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Abstract

lP

Successful printing of high-performance material with suitable properties using additive
manufacturing methods such as Fused Filament Fabrication (FFF) can create many advanced

na

applications in industries. However, the high viscosity of high-performance polymers causes
complications during the FFF process and reduces the final print quality. To overcome this

ur

challenge, Inorganic Fullerene Tungsten Sulphide (IF-WS2) nanoparticles are applied in this
study to enhance the flowability of poly-ether-ketone-ketone (PEEK) without compromising

Jo

its mechanical and thermal properties. In the first step, different loadings of IF-WS2
nanoparticles are melt compounded with PEEK and the nanocomposites are characterized.
SEM and EDX images of fractured surfaces indicate that a good dispersion of nanoparticles is
achieved without any pre-treatment or pre-dispersion. A reduction in melt viscosity of 25%,
and a simultaneous growth in storage modulus, crystallization and degradation temperature of
about 60%, 53% and 100 °C is found with addition of 2wt% IF-WS2 to PEEK, respectively.
1

This great achievement is mainly ascribed to the unique characteristics of IF-WS2
nanoparticles, acting as both reinforcing and lubricating agents, indicated by a reduction in
coefficient of friction. There is no significant increase of crystallization and melting
temperatures with the addition of IF-WS2 nanoparticles, which is beneficial in the FFF process.
In the second step, the PEEK nanocomposite filaments are printed via FFF. The print quality
and mechanical properties of the printed PEEK are also improved with the incorporation of IFWS2 nanoparticles. Hence, incorporation of IF-WS2 nanoparticles into PEEK via melt
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compounding is an effective approach for the development of suitable high-performance
engineering materials for FFF.

-p

Keywords: Poly Ether Ether Ketone (PEEK); Inorganic Fullerene Tungsten Sulphide (IF-
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WS2); viscosity; Fused filament fabrication (FFF); Additive Manufacturing (AM)

1- Introduction

na

Fused filament fabrication (FFF) is a cost-effective additive manufacturing (AM) methods
for producing complex thermoplastic parts. During the FFF process, a thermoplastic filament

ur

passes through a heated nozzle and a semi-liquid thermoplastic material is deposited onto a
printing bed or a previous thermoplastic layer

1-3

. The zero-shear rate viscosity has a critical

Jo

effect on filament extrusion during FFF because the semi-liquid thermoplastic polymer is
forced through the nozzle at relatively low shear rates. If the polymer viscosity is too high then
the back pressure on the filament is also high and this can cause buckling of the filament and
no/reduced flow through the nozzle 4,5.

2

Poor layer to layer adhesion is one of the main challenges of FFF which results in reduced
mechanical properties. Polymer viscosity can have a great effect on bond formation and
strength between the layers. Deposition of a low viscous material on top of a previously
deposited layer can facilitate wetting between the layers and create a larger interface.
Generally, the adhesion between the printed layers increases with decrease in melt viscosity,
mainly due to higher polymer chain mobility and intermingling between the adjacent layers.
Some studies suggest that in the case of semi-crystalline polymers, layer-layer bonding forms

ro
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through both interdiffusion of chains (above the crystalline temperature) and co-crystallization.
Hence, the rheology of the feed material is a determining factor in final quality and mechanical
properties of parts produced via FFF 6-9.

-p

Some of the most commonly used materials in FFF consist of amorphous thermoplastics

re

(e.g. ABS) and semi-crystalline polymers with low melting point (e.g. PLA) because they
generally have good flowability. However, the final 3D printed part made from low viscosity

lP

polymers often fail in applications where high mechanical or thermal properties are required.
Successful printing of high-performance material with suitable properties using additive

na

manufacturing processes such as FFF can offer many advanced industrial applications. The
high strength-to-weight ratio and superior properties of high-performance polymers compared

ur

to traditional thermoplastics, makes them a good candidate for replacing metals. Hence,
customization of high-performance material to additive manufacturing is the key to providing

Jo

a broad range of applications in industries such as aerospace, biomedical, robotics, electronics,
transportation and telecommunications, etc. Currently, there is limited number of highperformance material commercially available for use in the FFF process and there is an evergrowing demand in this area 7,8,10.
One high-performance material of significant interest is poly ether ether ketone (PEEK)
which is a semi-crystalline polymer with excellent mechanical properties, thermal stability,
3

chemical resistance and biocompatibility10. However, the high viscosity of PEEK causes
challenges during FFF processing and adversely affects the final print quality. Generally, high
temperatures are required to melt and reduce the viscosity of PEEK for printing. On the other
hand, as PEEK cools down after deposition, its viscosity increases rapidly; this interrupts
polymer interdiffusion and hence bond formation between the layers. Flow induced
crystallization is also pronounced due to the high viscosity of PEEK which can increase the
crystallization temperature, allowing the polymer to solidify at higher temperatures. This can
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have a negative impact on bond formation and adhesion strength between the layers 6,11-13.
Traditionally, plasticisers or grades of PEEK with lower molecular weight are applied to
reduce melt viscosity. However, the mentioned methods can also reduce the mechanical

-p

properties and therefore limit the applicability of the final product 14,15. Hence, in order to make

re

PEEK into a suitable feed material for FFF, it is essential to improve PEEK flowability without
compromising its final mechanical properties.

lP

Inorganic fullerene-like tungsten disulfide (IF-WS2) nanoparticles have recently attracted a
lot of attention due to their exceptional mechanical, thermal, electrical and tribological

na

properties originating from their chemical structure and unique multi-layered ‘onion-like’
morphology. IF-WS2 nanoparticles are considered as superior solid lubricants which enhance
16,17

. Hou et. al.

ur

the toughness and reduce the coefficient of friction (COF) of polymers

demonstrated that the coefficient of friction (COF) of PEEK/IF-WS2 nanocomposite coatings

Jo

decreases by 70% compared to that of pure PEEK with the addition of 2.5wt.% IF-WS2 through
solution mixing followed by aerosol-assisted deposition and post treatment at high
temperatures

18

. Naffakh et. al. showed that the incorporation of 0.1wt.% IF-WS2 in PEEK

through solution mixing and ultra-sonication enhances the impact strength of PEEK by 20%.
They also observed a 35% improvement in Young’s modulus with the addition of 2wt% IFWS2, as a result of the reinforcing effect of these nanoparticles, and improvement in
4

crystallization in the presence of IF-WS2 19. The same authors also reported an improvement
in the thermal stability of iPP/IF-WS2 nanocomposites, of about 40 °C, and 60 °C in air and
inert atmosphere, respectively. Combination of IF-WS2 nanoparticles with SWCNTs has been
successful for improving SWCNT dispersion in thermoplastics, leading to higher glass
transition temperature in addition to easier processability and lower cost

20

. However, a

progressive drop in both viscosity and storage modulus was realized with increasing IF-WS2
loading in SWCNT/PEEK nanocomposites 21.

thermal conductivity

22
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Another characteristic of IF-WS2 nanoparticles which may be exploited in FFF is their high
. It has been shown previously that enhanced heat transfer during

melting and layer deposition in FFF, can improve layer to layer bonding between the deposited

-p

filaments 23.

re

Based on the above discussion, the combined advantages of PEEK (as a high- performance
polymer) and IF-WS2 nanoparticles (as nano-additives with excellent reinforcing and

lP

lubricating effects), can offer new potential in the development of suitable feed material for
FFF. In this work, melt compounded IF-WS2/PEEK nanocomposite filaments are produced and

na

characterized through mechanical, thermal, tribological and rheological testing. No ball milling
or pre-dispersion step is applied, and the nanoparticles are directly mixed with PEEK granules

ur

using a screw configuration designed in-house for excellent dispersion of nanoparticles. The
viscoelastic behaviour and flowability of the material are evaluated and compared with unfilled

Jo

PEEK, since these parameters affect the printability, layer to layer adhesion and ultimately the
quality of the printed part. Finally, FFF is used to print the filaments into bars for evaluating
the mechanical performance of the printed parts. The details of print quality of FFF printed
PEEK/IF-WS2 nanocomposites in comparison to that of pure PEEK are examined as an
extension to this study and the results are to be published in a future.

5

2. Materials and Methods
2.1. Sample preparation
Inorganic fullerene like Tungsten di-sulfide (IF-WS2) nanoparticles with a spherical shape
and average diameter of about 80 nm were supplied by Professor Yanqui Zhu’s group at the
University of Exeter. The matrix used was a commercially available semi-crystalline poly
(ether ether ketone), PEEK 450G, supplied by Victrex, (Mw≈ 44000 g/mol, Tg≈143 °C,
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Tm≈343 °C). Various amounts of IF-WS2 nanoparticles (0.5, 1 and 2wt%) were melt
compounded with PEEK using a twin-screw extruder with 16 mm diameter, length to diameter
ratio (L/D) of 40, and screw speed of 30 rpm to produce filaments with an average diameter of
1.75 ±0.15 mm. An extruder screw configuration designed in-house to enhance nanoparticle

-p

dispersion was utilized (Figure 1). The material flow is from left to right in the picture presented

re

in Figure 1. The screw elements are composed of transporting elements (T) for forward
conveying of extrudate, kneading elements (K) with 90°, 60° and 30° twist angles for

lP

dispersion, and reverse screw element (R). The temperatures indicated in each zone of the

ur

na

extruder are as follows: 365, 395, 395, 395, 395, 395, 395, 395, 390, 385 °C.

Figure 1 Screw design used for processing of PEEK/IF-WS2 filaments

Jo

The flowability and thermal properties of the nanocomposite filaments were characterized

using rheology, DSC and TGA. The filaments were then pelletized and processed into
rectangular specimens through injection moulding (using a Haake MiniJet Pro injection
moulding machine) for morphology characterization as well as mechanical and tribological
testing. The temperature of the cylinder and mould were set at 400 °C and 260 °C for injection
moulding. In addition, specimens with similar dimensions to the injection moulded samples
6

were printed from the extruded filaments using FFF (Ultimaker) to comparing mechanical
properties via DMA. The printing speed, building plate temperature, nozzle temperature and
nozzle diameter were set at 40 mm/s, 260 °C, 400 °C and 2 mm, respectively. The build
chamber was not heated for printing and the ambient environment temperature was 20 °C. The
bed temperature was kept at constant temperature of 260 °C. To produce relatively uniform
samples, ±45° raster orientation was applied. A comparison was made between the mechanical
properties of the printed and the injection moulded samples.

ro
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2.2. Characterization

The fractured surfaces of the injection moulded specimens were gold coated and observed
using a high resolution FEG SEM (HITACHI) equipped with EDX, operating at 30 kV and an

-p

intensity of 9 × 10−9 A in order to assess IF-WS2 nanoparticles dispersion in PEEK.

re

The impact strength of the injection moulded specimens was measured according to ISO
180:2000. Specimen dimensions were length = 33 mm, width = 10 mm and thickness = 3 mm,

lP

with a V-shape notch of tip radius = 0.25 mm and depth = 2 mm.

na

For evaluating the thermal stability of the nanocomposite filaments, a TA SDT Q600D
thermogravimetric analysis (TGA) machine was used at a heating rate of 10 °Cmin-1 under

ur

nitrogen. The average sample mass was 10 mg.
The crystallization and melting behaviour of the nanocomposite filaments were investigated

Jo

using a TA-Instrument Q1000 differential scanning calorimetry. The samples of approximately
5 mg weight, were sealed in aluminium pans and a heating-cooling-heating cycle between 20
to 400 °C at 10 °C/min in standard mode was applied. Crystallinity (χc) was calculated from
the crystallization peak, as shown by Tradif et al24.

7

Dynamic shear tests were carried out for PEEK nanocomposite pellets at 400 °C with a
shear amplitude of 1% (which is in the linear viscoelastic region) using a AR 1000 rheometer
with a parallel plate system (25 mm diameter and 0.75 mm gap).
The dynamic mechanical performance of the injection moulded and 3D printed
nanocomposite samples was studied using a Mettler TA800 DMA. Rectangular shaped samples
of 19.5 · 10 · 4 mm3 were placed in a single cantilever clamp. The measurements were
performed in the bending mode via single cantilever at a frequency of 1 Hz, with a heating rate

ro
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of 2 °C/min from 25 °C to 260 °C.

The static and dynamic frictional properties of injection moulded nanocomposite samples
were investigated based on ASTM D1894. ASTM52100 was used to perform micro-scale

-p

abrasion tests with the use of a TE-66 micro-scale abrasion equipment (Phoenix Tribology Ltd,

re

UK) as demonstrated by Sampaio et. al25.

The print quality of the 3D printed samples was visually examined using an Olympus

na

3. Results and Discussion

lP

Microscope with a magnification of 10.

3.1. Specific Mechanical Energy (SME)

ur

The Specific Mechanical Energy (SME) for compounding of PEEK and IFWS2/PEEK

Jo

nanocomposite samples is calculated based on equation 1 and presented in figure 2 as a function
of IF-WS2 wt%. SME in kW/kg per hr, represents the mechanical energy for extrusion of a
unit mass of compound per hour (m).
SME= (P x %T x RPMrunning/RPMmax)/m

8

eq (1)

Where P is the applied motor power in kW, %T is the percentage of running torque used
of the maximum allowable torque, RPMrunning is the actual screw speed of the extruder and
RPMmax is the maximum screw speed of the extruder.
As illustrated, the SME for PEEK decreases with the incorporation of IF-WS2 nanoparticles,
perhaps due to the lubricating effect of these nanoparticles which reduces the viscosity of the
melt. This also indicates favourable characteristics for the FFF process since extrusion back
pressures and filament buckling should reduce26.
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Figure 2 Specific Mechanical Energy (SME) for compounding of PEEK and IFWS2/PEEK

lP

nanocomposites

na

3.2. Scanning Electron Microscopy (SEM)

The morphology of PEEK/IF-WS2 nanocomposites with different nanoparticle loading is

ur

shown in the SEM images in Figure 3a, b and c. The EDX mapping and spectrum for the PEEK
nanocomposite sample containing 0.5wt% IF-WS2 is also presented in figure 3d and e to

Jo

demonstrate the elemental composition of the nanocomposite.
The IF-WS2 nanoparticles appear as white spots in the SEM images, with quasi-spherical

shape and dimensions ranging from about 50 nm to about 200 nm which is in the range of the
as-received material. This means that the nanoparticles have been dispersed homogeneously
inside the PEEK matrix through melt blending, without any pre-dispersion or pre-treatment
step. The low tendency for agglomeration in these samples can be attributed to the unique
9

microstructure of IF-WS2 nanoparticles which leads to exceptional lubricating behaviour
during processing, resulting in a more uniform nanoparticle dispersion.
Also apparent from the SEM images is that the mechanism of fracture toughness in the
nanocomposite samples is mainly nanoparticle debonding, some particle pull-out (especially
in the case of samples with 0.5 and 2wt% IF-WS2), as well as plastic void growth, followed by
shear deformation in the polymer matrix27.
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The various colours in the EDX mapping and the peaks in the EDX spectrum, represents
carbon (C), oxygen (O), tungsten (W), sulphur (S) elements. The peaks representing gold (Au)

na

lP

re

-p

and palladium (Pd) elements exist as a result of coating performed on the samples.

ur

Figure 3 SEM images of PEEK nanocomposites containing a) 0.5wt%, b) 1wt% c) 2wt% IF-

Jo

WS2, d) EDX mapping and e) EDX analysis of sample containing 0.5wt% IF-WS2
3.3. Fracture Toughness
It is observed from the data presented in figure 4 that the impact strength of PEEK is

generally increased with the addition of IF-WS2 nanoparticles, which is good for potential
applications for IF-WS2/PEEK nanocomposites where any reduction in toughness would not
be acceptable.
10

The sample containing 1wt% IF-WS2 has the maximum improvement in impact strength.
Therefore, it can be presumed that there is better nanoparticle dispersion and therefore higher
filler-polymer interaction in this sample as a result of the larger surface area between the filler
and the matrix for load transfer and consequently, higher impact strength. The decreased impact
strength in the sample with 2wt% IF-WS2 may be due to an increased tendency for
agglomeration in this sample. This trend is confirmed in the SEM images (figure 1); there is
more particle de-bonding in the 1wt% nanocomposite sample as compared to the other two

ro
of

nanocomposite samples, whereas, some particle pull-out (indicated by holes with similar size
to that of the particles on the fracture surface) is visible in the 0.5 and 2wt% PEEK/IF-WS2
nanocomposites, which is indicative of weaker filler-polymer interaction. Interfacial

-p

debonding relieves the constraint in the polymer matrix and allows plastic deformation, thus

re

increasing the toughness. This explains the maximum toughness value at 1wt% IF-WS2 19,27,28.

8
7.5
7
6.5
6
0.5

1

na

0

lP

Impact strength
(KJ/m2)

9
8.5

2

IF-WS2 (wt%)

ur

Figure 4 Impact strength of PEEK samples containing various amounts of IF-WS2
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3.4. Thermal Properties

Changes in thermal degradation of IF-WS2/PEEK nanocomposite samples with temperature

are illustrated in figure 5. The thermal stability of the nanocomposites increases with increase
in nanofiller content as a result of high thermal resistivity of IF-WS2 nanoparticles. However,
at 2wt% IF-WS2 loading, the enhancement in thermal stability is smaller; most probably due
to some degree of nanoparticle agglomeration in this sample.
11

Figure 5 Variation of sample weight with temperature for PEEK samples with 0, 0.5, 1 and
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2wt% IF-WS2
The crystallinity of the PEEK samples increases with addition of IF-WS2 nanoparticles, as
illustrated in figure 6a. The crystallization degree initially increases up to 1wt% IF-WS2

-p

addition and then declines slightly with further addition of IF-WS2, perhaps due to
agglomeration of NPs in the 2wt% IF-WS2 sample. Any increase in the crystallization

re

temperature of a polymer due to the nucleation effect of added particles can be a disadvantage
in FFF because it results in less time for polymer chain diffusion and bond formation between
19,24

. However, in this work there is only a 1 0C increase in in the crystallization

lP

the layers

temperature with the addition of IF-WS2 nanoparticles (figure 6b), which is not a significant

na

change. It is worth noting that, there was also no obvious change in the PEEK melting point
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Figure 6 a) changes in crystallinity (%) and b) crystallization temperature vs IF-WS2 content
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The enhancement in crystallinity of PEEK in the presence of IF-WS2 nanoparticles can be
mainly ascribed to the lubricating effect of IF-WS2 nanoparticles which facilitate polymer
chain movement and therefore crystal growth through diffusion and arrangement of polymer
chains with higher lengths 29,30.
3.5. Tribology
The coefficient of friction (static and dynamic), as well as wear rate of the nanocomposite

ro
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samples were measured to confirm the lubricant effect of the IF-WS2. As depicted in figure 7
a and b, addition of IF-WS2 nanoparticles reduces both coefficients of friction and wear rate of
PEEK. Unfilled PEEK exhibits a static CoF of around 0.23 that reduces by 10% with the
addition of 1.0wt % IF-WS2. Additionally, the wear rate of PEEK decreases by about 50% by

-p

incorporating 2.0wt% IF-WS2. It is believed that, the spherically shaped IF-WS2 nanoparticles

re

can roll between the surfaces similarly to ball-bearing agents, effectively decreasing the
coefficient of friction as evidenced by tribological test results. On the hand, it is discussed that

lP

the outstanding tribological properties observed in IF-WS2 thermoplastic nanocomposites is
due to various mechanisms such as sliding, rolling and outer layers exfoliating/peeling of the

Jo

ur

na

IF-WS2 nanoparticles, which result in the formation of a tribo-film16,31.

Figure 7 a) Static and dynamic coefficient of friction and b) wear rate for PEEK samples
containing different loadings of IF-WS2
13

3.6. Rheology
Changes in shear viscosity with shear rate for PEEK and PEEK/IF-WS2 nanocomposite
samples are illustrated in figure 8. There is initially an increase in viscosity with the addition
of 0.5wt% IF-WS2 in comparison with the unfilled PEEK, but then a progressive reduction of
viscosity is observed with further addition of IF-WS2. For example, at a shear rate of 0.1 s-1,
there is around a 25% reduction in shear viscosity of PEEK with the addition of 2wt% IF-WS2.
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The difference in viscosity of samples becomes less pronounced in the higher-shear rate range.
The observed reduction in viscosity at low shear rates with increase in IF-WS2 content
differs from the typical behaviour expected for polymer/nanoparticle nanocomposites, in which
η generally grows with increase in nanofiller concentration. This different behaviour may be

-p

related to the lubricating effect of the IF-WS2 nanoparticles (as demonstrated by tribological

re

tests), resulting in polymer chain slippage across the smooth surface of quasi-spherical IF-WS2
nanoparticles, hence improving the flow of the polymer chains under the applied shear rate21.

lP

Another reason for the drop in η is the possibility of higher heat transfer in the samples
containing 1 and 2wt% IF-WS2 due to higher thermal conductivity of these nanoparticles in

Jo

ur

na

comparison to pure PEEK22.

Figure 8 shear viscosity versus shear rate for PEEK samples containing different amounts of
IF-WS2

14

The shear thinning behaviour observed for all the nanocomposites will improve polymer
flow through the liquefier and the nozzle during FFF at shear rates lower than 10 s-1 which may
occur at the low deposition rates and high nozzle diameters required for PEEK extrusion. More
importantly, the reduction in zero shear viscosity (i.e. shear viscosity at very low shear rates)
can contribute to layer to layer adhesion improvement through enhanced chain mobility and
diffusion across the interface7. Hence, the nanocomposites containing 1 and 2wt% IF-WS2
should perform better in FFF than pure PEEK in terms of mechanical properties in the z-
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direction.
3.7. Dynamic Mechanical Analysis (DMA)

The changes in the storage modulus (E′) and loss tangent (tanδ) for injection moulded and

-p

printed samples with different IF-WS2 loading as a function of temperature, at fixed frequency

re

(1 Hz) are presented in figures 9 and 10. In addition, the values of storage modulus at 120 °C
and glass transition temperature (Tg) based on tanδ peak for the injection moulded and printed

lP

samples are compared and presented in Table 1.

The storage modulus generally increases with the addition of IF-WS2 nanoparticles,

na

especially below the glass transition temperature region. However, the enhancement of storage
modulus for the samples prepared via injection moulding is higher in comparison with 3D

ur

printing (Table 1). The observed difference can be due to higher packing density and perhaps
improved nanoparticle dispersion due to the applied pressure during injection moulding.

Jo

Enhanced crystallinity as a result of lower cooling rate during injection moulding may be
another reason for the observed difference. During printing, the layers are exposed to a room
temperature environment and since the layer thickness is relatively small, the cooling rate is
generally faster than in the case of injection moulded samples with mould temperature of 260
°C. When cooling rate is higher, there is not enough time for the polymer chains to align and

15

pack to form perfect crystals. Hence, the lower increment in E′ for the printed nanocomposites
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can be attributed to higher free volume and imperfect crystals in these samples 32.

Figure 9 Storage modulus (E′) and Loss tangent (tanδ) vs temperature for injection moulded

lP
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PEEK samples

na

Figure 10 Storage modulus (E′) and Loss tangent (tanδ) vs temperature for printed PEEK
samples

ur

A key objective of this work was to improve the printability and performance of PEEK in

Jo

FFF by incorporating IF-WS2 nanoparticles into the PEEK. It is interesting to see that with
only 1.0 wt% loading of IF-WS2 nanoparticles in PEEK the FFF sample modulus has exceeded
the modulus of the unfilled injection moulded PEEK by 9%.
From the tanδ curves and the information provided in Table 1, it is noted that the glass
transition temperature is dependent not only on the amounts of IF-WS2 nanoparticles, but also
the method of sample preparation. For the injection moulded samples, there is a shift of around

16

9 °C in Tg towards higher temperatures for the nanocomposite sample with 1wt% IF-WS2
compared to pure PEEK, while there is no noticeable change in the position of Tg for the other
two nanocomposite samples. This may be due to the improved nanoparticle dispersion in the
1wt% IF-WS2 sample, which can result in enhanced NP-polymer interactions. Also, the
extension of the tanδ peak to higher temperatures for the 1wt% IF-WS2 indicates the expansion
of relaxation time during the glass transition, which supports the idea of an interphase with
polymer chain mobility different from that of the bulk polymer. The increment in Tg in this

ro
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sample is remarkable, considering that no mechanical or chemical pre-dispersion step was
applied in this work and the nanoparticles were directly mixed with PEEK granules 19.

The larger area of the tanδ curve for the samples containing 1 and 2wt% IF-WS2 can also

-p

be linked to the lubricating behaviour of IF-WS2 nanoparticles, promoting chain mobility
during relaxation (i.e. glass transition), resulting in higher energy damping.

re

Table 1 Comparison between E’ and Tg of injection moulded and 3D printed PEEK samples

E’ (GPa)

2.06

4.6

161

1.94

3.19

157

2.36

19.3

170

2.15

14.36

157

59.4

162

2.29

21.8

157

E’ (GPa)

0

1.97

ur

1
2

*E’/E’0(%)

Tg (°C)

*E’/E’0(%) Tg (°C)

-

161

1.88

-

160

na

IF-WS2 (wt%)

0.5

3D Printed Samples

lP

Injection Moulded Samples

3.14

Jo

*% increase in Eˊ of IF-WS2/PEEK nanocomposite samples in respect to that of unfilled PEEK
For the 3D printed samples, there is a slight reduction of glass transition temperature in the

nanocomposite samples compared to pure PEEK. Since there is no applied pressure during
printing and the cooling rate is higher, the packing density of polymer chains is expected to be
lower. Hence, the lubricating action of IF-WS2 nanoparticles can be accommodated by higher
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free volume in the printed samples which results in enhanced polymer chain mobility and
consequent reduction of the glass transition temperature 33.
The next stage of this study will be focus on optimization of FFF printing parameters to
further enhance the mechanical properties of printed IF-WS2/PEEK nanocomposites.
3.8. FFF printing
The print quality of samples was checked under a microscope as illustrated in figure 11.
There are some non-uniformities and voids visible (circled) in the unfilled PEEK samples.

ro
of

However, there are fewer visible lines and voids in the sample containing 1 and 2wt% IF-WS2,
and the layers seem to have merged more effectively which can be ascribed to better bonding
of layers due to lower viscosity and possibly higher thermal conductivity in these samples.

-p

Hence, it is believed that the print quality generally improves with addition of IF-WS2

lP

re

nanoparticles.

right, respectively.

ur

Conclusion

na

Figure 11 print quality of PEEK samples containing 0, 0.5, 1 and 2wt% IF-WS2 from left to

In this work, PEEK nanocomposites with 0.5, 1 and 2wt% IF-WS2 loading are fabricated to

Jo

suit additive manufacturing of high-performance material by combining the useful
characteristics of both organic and inorganic material. The good dispersion of IF-WS2
nanoparticle inside the PEEK matrix (observable in the SEM images) through melt blending
using a twin-screw extruder is mainly ascribed to the low tendency of IF-WS2 nanoparticles
for agglomeration, good filler-polymer interaction and the lubricating effect of these
nanoparticles as indicated by a reduction in wear and friction of PEEK/IF-WS2 nanocomposites
18

compares to pure PEEK. TGA thermograms showed a substantial increase in PEEK
degradation temperatures due to the incorporation of IF-WS2. Also, the DSC results indicated
an increase in PEEK crystallization upon addition of IF-WS2 nanoparticles with a maximum
crystallinity of 44% achieved in the sample containing 1wt% IF-WS2 due to better dispersion
of nanoparticles in this sample. It was shown that incorporation of 1wt% and 2wt% IF-WS2
can reduce the melt viscosity and improve print quality as demonstrated by microscopy images.
The mechanical properties of the solid (E′) were also improved due to the reinforcing effect of

ro
of

IF-WS2 as well as increased crystallinity for injection moulded and printed samples. The higher
mechanical properties of injection moulded samples compared to FFF printed samples was
attributed to better dispersion, higher crystallinity and enhanced packing of polymer chains in

-p

these samples. Hence, it can be concluded that incorporation of IF-WS2 into PEEK can
facilitate the FFF processing of PEEK through improved melt rheology, while enhancing its

re

final mechanical and thermal properties. Details of FFF parameter optimisation and final
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Figure Captions
Figure 1 Screw design used for processing of PEEK/IF-WS2 filaments
Figure 2 Specific Mechanical Energy (SME) for compounding of PEEK and IFWS2/PEEK
nanocomposites
Figure 3 SEM images of PEEK nanocomposites containing a) 0.5wt%, b) 1wt% c) 2wt% IFWS2, d) EDX mapping and e) EDX analysis of sample containing 0.5wt% IF-WS2
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Figure 4 Impact strength of PEEK samples containing various amounts of IF-WS2

Figure 5 Variation of sample weight with temperature for PEEK samples with 0, 0.5, 1 and
2wt% IF-WS2
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Figure 6 a) changes in crystallinity (%) and b) crystallization temperature vs IF-WS2 content

containing different loadings of IF-WS2

re

Figure 7 a) Static and dynamic coefficient of friction and b) wear rate for PEEK samples

lP

Figure 8 shear viscosity versus shear rate for PEEK samples containing different amounts of
IF-WS2

PEEK samples

na

Figure 9 Storage modulus (E′) and Loss tangent (tanδ) vs temperature for injection moulded

samples

ur

Figure 10 Storage modulus (E′) and Loss tangent (tanδ) vs temperature for printed PEEK
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Figure 11 print quality of PEEK samples containing 0, 0.5, 1 and 2wt% IF-WS2 from left to
right, respectively.
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Table Captions
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Table 1 Comparison between E’ and Tg of injection moulded and 3D printed PEEK samples
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