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ABSTRACT

Fused Filament Fabrication (FFF, a.k.a. fused deposition modeling, FDM) is presently the most widespread
material extrusion (MEX) additive manufacturing technique owing to its flexibility and robustness. Nonetheless,
it remains underutilized in load-bearing applications, as often seen in aerospace, automotive and biomedical
industries. This is largely due to the processing challenges associated with high performance polymers (HPPs)
like poly-ether-ether-ketone (PEEK) or polyetherimide (PEI). Compared with commercial-grade plastics such as
polylactic acid (PLA), parts produced with HPPs have outstanding mechanical properties and thermal stability.
However, HPPs have bulkier chemical structures and stronger intermolecular forces than common FFF feedstock
materials, and this results in much higher printing temperatures and greater melt viscosities. The demanding
processing requirements of HPPs have thus impaired their adoption within FFF. Polymer blending, which con-
sists in properly mixing HPPs with other thermoplastics, makes it possible to alleviate these printing issues, while
also providing additional advantages such as improved tensile strength and reduced friction. Further to this,
manipulating the crystallisation processes of HPPs mitigates distortion or warping upon printing. This review
explores some emerging trends in the field of HPP blends and how they address the challenges of excessive melt
viscosity, polymer crystallization, moisture uptake, and part shrinkage in 3D printing. Also, the various struc-
tural/mechanical/chemical enhancements that are afforded to FFF parts through HPP blending are critically
analysed based on recent examples from the literature. Such insights will not only aid researchers in this field,
but also facilitate the development of novel, 3D printable HPP blends.

1. Introduction

the International Space Station, ISS, where HPPs play a crucial role
owing to their exceptional mechanical strength and stability. The FFF of

High performance polymers (HPPs) in additive manufacturing (AM)
have generated significant interest for the design of high strength/low
weight parts with complicated or bespoken geometries in demanding
biomedical, aerospace and automotive applications [1]. The added
benefit of reduced corrosion susceptibility means these materials are a
suitable replacement for parts traditionally made from metals. For
example, HPPs have been used in the production of the tank heat shields
of the Ducati Panigale V4 R Superbike [2].

The most important form of AM that enables the production of HPP
parts is Fused Filament Fabrication (FFF). FFF, commercially referred to
as Fused Deposition Modelling, or FDM (after Stratasys trademark),
belongs to the material extrusion category, MEX, according to ISO/
ASTM 52900:2021 [3]. Unlike other AM technologies, FFF has been
verified for its suitability in microgravity or zero gravity environments
[4,5] and can therefore be used in challenging scenarios such as aboard
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HPPs is also being tested in lunar environments by the European Space
Agency (ESA) [6].

In order to maximize the specific strength of HPP components ob-
tained by FFF, current literature is focused on the effect of the printing
parameters on the mechanical properties of the printed part. The effect
of toolpath planning and post processing of HPP parts printed by FFF has
also been examined [7]. Generally speaking, the results obtained for
HPPs follow the same trends as those observed for commercial grade
polymers. In terms of feedstock materials, research has been mainly
addressed to poly-ether-ether-ketone (PEEK) [8], polyetherimide (PEI)
[9], polyphenylene sulfide (PPS) and poly-ether-ketone-ketone (PEKK)
[10]. Going a step further, some studies have delved into designing and
printing composites using these polymers as the matrix combined with
fillers and reinforcements like carbon fibres [11], carbon nanotubes and
graphene nanoplatelets [12], and hydroxyapatite [13].
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However, there are still substantial challenges that plague the utili-
zation of HPPs in FFF. This is partly due to their bulkier chemical
structures and stronger intermolecular forces compared with commer-
cial thermoplastic feedstocks such as poly (lactic acid) (PLA) or acryl-
onitrile-butadienestyrene (ABS) [14]. The bulkier and stiffer chemical
structure and the increased intermolecular attraction result in high
viscosity materials that are significantly more difficult to extrude and
print than conventional thermoplastics [15]. This often requires direct
drive extruders or motors to be inbuilt within the printer in order to
supply enough torque for extruding the melt. In addition, due to their
much higher processing temperatures, HPPs need specific printers
capable of reaching nozzle temperatures above 350 °C and fitted with
metal print head casings and with a heated chamber [16].

In other “conventional” (i.e., not AM) melt processing techniques,
like injection or compression moulding, a way to alleviate high tem-
perature and viscosity issues in HPPs has been to combine these mate-
rials with one or more other thermoplastics to obtain polymer blends.
Depending on the specific properties and the mutual miscibility of the
constituents, these blends can affect specific interactions between
polymer chains to induce a desired functional response. For example,
Kumar, Mishra and Nandi [17] demonstrated that melt processing of
PEEK can be facilitated by the addition of a small amount of PEIL as this
reduces the melt viscosity as discussed in more detail in Section 6.1.2.
Another desired effect may be mitigating shrinkage or part deformation
upon cooling. This can be achieved, for instance, by blending miscible
polyarylether constituents [18], as further explained in Section 5.
Blending can even improve the tensile strength or other mechanical
properties of HPPs. For example, PEEK can be blended with an
(immiscible) liquid crystal polymer (LCP) to produce fibrous structures
that reinforce the bulk polymer as demonstrated by Mehta and Isayev
[18]. However, these studies have proved the usefulness of HPP blends
in melt processing techniques like injection moulding (first patented in
1872) and compression moulding (invented in 1905), which have all
been established long before FFF (ideated in 1988 by Scott and Lisa
Crump).

Conceivably, there is still a significant gap in transferring the
learnings about HPP blends from “conventional” melt processing to the
more newly developed FFF printing. As thoroughly examined in the
present review, the adoption of polymer blending in FFF holds the
promise to greatly improve the printability of HPPs, as well as to
ameliorate the mechanical and physical properties of the printed com-
ponents. As such, this review aims to boost the utilization of HPPs within
FFF through polymer blending, and to assist researchers in developing
these polymers for demanding structural applications. To this end, the
functioning mechanisms of FFF are introduced first, with a focus on the
bonding mechanisms that are responsible for structural consolidation
(Section 2.1), and on the polymer characteristics that affect printing by
FFF (Section 2.2), especially when HPPs are used as feedstock materials.
Then, Section 3 dives deeper into the definition and fundamental
properties of HPPs, while also discussing the advantages and disad-
vantages of various approaches to facilitating their melt processing and
hence to improving their printability. The state of the art in the FFF of
HPPs is summarised in Section 4. Given the existing challenges associ-
ated with the FFF of HPPs, polymer blending is thus put forward as an
effective solution. Accordingly, Section 5 examines the basic principles
of polymer blending, and the different kinds of polymer blends that can
be obtained according to the polymers’ miscibility and crystallinity. As
the main topic of this review, Section 6 examines the archival literature
to dig out examples of polymer blends that have been developed to
ameliorate the processability and improve the mechanical performance
of HPPs in “conventional” melt processing techniques, whereas Section
7 specifically targets HPP blends that have already been demonstrated in
FFF. In stark contrast to the dozens of examples available in conven-
tional melt processing, just a handful of papers have explored the use-
fulness of polymer blending for FFF, which is further discussed in
Section 8. Finally, relevant Conclusions are drawn in Section 9.
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2. FFF printing

FFF is the process of 3D printing by melting and extruding a ther-
moplastic filament (feedstock) through a heated nozzle onto a build
platform [19] (Fig. 1). The process begins with a 3D model that is sliced
into thin multiple layers using specialized software such as g-code,
which controls the movement of the print head in the X-Y plane. The
computer-controlled print head contains the motors that supply driving
force to push the filament downward into the liquefier, which heats the
material to a melt state [20]. The thermoplastic material is thus heated,
melted (or softened for amorphous materials) and deposited in a pre-
determined pattern based on the model’s g-code. Upon deposition, the
thermoplastic material cools and welds to the previously deposited
strands [21]. The process is repeated in a layer-by-layer manner until the
part is complete.

Ultimately, obtaining a high-quality part largely depends on having
consistent deposition. To this aim, the feedstock material must flow out
of the nozzle in a controlled way to reduce potential imperfections that
could result in inadequate mechanical properties in the printed part
[22]. In FFF, successful inter-layer and intra-layer bonding also plays a
critical role in determining the mechanical properties and performance
of the printed parts [23,24]. As detailed in the following paragraphs, the
quality of interlayer bonding is influenced by various factors, including
material properties, printing parameters, and post-processing conditions
[25].

2.1. FFF bonding mechanism

Fig. 2 illustrates the bonding mechanism that occurs upon printing
when the molten material contacts the previously deposited strands at
the build plate. Successful bonding involves three key steps: 1) surface
contact, 2) neck growth driven by surface tension, and 3) molecular
diffusion and entanglement across the inter-strand interface. The
bonding strength is predominantly influenced by the width of the neck
(see Fig. 2) and the degree of molecular diffusion/entanglement occur-
ring at the interface [26]. Typically, polymers with low molecular
weight and high crystallinity tend to have weaker interlayer bonding,
whereas those with high molecular weight and amorphous structures
exhibit stronger interlayer bonding [27,28].

Sun et al. [29] defined “healing” as the molecular diffusion occurring
at the interface between rasters, resulting in a partially welded structure.
Polymer sintering, on the other hand, refers to the neck growth phe-
nomenon driven by surface tension. Semi-crystalline polymers are
typically sintered above their melting temperature (Tm). Likewise,
amorphous polymers are sintered above their glass transition tempera-
ture (Tg). This is primarily due to polymer sintering being based on
viscous flow mechanisms that require certain temperature-activated
macromolecular chain mobility [30].

The strand-wise build-up strategy in FFF typically results in strongly
anisotropic mechanical properties (refer to Fig. 2), which are dictated by
the alignment of polymer chains along the printing direction, the weak
interlayer bonding, and the presence of voids between the strands. Also,
due to the weak strand-strand bonding and the possible presence of
voids at strand junctions as illustrated in Fig. 2, the mechanical strength
of FFF parts is generally lower than the corresponding parts produced by
melt processing techniques such as injection and compression moulding.
Levenhagen and Dadmun [31,32] leveraged the movement of fast
diffusing short polymer chains to improve the interlayer adhesion and
subsequently increase the mechanical strength of the printed parts.
Recent studies have also demonstrated that both process control and
polymer modification can enhance interface bonding in FFF parts [33].
Furthermore, post-processing through thermal annealing or cold plasma
treatment may also improve interlayer bonding [34,35].
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Fig. 1. Schematic diagram of the FFF printing process in a cartesian space (where the deposition plane is defined by X-Y axes, and the growth direction by Z axis).
Feedstock is supplied as filament, heated, forced to flow through the nozzle by the feed rollers, and deposited onto the build platform (or previous layers). Once each

layer is deposited, the build plate moves down along the z-axis.
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Fig. 2. Bond formation in the FFF process.
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2.2. Polymer characteristics that affect FFF

Aside from the anisotropic and inferior mechanical properties of FFF
parts relative to the bulk properties of the polymer, there are additional
difficulties when HPPs are used as feedstock materials in FFF (Fig. 3).
Firstly, the printing temperature of HPPs is much higher than that of
commercial-grade polymers. As a result, the printing hardware must be
engineered to be thermally resistant.

Most HPPs are semi-crystalline, with a fast crystallisation rate. This
may impair the achievement of strong inter-raster bonds, and may also
exacerbate shrinkage and warpage issues (Section 2.2.1).

Another major obstacle is the high melt viscosity of HPPs [36]
(Section 2.2.2). Dealing with viscous materials is particularly chal-
lenging in FFF due to the design of the print head, which leads to a very
short travel distance within the liquefier where the polymer filament is
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heated and melted. The torque required to push the molten material out
puts significant stress on the feeders, resulting in substantial wear and
tear on the extruder head [37].

Another problem frequently observed in FFF that is worsened with
HPPs is the distortion of the printed part occurring as the polymer cools
down on the build plate [38,11,23] (Section 2.2.3). This means that
large HPP parts cannot take full advantage of the geometric freedom
afforded by FFF, as they are more sensitive to differential cooling and
hence to shrinkage- and crystallisation-related distortion.

Lastly, many HPPs are hygroscopic [39]. Moisture absorption can
produce swelling at the macroscale, and water molecules can interfere
with inter-molecular chain bonds, which changes the processability and
mechanical properties of the printed part [40] (Section 2.2.4).

Melt Processing of HPPS
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Fig. 3. Graphic summary of the material-related issues arising in melt processing of HPPs and the two main ways of alleviating them, i.e., adjustment of the
processing parameters and modification of the material itself, in this case, via polymer blending as opposed to redesign of the chemical structure of HPPs.
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2.2.1. Crystallinity

Feedstock materials for FFF can be generally divided into semi-
crystalline or amorphous thermoplastics (Fig. 4). Amorphous polymers
only contain disordered chains. Conversely, semi-crystalline polymers
are able to arrange themselves into ordered (crystalline) structures by
‘folding’ their polymeric chains. This results in several differences [41].
Firstly, amorphous polymers do not have a defined Tm; rather, they
soften over a range of temperatures that is conventionally defined
through the Tg. Semi-crystalline polymers have both a Tg and a Tm, as
crystalline structures require additional heat for melting [42].

A large proportion of HPPs are semi-crystalline. As a matter of fact,
crystalline structures are able to establish stronger intermolecular
bonding and can tolerate greater stress loads [43]. Some conventional
polymers commonly used in FFF are also semi-crystalline. This is the
case, for example, of PLA and polyamide (PA, aka nylon). However,
printing semi-crystalline HPPs is more challenging due to their tendency
to crystallize more rapidly [41]. In this regard, though, it should be
mentioned that the crystallization rate may be different among different
HPPs. For a given polymer, the crystallization rate is also affected by the
molecular weight, as high molecular weight semi-crystalline grades take
longer to crystallise than their low molecular weight variants, and by the
complexity of the molecular structure, as observed, for example, for
different isomers of the same polymer [44].

Another important consideration is that, for semi-crystalline poly-
mers having fast crystallization kinetics, the rate of crystallization
significantly affects inter-raster and inter-layer bonding [45]. In fact,
crystallization inhibits the movement of polymer chains across the
interface between neighbouring strands and subsequent layers. Crystal
structures act as pinning points that prevent the diffusion of polymer
chains, leading to weak inter-strand bonding and subsequently to infe-
rior mechanical strength in the printed part compared with the bulk
polymer [46].

During printing, thermal gradients arise between the freshly depos-
ited material, which is still hot, and the previously deposited strands and
layers, which are at a much lower temperature, and these gradients are
built into the printed part. This is particularly problematic when
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printing larger parts where the nozzle must travel to greater distances
between layers. As a result, there may be differences in the crystallinity
at each layer of the printed part, or even within the same layer, resulting
in locally heterogeneous values of toughness and other mechanical
properties [11]. Upon crystallization, the polymer chains form ordered
structures, quickly resulting in volumetric contractions that can also
worsen shrinkage/warping phenomena [47].

2.2.2. Viscosity

When shear is applied to a molten polymer, molecular chains drag
against one another due to intermolecular attraction, and this results in
viscosity. The melt viscosity of a polymer plays a critical role in FFF, as it
governs the flow through the nozzle and the deposition on the base
platform or previous layers [15,47]. To be printable, thermoplastic
materials for FFF are typically non-Newtonian and shear thinning in the
molten state. At a given temperature, shear thinning fluids experience a
change in viscosity (1) due to a change in shear rate () according to the
Ostwald-de Waele power law fluid model, which can be expressed as
[48]:

i =pey! 1)

where ¢ is the flow consistency index, and n is the power law index. The
shear rate, in its turn, depends on the printing conditions and especially
on the flow rate (Q) [49].

Printing high viscosity polymers like HPPs by FFF is very challenging
because the molten filament must be forced to flow through a very small
nozzle, which generates a strong backpressure. If the melt viscosity
becomes too high, the printer is likely to clog due to excessive back-
pressure causing the filament to buckle [50,51]. Also, the high viscosity
often produces grinding of the filament and poor interlayer adhesion
due to the lack of flowability of the polymer [52]. Conversely, if the melt
viscosity becomes too low, flow inconsistences and loss of shape are
likely to occur, as demonstrated, for example, in the study by Geng et al.
[53]. Another issue which may arise if the melt viscosity becomes too
low upon printing is backflow, whereby the molten material flows back
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Fig. 4. Schematic showing the different structural behaviour of amorphous and semi-crystalline polymers upon cooling.
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up along the liquefier column of the hot end [48].

The rheological behaviour in the molten state also affects the
extrusion of the feedstock filament itself, as it governs the ability of the
filament to retain the targeted diameter at the exit of the spinneret.
Dimensional stability of the filament is crucial since inconsistent
diameter of the filament will result in under-extrusion, clogging of the
nozzle and poor-quality printed parts [52].

A careful balance is thus needed to ensure the viscosity is within a
range suitable for even extrusion and high printed part quality. For a
given polymer, viscosity is directly proportional to the average molec-
ular weight, and is also influenced by the molecular weight distribution
[36,54]. Moreover, polymer chains with stronger intermolecular
attraction have greater drag forces and result in greater viscosity, as seen
in HPPs [55,56].

As mentioned before, the melt viscosity depends on the processing
conditions, especially the shear rate and temperature, where an increase
in temperature generally reduces the melt viscosity. Ajinjeru et al. [57]
analysed the rheological behaviour of HPPs to identify successful
extrusion settings. Meanwhile, several studies have attempted to miti-
gate viscosity-related issues through a special redesign of the hot end
[58]. While very effective, the redesign of the printing equipment may
be difficult to translate from research to industrial practice, which calls
for different strategies that allow HPPs to be easily managed on existing
commercial printers.

2.2.3. Shrinkage/warping

Shrinkage of 3D printed parts is a common issue amongst commer-
cial polymers like ABS and is frequently noted also with HPPs [59]. The
non-uniform chamber temperatures result in uneven thermal distribu-
tion and subsequent dimensional instabilities and warping once the part
is cooled to room temperature [59]. Volumetric changes are particularly
problematic if the printed part is large and features a complicated ge-
ometry [60].

Shrinkage and warpage are strongly influenced by the coefficient of
thermal expansion (CTE) of the polymer [52]. In thermoplastic poly-
mers, a change in CTE is associated with the glass transition. For
instance, the CTE of PEEK significantly varies whether the material is
above (5.5 x 107> K’l) or below (14.0 x 107° K’l) its Tg (143 °C).
Preventing significant dimensional instability by keeping the CTE in the
range above Tg during the printing process will assist in producing a
high-quality HPP part [61]. If the polymer is semi-crystalline, its rate of
crystallization is also very important [41]. Besides the intrinsic prop-
erties of the polymer, it is known that a discontinuous flow through the
nozzle due to inconsistent filament diameter may encourage uneven
cooling in the printed part and result in warping [62].

Some common ways to minimise shrinkage and warpage issues
harness the thermal behaviour of polymers. For example, increasing the
printing temperature of high-density polyethylene (HPDE) composites
from 200 to 260 °C reduced warping due to the longer time being
available for the polymer chains to reach their relaxation time (or time
taken for diffusion to occur), thus preventing thermal stresses from
being locked into the part [63]. Through the careful control of tem-
perature, C. Yang et al. [64] were able to manipulate the level of crys-
tallinity within the printed part, which remediated the volumetric
contraction due to shrinkage. Heating the build chamber can also be
very helpful [16]. For example, Wu et al. [65] observed that increasing
the chamber temperature during the printing of PEEK parts mitigated
warpage associated with uneven cooling. Increasing the bed tempera-
ture has also been shown to reduce shrinkage and warpage by reducing
thermal stresses [66]. Specifically, the bed plate temperature must be
carefully selected to ensure the material stays above its Tg while print-
ing. However, increasing the bed plate temperature too much may result
in delamination due to steep thermal gradients [67].

Shrinkage and warpage can also be tackled by optimising the g-code
[68] or implementing a post-processing heat treatment like annealing to
release thermal stresses [69]. Léonard and Tammas-Williams [70]
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proposed that using bespoke auxiliary internal structures, rather than
the default AM software-generated infill, reduces shrinkage, particularly
if circular objects are to be printed.

Otherwise, in terms of printing hardware, Hu et al. [71] demon-
strated that temperature uniformity around the print nozzle can be
improved by redesigning the hot end to include a heat collector (HC)
module. Despite its effectiveness, implementing this option may be time
consuming and not applicable for all research.

2.2.4. Sensitivity to moisture absorption

Moisture absorption deeply affects the final quality of the printed
part [72]. The rate that moisture enters a polymer depends on the
polymer’s properties, especially its water diffusivity. Moisture uptake is
also affected by the object’s geometry. Intuitively, moisture absorption
is more prevalent at the edges and surfaces of an object, whereas the
interior requires more time to reach an equilibrium [73]. Quite often,
water absorption in printed parts has been shown to obey Fickian
diffusion laws regardless of temperature [74]. For instance, ULTEM
9085 (which is a commercial PEI-polycarbonate (PC) blend) is known to
follow Fickian-type moisture diffusion [39]. While water uptake has a
plasticising effect that may lower the molten viscosity of ULTEM 9085
and strengthen interlayer bonding, moisture absorption above 0.1 wt%
results in a significant decrease in ultimate tensile strength, because
water molecules interfere with the hydrogen bonds between polymer
chains [75]. Although the Fickian behaviour is very common in FFF
parts, exceptions exist, especially if the feedstock is a composite mate-
rial. For example, it has been observed that, if PLA is blended with
bamboo fibres, the filler preferentially absorbs water, and this impedes
the establishment of normal Fickian diffusion [76].

If the polymer is semi-crystalline, quite often, water is first absorbed
into the amorphous regions, where it acts as a plasticiser, reducing the
Tg and increasing the chain mobility. Subsequently, water molecules
can also penetrate the crystalline phase and lower the degree of crys-
tallinity [40]. Certain polymers like nylon and PC are heavily hygro-
scopic, which is due to the polarity of their chemical structure that
attracts water molecules [77,78]. In contrast, other semi-crystalline
polymers like PLA have chemical structures that are hydrophobic, and
hence less prone to moisture uptake. Nonetheless, PLA can still be
degraded when water molecules break the ester bonds [79].

The effect of moisture absorption on thermoplastic filaments before
printing is complicated. For example, Wichniarek et al. [80] found that
moist filaments with maximum moisture absorption of 0.6% can still be
printed. Other studies have shown that moisture absorption increases
the diameter of amorphous filaments by a maximum of 0.03 mm and is
not directly responsible for nozzle clogging, but rather water molecules
reduce the Tg leading to changes in viscosity and flow properties of the
polymer [81].

3. High-performance polymers in FFF

HPPs, as defined by Hergenrother [14], are polymers recognized for
their superior mechanical properties including, but not limited to, ten-
sile strength, hardness, dimensional stability and toughness. These
properties are not affected when exposed to high temperatures or harsh
chemical environments, which is a peculiarity of HPPs. The exact
criteria for a polymer to be defined as HPP can be summarised as follows
[14]:

- The material must be able to retain structural integrity when exposed
to 177 °C for more than 10,000 h while subjected to short or long-
term mechanical, electrical and chemical stresses.

- While under 1.52 MPa load, the material should deflect by no more
than 10% at a temperature of 177 °C or above.

- The minimum thermal decomposition point (corresponding to 5%
mass loss) of the material should be no less than 450 °C.
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The key difference between HPPs and engineering/commodity
polymers is the chemical makeup of their polymeric structures that
imparts higher resistance to thermal and mechanical stresses. As seen in
Fig. 5, the mechanical strength and thermal stability of HPPs primarily
come from the presence in their molecular structure of numerous aro-
matic (and, sometimes, heterocyclic) rings, whose carbon—carbon bonds
have a dissociation energy much higher than common carbon-carbon
single bonds [14]. Another important aspect of the chemical structure of
HPPs is the ability to establish secondary inter-molecular bonds (i.e.,
hydrogen bonds, van de Waals forces and polar interactions), which
deeply affect properties like the Tg or Tm.

As previously mentioned, the molecular structure and inter-
molecular interactions that are responsible for the strength and stabil-
ity of HPPs are also responsible for the difficulties in melt processing,
including by FFF. A possible way to introduce flexibility into the poly-
mer chain backbone and to reduce intermolecular interaction forces
(measured as a reduction in Tg) consists in modifying the chemical
structure of the polymer. Notable methods include [82]:

- Encouraging asymmetry of the chemical structure

TPU

PC

°OXO"9L

ENEINESTINE

rofenelby

European Polymer Journal 201 (2023) 112553

- Introducing specific chemical bonds with a high rotational degree of
freedom (i.e., -O- or -S-)
- Adding bulky side groups like -CF3 or —CHg

All these methods serve to interfere with the formation of strong
intermolecular bonds between the chains, preventing them from heavily
packing together [83,84]. Using these methods will reduce the
complexity of printing HPPs by lowering their processing temperature
and their melt viscosity [83]. However, chemical modification may be
unpractical or uneconomical, because it is expensive and time
consuming to produce polymers in large enough amounts with specific
chemical structures for printing.

Another important factor is the molecular weight distribution of the
polymer. Longer polymer chains are more difficult to separate upon
heating due to increased entanglement and stronger intermolecular
interaction from secondary bonding forces. Conversely, short polymer
chains are not so strongly linked, and therefore have lower processing
temperatures. However, they also have weaker mechanical properties
[36,85].

HPPs tend to have high molecular weight, which contributes to their
exceptional thermal stability and mechanical strength. However, this

PPSU
HH 9
PVC .[.|_|.|_ S Riagagvilen
H H igh
! Order of el
Standard Parionmance
Molecular
Standard Complexity High
Periormance
oA {J\Eo\} PEKK
n
HoW Semi-Crystalline
—e— (e : ¥ n
PE | {7 PEEK
CH;
||:n| , 04 Engineering {G |
B PPS 4
PP
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makes them also difficult to process under melt conditions. To improve
the melt processability of HPPs, the average molecular weight and dis-
tribution can be modified to include low molecular weight polymer
chains acting as plasticisers and reducing the melt viscosity [86]. This
polymer blending technique has already been utilized in several melt
processing techniques [87], demonstrating reduced viscosity of the
polymer melt and hence mitigated thermal requirements from the pro-
cessing equipment. These short polymer chains are also well known to
improve the interlayer strength of FFF printed parts, resulting in higher
mechanical strength and reduced anisotropy [32].

4. Current state of the art in the FFF of HPPs

Despite the printing difficulties, HPPs in AM have been used in a
variety of applications as shown in Fig. 6. Some of these applications
include high temperature gas/oil separation plants [88], biomedical
implants [89], anti-corrosion systems [90], dentistry [91], prosthetics
[92], membranes [93], radiation containment [94], energy absorption
[95], fuel efficiency improvement [96], tough coatings for nuclear re-
actors [96], electrical insulation [97] and microelectronics [98]. The
following sections present and discuss the state of the art in the FFF of
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HPPs.

4.1. Poly-ether-ether-ketone (PEEK)

PEEK is a popular HPP for 3D printing due to its excellent mechanical
properties and high thermal resistance with a Tm of approximately
350 °C. PEEK also has exceptional wear resistance, chemical stability,
and resistance to ultraviolet radiation [99], making it highly suitable for
aerospace applications such as the fabrication of nanosatellites [100].
For similar reasons, PEEK has widespread use in the biomedical industry
for biomedical devices [61], oral implants [101] and orthopaedic ap-
plications [102]. PEEK has also been utilised in the production of
negative Poisson’s ratio metamaterials [103].

The review by Zanjanijam et al. [8] summarizes the optimum
printing conditions for PEEK. While searching for the best printing pa-
rameters leading to defect-free PEEK parts, Zanjanijam et al. [8]
acknowledge that printing by FFF exacerbates several issues commonly
observed with other melt processing technologies like injection
moulding, including warping, poor dimensional accuracy, and subpar
mechanical properties. A recent study by Vidakis et al. [104] found that
layer height was an important parameter that, when set at 0.1 mm, made

Temperature

—
77

Insulation

electronics

Radiatiow

Contamination

Fig. 6. Applications of additively manufactured HPPs, including high temperature gas/oil separation applications [88], biomedical implants [89], anti-corrosion
applications [90], dentistry [91], prosthetics [92], membranes [93], radiation containment [94], energy absorption [95], improving fuel efficiency [96], tough
coatings for nuclear applications [96], electrical insulation [97] and microelectronics [98].
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it possible to maximise the tensile strength of the printed samples,
although this was at the expense of a longer printing time and more
energy being required to complete the print. Generally, high bed and
chamber temperatures are preferable for producing PEEK parts having
high tensile strength, because increasing the temperature upon printing
reduces the melt viscosity of the polymer and promotes interlayer
bonding [68]. Interlayer bonding can also be encouraged with a chem-
ical redesign of PEEK, for example through the addition of 10 mol.% of
fluorene groups to the PEEK chain [45]. Also, a common method to
improve the stiffness and strength of PEEK is to combine it with either
short [105,106] or continuous carbon fibres [107]. However, func-
tionalising PEEK with short carbon fibres may increase the melt viscosity
and ultimately result in voids and poor interlayer bonding [105].

A major problem with FFF of PEEK is the rapid crystallization that
occurs during printing. Coupled with the temperature fluctuations
within the 3D printer, the fast crystallization of PEEK means that the
part produced will have various levels of crystallinity, as often revealed
by colour variations across the part [65]. As previously mentioned,
(Section 2.2.3), crystallization can lead to warping and affect the
dimensional accuracy of the part. Whilst some of these issues can be
alleviated with post-printing annealing [108], shrinkage remains a
major issue with PEEK. According to some authors, PEEK must be
printed at temperatures below 380 °C, since above this temperature
shrinkage proceeds at a faster rate than inter-strand diffusion does,
which undermines consolidation [38]. However, He et al. [109] were
able to print PEEK at 440 °C and achieve excellent mechanical strength.
Although the authors did not comment on warping or shrinkage, the
samples were annealed, which likely helped remediate this issue, if
needed [109]. Predictive models have been developed and machine
learning capabilities grown to estimate where warping will occur
considering material’s properties, part’s geometry, and thermal envi-
ronment. However, most of these are early-stage models still requiring
more research before they can be applied to any PEEK printed part for
industrial applications [110].

4.2. Poly-ether-ketone-ketone (PEKK)

The literature regarding the use of PEKK in FFF is still relatively
limited compared to PEEK. In terms of chemical structure, PEKK differs
from PEEK because it has an additional ketone group. This results in
different thermal and viscoelastic behaviours, with relevant conse-
quences for FFF [111]. One difference is that, due to the additional
ketone group, PEKK can generate the same crystalline structures as PEEK
plus another crystalline form (orthorhombic structure, a = 0.393 nm, b
= 0.575 nm and ¢ = 1.016 nm) which can be induced by exposing
quenched non-crystalline films to methylene chloride (solvent crystal-
lization) [112].

By varying the chemical structure of PEKK (specifically the para/
meta phenyl isomer ratio), its properties can be intrinsically modified in
terms of thermal behaviour, viscosity, and crystallisation kinetics [113].
PEKK also has a lower crystallization rate than PEEK (by about 3 orders
of magnitude) which may suggest a reduced tendency to warping,
although this has not been explicitly proven [114]. This slower crys-
tallisation certainly improves interlayer bonding since PEKK remains in
an amorphous state for longer than PEEK, and this gives more time for
interlayer diffusion to occur [115]. This may facilitate FFF printing of
PEKK over other HPPs and has led to the commercialisation of a PEKK
filament by Stratasys [116]. PEKK has also been employed to success-
fully print parts for Boeing’s CST Starliner, a space taxi used for trans-
port between earth and the ISS [117]. The versatility of PEKK in FFF is
further proved by the successful fabrication of biomedical parts,
including implantable devices that leverage the biocompatibility of
PEKK [118]. Fillers can provide PEKK with added functionality, as
shown, for example, by carbon nanotube filled PEKK [119] being pro-
posed for electrostatic discharge applications in space to prevent surface
charge build-up that could damage equipment.
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Several papers by Rashed et al. [10,120] have explored the effect of
various printing parameters on the mechanical properties of PEKK.
Lepoivre et al. [121] found that the dependence of PEKK’s surface ten-
sion on temperature strongly impacted the extent of interlayer bonding.
The study suggested that the difference between the chamber temper-
ature and the temperature of the deposited material was more influen-
tial on polymer healing and sintering than the extrusion temperature
itself [121].

PEKK may also suffer from shrinkage upon cooling. However, as
shown in the study by Kennedy et al. [122], adding fillers like mica may
improve the dimensional stability of PEKK. As the authors stated, other
fillers like carbon nanotubes could also deliver the same effect.

4.3. Polyphenyl sulfide (PPS)

Like PEEK and PEKK, PPS is a semi-crystalline HPP that offers
excellent chemical resistance and stability at high temperature
(continuous use temperature of 220 °C), in spite of having a relatively
low Tg (85 °C) with a Tm of 285 °C [123]. PPS is transparent, has
exceptional hydrolytic resistance, and shows high dimensional stability
when compression or injection moulded [124]. Garmabi et al. [125]
proved the suitability of FFF-printed PPS for the production of a coolant
inlet tube in the automotive industry. Martinez et al. [126] mixed PPS
with carbonyl iron particles and demonstrated that the PPS-based
composites were more suitable for microwave absorber applications
than the PLA-based counterparts. Thanks to the addition of thermotropic
liquid crystalline polymer (TLCP) fibres, the tensile strength of PPS parts
increased from 45 MPa to 60 MPa [127]. With values greater than 2 GPa,
the tensile strength of carbon fibre-reinforced PPS may exceed the
strength of some aerospace metals like aluminium and some titanium
alloys [128].

Retolaza et al. [129] found that increasing layer height and infill
degree may enhance the tensile strength of PPS parts. Meanwhile, the
authors cautioned that increasing the volumetric flow may adversely
affect warping and dimensional stability. Additionally, optimising the g-
code parameters has been shown to improve the tensile strength of PPS
samples to reach nearly the same strength as compression moulded
samples [125]. According to El Magri et al. [130], annealing the printed
samples for 1 h at 200 °C can significantly improve dimensional stability
whilst increasing the level of crystallinity. As a result, thermally
annealed PPS parts exhibit higher Tg and higher tensile strength values
than as-printed samples. This was also verified by other studies showing
that interlayer bonding in PPS samples can be enhanced with appro-
priate post-printing heat treatments [131,132].

4.4. Poly-ether-imide (PEI)

In contrast to the above mentioned HPPs, PEI is a fully amorphous
HPP. PEI boasts an excellent strength-to-weight ratio and high flame-
retardant capacity, which makes it an outstanding candidate for aero-
space applications. Printed PEI has been successfully used in zero gravity
environments like aboard the ISS [9]. Another application for PEI is in
the biomedical field. Porous PEI scaffolds may be ideal for bone defect
repair since the Young’s modulus of the printed scaffolds can be tuned to
match the properties of human bone tissue [133]. Printed PEI parts
reinforced with carbon fibres and carbon beads have been evaluated for
their suitability in small wind and tidal turbines owing to their low
deformation and minimal mechanical deflection [134].

Stratasys currently commercialises two different PEI-based filaments
for FFF, namely ULTEM 1010 [135], which only contains PEI, and
ULTEM 9085, which is a blend of PEI/PC [136] (discussed in more detail
in section 6.3.1). Several optimization studies have been conducted to
define the best printing parameters for ULTEM 1010. However, con-
flicting conclusions can be found in the literature due to the different g-
codes being used to manufacture the samples. For instance, Gebisa and
Lemu [137] found that only the raster angle significantly affects the
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tensile properties of the printed parts, whereas Ouassil et al. [138] re-
ported that the print speed was the most impacting factor on the density
and the tensile properties of the printed samples.

Annealing at 225 °C for three hours has been suggested as an effec-
tive strategy for improving the tensile strength of printed ULTEM 1010
from 66.5 to 75.1 MPa [139]. Han et al. [140141] used a laser to locally
provide additional heat while printing and promote interlayer bonding
in order to increase the isotropy and tensile strength in ULTEM 1010
printed samples. Wu et al. [142] printed flame-retardant parts made of
ULTEM 1010 mixed with hollow glass microspheres, nanoclay, and non-
halogenated flame-retardant additives. Incorporating 0.6 wt% of carbon
nanotubes in PEI has been shown to improve interlayer bonding in FFF
parts and stabilise the part’s geometry upon annealing [143]. The
presence of carbon nanotubes can also be useful for the fabrication of
piezoresistive sensors [144].

4.5. Thermoplastic polyimide (TPI)

Further to PEI, the family of polyimides (PIs) includes other polymers
of interest for FFF. Whilst PIs normally exist as thermosets, these poly-
mers can also be thermoplastic, in which case they can be classified as a
semi-crystalline HPP [145]. Abbot et al. [146] explored some of the
specific challenges that arise when the thermosetting variant of PI is
adopted in solution-based 3D printing processes. However, when it
comes to melt extrusion (FFF printing), the thermoplastic form (TPI) is
strictly required. TPI has a very high impact strength and corrosion
resistance. Thanks to its thermal stability, TPI can remain in operation
up to 240 °C [147]. In spite of these advantages, studies into FFF
printing of TPI are still very limited. Wu et al. [148] discovered that the
narrow printing range of TPI has important implications for the print
quality and interlayer strength of the samples. Specifically, printing
above 320 °C was required to turn TPI from an elastic state to a viscous
flow state, but increasing the temperatures above 340 °C caused the
material to foam [148]. Moisture absorption in the TPI filament was
found to be an important factor increasing the porosity and reducing the
tensile strength of the printed samples [149].

4.6. Polysulfones

Polysulfones are a class of HPPs characterized by an aryl-SO-aryl
subunit. They can be divided into polysulfone of bisphenol A (PSU),
polyether sulfone (PES), and polyphenylene sulfone (PPSU) [150].
Polysulfones are amorphous polymers with a very high processing
temperature compared with other melt-processable thermoplastics.
Several aromatic rings in the chemical structure of polysulfones provide
high strength and stiffness [151].

As of the time of publishing this review, to the best of the authors’
knowledge, there were no studies in the literature related to the FFF
printing of PES or PSU.

PPSU has been utilized in the production of dental prostheses as a
replacement to PEEK [152]. The study by Schonhoff et al. [154] claimed
that the flexural strength of PPSU was comparable to PEEK, however the
mechanical response was not tested on 3D printed samples, but rather on
compression moulded bars. As for the printed samples of PPSU, the
flexural strength ranged between 75 and 80 N/mm?. In a recent study
[153], when PEEK was replaced with PPSU in a test to determine the
tensile bond strength between the polymer and a veneering composite
resin, it was found that the tensile bond strengths were comparable.
However, since PEEK was not 3D printed, the results are difficult to
interpret, because the manufacturing method was different for the two
polymers. The addition of carbon fibres to PPSU was shown to increase
its viscosity threefold. However, the PPSU-carbon fibre composite was
not printed, but only evaluated for its suitability as a potential feedstock
for large scale AM [154]. Ultimately, there is still little understanding on
where the mechanical properties of PPSU lie, and it is premature to
benchmark them against the mechanical performance of parts printed
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with other HPPs.
5. Polymer blending

Clearly, in spite of the increasing success of FFF printing of HPPs,
major challenges remain due to the high printing temperatures required,
the high melt viscosity, the strong propensity for shrinkage and
warpage, and the likely absorption of ambient humidity. A convenient
way around this consists in blending HPPs with other selected
thermoplastics.

Comparable to metal alloys, polymer blends are obtained from the
combination of at least two polymers to produce a material with new
physical properties. Sectors like the food packing industry frequently use
polymer blending techniques to improve processability, increase mate-
rial properties like chemical resistance and mechanical strength, and
quickly respond to market changes and requests for new materials
[155].

The microstructure and properties of polymer blends are highly
dependent on the compatibility between the polymers (refer to Fig. 7).
This results in three broad categories of polymer blends [156]:

- Homogenous/Miscible blend - after blending, the constituents exist
in a single phase, resulting in a single Tg. Miscible blends are most
commonly observed when the polymers have similar chemical
structures.

- Heterogenous/Immiscible blend - after blending, the constituents

exist as separate phases, resulting in distinct Tg values.

Compatible polymer blend — an immiscible polymer blend with

strong interactions between the constituents, resulting in macro-

scopically uniform properties.

If an immiscible blend is considered, material properties like the
mechanical strength of the blend are highly dependent on the interac-
tion between the blended phases. Due to the poor thermodynamic phase
stability, immiscible polymer blends experience a strong propensity to
phase separation, whereby the less abundant polymer phase forms
coarse domains within the more abundant polymer matrix. The inter-
facial adhesion between immiscible polymers is generally weak, and this
undermines the mechanical properties of the blend [157]. Microstruc-
tural manipulation is thus necessary to improve the mechanical strength
of immiscible polymer blends, which can be achieved either by reducing
the coarseness of the microstructure (i.e., reducing the size of the
polymer dispersion) or by increasing the adhesion between the polymer
phases.

interfacial adhesion can be enhanced through compatibilization
strategies that promote the formation of chemical or physical bonds
between the polymer phases [158]. This can be done either through
nonreactive compatibilization or through reactive compatibilization.
Nonreactive compatibilization uses graft or block co-polymers that
contain segments that are compatible with both phases. The copolymers
have the tendency to migrate and localise in the interfacial region be-
tween the polymer phases. The different segments of the copolymers
orient themselves towards the phase they are compatible with, and,
working like a bridge, bring stability to the polymer blend [159].
Reactive compatibilization is the process by which block or graft co-
polymers are generated in situ directly within the interface regions of the
immiscible polymer phases, where they compatibilize the blend and
limit the coalescence of the dispersed polymer domains, thus reducing
the coarseness of the microstructure [159].

Blending may have complicated consequences on the properties of
semi-crystalline polymers, including phase morphology, crystallization
rate, and nucleation processes. In this respect, it is important to distin-
guish between miscible and immiscible blends, and then between blends
that contain semi-crystalline/amorphous polymers and blends that only
contain semi-crystalline polymers. In miscible polymer blends, when a
semi-crystalline polymer begins to crystallize, the composition of the
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Fig. 7. Different types of polymer blends leading to differences in thermal behaviour, especially Tg.

residual amorphous phase diverges from the nominal blend composi-
tion. Meanwhile, the presence of another polymer within the amorphous
phase of the blend changes the thermodynamic conditions and may
result in a change in crystal growth kinetics for the semi-crystalline
polymer [160]. When both polymers in the blend are semi-crystalline,
co-crystallization may occur if the molecular structures of the poly-
mers are isomorphous. Otherwise, concurrent crystallization may
happen if crystallization of the miscible polymer phases occurs in the
same temperature region [160].

In immiscible polymer blends, if the blend contains a large propor-
tion of an amorphous phase and a minor fraction of a semi-crystalline
polymer, the amorphous phase significantly affects the growth of the
crystalline phase due to volumetric constraints. In other words, the
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amorphous matrix impairs the polymer chain mobility in the dispersed
phase domains and inhibits crystal growth. In immiscible blends where
both polymer phases are semi-crystalline there is little to no interaction
between the phases [160].

6. HPP-based blends

Blending HPPs with other HPPs or with commodity and engineering
polymers can improve existing properties of the individual polymers or
even impart new functionality (refer to Fig. 8), like lowering the melt
viscosity or the printing temperature to facilitate processing, interfering
with the advancement of crystallization to reduce warping/deformation,
or improving the desired mechanical properties like tensile strength,
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Fig. 8. Summary of HPP-based blends relevant to FFF.

toughness, or wear resistance. Numerous examples of HPP blends are
critically reviewed in the following sections, with an emphasis on the
HPPs that are most often employed in FFF like PEEK, PEKK, PEI and PPS.
Likewise, particular attention is paid to the effects of blending (e.g.,
lowering the melt viscosity, controlling the crystallisation, reducing the
moisture adsorption) that are expected to ease the 3D printing of HPPs
and to provide FFF parts with improved mechanical strength or new
embedded functionality.

6.1. PEEK-based blends

6.1.1. PEEK/polysulfones

Great attention has been paid in the literature to PEEK-based blends
containing either PSU or PES. PEEK and PSU produce immiscible blends
[161]. In terms of mechanical strength, PEEK/PSU blends do not always
have a higher mechanical strength compared with neat PEEK. However,
it is advantageous to add PSU (20 wt%) to PEEK since the mechanical
strength of the blend is close to that of neat PEEK, whilst the presence of
PSU reduces the viscosity and eases the melt processability of PEEK
[162]. Hoffman et al. [163] found that, if PEEK/PSU (70/30 wt%)
blends were compatibilized with segmented PEEK/PSU block

12

copolymers and reactive end-functionalized PEEK and PSU oligomers,
the size of the PSU domains dispersed in the PEEK matrix could be
sensibly reduced. In samples containing 0.5 and 1 wt% of oligomer
mixture, the notched impact strength increased from approximately 70
to 95 kJ/m? relative to the non-compatibilized blends.

Although PEEK and PES are generally considered immiscible through
melt blending, Malik [164] demonstrated that PEEK and PES may have
some miscibility thanks to the interaction between the polarizable sul-
fonate structure in PES and the carbonyl side chain in PEEK. In partic-
ular, increased compatibility was observed in PEEK-rich compositions
compared with PES-rich ones, as PEEK dissolves into PES to a greater
extent than the opposite [165]. Although PEEK and PES are not nor-
mally miscible under melt processing conditions, they can become
miscible under other processing techniques like solution casting
[166,167]. Alternatively, the two polymers can be dissolved into
concentrated sulfuric acid and precipitated into a PEEK/PES blend
[168].

The addition of PES to PEEK offers several advantages in light of FFF
printing. PES has lower viscosity compared with PEEK, and when
blended in any proportion into PEEK, produces a blend with reduced
viscosity compared with neat PEEK [169]. The polymer chains of PES
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also hinder the crystallization of PEEK [164]. However, due to the
limited miscibility, PEEK/PES blends may have poor mechanical prop-
erties and, despite the sulfonate-carbonyl interaction, a compatibilizer is
required to further promote compatibility between PEEK and PES in
melt processing techniques. Partial miscibility can be encouraged by
melt blending at 375 °C and combining the polymers with phenol-
phthalein. This is a chemical that acts as a compatibilizer between PEEK
and PES, and also acts as a plasticizer for PES [170]. A variation of PEEK,
polyetheretherketoneketone (PEEKK) can also be blended with PES, and
the compatibility can be increased with the addition of PEEK oligomers.
The PEEKK-PES-PEEK ternary blend produces a partially compatible
system with low concentrations of PES [171].

Post processing methods can also improve the mechanical perfor-
mance of PEEK/PES blends. For example, Arzak, Eguiazabal and Nazaba
[172] found that annealing PEEK/PES injection moulded samples at
185 °C for 24 h remarkably increased the tensile yield stress when
compared to the unannealed PEEK/PES samples, irrespective of the
blend composition. To illustrate, the yield stress ranged (indicatively,
based on graphical data) between 74 and 81 MPa for the as-moulded
samples, and between 93 and 96 MPa for the annealed samples. How-
ever, the impact strength decreased, especially for HPP blends rich in
PES. For the 50:50 composition, the impact strength decreased (indic-
atively) from 82 to 50 J/m after annealing. This was primarily attributed
to the increase in crystallinity of the PEEK phase, although further
investigation was suggested to understand the effect of annealing on the
interfacial region between the phases.

Alternatively, fillers can be added to enhance the mechanical
strength of PEEK/PES blends. Mandal and Alam [173] discovered that a
75:25 (wt:wt) PEEK/PES blend functionalised with 0.84 vol% of barium
titanate (BaTiO3) had higher overall mechanical properties compared
with the neat polymer blend, including higher tensile strength
(increased by 13%) and higher tensile modulus (increased by 5.2%).

6.1.2. PEEK/PEI

PEI is totally miscible in amorphous PEEK regardless of the compo-
sition of the blend [174]. However, when PEEK crystallises, PEI is
rejected into the amorphous regions. As the crystallisation of PEEK
proceeds, the amorphous phase becomes progressively richer in PEIL
Since the Tg of PEI is much higher (by 75 °C) than the Tg of PEEK, the
enrichment in PEI leads to a progressive increase of the Tg of the
amorphous domains. Ultimately, if the Tg exceeds the crystallisation
temperature of PEEK, crystallisation will cease due to vitrification of the
amorphous domains [175]. The addition of increasing PEI content to
PEEK can also aid in reducing the viscosity of the blend [176], which can
significantly improve melt processing. In terms of tribological proper-
ties, the addition of 30 wt% of PEI into PEEK also produces a material
with better scratch hardness (averaging at around 160 MPa based on
graphical data) than neat semi-crystalline PEEK (around 125 MPa) and
neat PEI (around 65 MPa), likely due to the increased crystallinity of
PEEK [177].

Ramani and Alam [178] investigated the thermal and thermo-
oxidative degradation kinetics of PEEK/PEI blends over a wide range
of compositions. Although the degradation mechanism was different in
air and in argon with notable differences especially at high temperature,
the results of the thermogravimetric analysis showed a two-stage
decomposition process for all the examined blends. The thermal stabil-
ity of the blend, quantified through the maximum decomposition tem-
perature, Tyqy, of the first degradation step, was proved to depend on the
concentration of PEL. Adding PEI progressively reduced Tpqy, With the
exception of the 50:50 (wt:wt) blend, whose Ty, peaked at a value close
to neat PEEK (between 568 and 599 °C in argon, and between 567 and
583 °C in air, depending on the heating rate) both in air and in argon
[178,179]. The thermal stability of the 50:50 blend was attributed to PEI
molecules slowing down the degradation processes within the amor-
phous phase of the blend. As for the second degradation step, the effect
of PEI was negligible in argon, as the second degradation step in argon
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was very mild for all compositions. However, when the test was repeated
in air, it was observed that PEI had the effect of increasing the thermo-
oxidative rate of PEEK. This was due to the presence of PEI raising the
proportion of the amorphous phase within the polymer blend, which
permitted the diffusion of oxygen thus enhancing thermo-oxidation
[178]. Limiting the thermo-oxidative rate in PEEK/PEI blends can be
achieved through the addition of appropriate additives, like the addition
of 1 wt% of organophosphonite antioxidant, Irgafos P-EPQ [180].

Adding titanium dioxide (TiO3) is an effective way to toughen, stiffen
and strengthen PEEK/PEI blends [181]. For example, the specific wear
rate of a 70:30 PEEK/PEI blend in dry conditions was measured at ~1.3
x 107> mm®/Nem, which was already lower than that of the pure
polymers (~2.5 x 107> and 10.0 x 10> mm®/Nem for PEEK and PEI,
respectively). The addition of 4 wt% of TiO3 led to a further ~10-fold
decrease. PEI acts as a coupling agent between PEEK and TiO», since PEI
establishes n—x stacking and polar interactions with PEEK, and hydrogen
bonding with TiO; [181]. Other examples of composites using PEEK/PEIL
as a matrix include the reinforcement of PEEK/PEI with 1 wt% of
modified halloysite nanotubes (mHNTSs) to improve mechanical prop-
erties like hardness (from 105 4 4 to 112 £ 3 Rockwell hardness,
M-—scale), and flexural, tensile and impact strength (from 160.4 + 3 to
176.3 4+ 2 MPa, from 100.5 &+ 2.5 to 114.5 4 2.2 MPa, and from 53.2 +
2.2 to 65.5 + 2.0 kJ m’z, respectively) [182]. Alumina (Al,O3)-stabi-
lised PEEK/PEI has been shown to retain dimensional stability above
300 °C [183].

Several contributions in the literature elaborate on the addition of
LCP to PEEK/PEI blends. According to Bretas and Baird [184], LCP had
limited miscibility in both PEI and PEEK. Nonetheless, its addition to
produce a 40%:40%:20% (PEI/PEEK/LCP) blend resulted in an ultimate
tensile strength of 110.32 MPa, which is 11% higher than that of neat
LCP, 33% higher than that of neat PEEK, and 13% higher than that of
neat PEL LCP also has the effect of lowering the viscosity of PEEK/PEI
blends [185]. Blending PEEK/PEI with semi-crystalline meta-linked
poly (etherdiphenyl ether ketone) (PEDEKm) led to a rare instance of
completely miscible ternary blend (or a three-polymer phase blend)
[186].

6.1.3. PEEK/polytetrafluoroethylene (PTFE)

PTFE is popular for low friction applications. Because of its high
viscosity and resistance to heating, it cannot be normally processed
using conventional melt processing techniques [187,188]. However,
PTFE in powder form can be incorporated into melt processable HPPs to
produce polymer blends with low friction coefficients. When PTFE is
blended into PEEK, the outcome is a blend that is immiscible over a
range of PEEK/PTFE compositions. Nonetheless, each composition has
excellent tribological properties, and the lowest average coefficient has
been registered for samples having 50 wt% of PTFE (0.111, against
0.132 for neat PTFE on lapped stainless steel with a nominal contact
pressure of 6.35 MPa) [177]. The optimum PEEK-to-PTFE ratio depends
on the targeted property. For example, Hufenbach et al. [189] compared
PEEK/PTFE blends containing from 7.5 wt% up to 30 wt% of PTFE and
recommended adding 7.5 wt% of PTFE for minimizing the wear rate
(with a reduction by 30 times), and 30 wt% for minimizing the friction
coefficient (from 0.55 to 0.12 on steel under a pressure of 20 MPa). In
addition, PTFE (which has low surface energy) facilitates the extrusion
of PEEK even at low concentrations (1-5 wt% of PTFE), because PTFE
accumulates on the surface of the melt and lowers the shear forces along
the walls of the heated die [190,191].

A more melt processable version of PTFE has also been used in PEEK/
PTFE blends. This version of PTFE is obtained by irradiating high mo-
lecular weight (conventional) PTFE powder into low molecular weight
PTFE (melt processable PFTE, MP-PTFE). By having lower viscosity, MP-
PTFE is more suitable than conventional PTFE for melt processing [192].
However, PEEK/MP-PTFE blends are immiscible over every composition
[193]. This immiscibility was reasoned to be the cause of the poor me-
chanical strength of PEEK/MP-PTFE blends since any addition of MP-
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PTFE to PEEK led to a reduction in ultimate tensile strength, which
dropped from (indicatively) 80-90 MPa for neat PEEK (depending on
the processing conditions) to about 10 MPa for the blend with 80 wt% of
PTFE (which was even lower than the strength of neat PTFE, i.e., around
25 MPa). To improve the tensile strength, Frick et al. [193] utilized
reactive melt extrusion to produce a masterbatch consisting of MP-PTFE
treated with electron beam radiation and PEEK in a 50:50 (wt:wt) pro-
portion. The masterbatch was then incorporated into various combina-
tions of PEEK and untreated MP-PTFE. This was shown to reduce the size
of the individual polymer domains in the final blends with a 50:50 (wt:
wt) or higher proportion of MP-PTFE, but was unable to improve the
tensile stress at break in blends containing 80 wt% of PEEK. For the
50:50 blends, the addition of 5 wt% electron beam radiated MP pro-
duced an increment of about 40% in stress at break over the base 50:50
blend [193].

In the research conducted by Peng et al. [194,195], the addition of 5
to 7 wt% of Al;O3 imparted excellent tribological properties to PEEK/
PTFE blends. Chopped glass fibres (1 to 5 wt%) were also shown to in-
crease tensile strength, impact strength, and elastic modulus of a PEEK/
(10 wt%) PTFE blend. The addition of 1 wt% of potassium titanate
whiskers (PTW) to the same PEEK/(10 wt%) PTFE blend reduced the
friction coefficient and wear rate by 7.2% and by 21%, respectively
[196]. Other fillers that have been added to PEEK/PTFE blends include
alumina nanowires (5 wt%) [197], short carbon fibres and graphite
flakes [198,199], and carbon fibre (CF)/graphite [200].

6.1.4. Other PEEK blends

According to Krishnaswamy and Kalika [201], bisphenol-A poly-
arylate drastically slows down the crystallization rate of PEEK. Simi-
larly, adding 30 wt% of PEKK to PEEK can significantly reduce the
crystallization rate of PEEK [114]. PEEK/TPI blends can be compatibi-
lized with an addition of 5 wt% of poly (ether ether ketone)-block-
polyimide copolymers (PEEK-b-PI) [202]. The immiscibility of PEEK/
TPI blends was harnessed to enable the selective localisation of carbon
black particles, which enhanced the electrical properties of the com-
posite with relatively low filler loadings [203].

6.2. PEKK-based blends

6.2.1. PEKK/PEI

PEKK, like PEEK, can produce a miscible blend with PEIL, with the
advantage (for FFF printing) that PEKK has a slower crystallization rate
compared with PEEK [204]. According to the results published by Hsiao
and Sauer [205], if PEEK/PEI and PEKK/PEI blends are compared, the
crystallization rate is decreased by adding PEI in both systems whenever
the poly (aryl ether ketone) is the major phase. However, the tempera-
ture corresponding to the maximum crystallization rate increased with
the PEI concentration in PEEK/PEI blends, but it decreased in PEKK/PEI
blends. This indicated a difference in the crystallization behaviour be-
tween PEEK/PEI and PEKK/PEI blends. For both PEEK- and PEKK-based
blends, the crystal growth rate decreased with increasing PEI concen-
tration. However, while the nucleation rate in PEEK/PEI blends also
decreased on adding PEIL the nucleation rate in PEKK/PEI blends did not
depend on the PEI concentration as the growth rate did. This was
attributed to the slow crystallization rate of PEKK, and also to the
reduction of nucleation density due to the presence of PEI in the
amorphous phase of the blend [205].

6.2.2. PEKK/Poly(imide)

Interestingly, PEKK and PEI are miscible in most cases as evidenced
by the existence of a single Tg, which varies between the Tg of PEKK
(around 159 °C) and that of PEI (around 220 °C) [206,207]. In fact,
PEKK was ranked highest for compatibility with TPI when it was
compared with other semi-crystalline poly (aryl ether ketone)s (namely,
PEEK and polyether ketone ((PEK)) [208]. This was surmised to the
similarities between the chain structures of TPI and PEKK, which may
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encourage dipole-dipole and hydrogen bonding interactions [208].

6.2.3. PEKK/LCP

While PEEK and LCP are shown to be immiscible regardless of the
blend composition [209] , PEKK and thermotropic LCP can produce a
compatible blend. The addition of thermotropic LCP was proved to ease
the melt processability of PEKK. Blending with LCP also increased the
tensile strength (from 103.9 + 2.0 MPa for neat PEKK to 117.8 + 4.0
MPa for the 7:3 blend), but reduced the elongation at break (from 93.2
+ 1.9% for neat PEKK to 5.2 + 0.3% for the 7:3 blend) with respect to
neat PEKK [210].

6.3. PEI-based blends

6.3.1. PEI/PC

PEI and PC mostly produce immiscible blends with a lower viscosity
than pristine PEI [211]. Cicala et al. [212] compared the commercial
PEI/PC filament known as ULTEM 9085 with experimental PEI/PC
blends and found that, if the material was processed by injection
moulding, 20 wt% of PC in the blend was sufficient to sensibly reduce
the Tg of the PEI-rich regions from (indicatively) 215 °C to (indicatively)
210 °C. Meanwhile, the tensile modulus and strength of the experi-
mental blends decreased with increasing values of PC content. However,
for PC contents up to 40 wt%, the PEI/PC blends showed equal or higher
tensile properties compared to ULTEM 9085 counterparts. Similarly,
Chun et al. [213] melt-blended PEI and PC and observed that the lowest
Tg (around 487 K, nearly 193 °C) was achieved when the concentration
of PC was 10 wt%. A separate study used the Flory-Huggins interaction
parameter and estimated that the concentration of PEI corresponding to
the lowest molar enthalpy and Gibbs free energy change upon mixing
the two polymers was 80 wt% [214]. Accordingly, these authors found
that there is some partial miscibility when the concentration of PEI in
the polymer blend is higher than that of PC [214].

6.3.2. PEI/PAs

Partially miscible blends of PEI and polyamide 6,6 (PA6,6) have been
designed in an attempt to lower the viscosity of PEI, making it easier to
process in the molten state [215]. However, the sensible difference in
viscosity between the two polymers results in poor phase dispersion in
the blend [216]. Therefore, to improve the phase dispersion, PA6,6 was
replaced with a higher viscosity modified PA (a-PA), having a
completely amorphous structure (specifically, poly (trimethyl hexam-
ethylene terephthalamide)). In this way, the viscosity of PEI was
reduced by nearly 80% with the addition of a-PA by 20 wt% [216]. To
improve on this, poly(ethylene terephthalate) (PET) was incorporated
into the blend by first blending 20 wt% of PET into PEI, and then
blending again with a-PA to produce a ternary blend [217]. This resulted
in a significant refinement of the PEI domains in the blend thanks to the
reduced interfacial tension, as demonstrated with contact angle
measurements.

6.3.3. PEI/polybutylene terephthalate (PBT)

PEI/PBT blends are partially miscible blends whose mechanical
strength is strongly affected by the interfacial region between PEI and
PBT. Vasquez-Rendén and Alvarez-Lainez [218] suggested that PEI and
PBT should be blended in a 50:50 wt ratio in order to maximise the
elongation at break (16.8 + 4.0%) of the blend, although the ductility is
still lower than that of neat PBT (41.0 + 5.4) than that of neat PEI (26.6
+ 10.4). However, the processability of the blend is known to improve
with the presence of PBT [219]. For blends containing 70 and 80 wt% of
PEL the impact resistance was increased by 82% and 118%, respec-
tively, when PTFE was added by 15 wt% as an impact modifier (acting
like a rubbery modifier) [220].

6.3.4. PEI/LCP
When PEI (specifically ULTEM 1000 as Stratasys’ trade name for PEI
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injection moulding grade polymer) is blended with LCP K161, a signif-
icant improvement in processability can already be observed after
adding as little as 5-10 wt% of LCP [221]. Additionally, if the blend is
produced by melt-blending in an extruder, the homogeneity of the phase
distribution can be improved (specifically, the size of the LCP phases
within the PEI/LCP blend can be reduced) progressively with multiple
passes through the extruder [222]. Compatibilizers like poly-
phosphazene [223] and fillers like silicon carbide-modified multiwalled
carbon nanotubes [224], silicon carbide and titanium dioxide-coated
multiwalled carbon nanotubes (MWCNTS) [225] or a combination of
silicone carbide-modified MWCNTs and polyphosphazene [226] can
enable some degree of compatibility between the otherwise immiscible
PEI and LCP. Polyesterimide (PEsI) is another compatibilizer which
makes it possible to control the size of the LCP islands within the PEI
matrix since PEsI can dissolve into both PEI and LCP phases and can
reduce the size of the domains of whichever polymer is the minor phase
of the blend [227].

6.3.5. Other PEI blends

Other examples of PEI-based HPP blends include the addition of an
amorphous copolyester (a-PCTG). In the contribution by Granado et al.
[228], blending a-PCTG reduced the viscosity of PEI over the whole
compositional range in exam (0-40 wt% of PCTG), with the lowest melt
pressure at the exit of the extruder (an index of “processability”’) being
(indicatively) 12 bar for 40 wt% of PCTG. As a term of comparison, the
exit pressure for the same blend with 10 wt% of PCTG was (indicatively)
32 bar. Meanwhile, although any addition of a-PCTG to PEI resulted in a
decrease in tensile yield strength (nearly linear decrease from (indica-
tively) 107 MPa for neat PEI to (indicatively) 41 MPa for neat PCTG) and
Young’s modulus (nearly linear decrease from (indicatively) 3.6 GPa for
neat PEI to (indicatively) 1.8 GPa for neat PCTG), there was an
improvement in ductility (expressed as the reduction of the transversal
area of the tensile sample upon fracture) within all blends. Although the
increase in ductility was not linear on composition, it gradually
improved from (indicatively) 36% for neat PEI to (indicatively) 48% for
the blend with 90 wt% of PCTG. Yet, ductility remained notably lower
than what it was observed for neat PCTG (indicatively, 61%).

A miscible blend of PEI and PPSU showed reduced Young’s modulus
and tensile yield strength over increasing amounts of PPSU. For both
properties, the decrease was almost linear from neat PEI (Young’s
modulus of around 2.6 GPa; strength of around 106 MPa) to neat PPSU
(Young’s modulus of around 1.95 GPa; strength of around 90 MPa).
However, the impact strength was improved compared with unblended
PEIL For example, the notch impact strength for a notch radius of 0.25
mm substantially increased from 75 + 2 Jem for neat PEI to 1033 + 60
Jem for neat PPSU, with a swift (despite the strong standard deviation)
change from 132 + 20 to 658 + 300 Jem when the content of PPSU was
raised from 30 to 50 wt% [229].

In the study by Blanco et al. [230], the addition of 5 to 10 wt% of
polyethylene terephthalate glycol (PETG) was enough to reduce the Tg
within PEI/PETG blends with respect to neat PEI by 11 °C, from 208 to
197 °C, which may have some favourable implications for easing pro-
cessability, although this aspect was not explicitly explored.

6.4. PPS-based blends

6.4.1. PPS/PTFE

Similar to PEEK/PTFE blends (section 6.1.3), the addition of PTFE to
PPS has the effect of improving friction and wear properties. Also, PTFE
provides a barrier to moisture absorption since PTFE has hydrophobic
properties [231]. However, the blend can suffer from poor mechanical
properties (tensile strength, for example) since PEEK and PTFE are
immiscible. To remediate this drawback, adding short carbon has been
demonstrated to improve the tensile strength, hardness, and flexural
modulus of PPS/PTFE blends fibres [232,233]. In the contribution by
Shi et al. [232], adding 20 wt% of carbon fibres to a 4:1 (wt:wt) PPS/

15

European Polymer Journal 201 (2023) 112553

PTFE blend led to the lowest friction coefficient of about p = 0.103
under the dry-sliding condition. According to the results published by
Luo et al. [233], the average friction coefficient and the specific wear
rate of a 85:15 (vol:vol) PPS/PTFE blend reinforced by 15 vol% of CF
were 0.085 and 5.2 x 10~® mm3/Nm, respectively, which were 47% and
88% lower than those of the base PPS/PTFE blend under the same
sliding condition.

A synergistic effect was also demonstrated when micro-fibrillated
PA6,6 was added to obtain a composite with PPS (56 wt%)/PA (24 wt
%)/PTFE (20 wt%). After annealing at 150 °C for 1 h, the friction co-
efficient and the specific wear rate were as low as 0.139 and 4.372 x
10~% mm>/Nm, which were nearly 80% and 1.83 x 10> times lower than
those of pure PPS, respectively [234].

6.4.2. PPS/PC

PPS and amorphous PC form partially miscible (compatible) blends.
One of the major consequences of blending PPS with PC is the reduced
crystallization rate. This is because PC has higher melt viscosity than
PPS. Additionally, the presence of PC hinders the motion of PPS chains
in regions where the PPS/PC blend is partially miscible, and this ham-
pers the crystallisation of PPS [235]. This reduction in crystallinity in
PPS/PC blends with increasing PC proportions was observed, among
others, by Lim et al. [236], who also reported on a reduction in the melt
viscosity at high temperature. This was the result of the thermal
degradation of PC, whereby the average molecular weight of PC
decreased from 30,400 to 4900 g/mol. The presence of PC also reduced
the Tm of PPS, which dropped from 297.7 to 277.9 °C with an addition
of 10 wt% of PC. Likewise, adding PC also reduced the resistance to
thermal degradation as the PPS/PC blends had lower onset decompo-
sition temperatures with respect to neat PPS. To illustrate, while the
temperature for initial decomposition (in nitrogen) of neat PPS was
460.0 °C, this value dropped to 240.0 °C for the blend containing 60 wt
% of PC, which was even lower than that of neat PC (400.0 °C) [237].

The potential disadvantages coming from the thermal degradation of
PC may be remediated by melt-blending PPS and PC with epoxy resin
(between 2 and 14 phr) to obtain a ternary PPS/PC/epoxy blend. Epoxy
acts as a compatibilizer and decreases the interfacial tension between PC
and PPS, which results in improved tensile properties compared with
blends containing no epoxy. For example, adding 5 phr of epoxy to a
75:25 (wt:wt) PPS/PC blend increased the tensile strength from (indic-
atively) 26 MPa to (indicatively) 48 MPa. Moreover, epoxy is able to
recover the molecular weight of thermally degraded PC, because epoxy
reacts with the hydroxyl groups that are present at the ends of the PC
chains as a result of hydrolysis upon melt-blending with PPS [238]. The
warping and distortion behaviour of PPS/PC blends can also be reduced
when PPS/PC blends are combined with appropriate fillers, such as
nanosized calcium carbonate (nano-CaCOs) and glass fibers (GF) [239].

6.4.3. PPS/PES

PPS and PES mainly form immiscible blends with some level of
compatibility [240], since a small portion of PES may dissolve into the
amorphous region of PPS, which results in a decrease in the Tg of the
PPS/PES blend [241]. In addition, since neat PES has much higher
mechanical properties like tensile, flexural and impact strength
compared with neat PPS, blended PPS/PES samples have higher me-
chanical properties over neat PPS. For instance, the impact strength of
PPS has been shown to improve from 2.2 to 3.23 kJ// m? when 20 wt% of
PES is added to PPS [242].

In order to refine the PES domains dispersed in the PPS matrix,
compatibilization of the PPS/PES blend was achieved with the addition
of 3 wt% of a hydroxy-functionalized PPS grade. This resulted in a slight
improvement of the tensile strength and modulus. Importantly, the
compatibilizer was able to improve the storage modulus of a 60:40 (wt:
wt) PPS/PES blend over the whole temperature range between 160 and
approx. 220 °C, indicating greater thermal stability over the unmodified
blend [243]. Another way to improve compatibility is to induce the in-
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situ polymerization of a monomer reactant-type polyimide (POI) at the
PPS-PES interface. This component is a thermally crosslinkable precur-
sor, which can form a network (via crosslinking or grafting) in the
interfacial regions between PPS and PPE, resulting in improved inter-
facial adhesion [244]. Another method is to use modified PPS that
contains a functional phenolphthalein side group attached to a carbon
atom on the main chain of PPS. The interaction between this side group
and PES molecules can improve the interaction between the two poly-
mers [245].

6.4.4. PPS/PAs

According to Chen et al. [246], the relative amount of PPS and PA
into an immiscible blend should be finely tuned to maximise different
mechanical properties. For instance, blending 30 wt% of PA6,6 into PPS
increases the Rockwell hardness from 86.0 to 92.8 HRM. However, the
best values of tensile strength (80.0 MPa), flexural strength (109 MPa),
and impact strength (4.9 kJ/m?) were all achieved by the blend with 70
wt% of PA6.6 [247]. When PPS is blended with a completely amorphous
PA (between 10 and 30 wt%), the melting point of the blend is slightly
reduced relative to neat PPS (from 301 to 292 °C at 30 wt%). The
presence of amorphous PA is known to facilitate the isothermal crys-
tallization of PPS [248]. However, it is unclear how the crystallisation of
PPS would be affected in non-isothermal conditions like FFF.

Akhtar and White [249] explored the effect of blending many
different varieties of PAs into PPS including PA6, PA11, PA12, PA6,6,
and also two forms of aromatic PAs (known by their trade names as Zytel
330 and Grilamid TR 55). In every blend with PPS as the major phase,
the tensile strength was reduced or remained the same as neat PPS.
However, the elongation at break was enhanced from 5 to 11% in blends
containing PA12, although it was not understood why this occurred
[249].

The immiscibility of PPS with 10 wt% of PA6,6, which produces a
sea-island phase morphology, was exploited to enable specific local-
isation of carboxyl-modified carbon nanotubes at the interface between
the PPS matrix and the PA6,6 domains. The presence of carbon nano-
tubes hindered the movement of PA6,6 molecules, and this reduced
crystallinity and related shrinkage upon cooling [250]. Another study
demonstrated that, when clay (between 1 and 10 phr) was added to a
PPS/PA6,6 (60:40 wt:wt) blend, the sea—island structure transformed
into a co-continuous structure with preferential migration of the clay
into PA6,6. Concomitantly, the tensile strength of the blend increased by
10 MPa (4+24%) just by adding 1 wt% clay, and by 15 MPa (+35%) when
the clay content was raised to 5 wt%, [251].

6.4.5. PPS/PEEK

PPS and PEEK form immiscible semi-crystalline/semi-crystalline
polymer blends. According to Mai et al. [252], when PPS is blended
with PEEK and then crystallised from the amorphous phase, the double
endotherm peak of PPS detected by differential scanning calorimetry
(DSC) shifts to lower temperature due to the presence of PEEK. More-
over, the upper melting peak (which is representative of the heat of
fusion) decreases significantly and a third peak may also appear
depending on the thermal history. If PPS/PEEK blends are crystallized
under non-isothermal conditions, PEEK increases the maximum crys-
tallization temperature and the crystallisation rate of PPS, which sug-
gests that PEEK acts as a nucleation agent for PPS [253].

PPS/PEEK blends can be turned into miscible blends with the addi-
tion of PEIL, where the single Tg value of PEEK/PPS/PEI ternary blends
increases from 146 °C to 179 °C when the amount of PEI and PPS is
raised from 5 to 35 wt% [254]. Trisilanolphenyl polyhedral oligomeric
silsesquioxane (Tsp-POSS) is able to reduce the melt flow of both PEEK
and PPS without affecting their impact and tensile strength. However,
the role of tsp-POSS has not been tested on PEEK/PPS blends [255]. A
PPS/PEEK blend produced with recycled PEEK was functionalised with
carbon nanotubes, which improved the compatibility between PEEK and
PPS, and increased the flexural modulus by 24% (at 20 wt% of CNTs)
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over neat PPS (modulus of neat PPS: 3200 + 20.9 MPa) [256]. The
improvement in interfacial compatibility between the polymer phases
was attributed to the localisation of carbon nanotubes, which prefer-
entially migrated into the PPS matrix and concentrated in the interface
between PPS matrix and PEEK islands, acting as an inorganic compati-
bilizer [256].

6.4.6. Other PPS blends

As with PTFE, friction coefficient (from 0.80 to 0.20) and wear
properties (wear rate, from 7.14 x 107 to 8.16 x 107 mm?/(Nm)) of
PPS can be ameliorated by adding 10 wt% of LDPE [257]. Although
PPS/poly(2-vinylpyridine) (PVP) are generally classified as immiscible,
it has been suggested that the two polymers become partially miscible
upon increasing the PVP fraction in the blend. Crystallization can be
delayed in PPS with the addition of 5 wt% of PVP, which reduces the
nucleation rate of PPS and slows down the growth rate of the spherulites
[258]. An addition of 5 wt% of polyvinylidene fluoride (PVDF) into PPS
produces an immiscible structure that increases the tensile strength of
neat PPS from 33.3 to 53.7 MPa, and the tensile modulus from 1140.2 to
1630.6 MPa [259].

7. Examples of HPP blends in FFF

Although the adoption of polymer blending in FFF is still in its in-
fancy, several examples can already be found in the literature, and some
are even commercially available. The following sections provide a
summary of the HPP blends that are currently being used in the FFF
community.

7.1. PEEK/Amorphous PAEK

Blending 7 wt% of fully amorphous poly-aryl-ether-ketone (aPAEK)
within a PEEK filament improved the interlayer strength of the printed
samples by 130% [260]. In fact, aPAEK was able to quickly diffuse to the
interlayer region, thus enabling improved polymer welding processes
that rely on easier diffusion and disentanglement in the amorphous
phase.

7.2. PEEK/PEI

Blends of PEI in a PEEK matrix (100,/0, 90/10, 80/20, 70/30, 60/40,
50/50 and 40/60 wt ratios) were reinforced with 30 wt% of chopped
carbon fibres in the contribution by Diouf-Lewis et al. [261]. Tensile
tests conducted on composite filaments for FFF showed that the 80:20
blend achieved the highest value of the Young’s Modulus (13 GPa).
Notably, besides the nominal composition of the blend and the addition
of chopped carbon fibres, the tensile properties of the filaments were
deeply affected by the presence of pores. As a matter of fact, the rein-
forced 80:20 blend also exhibited the lowest degree of porosity (2.90%)
among all systems in exam.

7.3. PEI/oligophenylene sulfone (OPSU)

Slonov et al. [262] investigated the effect of blending oligophenylene
sulfone (OPSU) with PEI and compared the obtained PEI/OPSU blends
to PEI/PC blends. Although it was observed that OPSU produces a
miscible blend, while the combination of PEI/PC is immiscible, both
OPSU and PC acted as plasticisers and reduced the viscosity of PEIL. The
tensile and flexural properties of the blends were generally lower than
those of neat PEL. However, the blend with 20 wt% of OPSU was an
exception, with a tensile strength of 103.8 + 3.2 MPa, against 88.0 + 5
MPa of neat PEL Also, the unnotched impact strength surpassed that of
neat PEI (75.5 + 7.6 kJ/m?) when the content of PC was 15 wt% or
higher (79.5 = 8.0 kJ/m? at 15 wt%; 84.7 + 8.5 kJ/m? at 20 wt%). This
was attributed to the high molecular weight and plasticity of PC, which
promoted the elasticisation of PEI. OPSU, on the contrary, having a low
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MW, caused the samples to become more brittle [262].
7.4. PEI/PC

A popular PEI/PC blend used in FFF is ULTEM 9085, under the trade
name introduced by Stratasys [263]. Cicala et al. [212] compared
ULTEM 9085 and experimental PEI/PC blends and found that, when 10
wt% of PC was added to PEI, melt processing became much easier over
neat PEL In terms of mechanical performance, the tensile strength and
modulus of the experimental blends outperformed ULTEM 9085 when-
ever the blends contained between 10 and 40 wt% of PC. However, since
ULTEM 9085 is a proprietary blend, whose detailed composition is not
publicly available, it is not clear why this occurred [212].

When printing with ULTEM 9085, the thermal environment of the
printer chamber is shown to significantly affect the mechanical integrity
of the printed part [264]. With careful selection of the g-code parame-
ters, the printed parts can reach a tensile strength relatively close (about
85%) to that of injection moulded parts, which was assumed to be 82.75
MPa [265]. In addition, post processing reduces mechanical anisotropy
(by up to 80%) and improves the flexural modulus (by 21%) and
strength (by 75%) of ULTEM 9085 printed parts [266].

Hardness can also be increased in ULTEM 9085 printed parts through
appropriate setting of the infill direction in alternating patterns [267].
Meanwhile, the printing direction affects the wear resistance. For
example, the average weight loss was remarkably higher for samples
printed in the “Z” orientation (i.e., layers perpendicular to the direction
of wear) than for those printed in the “X” orientation (i.e., layers parallel
to the direction of wear).

It is generally acknowledged that moisture absorption in the ULTEM
9085 filament above 0.1 wt% is detrimental to the printing process and
the quality of the printed parts [39]. However, slightly different results
have been observed for different printing directions. For “XY” samples
(printed flat on the build plate), if moisture uptake in the filament does
not exceed 0.1%, the melt viscosity upon printing decreases, and this
results in a highly consolidated cross section. However, increasing the
humidity of the filament above 0.1% leads to diffused porosity and
microstructural defects (e.g., inter-strand bond degradation). As a
consequence, the stiffness and strength of the “XY” samples increased
with moisture uptake up to 0.1% (ultimate tensile strength: from 50.1 +
3.0 to 56.8 + 1.2 MPa; elastic modulus: from 1.93 & 0.02 to 2.04 + 0.04
GPa), but then dropped for higher absorbed humidity. Conversely, the
tensile stiffness and strength of the “ZX” samples (printed upright)
steadily decreased (with the reference values for the control at 0% hu-
midity being: ultimate tensile strength of 35.9 + 5.7 MPa; elastic
modulus of 2.09 + 0.03 GPa), regardless of the amount of absorbed
water, which can be attributed to the presence of numerous inter-layer
interfaces and to the different temperature profile upon printing [39].

Vakharia et al. [268] printed various multi-material samples made of
neat ULTEM 9085 and a composite consisting of ULTEM 9085 blended
with short carbon fibres. The cross-sectional analysis of the printed parts
revealed that the fibre-reinforced layers had a large amount of apparent
porosity: approximately 31%, as compared to the layers with neat
ULTEM 9085 (apparent porosity of 2% area). This extensive porosity
produced poor adhesion, regardless of the layering sequence. Also, the
presence of (brittle) carbon fibres affected the toughness of the com-
posite layers. As a result, multi-material parts with alternating layers of
neat ULTEM 9085 and fibre reinforced ULTEM 9085 were able to ach-
ieve more strain before failure than those with consecutive ULTEM 9085
layers (0.033 for the ABABAB layering sequence vs. 0.025 mm/mm for
the AAABBB layering sequence), most likely due to the toughness of the
intercalated ULTEM 9085 layers enabling continued elongation.

One consideration is that, at present, the only dissolvable support
available for printing with ULTEM 9085 is a material provided by
Stratasys which contains PSU [269]. This polymer is chemically similar
to PEI and thus removal of support material using chemical solvents like
dimethylformamide has the risk of degrading the ULTEM 9085 part
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itself. One study suggested that submerging the printed parts for 8 h in
pure 1-bromopropane or toluene may be a safe strategy for removing the
support material whilst retaining the mechanical properties of the
printed part [270].

8. Discussion

PEEK, PEKK, PPS, PEI, TPI, and PPSU are increasingly popular for the
FFF of load-bearing components that combine the mechanical strength
of HPPs with the freedom in geometry that is typical of AM. While PEEK
is most likely the prevalent HPP being currently explored in the litera-
ture, it is not possible to prioritise the adoption of HPPs, since each of
them comes with specific properties that depend on their chemical
make-up, on the establishment of inter-molecular interactions, and on
the ability to crystallise. For example, although both PEEK and PEKK are
poly(aryl ether ketone)s, the crystallisation rate of PEKK is much lower
than that of PEEK. Also, PEKK can crystallise in additional polymorphs
[111-114]. Again, while PEEK is highly crystalline, PEI is fully amor-
phous [271]. Additionally, for a given HPP, the processability and the
final properties are deeply affected by the specific chemical structure, by
the molecular weight (average value and distribution), and by the
thermal history. This justifies the noticeable fluctuations encountered in
the literature where, for example, the Young’s modulus of PEEK parts
produced by FFF can largely vary between (around) 0.3 GPa and
(around) 4.1 GPa, and the tensile strength between (around) 10 MPa and
(around) 100 MPa, as documented in the review by Zanjanijam et al.
[8].

Despite these variations, all HPPs feature outstanding mechanical
strength, which can be retained under extreme working conditions. For
this reason, HPPs represent the next generation of high-end polymers for
FFF. Nonetheless, HPPs are currently underutilised in FFF. This is mainly
because HPPs are much more difficult to print than commercial poly-
mers (such as PLA and ABS), and engineering ones (such as nylon). The
bulky molecular structure, the presence of numerous aromatic rings, and
the formation of extensive inter-molecular bonds that are responsible for
the extraordinary mechanical performance of HPPs are also responsible
for excessive melt viscosity, sensitivity to moisture uptake, fast crystal-
lization (for semi-crystalline HPPs), and related part distortion and
shrinkage.

Also, the mechanical strength of HPP parts produced by FFF may be
undermined by poor structural consolidation due to weak inter-strand
and inter-layer adhesion. Although FFF does hold some similarity to
“conventional” techniques like injection and compression moulding, in
that they are all based on melt processing, the strong dependence of
structural consolidation on interface welding (namely, raster-raster and
layer-layer bonding through polymer sintering and healing) is peculiar
to FFF. The achievement of strong interfaces becomes critical for those
HPPs that, like PEEK, feature a very high crystallisation rate, because the
quick crystallisation prevents effective bonding between adjacent ras-
ters and subsequent layers [46].

In principle, tackling these issues by chemical redesign of HPPs
would be feasible, but likely uneconomical, because this would require
the formulation, synthesis and scale up of new polymers with specific
chemical structures. Meanwhile, tuning the printing parameters is
certainly useful to promote structural consolidation, but still insufficient
to unleash the full potential of HPPs in FFF. The analysis of the literature
shows that polymer blending may be a smarter and more effective
avenue of remediating the poor printability of HPPs while also embed-
ding new functionality [272].

Due to its versatility, polymer blending is routinely applied to
overcome the limited processability of HPPs in traditional melt-based
techniques like injection and compression moulding. With a focus on
the HPPs most commonly used in FFF, over 20 different blends have
been identified which, in principle, may provide potential improve-
ments to the melt processability of these materials (by reducing viscosity
or friction during printing) or imbue/enhance mechanical and
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functional properties like tensile strength, hardness, or wear resistance.
For example, adding PSU to PEEK reduces the melt viscosity and im-
proves the processability of PEEK while retaining its mechanical
strength [162]. Similarly, the viscosity of PEI can be reduced by nearly
80% with the addition of amorphous polyamide [216], while the tensile
strength and stiffness of PPS can be increased by nearly 50% by adding
just 5 wt% of PVDF [259].

Surprisingly, in spite of the demonstrated success of polymer
blending in conventional melt processing methods, only a handful of
PEEK- and PEI-based blends have been explored within FFF. This gap
mainly originates from historical circumstances, with FFF being much
younger than compression and injection moulding. Moreover, the
adoption of HPPs in FFF is, by itself, very recent. To illustrate, the first
occurrence of FFF of PEEK in Scopus dates back to 2014 (search con-
ducted by entering (“fused filament fabrication” OR “fused deposition
modeling”) AND (PEEK) in Article title, Abstract, Keywords).

Nowadays, research is rapidly progressing in the field, and the suc-
cess of polymer blending for the FFF of HPPs is proved by the fact that
one printable blend (ULTEM 9085, a proprietary PEI/PC-based filament
commercialized by Stratasys [265]) is readily available in the market-
place. In future, the wider adoption of polymer blending is expected to
further the utilization of HPPs in FFF, thus bolstering the applicability of
this technology both in scientific discovery and in industrial practice.
Moreover, the same concept of polymer blending can be extended to
improving the printability and mechanical performance of commercial-
and engineering-grade polymers that may be otherwise difficult to print
with, for example due to their fast crystallisation kinetics [273]. How-
ever, researchers in the fields should be aware of possible limitations
and challenges associated with polymer blending for FFF, which can be
summarised as follows:

e Many advantages afforded by polymer blending have been demon-
strated in conventional melt processing techniques, but experimental
evidence is still needed to substantiate these benefits in FFF.

In particular, there is a lack of knowledge concerning TPI and PPSU.
Although these HPPs are gaining interest in the FFF community, very
little is known about melt blending them, since they are seldom
accounted for in the literature about polymer blending in conven-
tional melt processing techniques.

Oftentimes, for any given combination of polymers, the “best” HPP
blend formulation is different depending on the targeted property.
This means that the blend composition must be optimised separately
for each property, and trade-offs may be required if multiple prop-
erties are sought after simultaneously.

Additional studies should be directed to characterising the interfacial
regions and phase dispersion in partially or completely immiscible
blends, and to understanding the effect of chemical modification and
post-processing treatment.

9. Conclusions

High performance polymers (HPPs) feature outstanding mechanical
strength, thermal stability, and chemical resistance. Their adoption in
fused filament fabrication (FFF), which is currently the most popular
plastic-based additive manufacturing technique, enables the production
of advanced components with bespoke geometry for load-bearing ap-
plications in aerospace, aviation, and biomedicine. However, the same
compositional and structural features that afford their unparalleled
functional properties (i.e., bulky and “stiff” polymer chains, high mo-
lecular weight, and strong inter-molecular interactions), also make HPPs
very difficult to print. Besides the very high processing temperature
required, successful printing of HPPs by FFF may be undermined by
their extremely high melt viscosity, strong propensity to shrinkage and
warpage, and sensitivity to moisture uptake. Furthermore, most HPPs
are semi-crystalline polymers with high crystallisation rates, which may
impair inter-raster and inter-layer welding. Polymer blending, which
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consists in mixing two or more polymer together in order to take
advantage of the respective properties, is emerging as a practical and
convention solution to the printing issues of HPPs. Historically used in
“conventional” techniques like injection and compression moulding, the
benefit of polymer blending is two-fold, as it facilitates melt processing
while also improving the mechanical properties over the base polymers.
Although the examples are still rare, the efficacy of polymer blending in
FFF is demonstrated by the availability of a commercial filament that
combines poly-ether-imide and polycarbonate. While polymer blending
holds the promise to advance the FFF of HPPs, additional research is
needed to translate the available knowledge from conventional melt
processing to 3D printing, and to better manipulate the interface region
and phase dispersion in immiscible and compatible blends. In future, a
major challenge may be represented by the optimisation of HPP blends,
since different functional properties may respond in a different way to
compositional changes.
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