanoreinforcements in the polymeric

matrix is crucial in order to enhance the mechanical properties of the matrix in the nanocomposite.
However, to attain a uniform dispersion of the nanoparticles is a very difficult task due to their strong
agglomerating tendency. In general, the agglomeration is highly dependent on the state of dispersion
200 nm

200 nm
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200 nm
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Fig. 28. TEM images of: (a) PEEK/SiO2 nanocomposite with 2.5 vol.% and (b) 5 vol.% SiO2 content. Reprinted from Ref. [232],
copyright 2005, with permission from Elsevier. (c) SiO2 nanoparticles before surface modification, and (d) after surface
modification with a silane coupling agent. Reprinted from Ref. [267], copyright 2011, with permission from Elsevier.
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of the nanoparticles within the matrix; hence, an increase in the degree of dispersion results in a
reduction in the number of agglomerates.

Taking into account that PEEK is insoluble in most solvents, except in concentrated sulfuric, hydro-
fluoric and methane sulfonic acids [9], it is difficult to commercially fabricate nanoparticle reinforced
PEEK nanocomposites through solution methods. However, preparation of this type of nanocompos-
ites via solid or partial melting has been reported [250–254], where thermal and dissolution problems
are eliminated providing certain flexibility and simplicity.

Focusing on some particular cases, it was found that the Si3N4 nanoparticles have strong tendency
to form agglomerates due to their high specific surface energy [255]. In PEEK/Si3N4 nanocomposites
prepared by hot-press processing [255] a good dispersion without aggregates was observed for a
nanoparticle concentration of 5 wt.%, whereas at 10 wt.% loading some aggregates with dimensions
of approximately 100 nm were found. The agglomerating tendency cannot be avoided even after sur-
face treatment of the nanoparticles, particularly at high concentrations [256].

Regarding PEEK nanocomposites filled with hydroxyapatite (HA) nanoparticles prepared by a
hydrothermal process [257], a homogeneous dispersion was attained up to concentrations of
15 vol.% via blending and injection molding [258]. The HA nanoparticles, with a width in the range
of 20–30 nm and length between 60 and 100 nm, were found to be mono-dispersed within the PEEK
matrix, and no agglomerates were detected. Fig. 26a shows a TEM micrograph of a nanocomposite
reinforced with 5 vol.% HA. The increase in the nanoparticle content up to 15 vol.% leads to a diminu-
tion in the inter-particle distance and to the formation of agglomerates (Fig. 26b).

In the case of Al2O3 reinforced nanocomposites [259], the nanoparticles were almost spherical and
their size ranged between 20 and 90 nm (Fig. 27a). For a concentration of 1 wt.%, most of the nanopar-
ticles remained isolated; however, when further increasing the concentration up to 10 wt.%, aggre-
gates of about 100 nm were observed. When this type of nanocomposites were prepared by
compression molding under vacuum at 400 �C [260], nanoparticles with irregular shapes tending to
Table 11
DT10 values for PEEK nanocomposites reinforced with inorganic nanoparticles under
nitrogen and air atmospheres.

Nanofiller type Nanofiller content (wt.%) DT10, N2 (�C) DT10, Air (�C) Ref.

Al2O3 1 8 24 [259]
2 2 8

2.5 27 – [232]
5 0 11 [259]
5 20 – [232]
7 3 22 [259]

7.5 26 – [232]
10 14 28 [259]
10 34 – [232]
20 5 11 [259]
30 24 10

SiO2 2.5 11 – [265]
2.5 25 – [232]
5 14 – [265]
5 27 – [232]

7.5 19 – [265]
7.5 29 – [232]
10 19 – [265]
10 38 – [232]

m-SiO2
a 2.5 0 – [265]

5 3 –
7.5 17 –
10 20 –

Si3N4 10 5 – [268]

DT10 = T10 (nanocomposite) � T10 (PEEK).
a Nanosilica surface modified with stearic acid.
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spheres individually dispersed within the matrix were also observed at 0.6 vol.% Al2O3 (Fig. 27b),
whereas aligned aggregates composed of 3–8 nanoparticles were found at slightly higher loadings
(Fig. 27c). This effect is caused by the high viscosity of this type of nanocomposites, and becomes more
pronounced as the nanoparticle concentration increases [232].

With regard to PEEK/SiO2 nanocomposites also manufactured by compression molding under vac-
uum [232,261], the dispersion was very similar to that described above for PEEK/Al2O3 nanocompos-
ites. It can be observed from Fig. 28a that most of the SiO2 nanoparticles, with a size of about 30 nm,
were relatively homogenously dispersed within the matrix for a concentration of 2.5 vol.%. Some
agglomerates of 2–5 nanoparticles were also visible, particularly at higher loadings (Fig. 28b). The
authors ascribed the relatively satisfactory dispersion of both Al2O3 and SiO2 nanoparticles to the
influence of the ultrasonic treatment used for the preparation of the mixture, as well as to the high
pressure applied during the molding.

The presence of hydroxyl groups on the surface of the Al2O3 nanoparticles increases their agglom-
erating tendency, which acts against their good dispersion within the matrix. Moreover, the interfacial
tension between the organic (matrix) and inorganic (nanoparticle) phases of the nanocomposite is the
factor determining the phase separation and the properties of the material [262–264]. In this sense,
surface chemical modification is one of various methodologies used to improve the compatibility be-
tween the hydrophobic polymeric matrix and the hydrophilic nano-SiO2 [264]. Thus, surface pre-
treatment of SiO2 nanoparticles with stearic acid leads to changes in the dimensions and state of
aggregation of the nanoparticles, particularly at low nanofiller concentrations. For example, the
dimensions of the agglomerates for the nanocomposite with 5 wt.% unmodified silica filler was
180 nm [265], and it was reduced to 75 nm for the composite with the same content of the modified
counterpart, suggesting that the surface treatment decreases the number and dimensions of the
agglomerates. A good dispersion and a strong interface can be attained by treating the nano-SiO2 with
coupling agents such as silane. Its functional groups can replace the hydroxyl groups from the nano-
particle surface and react with the polymeric matrix [266]. Very recently, good dispersions and distri-
butions of SiO2 nanoparticles within a PEEK matrix were achieved by combining high energy ball
milling at room temperature for 15 h under argon atmosphere with the surface pre-treatment of
the SiO2 nanoparticles using a silane coupling agent (3-glycidoxypropyltrimethoxysilane, GPTMS)
[267]. Fig. 28c and d compare TEM micrographs of the original SiO2 nanoparticles, showing agglom-
erates of 20–30 nm, and those of the modified nanoparticles, which were found to be well dispersed
with dimensions of 15–20 nm. The surface pre-treatment has a significant effect on the morphology of
the dispersion of the silica nanoparticles within the PEEK matrix.

4.2.2. Characteristics and properties of PEK/nanoparticle nanocomposites
4.2.2.1. Thermal stability. In general, the addition of inorganic nanoparticles to PEEK increases the
thermal stability of the polymer under both inert and oxidative atmospheres, although this effect is
Table 12
Change in the crystallization temperature DTc, degree of crystallinity Dvc and melting temperature DTm, for
PEEK/Si3N4 and PEEK/HA nanocomposites.

Nanofiller type Nanofiller content (wt.%) DTc (�C) Dvc (%) DTm (�C) Ref.

Si3N4 (50 nm) 2 8.2 3.0 1.5 [268]
5 11.9 �1.8 2.9

10 14.2 �4.4 1.5
20 0.5 �6.8 �0.2
30 �4.5 �11.7 �2.1

Hydroxyapatite (20–30 nm) 5 �6.7 1.4 �3.6 [258]
7.5 �7.7 �0.8 �3.8
10 �6.4 0.2 �2.9
15 �12.4 �1.6 �1.1



Table 13
DTc, Dvc and DTm for different PEEK/Al2O3 nanocomposites.

Nanofiller (size) Nanofiller content (wt.%) DTc (�C) Dvc (%) DTm (�C) Ref.

Al2O3 (39 nm) 1 �2 �1.2 1 [259]
2 6 �3.7 2
5 2 �2.0 1
7 5 �1.1 4

10 3 �1.7 6
20 9 �2.4 3
30 13 0.2 2

Al2O3 (30 nm) 0.8 �19 �1.6 �2 [260]
1.6 �16 �2.1 �2
2.5 �15 �0.9 �3
3.9 �12 �2.1 �4

Al2O3 (30 nm) 2.5 �5 13.7 0 [232]
5 �12 9.4 0

7.5 �12 6.7 �1
10 �12 7.9 �2

Table 14
DTc, Dvc and DTm for different PEEK/SiO2 nanocomposites.

Nanofiller (size) Nanofiller content (wt.%) DTc (�C) Dvc (%) DTm (�C) Ref.

SiO2 (15 nm) 2.5 �3 �0.6 0 [261]
5 �4 �0.8 2

SiO2 (30 nm) 2.5 2 4.4 0 [265]
5 1 �4.3 0

7.5 0 �5.1 0
10 �3 �4.4 2

SiO2 (15 nm) 2.5 �4 �5.2 1 [232]
5 �5 12.7 �1

7.5 �5 6.1 �1
10 �6 0.5 �1

m-SiO2
a (30 nm) 2.5 �1 �4 0 [265]

5 1 �3.1 2
7.5 �2 �2.5 0
10 �2 �4.7 2

SiO2
b (13 nm) 0.5 4 0.9 �0.8 [234]

1 �2.4 �1.1 0
2 �2.6 2.2 �1.3
4 �3.8 0.8 �2.6

SiO2
b (20–30 nm) 10 �27.4 �2.7 0.9 [265]

SiO2
c (15–20 nm) 10 �25.3 �3.9 1.7

a Surface modified with stearic acid.
b Premixed via ball milling.
c Modified with a silane coupling agent (GPTMS) and premixed via ball milling.
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considerably more pronounced in air, as can be observed in Table 11, which presents the values of
DT10 (�C), defined as T10 (nanocomposite) � T10 (PEEK), where T10 is the temperature corresponding
to the 10% weight loss experienced by the material during a heating cycle through thermogravimetry
[232,259,265,268]. Thus, the values of T10 for neat PEEK are 570 and 556 �C in nitrogen and air atmo-
spheres, respectively, and both increase up to 584 �C for 10 wt.% nano-Al2O3 concentration [259]. In
these nanocomposites, the thermal stability rises with increasing nanofiller content, probably due
to interactions between the nanoparticle and the matrix restricting the mobility of PEEK chain seg-
ments [259]. The surface modification of the nanoparticles, as occurred for PEEK/SiO2 where the nano-
particles were treated with stearic acid, reduced the effect of improvement in the decomposition
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temperature observed in the nanocomposites with unmodified nanoparticles [265], attributed to the
lower melting point and thermal stability of the stearic acid [269].
4.2.2.2. Crystallization and melting behavior. The addition of nanoparticles to a semicrystalline poly-
meric matrix has a strong influence on its crystallization behavior through two opposite effects that
can appear simultaneously. The first is that the particles can act as nucleating sites, promoting heter-
ogeneous nucleation on the surface, leading to an increase in crystalline parameters such as crystal-
lization temperature, crystallization rate and degree of crystallinity. The second effect is based on
the fact that the rigidity of the particles can inhibit the molecular mobility of the polymeric segments,
which influences phenomena related to the crystallization mechanism such as chain folding, and con-
sequently contributes to the reduction of the crystallization growth rate, level of crystallinity and crys-
tallite size.

In order to compare the results of the crystalline parameters obtained during the dynamic crystal-
lization processes and subsequent melting of PEEK in the nanocomposites with inorganic nanoparti-
cles, the changes in the crystallization temperature (DTc), crystallinity (Dvc) and melting temperature
(DTm) are collected in Tables 12–14. For PEEK nanocomposites with Si3N4 [255] (Table 12), Tc increases
with nanofiller content up to 10 wt.%, where the increment compared to that of neat PEEK is 14 �C.
This increase in Tc indicates that the nanoparticles act as heterogeneous nucleating sites raising the
crystallization rate, due to the homogeneous dispersion of the Si3N4 nanoparticles within the matrix
up to the indicated concentration. The Tm of PEEK only increases slightly (2–3 �C) up to 10 wt.% load-
ing, decreasing at higher concentrations, similar to Tc. In contrast, a progressive reduction in the level
of crystallinity with Si3N4 content can be observed in the 5–30 wt.% range, revealing that whilst the
number of nucleating centers generated by the nanoparticles increase, they can also hinder the crys-
tallization of the PEEK macromolecules, reducing the crystalline fraction.

In PEEK nanocomposites with HA [258], Tc decreases as the nanofiller loading rises (Table 12) sug-
gesting that HA nanoparticles restrict the mobility of PEEK chains, hindering the crystallization pro-
cess, although the levels of crystallinity only fall slightly, analogous to the trend observed for Tm.
Wang et al. [258] stated that this behavior reflects the very weak interaction between the matrix
and the HA nanoparticles, similar to the case of PEEK composites with HA microparticles [240,270].

Several studies related with the crystallization behavior of PEEK/Al2O3 nanocomposites have been
published. Kuo et al. [232,260] reported that the Tc of PEEK in the nanocomposites is systematically
lower than that of neat PEEK for Al2O3 concentrations in the range 0.8–10 wt.% (Table 13). The stron-
gest Tc decrease corresponds to the lowest nanoparticle loading, suggesting that the mobility of the
polymer chains is significantly hindered. In the concentration range 0.8–5 wt.% heterogeneous nucle-
ation becomes more effective as the nanoparticle content increases, although it remains less impor-
tant than the restrictions on the molecular mobility, hence DTc falls up to 5 wt.%. At higher Al2O3

concentrations the Tc values remain almost constant, albeit still lower than that of neat PEEK. The
authors explain this strong reduction in Tc and the decrease in DTc at higher loadings due to the nucle-
ating activity and the restrictions on mobility imposed by the nanoparticles, combined with the in-
crease in thermal conductivity of the nanocomposites due to the presence of the Al2O3 [232]. This
fall in the Tc of PEEK is also reflected in the formation of smaller and less perfect crystalline morphol-
ogies that melt at lower temperature than PEEK, as observed in Table 13.

In contrast to the aforementioned results described for PEEK/Al2O3 nanocomposites, Goyal et al.
[259] have recently reported an increment in the Tc of PEEK between 2 and 12 �C as the Al2O3 concen-
tration increases from 2 to 30 wt.%, implying that the nucleating effect exerted by the nanoparticles
outweighs the restrictions on molecular mobility, leading to an increase in the crystallization rate
of PEEK. These discrepancies can be attributed to the shape, size and surface morphology of the nano-
particles as well as to their degree of dispersion and adhesion with the matrix, combined with the
compression molding method used for the preparation of the nanocomposites, albeit at different tem-
peratures and pressures. On the other hand, the Tm of PEEK in these Al2O3-reinforced nanocomposites
[259] also increases significantly due to the presence of the nanofillers, which is consistent with the
increment in Tc and the consequent reduction in the degree of supercooling (Tm � Tc) during the crys-
tallization process, hence with the formation of larger and more perfect crystalline lamellae that melt
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at higher temperature. The degree of crystallinity of these nanocomposites is slightly lower than that
of neat PEEK, and no trend with the nanoparticle concentration is observed.

Amongst PEEK nanocomposites reinforced with inorganic nanoparticles, the most studied crystal-
lization behavior corresponds to those incorporating silica as nanofiller [232,234,261,265,267]. In
these nanocomposites, the Tc of PEEK shifts to lower temperatures as the nano-SiO2 concentration in-
creases, clearly indicating that the reduction in the mobility of the polymeric chain segments predom-
inates over the heterogeneous nucleation. Hence the crystalline lamellae that develop are smaller and
melt at lower temperatures compared to those of the neat matrix (Table 14). The addition of silica
nanoparticles has a slight influence on the level of crystallinity of PEEK, with deviations generally low-
er than ±5%. For low concentrations it can be observed that nanocomposites reinforced with smaller
nanoparticles exhibit slightly higher crystallinity, which can be ascribed to the lower degree of
obstruction imposed on the folding and unfolding of the polymeric segments during the nucleation
and crystalline growth processes [232].

The analysis of the crystallization behavior of nanocomposites with surface modified nanofillers,
such as PEEK composites incorporating silica modified with stearic acid [265], reveals that the Tc val-
ues are lower than that of the neat matrix and simultaneously slightly higher than those of the corre-
sponding nanocomposite with the same amount of unmodified silica (Table 14), suggesting a slight
reduction in the restrictions on the molecular mobility with respect to the unmodified nanoparticle,
although for the highest concentrations Tc shifts to lower values indicating stronger restrictions on
polymer chain mobility. Analogously, the crystallinity values are lower than that of neat PEEK,
although slightly higher than those found in the nanocomposites with unmodified silica, in agreement
with the smaller reduction in molecular mobility. At very low nanofiller content, the Tm value is sim-
ilar to that of the neat matrix, although it increases slightly for higher concentrations suggesting that a
lower degree of agglomeration of surface modified nanoparticles could lead to the formation of more
perfect crystals.

Recently, Zhang et al. [234] studied the characteristics of the non-isothermal crystallization of PEEK
in silica-reinforced nanocomposites prepared via room temperature high energy ball milling [253] fol-
lowed by compression molding, in the concentration range between 0.5 and 4 wt.% SiO2 (Table 14). A
nucleating effect was found at low nanoparticle concentration, 0.5 wt.%, indicating the existence of
heterogeneous crystalline nucleation, although for concentrations P1 wt.% loading the formation of
smaller crystalline lamellae was promoted and the crystallinity was roughly maintained. More re-
cently, Hedayati et al. [267] investigated the morphology and crystalline parameters of PEEK nano-
composites incorporating silica with and without surface modification through a silane coupling
agent, prepared via high energy ball milling (Table 14). The authors described the morphological
evolution of PEEK/SiO2 powders during milling and proposed a mechanism for the formation of the
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nanocomposites, as well as for the decrease in Tc and vc, due to the hindrance in the molecular mobil-
ity of PEEK during the crystallization process.

Very little information about the crystallization kinetics of PEEK nanocomposites incorporating
inorganic nanoparticles has been published, and is limited to composites reinforced with Al2O3 and
SiO2 [260,261]. As mentioned earlier, the crystallization of PEEK from the melt in the presence of these
nanoparticles is controlled by the reduction in the mobility of the polymeric chains. However, the
nanoparticles considerably increase the number of nucleating sites, hence the number of crystalline
nuclei, at a very high heterogeneous nucleating rate that further develop at very low growth rates
due to hindered mobility of the crystallizable polymeric segments. The final result is the reduction
in the overall crystallization rate and the formation of smaller polymeric crystals. The values of the
Avrami exponent (n) [271], related to the type of nucleation and crystalline growth, decrease as the
cooling rate increases, and rise with increasing nanoparticle concentration, being higher than those
of neat PEEK crystallized under identical conditions. The irregular shape of the Al2O3 nanoparticles
may affect the growth of the PEEK crystals in a complex manner, while the spherical shape of the silica
nanoparticles imposes less intense restrictions on the macromolecular movement of PEEK. Their
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kinetics can be described by the combined Avrami and Ozawa model [272], and the comparison of the
non-isothermal crystallization for both types of composites suggests that SiO2 places slighter restric-
tions on the crystallization of PEEK.

Regarding PEEK nanocomposites with SiO2, Kuo et al. [261] also studied the isothermal crystalliza-
tion kinetics in the Tc range between 260 and 310 �C. The progressive incorporation of 15 nm nano-
SiO2 rises the crystallization time and reduces the degree of crystallinity of the matrix. This is reflected
in a reduction in the overall crystallization rate, which means that a longer time is required to reach
similar levels of tridimensional crystalline order. Thus, for a Tc of 280 �C, the overall rate constant (k) is
about 0.408, 0.030 and 0.023 min�n for neat PEEK and nanocomposites with 2.5 and 5 wt.% loading,
respectively (Fig. 29). As occurs in the crystallization of polymers, the temperature coefficient of the
process is negative, indicating that the crystallization rate diminishes as the supercooling of the sys-
tem decreases, that is, as Tc increases. Only at higher Tc, where the macromolecular transport becomes
less important, the rate constants for neat PEEK and the nanocomposites tend to values of the same
order.

The presence of nanoparticles influences the crystalline nucleation process and the transport of the
polymeric chains, making the crystallization process in this type of systems more complex than that of
neat PEEK, modifying the nucleation and crystalline growth model. Thus, the values of the Avrami
exponent rise with increasing nano-SiO2 concentration and Tc compared to those of neat PEEK under
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similar isothermal crystallization conditions [261]. In this system all nanocomposites exhibit a double
endothermic melting behavior, similar to the neat matrix.

4.2.2.3. Crystalline structure. PEEK nanocomposites reinforced with inorganic nanoparticles also crys-
tallize in an orthorhombic unit cell, displaying the same diffraction peaks as neat PEEK and composites
incorporating CNTs. The intensity of the reflections depends on the nanofiller concentration, as re-
ported for the diffraction patterns of nanocomposites filled with 30 nm SiO2 or Al2O3 nanoparticles
[232]. Neither additional reflections nor shifts in the position of the crystalline diffractions have been
found, indicating that the crystalline structure of PEEK is maintained and interactions between the
nanoparticles and the matrix are very weak. Generally, additional diffuse peaks corresponding to
the Miller indices of the nanofillers can be observed, and their intensity depends on the nanoparticle
concentration [258,268]. Occasionally, the crystalline reflections broaden as the nanofiller loading in-
creases [232,268], ascribed to a decrease in the crystallinity of PEEK or to the formation of smaller and
less perfect crystals. In PEEK nanocomposites incorporating silica modified with stearic acid [265],
small shifts in the crystalline reflections towards higher angles have been reported, suggesting the
existence of smaller interplanar crystalline distances, which has been attributed to a more homoge-
nous nanofiller dispersion that decreases the distance between the nanoparticles, thereby increasing
the concentration of crystals between them, and consequently there is an spatial limitation on the
crystalline growth [237]. Shifts towards higher angles have also been described in PEEK/SiO2 nano-
composites manufactured through the ball milling technique [234]. Furthermore, in PEEK nanocom-
posites reinforced with nano-SiO2 modified with GPTMS as coupling agent, prepared via high
energy ball milling [267], a progressive disappearance of the PEEK crystals and the reduction in the
level of crystallinity as a function of the mixing time (Fig. 30a) and the ball milling temperature
(Fig. 30b) have been found.

4.2.2.4. Thermal expansion. The coefficient of thermal expansion (CTE) is an excellent parameter to
evaluate the dimensional stability of a material. In composite materials the change in the CTE depends
on the intrinsic CTE value of the fillers used, their size distribution within the matrix and their concen-
tration. A volume fraction of approximately 50% of microfillers is required to reduce the CTE of a poly-
mer [273], resulting in processing difficulties and a significant increase in weight in the composite. In
contrast, due to the larger surface area of the nanoparticles, the CTE of a nanocomposite can be more
effectively reduced at a significantly lower volume fraction [274], generating a great scientific, tech-
nological and industrial interest in these systems for many applications.

Fig. 31a shows the variation of the CTE for PEEK nanocomposites reinforced with Si3N4 [268], Al2O3

[259] and SiO2 (both unmodified and surface modified with stearic acid [265]) at temperatures below
Tg. The CTE of PEEK/Si3N4 decreases by about 45% at 30 wt.% nanofiller loading compared to that of the
neat matrix (�8 � 10�5/�C) [268]. A similar trend was reported for a PEEK/Al2O3 system [259], where
the reduction was around 60% for the same nanofiller content. The decrease in the CTE due to the pres-
ence of the nanoparticles has three principal origins. Firstly, the reduction in the matrix concentration
in the nanocomposite leads to a decrease in the overall free volume of the polymer, hence a reduction
in the expansion ability of PEEK. Secondly, good nanoparticle dispersion results in good nanofiller–ma-
trix interfacial adhesion that hinders molecular mobility and consequently the expansion ability. Fi-
nally, the CTE values of the nanoparticles (1.2 � 10�6/�C for Si3N4 [268] and 6.6 � 10�6/�C for Al2O3

[259]) are considerably lower than that of the polymer. Regarding PEEK/SiO2 nanocomposites, a sig-
nificant CTE reduction (around 44%) can also be found at 2.5 wt.% loading, while at higher concentra-
tions the decrease is less significant due to a certain degree of nanoparticle clustering. Moreover, in the
case of modified silica the CTE becomes slightly higher than that of the neat matrix for SiO2 contents
equal or higher than 7.5 wt.%.

On the other hand, at temperatures above Tg, the CTE values are considerably higher due to the in-
creased mobility of the macromolecular chains. In PEEK/Si3N4 nanocomposites [268] the reduction in
the CTE at 30 wt.% loading is only about 23% compared to that of neat PEEK. In contrast, the decrease is
considerably more significant for PEEK/SiO2 nanocomposites [265], as can be observed in Fig. 31b,
which compares the evolution of the CTE as a function of the nanofiller concentration for composites
with unmodified and stearic acid modified silica at temperatures above Tg. The progressive drop in the



Fig. 32. (a) Comparison of the microhardness for PEEK micro- and nanocomposites incorporating AlN and Al2O3 as a function of
filler concentration. Reprinted from Ref. [278], copyright 2008, with permission from Elsevier. (b) Variation of the
microhardness as a function of nanofiller concentration for PEEK nanocomposites reinforced with 15 and 30 nm SiO2 and
30 nm Al2O3 nanoparticles. Data extracted from Ref. [232], copyright 2005, with permission from Elsevier.
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CTE with increasing silica content has been ascribed to the low CTE of the SiO2 (0.4 � 10�6/�C [275]).
Moreover, the large specific surface area of the nanoparticles would greatly absorb the heat trans-
ferred from the matrix, thereby suppressing the thermal expansion of the polymer when the temper-
ature exceeds the Tg. On the other hand, the CTE of nanocomposites incorporating modified silica is
higher than that of samples with the unmodified counterpart. It was shown [265] that composites
filled with modified nano-SiO2 exhibited more uniform nanoparticle dispersion and smaller filler do-
mains. Therefore, the free volume diffusion of the polymer segments would be easier in comparison to
nanocomposites reinforced with the unmodified filler, resulting in larger CTE values.

4.2.2.5. Density and microhardness. The density of the nanocomposites is generally higher than that of
the corresponding polymeric matrix, and increases as the nanofiller loading rises due to the higher
density of the nanoparticles compared to that of the polymer (e.g. 1.30 g/cm3 for PEEK). Goyal et al.
[276] showed an increase in density with the nanofiller content for PEEK nanocomposites incorporat-
ing Al2O3 nanoparticles with an average size of 39 nm, surface area of 43 m2/g and density of 4.0 g/cm3

[259]. In general, the experimental density of the nanocomposites is consistent with the theoretical
calculations, indicating the absence of porosity due to good processing conditions. When the experi-
mental density is higher than the predictions, it is attributed to an increase in the level of crystallinity
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of the matrix caused by crystalline nucleation phenomena induced by the nanoparticles. When it is
lower, which usually occurs at high nanoparticle contents, it is ascribed to the presence of aggregates
that impede the impregnation of the melt matrix due to its high viscosity that increases the porosity of
the nanocomposite. Analogous phenomena have been reported in PEEK nanocomposites reinforced
with Si3N4 nanoparticles with an average size of 20–30 nm [268]. The variation in density with the
Al2O3 concentration is similar to that observed in composites reinforced with a microfiller counterpart
[238] with an average particle size of 8 lm.

In PEEK nanocomposites with 20–30 nm Si3N4 nanoparticles [268], the microhardness increases
significantly from 24 kg/mm2 for neat PEEK to 28.8 kg/mm2 for the nanocomposite with 10 wt.%
Si3N4, due to the higher microhardness of the nanofiller (1700 kg/mm2) compared to that of the neat
matrix. The relatively uniform distribution of the nanoparticles and the decrease in the interparticle
distance with increasing particle loading results in an improvement in the resistance to local plastic
deformation, hence a rise in the microhardness [277]. However, at concentrations above 10 wt.%
Si3N4 the increase in microhardness is insignificant because of a decrease in crystallinity and an in-
crease in the porosity of the material [255,268]. The microhardness of PEEK/Si3N4 nanocomposites
is higher than that of AlN or Al2O3-reinforced PEEK processed under similar conditions, which was as-
cribed to the improved packing efficiency and interfacial adhesion of the Si3N4 nanoparticles, in
comparison to AlN or Al2O3 that have a microhardness of 1200 and 2000 kg/mm2, respectively
[276]. For a given filler concentration, the microhardness of the nanocomposites is superior to that
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of the corresponding microcomposites (Fig. 32a), since the nanoparticles are much closer together
compared to the microparticles and hence will more strongly resist indentation penetration in the ma-
trix. For example, for a concentration of 12 vol.% Al2O3 the nanoparticles have an interparticle distance
of about 30 nm whereas that of the microparticles is around 6 lm [278].

As can be observed in Fig. 32b, PEEK/SiO2 nanocomposites show a greater increase in microhard-
ness than PEEK/Al2O3 [232]. Thus, for a nanofiller content of 5 wt.% the increment compared to neat
PEEK is about 30% for PEEK/SiO2, whilst it is only around 15% for the Al2O3 counterpart, attributed
to the lower volume fraction of the Al2O3 and the spherical shape of these nanoparticles that impose
lower resistance against the molecular movement of the matrix macromolecular segments under
indentation. On the other hand, Fig. 32b also compares the influence of the SiO2 size (15 or 30 nm)
on the microhardness of the corresponding nanocomposites. Those with finer nanoparticles show a
continuous and linear hardness increment even at the highest loading of 10 wt.%, suggesting that
the 15 nm particles are more uniformly distributed within the matrix.

Lai et al. [265] compared the microhardness of PEEK nanocomposites reinforced with unmodified
and stearic acid modified SiO2. The microhardness increased with the nanofiller content, and the
improvements were slightly higher in the presence of modified silica, ascribed to its improved disper-
sion within the matrix, the reduction in the size of the aggregates and the increase in the density of the
matrix. In PEEK nanocomposites with hydroxyapatite [258], the evolution of the microhardness with
increasing HA concentration was very similar to that described previously for other inorganic nano-
particles, the increase being about 30% for 15 wt.% HA content.
4.2.2.6. Mechanical properties. The incorporation of inorganic nanoparticles in a polymeric matrix is an
effective method for improving the mechanical properties of the matrix [248,279,280]. Inorganic
nanoparticles with diameter lower than 100 nm exhibit higher specific surface area, higher surface en-
ergy and a larger number of surface defects compared to micrometer size particles. Therefore, differ-
ent types of nanoparticles such as HA, SiO2, Al2O3 and Si3N4 have been used to prepare PEEK based
nanocomposites to improve the stiffness, strength and toughness of this thermoplastic
[232,234,260,265,281,282]. However, as previously commented, it is very difficult and complex to
maintain the level of dispersion and homogeneity of these nanoparticles in a PEEK matrix due to their
tendency to agglomerate, insolubility and the high melting temperature of this polymer.
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The dynamic mechanical properties of inorganic nanoparticle-reinforced PEEK composites have
been widely investigated. At temperatures below Tg, as the nanofiller loading rises the storage mod-
ulus E0 of nanocomposites reinforced with Al2O3 [276], SiO2 [265] and Si3N4 [268] increases by up to
50% compared to E0 of the neat matrix. However, at temperatures above Tg the increase is very small,
following similar trend to that found for PEEK/CNT nanocomposites [12]. Fig. 33a shows this effect for
PEEK/SiO2 nanocomposites [265]. This increase in E0 can be explained considering the significantly
higher modulus of the nanoparticles (345, 310 and 75 GPa for Al2O3, Si3N4 and SiO2, respectively) in
comparison to that of neat PEEK (2.6 GPa at room temperature), the homogeneous distribution of
the nanoparticles and the strong nanoparticle–matrix interface. Analogously, E0 of neat PEEK and
the nanocomposites decreases with increasing temperature (Fig. 33b), particularly above Tg where
they reach approximately the same value due to the increase in the molecular relaxation with
temperature.

On the other hand, PEEK nanocomposites incorporating silica modified with stearic acid exhibit
slightly higher modulus than composites with unmodified SiO2 [265] (Fig. 33b), attributed to the
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improved dispersion of the former nanoparticles, with smaller domain sizes and larger surface area
that contributes to the development of a larger interface where the movements of the polymeric
chains are more restricted due to the interactions with the surface of the nanofillers [283,284]. The
Tg of PEEK/Al2O3 nanocomposites [276] obtained from the maximum of the tand curve decreased
by 2–5 �C with increasing nanofilller content, in contrast to the behavior described for PEEK micro-
composites filled with micro-Al2O3 [277], where it increased by about 6 �C due to a rise in the level
of crystallinity. Moreover, a broadening in tand was encountered that may be the result of two glass
transitions, one due to the bulk matrix and the other to tightly bound PEEK [284]. On the other hand,
no change in Tg was observed in PEEK nanocomposites reinforced with modified or unmodified silica
[265], indicating that there is hardly any interaction between the nanofillers and the matrix.

With regard to the static mechanical properties such as compressive and bending strength, signif-
icant increases have been attained with increasing nanofiller content as can be observed in Fig. 34,
which shows the improvements for PEEK/SiO2 [282] and PEEK/Si3N4 [250] nanocomposites. The
strength increments were about 40% in bending and 30% in compression at a very low nanofiller con-
centration of around 1.25 wt.%. For nanoparticle contents higher than 10 wt.% the improvements are
reduced, and in the case of compressive strength the values for the nanocomposites are even lower
than those of neat PEEK.

Fig. 35 shows the percentage of increase in the elastic modulus under tension as a function of
nanofiller loading for PEEK/SiO2 nanocomposites with different nanoparticle size [232,234]. The incor-
poration of SiO2 nanoparticles imparts higher stiffness to the matrix due to the increase in the
nanofiller–matrix interfacial surface area. The elastic deformation transfer occurring at the poly-
mer-filler interface accounts for the increased stiffness. The highest increment occurs in composites
with 10 wt.% 30 nm SiO2, raising the PEEK modulus from 3.9 to 5.3 GPa (an increment of 36%), whereas
in the case of smaller nanoparticles (15 nm) the reinforcement effect reaches a maximum value at
7.5 wt.% loading. At higher concentrations, the smaller nanoparticles do not seem to contribute to
the increase in stiffness and the modulus increment was even smaller. For the same nanofiller concen-
tration, finer particles would result in more interparticle free volume, allowing the polymer chain seg-
ments to deform in a more mobile manner that accounts for the lower Young’s modulus. The influence
of surface modification of the silica with stearic acid on the elastic modulus can also be observed in
Fig. 35, where the increase in modulus for composites incorporating modified or unmodified silica
with the same nanoparticle size (30 nm) is compared [265]. In both cases the rise in modulus is almost
linear in the concentration range studied by the authors, the increment being higher for nanocompos-
ites incorporating modified SiO2 as a result of their higher density, more uniform dispersion and lower
tendency to agglomerate.
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The nanoparticles only have a slight influence on the tensile strength of the matrix that increases in
the range of 12–18% for 5 wt.% SiO2 content (Fig. 36) [232]. At higher concentrations the behavior is
significantly different depending on the nanoparticle size. Composites filled with 15 nm silica show
an increment in strength up to 10 wt.% loading, suggesting better spatial distribution at high filler con-
tents as mentioned earlier for the hardness. However, the strength of those with larger nanoparticles
decreases considerably, opposite to the trend observed for the modulus, probably due to local particle
clustering and premature failure. On the other hand, the tensile strength is not very sensitive to the
surface modification of the nanoparticle and decreases at high nanofiller loadings for both nanocom-
posites with unmodified or surface modified silica [265]. With regard to the elongation at break, a de-
crease is observed with increasing SiO2 concentration (Fig. 37) [265] indicating a reduction in the
ductility of the composite. This fall is very drastic at low nanofiller contents, decreasing from a value
of 17% for neat PEEK to values lower than 10% for 2 wt.% SiO2. In the case of composites incorporating
modified silica the decrease is smaller, probably due to the more homogenous filler dispersion. At
higher concentrations the reduction in the elongation at break is stabilized for both types of nanocom-
posites [234,265]. Focusing on the nanoparticle size, composites with 15 nm SiO2 exhibit higher ten-
sile elongations than the 30 nm counterparts [232], suggesting a lower degree of particle clustering
and a higher flexibility of PEEK matrix deformation. Overall, the incorporation of nano-SiO2 to PEEK
leads to an improvement in the material stiffness and a decrease in ductility.
Fig. 38. (a) Typical load–displacement curves for PEEK nanocomposites with different HA content. Reprinted from Ref. [258],
copyright 2011, with permission from Elsevier. (b) Ultimate tensile strength and Young’s modulus for PEEK/HA nanocomposites
as a function of nanofiller loading. Reprinted from Ref. [287], copyright 2010, with permission from Elsevier.
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The Al2O3 nanoparticles provoke similar effects on the PEEK matrix to those described previously
for SiO2. However, some interesting differences have been reported [232] such as smaller increments
in the elastic modulus and larger improvements in the tensile strength and elongation at break for the
same concentration and nanofiller size, since the spherical shape of the Al2O3 results in lower hin-
drance when in contact with the polymer segments, more uniform spatial distribution and lower
stress concentration at the particle–matrix interface. All these effects help to improve the ductility
of the nanocomposite. Recently, Guoliang et al. [285] studied the tensile, flexural and compressive
behavior, impact strength and fracture mechanism of PEEK/Al2O3 nanocomposites prepared by differ-
ent dispersing methods such as direct mechanical mixing (DMM), liquid–solid mechanical dispersion
(LSMD), ultrasonic dispersion (UD) and ball milling dispersion (BMD), as well as the use of different
coupling agents such as titanate, stearic acid, sodium silicate and silane, using nanofiller sizes of 15
and 90 nm. The authors reported that PEEK filled with 15 nm Al2O3 dispersed by DMM had the best
tensile and impact strength, whereas the highest flexural and compressive strength was obtained
for the 90 nm Al2O3 nanofiller in the concentration range between 5 and 10 wt.%. The presence of a
coupling agent increases the toughness of the material, particularly in the case of titanate that leads
to an eightfold increase in the impact resistance compared to neat PEEK, and doubles that of the cor-
responding composite without the coupling agent. Regarding the methodology of the nanofiller dis-
persion within the matrix, it was found that the LMSD method is superior to DMM, although the
differences among the LSMD, UD and BMD strategies are very small.
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Bioceramic systems based on HA constitute a very important class of bioactive materials that can
promote bone regeneration, hence can provide a strong implant and interfacial adhesion with the host
tissue both in medical and dental applications [286]. Fig. 38a shows typical load–displacement curves
of PEEK nanocomposites with different HA contents; the nanoparticles have widths ranging from 20 to
30 nm and lengths between 60 and 100 nm. These nanocomposites exhibit both ductile and brittle
failures depending on the amount of HA incorporated into the PEEK matrix [258,287]. Up to 5 vol.%
HA, a plastic deformation phase is observed before failure, while those with HA content P7.5 vol.% ex-
hibit a typical brittle failure occurring immediately after the elastic region. The brittle failure is attrib-
uted to the high stiffness of the fillers, local particle clustering and HA agglomeration, as well as weak
interfacial adhesion between the matrix and these agglomerates that restrict ductile flow and divert
the crack propagation in the polymer matrix during tensile testing [232].

Fig. 38b presents the change in the ultimate tensile strength and Young’s modulus as a function of
HA content [287]. Up to 7.5 vol.% loading, the tensile strength of the nanocomposite materials remains
almost constant with a maximum value of approximately 93 MPa at 5 vol.% HA, around 5% higher than
that of neat PEEK. This increase is attributed to better interaction between the nanoparticles and the
polymer chain segments, since nanoparticles strongly bound to the matrix can interrupt and delay the
propagation of micro-cracks or even stop their growth. This behavior is consistent with that described
in the literature for PEEK nanocomposites reinforced with SiO2 and Al2O3 [232,285]. However, the ten-
sile strength decreases sharply at higher concentrations due to nanoparticle agglomeration, and is
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around 32 MPa for 15 vol.% HA, about 65% lower than that of the neat matrix. The Young’s modulus
rises progressively with increasing HA content, and at 5 vol.% loading shows a value of 3.2 GPa, about
45% higher than that of neat PEEK. This is ascribed to strong nanoparticle–matrix adhesion [288] and
to the formation of a thin layer between the rigid dispersed phase and the matrix, which respond dif-
ferently under loading [289]. Overall, the experimental results indicate that the HA content in the
nanocomposite materials must be lower than 7.5 vol.% to ensure good tensile strength and adjustable
ductility that is critical for clinical applications.
4.2.2.7. Tribological properties. The weakness of the nanofiller–PEEK interface deteriorates the tribolog-
ical behavior of this matrix [245,290], crucial in long-term biological applications such as PEEK nano-
composites reinforced with HA [241]. Inorganic nanoparticles with 1–50 nm size have been
successfully incorporated in polymeric matrices to improve their toughness, ductility, stiffness and
wear resistance [232,249–251], and in this respect, the addition of nanoparticles to PEEK has fre-
quently led to an improvement in the tribological properties, similar to the behavior observed in PEEK
composites reinforced with microparticles [252,291].

Wang et al. [250–252,282] studied the tribological behavior of PEEK nanocomposites with SiC, SiO2,
Si3N4 or ZrO2 nanoparticles as a function of different factors such as nanofiller concentration and size,
amongst others. Fig. 39a displays the evolution of the coefficient of friction (COF) as a function of
nanofiller content for these nanoparticles. It can be observed that the COF strongly decreases up to
7.5 wt.% loading, from a value of 0.38 for neat PEEK to 0.2–0.3 for the nanocomposites, whereas at
higher concentrations of up to 15–20 wt.% it remains almost constant. Among the four nanoparticles
indicated, ZrO2 appears to generate a smaller reduction in the COF. However, Zhang et al. [234] re-
ported that the addition of nano-SiO2 to PEEK does not result in a significant change in the COF, whilst
Goyal et al. [276] described a rise for PEEK/Al2O3 nanocomposites, ascribed to the increased contribu-
tion to the deformation component of friction by the hard Al2O3 nanoparticles during sliding, indicat-
ing a change in the wear mechanism from adhesion to abrasion [292–294].

Fig. 39b shows the evolution of the wear speed as a function of nanofiller loading for the above
mentioned nanoparticles. As for the COF, a strong decrease in the wear speed is observed up to
7.5 wt.% loading, from a value of 7.5–7.8 � 10�6 mm3/N m for neat PEEK to 1 � 10�6 and
4 � 10�6 mm3/N m for Si3N4 and ZrO2, respectively. At higher concentrations this parameter increases,
particularly for composites with ZrO2 or SiC nanoparticles, where it reaches or surpasses the value for
PEEK. The different behavior can be explained in terms of the thickness, uniformity, toughness and
adhesion of the transfer film to the substrate counterface during load application. Analogous behavior
of the wear rate was reported by Zhang et al. [234] for PEEK/SiO2. The authors explained the increase
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in this parameter at higher nanofiller loadings by the progressive increase in the stiffness of PEEK due
to the incorporation of the nanoparticles that reduces the perpendicular deformation of the matrix.
The nanocomposite with 1 vol.% nano-SiO2 showed the lowest wear rate. Compared with the optimum
content of around 7.5 wt.% reported for other nanofillers, the optimum concentration found for these
nanoparticles is considerably lower and can be attributed to differences in the size and state of disper-
sion of the nanofillers. Goyal et al. [276] described a similar behavior for PEEK/Al2O3 nanocomposites
where the specific wear rate reached a minimum of 2.8 � 10�6 mm3/N m at 0.82 vol.% Al2O3, a more
than threefold decrease in comparison to neat PEEK. At higher loadings the wear rate increased de-
spite the higher hardness and stiffness of these nanocomposites, indicating that the transfer film
developed during sliding wear plays a more significant role than that of sample hardness. Recently,
Balaji et al. [255] showed that the specific wear rate decreased in PEEK/Si3N4 nanocomposites up to
10 wt.% loading, which was explained by the increased hardness and dynamic modulus of the nano-
composites. However, on further increasing Si3N4 content, the wear rate increased abruptly despite
the higher hardness indicating the existence of a mechanism such as transfer film.

The influence of the load applied during the wear test on the COF and wear rate of PEEK/SiO2 nano-
composites as a function of the nanofiller loading can be observed in Fig. 40a and b [282]. Both param-
eters decrease as the loading rises, although the COF decreases over the whole range studied up to
15 wt.%, while the wear rate only diminishes up to 7.5 wt.% and then increases significantly, always
remaining lower than that of neat PEEK. This clearly indicates that simultaneous changes in both
parameters only occur at low nanoparticle contents, and are more pronounced as the load increases.
On the other hand, Fig. 41 depicts the influence of the nanoparticle size (between 10 and 100 nm) on
the aforementioned parameters for PEEK/ZrO2 nanocomposites with 7.5 wt.% content [251]. It can be
observed that the COF of all the nanocomposites is lower than that of neat PEEK (0.38) and increases
slightly with increasing nanoparticle size. In contrast, the sliding speed decreases sharply by about
50% when the nanoparticle size is below 15 nm, albeit above 50 nm the wear rate is higher than that
of the neat matrix, indicating the existence of discontinuities and poor adhesion of the transfer film.
5. Current and potential applications of PEK nanocomposites

PEK based nanocomposites have emerged as ideal high-performance materials for industrial appli-
cations, particularly in demanding areas within aerospace and defence, industrial machinery, automo-
tive, oil and gas, as well as medical implant technology. PEEK/CNT nanocomposites are currently
employed in electronics and applications that require a relatively high level of electrical conductivity.
There is already a commercialized product that integrates 10 wt.% MWCNTs in a PEEK matrix devel-
oped specifically for this type of applications [295].

PEKs outperform metals and other traditional materials due to their lightweight, durability, high
strength, and resistance to fatigue, abrasion, hydrolysis and aggressive chemicals, even at elevated
temperatures. This exceptional combination of properties helps to develop more reliable equipment
for optimal oil and gas retrieval and energy production [18]. The addition of CNTs or CNFs has been
demonstrated to improve their mechanical and tribological performance [112,166], hence these nano-
composites are perfect candidates for oil and gas tubes and pipes. In this regard, advanced CNT-rein-
forced PEEK products targeted for engineering applications requiring weight reduction, enhanced
stiffness and flexibility that can be used for oil and gas industries have been recently commercialized
[296].

PEKs reinforced with carbon nanofillers are of interest for aircraft and automobile structures be-
cause of their high stiffness to weight ratio [297]. They possess high impact resistance and hot wet
strength, and show promise as mechanically robust systems capable of operating under a wide range
of environments. In particular, PEEK/CNT nanocomposites are suitable for aircraft elements such as J-
Nose wing substructures, fuel tank manhole covers, seating parts, landing gear hubcaps, pylon fairings,
as well as for automobile parts, including air intake systems, seals, fuel rails and valve covers. They can
also be used for electromagnetic shielding [298], particularly in aerospace devices, and are potential
candidates to be applied in wind turbine blades, bridges, solar panel substrates, pressure vessels
and tank pressurization lines. Moreover, these nanocomposites have excellent thermal stability and
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low flammability, with an onset of decomposition higher than 600 �C, hence are suitable as flame
retardant materials [299].

PEEK/CNF foams are adequate for applications that require stiff lightweight panels, since they
maintain the bending stiffness of PEEK with a 20% weight reduction [150]. PEEK/CNF nanocomposites
can be used for tribological applications [166] due to their high shear strength combined with the
lubricating effect of the CNFs. When combined with other tribological additives such as CFs and PTFE
a minimum in wear rate is achieved, and these are promising materials for applications that require
stable wear conditions throughout their whole lifetime. On the other hand, the addition of inorganic
nanoparticles, e.g. IF-WS2, SiC, SiO2, Si3N4 and ZrO2, to PEEK leads to an important improvement in the
tribological properties of the polymer [251,252,282]. In particular, PEEK/IF-WS2 nanocomposites can
be employed as self-lubricant coatings with low coefficient of friction and enhanced wear resistance
[230]. PEEK nanocomposites reinforced with inorganic nanoparticles such as Al2O3 show improved
thermal stability and CTE, and are suitable future electronic packaging substrates in electronic/micro-
electronic applications [259].

PEEK biomaterials are the leading candidates for replacing titanium and other metal alloys in sur-
gical implants, especially in orthopaedics and trauma, due to their superior mechanical properties,
transparency to X-rays and biocompatibility [242,243]. These materials can be engineered today with
a wide range of physical, mechanical and surface properties depending upon their implant application.
The research has mainly focused on the compatibility of this polymer with bioactive fillers such as
hydroxyapatite (HA). PEEK/HA nanocomposites can be employed for bone–implant interfaces [240],
scaffolds for tissue engineering [300], load orthopaedic applications [245], spinal implants [241], fin-
ger joint replacements and total disk replacements. CNF-reinforced PEEK is expected to be applied in
bone and dental implants [301], particularly when coated with titanium alloys [302], as well as total
joint replacements products [303]. On the other hand, PEEK/IF-WS2 nanocomposites are adequate to
be used in biomedical and dental applications, including artificial joints or orthodontic wires
[216,217], due to their biocompatibility as well as excellent friction and mechanical properties.

Further research is still required to fully exploit the potential technological applications of these
nanocomposites. Thus, in-depth studies on structure–property relationships in new or existing mate-
rials, as well as the manufacturing and characterization of PEK based nanocomposites at a large-scale,
will allow further development of improved materials with tailored properties for specific commercial
applications.
6. Conclusions and future perspectives

This review provides a comprehensive overview of the research in PEK based nanocomposites rein-
forced with nanoscale fillers, focusing mainly on CNTs, CNFs and inorganic nanoparticles. The main
challenge is the development of methods to improve the nanofiller dispersion within the matrix in or-
der to enhance mechanical, electrical and thermal properties of the resulting composites. Uniform dis-
persion can be achieved through different strategies including ultrasonication, ball milling, wrapping
in compatibilizing agents, polymer functionalization and covalent grafting. Selection of an adequate
method as well as the optimum processing conditions is a key factor in order to attain the desired
composite properties. Strategies based on the incorporation of a polymer derivative covalently at-
tached to the surface of CNTs in PEK matrices have been proven to be a very effective way to ensure
compatibility between the composite phases, leading to exceptional enhancements in stiffness,
strength and toughness at very low CNT contents. However, the high cost of producing CNTs compared
to other nanofillers, such as exfoliated graphite, carbon nanofibers or clays has limited the commercial
fabrication of this type of nanocomposites. In this regard, new and cheaper fillers, such as inorganic
fullerene-like nanoparticles (e.g. IF-WS2) have been successfully incorporated in PEEK, leading to sim-
ilar improvements in mechanical properties than those attained with pristine CNTs. Fabricating hybrid
nanocomposites using CNTs and IF-nanoparticles is a promising alternative since it combines the ben-
efits of both organic and inorganic fillers; the lubricant properties of the IF-nanoparticles aid in the
dispersion of the CNTs and improve the tribological properties of the matrix, while the organic nanof-
illers increase the electrical conductivity. Moreover, the mechanical properties are extraordinary
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increased due to synergistic reinforcement effects. In summary, PEK based nanocomposites offer both
great potential and big challenges, making them a vibrant research area for the next years. These mul-
tifunctional materials are suitable for a wide variety of applications in fields ranging from medicine to
the electronics, aerospace, automobile as well as oil, gas and chemical industries. However, due to the
relatively high cost of PEK polymers and the high processing temperatures, there are still problems to
fulfil their applications. A facile, efficient and large-scale fabrication of this type of nanocomposites is
still a challenge. The practical and wide-scale use of these nanocomposites will ultimately depend on
how efficiently we can overcome these challenges.
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