
Vol.:(0123456789)

The International Journal of Advanced Manufacturing Technology (2024) 130:5401–5423 
https://doi.org/10.1007/s00170-024-13026-8

ORIGINAL ARTICLE

Polyether Ketone Ketone (PEKK) matrix composites for material 
extrusion additive manufacturing

Kaifur Rashed1,2   · Abdullah Kafi1 · Ranya Simons2 · Mel Dell’Olio2 · Stuart Bateman1

Received: 22 September 2023 / Accepted: 10 January 2024 / Published online: 24 January 2024 
© The Author(s) 2024

Abstract
Despite the widespread use of fused filament fabrication (FFF) (an extrusion-based additive manufacturing process) to 
manufacture end-use parts for the aerospace industry, limited materials are available within this process that can be used for 
structural applications in the harsh space environment. Currently available high-performance polymers need to be improved 
by incorporating additives within the polymer matrix to achieve multi-functional properties. Additives such as graphene, 
graphene oxide, carbon nanotubes and boron carbide are known to improve mechanical and thermal properties and radiation 
shielding. This study aims to understand if these additives can be successfully incorporated into PEKK matrix to manufacture 
printable filaments for FFF. Graphene, graphene oxide (GO) and boron carbide (B4C) were compatibilised with PEKK matrix, 
and their mechanical, thermal and rheological properties were analysed and compared with commercially available carbon 
fibre and carbon nanotube-reinforced PEKK where appropriate. As rheological properties of the formulations confirmed that 
they were printable, filaments for FFF were then manufactured. Graphene–PEKK was the most printable filament followed by 
GO–PEKK while B4C–PEKK was not printable. TEM images of filament cross-section showed good dispersion of graphene 
and graphene oxide, while boron carbide formed large agglomerates; B4C also presented feeding issues due to its hardness 
which affected its printability. Dispersion of the additives was also confirmed by studying their X-ray diffraction (XRD) pat-
terns, and chemical structures were assessed using FT-IR spectroscopy. Finally, parts were printed using selected composite 
filaments, and their porosity and surface roughness were compared with neat PEKK and commercial CNT-reinforced PEKK 
to develop an understanding of metrology and bulk material properties of the composites.

Keywords  Fused deposition modelling (FDM) · Nanocomposites · Rheology · Transmission electron microscopy (TEM) · 
X-ray diffraction spectroscopy · Porosity

1  Introduction

With a renewed global interest in space exploration, there 
is a demand for light-weight composite materials that can 
replace heavier metals and survive in the space environment. 
This is particularly challenging as material for space appli-
cations require specific properties such as low outgassing 
[1, 2], electrostatic dissipation [3, 4], excellent mechani-
cal [5] and thermal [6] properties, thermal stability [7] and 

radiation shielding properties [8, 9] due to varied environ-
mental conditions in space [6].

Additive manufacturing (AM) is an advanced manufac-
turing technique that helps reduce the mass of structures by 
offering design topology optimisation and reducing joints 
and fixtures [10]. An AM process called fused filament fab-
rication (FFF) has been in the limelight of research for in 
space manufacturing [11–13]. In space manufacturing is 
particularly important for astronauts to manufacture tools 
and parts on demand during extended missions in space [14]. 
Most other AM techniques use powders or liquids as raw 
materials making them incompatible in vacuum environ-
ment, but FFF uses thermoplastic filaments and thus has the 
potential to be used for in space manufacturing [15]. In FFF 
process, a thermoplastic filament is heated above its melt-
ing temperature and extruded through a nozzle. The nozzle 
moves in the X–Y plane to form a single layer then the print 
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bed moves in the Z plane to allow for subsequent layers to 
be added, thus forming a 3D structure [16]. Although FFF 
has been the subject of research studies that worked on in 
space manufacturing, there are limited materials available 
which are printable using the FFF process and can withstand 
prolonged exposure to the harsh space environment.

Thermoplastics such as polyetherimide (PEI) [17], poly-
ether ether ketone (PEEK) [18, 19] and polyether ketone 
ketone (PEKK) [1, 19] are being used to manufacture com-
ponents for space. While all these polymers possess excel-
lent thermal, mechanical, and outgassing properties, PEKK 
was of particular interest due to its relatively low melting 
temperature and slow crystallisation, making it more pro-
cessable [20]. While PEKK possesses some of the proper-
ties required in space, e.g. excellent thermal and mechani-
cal properties and low outgassing, other required properties 
such as electrostatic dissipation and radiation shielding can 
be achieved by reinforcing PEKK with nanofillers [21–23]. 
However, the properties of the printed components using 
nanocomposite filaments are largely dependent on factors 
such as the particle shape and size distribution [23–25], 
dispersion and agglomeration [23, 26] of the additives. 
PEKK is a copolymer which consists of a para substitution 
carbonyl group called terephthaloyl (T) and a meta substi-
tution group called isophthaloyl (I), chemical structure of 
which is shown in Fig. 1 [20, 27–29]. Various commercially 
available grades of PEKK have different T/I ratios ranging 
from 60/40 to 80/20 [20]. The melting temperature of PEKK 
increases with an increase in T/I ratio, while glass transition 
temperatures remain unaffected [28]. Hence, PEKK grades 
with lower T/I ratio are more easily processable in the FFF 
process. As a result, PEKK with T/I ratio of 70/30 and 60/40 
were initially selected for the current study.

The objectives of this study were to produce PEKK 
matrix composites for FFF by incorporating additives that 
can potentially yield composites for structural applications 
in space environment, and develop an understanding of 
structure–property relationship of these composites. While 
previous studies have mostly reinforced commodity and 
engineering thermoplastics to manufacture composite fila-
ments for FFF, more limited studies have incorporated addi-
tives in high-performance polymers which is a barrier to 

expand their applications as structural components. Three 
different additives were selected based on literature review, 
and the effects of these additives on properties such as ther-
mal, chemical, mechanical, viscoelastic and microstructure 
were studied and compared. The distribution and disper-
sion of each of the additives were studied and benchmarked 
with commercial PEKK matrix composites. In addition, the 
printable filaments were identified and utilised to print small 
specimen, and their porosity and surface roughness were 
studied to develop an understanding of metrology and bulk 
material properties of the printed composites when com-
pared to neat PEKK.

2 � Literature review

Various properties of thermoplastics have been enhanced 
by introducing additives to the matrix in previous studies. 
For instance, shielding of neutrons for space applications is 
generally performed with boron-10 due to its large neutron 
cross-section [30].10B isotope was found to be a safe and 
effective way to absorb neutrons as 10B reacts with neutron 
to produce 4He and 7Li, both of which are not radioactive 
[31]. HDPE/B4C composites offered better radiation shield-
ing efficiency than HDPE/BN composites due to weak inter-
facial adhesion between HDPE and BN [32]. Boron nitride 
(BN) was also used in a study to improve the neutron absorp-
tion of ABS manufactured via FDM. Results showed that 
BN-ABS composites improved neutron attenuation by up to 
21% with 20% of BN in ABS matrix. BN also improved the 
char yield of neat ABS but deteriorated mechanical proper-
ties of neat ABS [33]. Boron carbide is a commonly used 
material for shielding in nuclear reactors due to its neutron 
absorption ability [34]. Its high hardness makes it suitable 
as an abrasive, for cutting tools and high wear applications 
[35]. A recent study incorporated up to 30% of boron carbide 
into PEEK matrix for FFF. Results showed that the com-
posites with only 100-mm-thick barriers could effectively 
absorb up to 88.24% of neutrons. Although mechanical prop-
erties were initially reduced due to B4C, post print annealing 
improved flexural and tensile properties [36].

Fig. 1   Chemical structure of PEKK which constists of terephtaloyl and isophtaloyl isomers [29]
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Graphene is classified as an exceptional filler material due 
to its high intrinsic thermal conductivity which aids with 
thermal management [37, 38], and its ability to bind with 
numerous matrix materials [39–42]. Moreover, graphene 
possesses many other properties which makes it attractive 
for use in materials for space, e.g. excellent electrical con-
ductivity, mechanical strength and chemical resistance [43]. 
Graphene nanoplatelets (GNP) are extremely thin particles 
which consist of short stacks of 2D graphene sheets and pos-
sess superior electrical, mechanical and thermal properties 
[44]. Tambrallimath et al. performed thermal and mechani-
cal characterisation of neat PC-ABS and filaments contain-
ing up to 0.8% of graphene. The results revealed an increase 
in Young’s modulus and glass transition temperatures with 
the introduction of this carbon allotrope with 2D lattice 
structure [45]. Polyamide 12 reinforced with nanoplatelets 
of graphene showed similar results with optimum graphene 
content determined to be 6% [46]. Graphene also improved 
creep and wear resistance in PLA [47] but reduced impact 
strength [48]. Graphene nano platelets (GNP) were used to 
reinforce PEEK in a study which found that GNP reduced 
the coefficient of thermal expansion of PEEK substantially 
and thus improved the dimensional stability of the printed 
parts. The same study also reported that the tensile modulus 
of PEEK increased with increasing wt% of GNP and other 
properties such as electrical conductivity and storage modu-
lus in the glassy region was improved due to the addition of 
GNP [49]. PEKK was also reinforced with graphene and 
carbon black in a study to improve the electrical conductiv-
ity of the neat polymer. The nanocomposites were mixed 
using a twin-screw extruder and results showed that gra-
phene improved the dielectric permittivity of PEKK by 31 
times while not affecting its mechanical properties [50].

Graphene oxide (GO), like graphene, has a 2D struc-
ture and is a single-atom carbon layer with both surfaces 
modified by functional groups which contains oxygen [51]. 
Graphene oxide (GO) and short carbon fibre were used to 
reinforce polyethersulfone (PES), improving the neat poly-
mer’s mechanical properties at cryogenic temperatures [52]. 
Graphene oxide was also used to reinforce medium-density 
polyethylene (MDPE) to manufacture structural components 
for space [53]. The study proved that compared to boron car-
bide (B4C) and single-walled carbon nanotubes (SWCNT), 
graphene oxide provided better radiation protection when 
dispersed in MDPE. The shielding effectiveness of GO was 
due to the presence of functional groups such as epoxide, 
hydroxyl, carboxyl and carbonyl which enhances its hydro-
gen content [53].

Carbon nanotubes (CNT) are long and thin hollow nano-
materials comprised of single or multiple layers of rolled 
graphene [54]. Features of CNT such as excellent mechani-
cal, electronic, optical and chemical characteristics make it 
suitable for numerous current and future applications [55, 

56]. Polybutylene terephthalate (PBT) was reinforced with 
CNT and graphene, and the results showed that PBT/CNT 
had better conductive and mechanical properties than PBT/
graphene structures due to the formation of agglomerates in 
PBT-graphene composites [23]. Continuous CNT yarn fila-
ments were used to reinforce ULTEM (a polyetherimide-based 
thermoplastic supplied by SABIC [57]) in a study. The result-
ing composite material was used to manufacture a quadcopter 
frame. The CNT yarn also acted as electrical conductors carry-
ing current to the motors [58]. CNT was used in another study 
to reinforce polyvinyl alcohol (PVA) where results showed that 
CNT increased the glass transition temperature and viscosity 
of the material and made the samples tougher while the ulti-
mate mechanical properties were unaffected [59]. However, 
the presence of CNT in PEEK did not influence the mechani-
cal properties of samples. CNT was used between 1 and 5%, 
and although cross-section of 5% CNT-PEEK showed signs 
of CNT being well dispersed, they had the lowest ultimate 
tensile strength [60].

Carbon fibres have been used in the form of short fibres [61] 
and continuous yarns [62] to reinforce various polymers for the 
FFF process. Continuous yarns of carbon fibres are beneficial 
in applications requiring improved mechanical performance 
[63], thermal [62] and electrical [64] conductivity. A recent 
study has also shown that continuous yarns of carbon fibres 
can be used to reinforce polyetherimide—a high-performance 
polymer [65]. However, studies have shown that high loading 
of carbon fibres can prove to be disadvantageous, e.g. adding 
up to 5 wt% carbon fibres in ABS matrix improved mechanical 
properties, while higher wt% resulted in increased porosity and 
thus deteriorated flexural and tensile properties [61]. Li et al. 
also studied the effects of short carbon fibre on FFF-printed 
PEEK in different build orientations. The study found that the 
addition of carbon fibres improved the uniform nucleation pro-
cess of PEEK which increased its degree of crystallinity and 
hence enhanced flexural modulus. However, disadvantages of 
carbon fibres such as increased percentage and size of porosity 
and brittleness were also revealed [66].

Graphene, graphene oxide and boron carbide were used as 
additives in this study. These additives offer properties such 
as high electrical [67, 68] and thermal [53, 69] conductivity, 
excellent thermal [45, 46, 69], mechanical [45, 46, 52] and 
neutron shielding [53] properties while producing processable 
composites for FFF [36, 70]. These additives thus have the 
potential to expand the applications of FFF-printed PEKK to 
manufacture structural components for space environment.

3 � Materials

Polyether ketone ketone (PEKK) pellets with a T/I ratio of 
60/40 and 70/30 were acquired from Arkema with commer-
cial name of Kepstan PEKK 6002 and 7002, respectively. 
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Thermal and viscoelastic properties of the two grades of 
PEKK were initially compared as discussed in SI-A, and 
PEKK with T/I ratio of 60/40 was selected as the matrix 
polymer for the composites. Sources and properties of the 
acquired additives for the composites are shown in Table 1. 
In addition, carbon nanotubes (CNT) and carbon fibre (CF) 
reinforced PEKK filaments were ordered from 3DX-Tech 
commercially known as ESD-PEKK and CF-PEKK respec-
tively to benchmark the manufactured filaments.

4 � Methodology

4.1 � Thermogravimetric analysis (TGA)

Thermogravimetric analysis was conducted using Netzsch 
STA 449 in a nitrogen environment. Of PEKK and compos-
ites, ~ 20 mg samples were taken from pellets and loaded on 
to an aluminium pan. The samples were heated from ambient 
temperature to 167.3 °C at 10 °C/min. The samples were 
then dried at 167.3 °C for 20 min followed by a ramp rate of 
10 °C/min to 1000 °C [71].

4.2 � Differential Scanning Calorimetry (DSC)

TA Instruments DSC 250 was used in a modulated mode to 
conduct thermal characterisation of neat PEKK and com-
posite pellets under nitrogen environment. The instrument 
was calibrated using a standard sapphire sample. All samples 
were heated from 25 to 400 °C then maintained isothermally 
at 400 °C for 3 min before cooling the samples to 25 °C. The 
samples were soaked at 25 °C for 3 min and then heated 
again to 400 °C. Heating and cooling were performed at a 
rate of 5 °C/min, and sample size was kept between 5 and 7 
mg. Glass transition temperature, melting temperature and 
heat of fusion data were obtained from the 2nd heating cycle 
to remove the influence of any thermal history. Percentage 
crystallinity was calculated using the following formula 
[49]. Percentage crystallinity of commercial filaments could 
not be calculated as the mass fraction of PEKK could not 
be determined.

Where

X
c
=

ΔH
c

wΔHo

c

× 100%

X
c
 % crystallinity

ΔH
c
Enthalpy of crystallisation in J/g

wmass fraction of PEKK in the composites (1.0 for neat 
PEKK)

ΔHo

c
Enthalpy of crystallisation of 100% crystalline 

PEKK, assumed to be 130 J/g [72]

4.3 � Rheology

The neat PEKK and composite pellets were used to manu-
facture compression moulded rheology discs with 25 mm 
diameter and 2 mm thickness. The pellets were filled in a 
mould which was heated to 340 °C and pressed at a pressure 
of 10 kPa for 5 min followed by cooling under pressure for 
5 min. PTFE sheets were used on both sides of the mould to 
ensure easy release. The rheology of neat PEKK and com-
posites was analysed using a Discovery HR 3 rheometer. 
Twenty-five millimetre parallel plate geometry was used 
for all experiments, and the discs were dried overnight at 
120 °C to remove any moisture. All analysis was performed 
between 360 and 390 °C at 10 °C intervals. The gap between 
the plates was kept consistent at 1000 µm. Initially, strain 
amplitude sweep tests were performed between oscillation 
strain of 0.1 to 100% at a constant frequency of 10 rad/s to 
determine the linear viscoelastic region (LVR) of the materi-
als [73, 74].

Subsequently, a frequency sweep test was performed 
between 0.1 and 628 rad/s by applying a constant oscillation 
strain within the LVR [73, 74]. This was done to determine 
the variation of loss modulus, storage modulus and complex 
viscosity with angular frequency. The same analysis was 
repeated on commercially available carbon fibre and carbon 
nanotube-reinforced PEKK. The commercial filaments were 
initially pelletised to manufacture the compression moulded 
samples.

4.4 � Melt compounding and filament manufacturing

Pellets of 60/40 PEKK were used to manufacture neat PEKK 
filaments using a single-screw extruder. Previous studies 
illustrated methods to manufacture filaments using polyam-
ide 6 [75], ULTEM 1010 [76] and PEEK [49], all of which 
included a water bath to cool the filament after extrusion, 
and hence a similar method was implemented for this study 
initially. However, visible air bubbles appeared within the 
filament after water cooling as shown in Fig. 2. The method 

Table 1   Sources and properties 
of additives used in the current 
study

Additive Manufacturer Country of origin Purity (wt.%) Diameter (µm) Thickness (nm)

Boron carbide Sigma-Aldrich Germany 98  < 74 -
Graphene XF NANO China 99 2–7 2–6
Graphene oxide XF NANO China  > 97  ~ 20  ≤ 5
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was then modified to cool the filaments using an air cur-
tain as illustrated in Fig. 3, resulting in filaments without 
any visible air bubble. To manufacture composite pellets, 
PEKK pellets and additives were first weighed and mixed 
in a zip lock bag. The mixtures were then fed into a Haake 
twin-screw extruder with 25-mm co-rotating screws, and the 
filaments were cooled using a conveyer belt and then fed 
into a pelletiser.

The pellets were also used to manufacture filaments for 
FFF printers with 1.75 ± 0.1 mm diameter using a Haake™ 
Rheomax single-screw extruder fitted with a 2-mm die. 
Schematic of the entire process is shown in Fig. 3. A typi-
cal configuration of a single-screw extruder with heating 
zones identified is shown in Fig. 4, and the extrusion condi-
tions for each formulation are displayed in Table 2. Note that 
extrusion conditions for all the composites were the same 
except for 1% GO–PEKK which was extruded at a lower 
temperature due to its lower viscosity which produced fila-
ments that were mostly flat and not cylindrical as required 
in FFF printers. A micrometre screw gauge was used to take 
measurements of filament diameter periodically during the 
extrusion process.

4.5 � Flexural test

Specimens for flexural tests were manufactured using 
DSM Micro 15 injection moulding machine. The cylin-
der temperature of 350 °C and mould temperature of 170 
°C were kept consistent for all samples. A screw speed of 
35 rpm was used for neat PEKK and 50 rpm was used for 
the composites. Three-point bend tests were performed 
on the injection moulded samples using Instron 5900 as 
per ASTM D 790 – 03 [77] to determine the flexural 
properties of neat and reinforced polymers. Three to six 
specimens from each sample groups were used for the 
analysis. All specimens were conditioned in a lab envi-
ronment for 48 h before testing. Testing parameters were 

Fig. 2   Filaments cooled using water bath (trial 1) and air curtain (trial 
2)

Fig. 3   Schematic of extrusion process for composite pellets and filament manufacturing



5406	 The International Journal of Advanced Manufacturing Technology (2024) 130:5401–5423

kept consistent throughout, e.g. span width of 64 mm and 
rate of displacement of 1.71 mm/min.

4.6 � Filament morphology

Cross-sections of the composite f ilaments were 
microtomed using a diamond knife to achieve samples 
with thickness of 50–80 nm. The cross-sections were 
then analysed under a transmission electron microscope 
(TEM) to study the dispersion and distribution of addi-
tives. As we experienced challenges with microtoming 
the B4C-reinforced filament due to its hardness, this fila-
ment was dipped in liquid nitrogen and then fractured; the 
fracture surface was then observed under a Zeiss Merlin 
FE SEM equipped with 100 mm2 Oxford Extreme SSD 
detector. Curved surfaces of the filaments were imaged 
using a FEI Quanta Scanning Electron Microscope (SEM) 
after coating with iridium. A voltage of 30 kV, spot size 
of 5 and working distance of ~ 10 mm were kept consist-
ent for all samples.

4.7 � X‑ray diffraction (XRD) spectroscopy

XRD spectroscopy was performed on graphene, graphene 
oxide and boron carbide powders and compression moulded 
neat PEKK and the composites using Bruker D4 Endeavor 
XRD. Consistent parameters used for all experiments were 
step size of 0.02°, divergent slit v6, voltage 40 kV and cur-
rent 35 mA. Background subtracted spectra for each sample 
were reported and compared to identify differences in the 
crystalline structure of PEKK due to the additives.

4.8 � FFF manufacturing

Samples were manufactured using neat PEKK and compos-
ite filaments by a custom-built FFF printer equipped with a 
heated bed and no heated chamber. No visible deformations 
were observed in the printed components after printing. Our 
previous study which optimised the process parameters to 
minimise the porosity of PEKK found that linear infill pat-
tern, 8 contours, 0°/90° raster angle produced parts with 
minimum porosity in the printer used for this study [78]. 

Fig. 4   Typical configuration of 
a single-screw extruder with 
heating zones identified

Table 2   Extrusion conditions 
for manufacturing filaments for 
each formulation

Formulation Zone 1 (°C) Zone 2 (°C) Zone 3 (°C) Zone 4 (°C) Extruder 
speed 
(rpm)

Neat PEKK 280 290 290 290 30
1% B4C 290 300 300 300 40
5% B4C 290 300 300 300 40
1% graphene 290 300 300 300 40
5% graphene 290 300 300 300 40
1% GO 280 290 290 290 40
5% GO 290 300 300 300 40
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Thus, the optimized process parameters were kept consistent 
for all prints. Other consistent parameters are displayed in 
Table 3 while Table 4 lists the process parameters that were 
varied for each material.

4.9 � Electrical conductivity

The electrical conductivity of specimens was measured 
using a custom-built probe connected to a digital multi-
metre. Resistance of the materials was determined using 
the multi-metre, and electrical conductivity was determined 
using the following equation [79].

Where
�Conductivity in S/cm
LLength of conductor in cm
RResistance of conductor in Ω
AArea of conductor cross-section in cm2

4.10 � Porosity analysis

The porosity of 10-mm cube samples was analysed using Bruker 
Skyscan X-Ray Micro Computed Tomography (µ-CT). The 
number of frames used for the analysis was kept consistent in 
all samples to ensure results are consistent between specimens. 
Scans were completed using no filter with a voltage of 40 kV 
and a current of 175 µA. Pixel size was kept consistent at 8.5 
µm for all samples, and a beam hardening correction of 5% was 
used. Images of cross-sections were captured using NREcon 
software, porosity was determined using CTan software and 
pores within the samples were visualised using CTVox software. 

� =
L

RA

In addition, sphericity and size of pores were obtained from 
CTan software, and plots of sphericity vs size of pores were 
reported for each printed sample.

4.11 � Surface roughness

3D profiles of the top and side surfaces of printed samples 
were obtained using KLA Tencor P16 + contact system pro-
filometer with a tip radius of 2 µm. Scan size 200 × 200 µm, 
scan speed 5 µm/s, sampling rate 50 Hz and applied force 
of 0.5 mg were kept consistent for all samples. 3D profiles 
and average roughness, Ra, for each surface were reported.

5 � Results and discussion

5.1 � Thermal analysis of composites

5.1.1 � Thermogravimetric analysis (TGA)

Thermogravimetry curves of PEKK and the composites are 
shown in Fig. 5. With the application of linear heating in an 
inert environment, PEKK and its composites show two steps 
of heat loss. The first step, within temperatures of 500–650 
°C, is the major decomposition step as most of the material 
volatises within this temperature [80]. At this stage, ther-
mal decomposition promotes the formation of a crosslinked 
structure [81]. Owing to the formation of a more thermally 
stable structure, the rate of weight loss reduces around 700 
°C. Upon further heating, the crosslinked structure decom-
poses and yields a thermally stable char [81]. Decomposition 
onset temperature (DOT) and char yield were parameters 
used to draw comparisons between the thermal decompo-
sition behaviour of the formulations. Decomposition onset 
temperature is considered the temperature at which the mate-
rial loses 1% mass [73], and char yield is defined as the 
percentage of initial mass remaining at 1000 °C [82].

All additives influenced the decomposition onset 
temperature and char yield of PEKK (Fig. 5). Onset of 
decomposition occurred at a lower temperature, and char 
yield was increased due to the additives. However, the 
decomposition onset temperature was above 500 °C for 
all formulations, which indicates the upper limit of poly-
mer processing temperature. A lower decomposition onset 
temperature is typical in polymer matrices containing 
intumescent compounds [76, 83] such as graphene [84], 
graphene oxide [85] and boron carbide [86] which may 
indicate that the additives interfere with the natural thermal 
degradation process of PEKK [87]. An increase in char 
yield of the composites can be attributed to strong barrier 
properties of the additives, shielding the matrix polymer 
from external heat flux, and reducing mass transport from 
PEKK [87]. Char yield was highest in CNT-reinforced 

Table 3   Consistent process parameters used for all prints

Parameter Magnitude

Nozzle size (mm) 0.4
Bed temperature (°C) 120
Layer height (mm) 0.1
Print speed (mm/s) 20
Infill density (%) 100

Table 4   Process parameters that were varied for each material

Material Print temperature (°C) Flow (%)

Neat PEKK 360 100
1% GO 350 90
1% graphene 360 100
5% graphene 360 100
CNT PEKK 370 100
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PEKK (possibly due to high loading of additives) followed 
by 5% B4C-reinforced PEKK. Increasing loading of GO 
and B4C brought noticeable improvement in char yield, 
whereas increasing loading of graphene did not signifi-
cantly affect char yield. The decomposition behaviour of 
1% and 5% graphene-reinforced PEKK was very similar. 
The increased char yield of B4C-reinforced PEKK can be 
attributed to the high thermal stability of B4C due to its 

inorganic nature [76] and oxidation of B4C and production 
of solid amorphous carbon [88].

5.1.2 � Differential scanning calorimetry (DSC)

Figure 6 shows the 2nd heating curves for each formula-
tion as obtained from DSC analysis. Upon heating from 
room temperature in nitrogen environment, neat PEKK 

Fig. 5   TGA of PEKK and composites (a) full temperature range with char yield identified and (b) between 450 and 600 °C with decomposition 
onset temperature (DOT) identified

Fig. 6   DSC 2nd heating curves of PEKK and composites
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experienced a glass transition between 147 and 163 °C, fol-
lowed by cold crystallisation between 220 and 263 °C and 
finally melting between 263 and 321 °C. The temperature 
corresponding to the midpoint of the glass transition region 
was considered glass transition temperature, and tempera-
tures corresponding to the peak of cold crystallisation and 
melting regions were considered cold crystallisation and 
melting temperatures respectively as shown in Fig. 6. Glass 
transition temperatures of all formulations were between 151 
and 156 °C. Neat PEKK experienced cold crystallisation 
with a peak at 245 °C which was minimised for most other 
formulations except 5% graphene oxide. Similar observa-
tions were reported when graphene nanoplatelets were com-
patibilised with PLA/TPS in another study [89]. Graphene 
nano platelets and graphene oxide act as nucleating agents 
and facilitate the crystallisation of PEKK [89]. This is fur-
ther confirmed by analysing the cooling curves.

Figure 7 shows the overlay of cooling curves from DSC 
(between 290 and 190 °C) for each formulation, and Table 5 

lists the key thermal properties of all the formulations deter-
mined from TGA and DSC analyses. While cooling from 
melt, neat PEKK did not experience any transition, which 
indicates that PEKK was initially mostly amorphous, and 
the degree of crystallinity increased by up to 19% due to the 
nucleation effect of graphene and graphene oxide [89, 90]. 
The temperature and degree of crystallinity of neat PEKK 
increased due to all the additives except boron carbide, 
possibly due to the size of the boron carbide particle used. 
This indicates that except boron carbide, all other additives 
were uniformly dispersed within the polymer matrix [49] 
as adding nanoparticles within polymer matrix generally 
increaseses Tc due to their nucleating effect [90]. Pedoto 
et al. showed that an increase in the degree of crystallin-
ity increases the elastic modulus of PEKK [91]. However, 
the degree of crystallinity of 5% graphene oxide-reinforced 
PEKK was significantly lower than 1% graphene oxide-
reinforced PEKK possibly due to the formation of some 
agglomerates. The effective contact surface area between 

Fig. 7   DSC cooling curves of 
PEKK and composites

Table 5   Key thermal properties 
of PEKK and composites from 
DSC and TGA​

Material Tg (°C) Tm (°C) Tc (°C) Xc (%) DOT (°C) Char yield (%)

Neat PEKK 155.1 ± 0.5 302.5 ± 0.6 221.4 ± 1.7 0.28 ± 0.12 555.5 ± 1.2 58.58 ± 0.07
1% B4C 155.3 ± 0.4 305.2 ± 0.9 222.7 ± 0.1 0.01 ± 0.00 522.4 ± 2.2 66.15 ± 0.20
5% B4C 155.9 ± 0.1 313.2 ± 1.7 216.3 ± 0.4 0.05 ± 0.01 493.4 ± 6.4 66.98 ± 0.30
1% graphene 155.2 ± 0.4 299.6 ± 0.5 256.4 ± 0.1 18.52 ± 2.31 554.5 ± 3.7 62.89 ± 1.58
5% graphene 154.3 ± 0.1 298.3 ± 0.2 261.6 ± 0.0 19.26 ± 1.34 546.0 ± 1.5 60.95 ± 0.42
1% GO 156.0 ± 0.1 300.5 ± 0.2 243.8 ± 2.0 18.80 ± 0.22 530.1 ± 0.8 58.62 ± 0.79
5% GO 154.3 ± 0.1 300.7 ± 0.4 228.7 ± 0.3 3.35 ± 0.02 515.9 ± 1.3 61.17 ± 1.04
CNT PEKK 151.8 ± 1.5 289.8 ± 0.3 236.3 ± 0.5 - 493.8 ± 2.3 66.45 ± 0.07
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the additives and matrix polymer is generally reduced due 
to agglomeration [49]. Wang et al. reported similar observa-
tions when PLLA was reinforced with GO; the study found 
that the temperature and degree of crystallinity of the com-
posites first increased then reduced with increasing loading 
of GO, with a maximum observed at 1% GO [92].

5.2 � Rheology of composites

Supplementary Information B (Fig.  B1 to B10) shows 
the strain amplitude sweep test results for PEKK and the 
composites. All the materials exhibit linear response up to 
a critical strain value, beyond which the storage modulus 
drops, indicating structural breakdown of the polymer [73, 
93]. The introduction of the additives reduced the critical 
strain value beyond which the dynamic moduli were unaf-
fected, CNT-PEKK most significantly. This suggests that 
loading of additives in CNT-PEKK filaments was higher 
than in all other formulations examined [73]. Figure 8 shows 
the complex viscosity plots for all the formulations. Most 
formulations displayed relatively Newtonian behaviour at 
low frequencies (< 1 rad/s) and shear thinning at frequen-
cies higher than 1 rad/s except for 5% GO–PEKK and CNT-
PEKK which displayed shear thinning behaviour across all 
frequencies. The shear thinning effect was most prominent 
in CNT-PEKK which suggests that CNT interacted strongly 
with the PEKK matrix, interfering with the relaxation pro-
cess of PEKK macromolecules, hindering their complete 
relaxation [94]. A closer look at the viscosity values within 
the FFF range (Fig. 8(b)) of 100 to 200 rad/s [73] shows 
that all manufactured formulations had viscosity lower than 
commercial CNT and CF reinforced PEKK within this range 
and thus in theory, all formulations are printable.

Dynamic modulus vs angular frequency plots (Fig. C1 
to C10 in SI C) show that loss modulus (G′) was higher 
than storage modulus (G″) across most frequencies and all 
temperatures for all the formulations except neat PEKK 
and 5% GO–PEKK at 390 °C. A higher G′ indicates that 
the elastic component of the material dominates the vis-
cous component, and thus a higher G′ is favourable in 
FFF to ensure printed parts can retain their shape [73, 
95]. Hence, the printing temperature of neat PEKK and 
5% GO–PEKK filaments should be restricted to 380 °C to 
maximise dimensional accuracy.

Fig. 8   Rheology of PEKK, developed and commercial composites in full angular frequency range (a) and partial range of 100 to 200 rad/s (b)
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5.3 � Flexure test

Figure 9 shows the flexure stress vs strain graphs of repre-
sentative specimen from each formulation, and Table 6 lists 
the mean flexural modulus and flexural yield strength and 
their standard deviations. All the additives improved the flex-
ural modulus of PEKK, whereas flexural yield strength was 
mostly unaffected due to the additives, except for 5% gra-
phene, which reduced the yield strength of PEKK by 4.9%. 
Similar observations were reported in a study that reinforced 
PEEK with 5 wt% short carbon fibre where flexural modulus 
increased by 8.3%, but yield strength was unaffected [66]. 
The increase in flexural modulus of the composites can be 
attributed to the superior mechanical properties of boron 
carbide [96], graphene [97] and graphene oxide [98] than 
neat PEKK. The variation in flexural modulus (E) among the 
composites (i.e. EGraphene-PEKK > EGO-PEKK > EB4C-PEKK) can 
be attributed to the dispersion and distribution of additive 
within the polymer matrix. Studies have identified that the 
dispersion state of additives within a polymer matrix and 
interfacial strength between additives and matrix govern the 
mechanical properties of composites [49].

5.4 � Filament morphology

Table 7 shows the mean diameter of the manufactured fila-
ments, and Fig. 10 shows the images of the filaments. The 
dimensions of neat PEKK filaments were most suited for the 
custom-built printer which requires filaments with a diam-
eter of 1.75 ± 0.10 mm. A stable dimension of filaments is 
important to ensure printability in FFF as inconsistencies 
in filament diameter can cause nozzle clogging, under-
extrusion and as a result, affect the quality of printed parts 
[99, 100]. As the extruder used to manufacture filaments 
did not have any measures to control dimensions such as 
vacuum-assisted sizing [101], the diameter of the composites 
varied significantly which affected their printability. Both 
B4C-reinforced PEKK and 5% GO–PEKK were not print-
able due to their large diameter, despite several attempts 

using various process parameters. The larger diameter of 
these composites could be due to formation of agglomerates, 
which can be confirmed by studying microscopic images of 
cross section of the filaments.

Filament cross sections of developed composites with 5% 
loading and commercial CNT-PEKK were investigated using 
a transmission electron microscope (TEM) (Fig. 11). The 5% 
graphene filaments were relatively easier to microtome than 
the other samples. Five percent graphene oxide produced 
thick samples due to its hardness, and 5% boron carbide was 
extremely hard for the diamond knife, and only fragments of 
the cross section were obtained during microtoming. Cryo-
fractured surface of the boron carbide reinforced PEKK was 
thus analysed under an SEM using EDS.

Graphene showed signs of intercalation and was well dis-
persed in the PEKK matrix. Graphene oxide also showed 
some intercalation. Some large agglomerates were present 
in graphene oxide samples. Boron carbide, however, formed 
large agglomerates, possibly due to the size of B4C particle 
used [102], which may have contributed to reduced flexural 
properties of B4C–PEKK samples as observed in Sect. 5.3. It 

Table 6   Key flexural properties of PEKK and composites (statisti-
cally significant results identified within brackets)

Formulation Mean flexural 
modulus (MPa)

St Dev Mean flexural 
yield strength 
(MPa)

St Dev

100% PEKK 2976.6 81.34 127.16 4.00
1% B4C 3001.9 50.62 131.59 0.15
5% B4C 3131.9 (+ 5.2%) 52.71 131.66 1.27
1% graphene 3127.6 (+ 5.1%) 16.19 131.59 2.59
5% graphene 3217.8 (+ 8.1%) 84.43 120.89 (− 4.9%) 1.82
1% GO 3121.2 (+ 4.9%) 47.93 130.76 0.36
5% GO 3188.9 (+ 7.1%) 42.48 126.74 0.41

Table 7   Mean diameter of 
filaments from each formulation 
and their standard deviations

Formulation Filament 
diameter 
(mm)

Neat PEKK 1.75 ± 0.05
1% B4C 1.96 ± 0.06
5% B4C 1.88 ± 0.07
1% graphene 1.85 ± 0.02
5% graphene 1.81 ± 0.05
1% GO 1.84 ± 0.05
5% GO 2.06 ± 0.10

Fig. 10   Images of filaments manufactured using (A) Neat PEKK, and 
PEKK reinforced with (B) 1% B4C, (C) 5% B4C, (D) 1% graphene, 
(E) 5% graphene, (F) 1% GO and (G) 5% GO
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is particularly important to avoid the agglomeration of addi-
tives to achieve more homogenous properties throughout the 
composites and improve mechanical properties [103].

Figures 12 and 13 show the analysis on cross-section of 
cryo-fractured B4C–PEKK filament. Figure 12 shows that 
the filament was quite porous and contained pores with a 
diameter between 30 and 100 µm. Pores are formed during 
the extrusion process due to factors such as entrapped pores 
during extrusion or formation of pores during cooling after 
extrusion due to thermal gradients that instigate residual 
stresses [104]. Figure 13 shows a large agglomerate of boron 
carbide, as identified from elemental analysis (Fig. 13(d)), 
such agglomerates may have contributed to partial fracture 
during microtoming. Previous studies have reported coat-
ing mechanisms to improve the dispersion and distribution 

of B4C in epoxy matrix [105, 106]. Surface treatment was 
also reported to improve the dispersion of boron nitride in 
HDPE [32] and B4C in polyimide matrix [107]. Such surface 
treatment may improve dispersion and reduce agglomerates 
of B4C in PEKK matrix. Moreover, reduced agglomerates 
and improved dispersion can also be achieved by using nano-
sized B4C instead [102].

Figure 14 shows the curved surfaces of the manufactured 
filaments compared to commercial PEKK-based compos-
ite filaments. All the manufactured filaments showed some 
signs of defects which can be attributed to residue from 
other polymers processed in the same extruder. Large bumps 
were present on the surface of B4C–PEKK filament due to 
B4C agglomerates which can significantly affect its print-
ability. As B4C possess high hardness [35], agglomerated 

Fig. 11   TEM images of cross section of composite filaments

Fig. 12   Analysis on cross-section of B4C–PEKK filament a SEM image of cross-section with 50 × magnification, b EDS layered image, c ele-
mental maps of boron, carbon, nitrogen and oxygen
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Fig. 13   Analysis on cross-section of B4C–PEKK filament (a) SEM image of cross-section with 1000 × magnification, (b) and (c) EDS spectra 
from position identified in (a), (d) elemental maps of boron, carbon, oxygen and nitrogen, (e) EDS layered image and (f) elem

Fig. 14   SEM images of PEKK and developed composites compared to commercial filaments
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B4C particles on the surface can cause degradation of roll-
ers (drive wheels) used for filament feeding in FFF printers, 
which are generally manufactured using steel. This further 
highlights the need to reduce agglomeration of B4C particles 
to manufacture B4C-based composites for FFF printers. The 
rough surface of CF-PEKK filament was possibly due to the 
morphology of carbon fibres [108].

5.5 � X‑ray diffraction (XRD) spectroscopy

Wide-range XRD patterns of all the composites compared 
to their raw materials (neat PEKK and additive powders) 
are shown in Fig. E1, E2, and E3 (SI E). The major charac-
teristic peaks of PEKK crystalline structure were observed 
between 2Θ values of 12 to 32, which was unaffected due to 
the additives. For B4C and graphene-based composites, the 
diffraction patterns were dependent on the wt% of additives. 
Consequently, GO did not influence the diffraction pattern 
of PEKK as evident in the spectra obtained from GO-based 
composites (Fig. E3) which is either due to weak characteris-
tic peaks of pure GO or exfoliation and individual dispersion 
of GO in PEKK matrix [109]. The major characteristic peak 
for graphene nanoplatelets was observed at 26.5°, which was 
also present in the composites (Fig. E2), and intensity of this 
peak increased with wt% of graphene. This indicates that a 
high percentage of graphene nanoplatelets were intercalated 
in PEKK matrix [110], which is also confirmed by the TEM 
images of graphene–PEKK composite.

5.6 � Electrical conductivity

Electrical conductivity of neat PEKK, formulated compos-
ites and commercial composites (CNT and CF reinforced 
PEKK) were measured. Of all the examined samples, only 
CNT-reinforced PEKK, commercially known as 3DX Tech 
ESD-PEKK, was conductive, while all other samples were 
nonconductive (measured resistance was zero). Possibly, 
the loading of fillers was not sufficient to form a percolat-
ing network or due to factors such as contact resistance and 
resin thick layer on the surface. Hence, to achieve electro 

static dissipation properties, either materials can be manu-
factured with higher loading of additives or post process-
ing techniques such as electrodeposition can be utilised 
to coat the printed parts with a metal to provide surface 
conductivity [111, 112]. With a purpose to develop a com-
parison, both compression moulded and printed samples 
of CNT-reinforced PEKK were analysed. Compression 
moulded samples had a conductivity between 2.17 × 10−4 
and 3.11 × 10−3 S/cm, and printed samples had a conductiv-
ity between 2.25 × 10−6 and 7.76 × 10−5 S/cm. The average 
conductivity of printed samples was roughly 100 times lower 
than compression moulded samples. The difference could 
be due to factors such as increased porosity [113] and exist-
ence of contact resistance between deposited filaments [114] 
in printed samples that reduces conductivity, and reduction 
of interparticle distance in compression moulded samples 
owing to the mechanical pressing action which improves 
conductivity in moulded samples [115].

5.7 � Porosity analysis

The printable filaments (identified in Sect. 5.4) were used 
to print 10-mm cube samples (Fig. 15), and their porosity 
was studied using X-ray µ–CT. Figure F1 (SI–F) shows 2D 
cross sections of the samples at different heights from the 
build plate. All the samples showed signs of gradual increase 
in size and number of pores with height. The gap between 
contours was more prominent with height in neat PEKK, 5% 
graphene and CNT–PEKK samples.

Mechanical properties of FFF-printed parts [116] and 
their performance in vacuum environment [117] are con-
siderably dependent on porosity within the parts, with low 
porosities preferred to maximise performance in high vac-
uum environment such as space. Previous studies have also 
proved that the mechanical performance of FFF-manufac-
tured parts depends not only on the percentage of poros-
ity, but also on location [118], shape [119] and size [119, 
120] distribution of the pores within printed parts. Table 8 
shows the percentage porosity, mean sphericity and mean 
diameter of pores within each printed sample. The sphericity 

Fig. 15   Representative 10-mm cube samples printed using a neat PEKK, b 1% graphene oxide, c 1% graphene, d 5% graphene, and e CNT-
PEKK
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of the pores measures how spherical the pores are; a pore 
with a perfectly spherical shape would have a sphericity 
of 1 [121]. The percentage of porosity within samples was 
similar except for 1% GO–PEKK which had lower porosity 
in comparison. The low porosity of 1% GO–PEKK could 

be attributed to the material’s lower viscosity which caused 
over extrusion. The mean porosity of all the samples was 
similar, and hence pore morphology was further charac-
terised by plotting the sphericity of pores vs size of pores 
[122] as shown in Figs. 16, 17, 18, 19 and 20. The aver-
age major diameter of pores was similar for neat PEKK and 
CNT–PEKK but slightly lower for the developed compos-
ites. The neat PEKK sample had 11 pores with diameter 
between 1 and 2 mm, which were reduced to 2 in 1% GO 
and CNT–PEKK samples and 0 in both graphene–PEKK 
samples. Mechanical properties of parts printed using the 
composites are thus expected to be superior to neat PEKK. 
In general, larger pores seem to have lower sphericity and 
thus can cause stress concentrations resulting in the failure 
of printed parts.

Images of pores within samples show that 5% gra-
phene–PEKK sample possessed the most uniform 

Table 8   Percentage porosity, average sphericity of pores and average 
diameter of pores determined from analysis of micro CT images

Sample Porosity (%) Mean sphericity Mean 
diameter 
(mm)

Neat PEKK 0.68 0.81 0.091
1% GO 0.33 0.85 0.080
1% graphene 0.74 0.85 0.084
5% graphene 0.67 0.82 0.084
CNT-PEKK 0.60 0.81 0.093

Fig. 16   Visual representation of distribution of 3D pores within Neat PEKK (left) and major diameter vs sphericity plot (right)

Fig. 17   Visual representation of distribution of 3D pores within 1% GO–PEKK (left) and plot of major diameter vs sphericity of pores (right)
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distribution of pores, followed by 1% graphene–PEKK and 
1% GO–PEKK, respectively. Pores within neat PEKK and 
CNT–PEKK samples were more non-uniformly distrib-
uted in comparison. This indicates that graphene and GO 
may have enhanced the coalescence within layers and thus 
improved interlayer adhesion [123].

5.8 � 3D profilometry

3D profiles and corresponding average roughness (Ra) of 
top and side surfaces for neat PEKK, 1% graphene–PEKK, 
5% graphene–PEKK, 1% GO–PEKK and CNT–PEKK are 
shown in Figs. 21, 22, 23, 24 and 25, respectively. The top 
surfaces of all specimens were smoother than the side sur-
faces, due to stair-stepping effect of side surfaces because 

of layer-by-layer printing [124]. A clear distinction between 
layers can be observed in all samples except for 5% gra-
phene–PEKK, which indicates an improved surface fin-
ish in 5% graphene–PEKK. This can be attributed to the 
higher crystallinity of the composite as observed from the 
DSC results (Sect. 5.2.2) in this study, which promotes 
layer shrinkage during printing and results in reduced voids 
between layers [125].

6 � Conclusion

Graphene, graphene oxide and boron carbide particles 
were compatibilised with PEKK matrix using a twin-
screw extruder to produce printable filaments for FFF. 

Fig. 18   Visual representation of distribution of 3D pores within 1% graphene–PEKK (left) and plot of major diameter vs sphericity of pores 
(right)

Fig. 19   Visual representation of distribution of 3D pores within 5% graphene–PEKK (left) and plot of major diameter vs sphericity of pores 
(right)
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Fig. 20   Visual representation of pores within commercial CNT-reinforced PEKK (left) and plot of major diameter vs sphericity of pores (right)

Fig. 21   3D profiles of top and side surface from neat PEKK sample

Fig. 22   3D profiles of top and side surface from 1% graphene–PEKK sample
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Results from this study prove that graphene nano plate-
lets produced the most printable filaments followed by 
graphene oxide. Boron carbide formed large agglomer-
ates which affected printability. Char yield of neat PEKK 

had increased due to all the additives, B4C most signifi-
cantly due to its high thermal stability as observed from 
TGA. DSC results showed that graphene and graphene 
oxide enhanced the non-isothermal melt crystallisation of 

Fig. 23   3D profiles of top and side surface from 5% graphene–PEKK sample

Fig. 24   3D profiles of top and side surface from 1% GO–PEKK sample

Fig. 25   3D profiles of top and side surface from commercial CNT–PEKK sample
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PEKK, but boron carbide did not influence crystallinity, 
possibly due to larger size of B4C particles and formation 
of agglomerates which affected its ability to act as nucleat-
ing agent. A rheology study showed that all the additives 
increased the viscosity of neat PEKK except for graphene 
oxide which lubricated the polymer chains. However, the 
viscosity of all the developed composites was lower than 
commercial PEKK-based composites, and thus all formu-
lations were considered printable.

Mechanical analysis of injection moulded composites 
showed that all additives improved the flexural modulus 
of PEKK, graphene most significantly followed by GO. 
The lower modulus of B4C–PEKK in comparison can be 
attributed to the formation of agglomerates as observed in 
SEM images of cross-section. Morphology of filaments also 
showed signs of high percentage of intercalation in gra-
phene–PEKK samples which was confirmed by XRD analy-
sis. Hence, among the additives used, graphene was the most 
compatible filler material for PEKK matrix. Dimensions of 
the filaments suggested that only 1% graphene oxide, 1% 
and 5% graphene and neat PEKK were printable as other 
filaments were too thick due to properties such as viscosity 
and crystallinity. FT-IR spectra of PEKK and its composites 
confirmed that the chemical structure of PEKK was unaf-
fected due to the additives. Parts were then printed using the 
printable filaments, and their porosity and 3D profilometry 
were studied. 1% GO–PEKK possessed the least percent-
age porosity which can be attributed to its low viscosity 
and thus higher flow. 3D profiles of side surfaces showed 
reduced void in 5% graphene-reinforced PEKK due to higher 
crystallinity of the composite as observed from DSC, which 
promotes layer shrinkage and thus reduced voids between 
layers. This study proves that with extrusion process modi-
fication and selection of appropriate particle size of addi-
tives, it is possible to manufacture multi-functional materi-
als that can be printed using FFF process and has potential 
applications in space due to improved stiffness, char yield 
and electrical conductivity. Future studies should reinforce 
high-performance polymers with nano-sized boron carbide 
to obtain composite filaments with homogenous properties. 
Proton and neutron attenuation of the composites should 
also be studied using particle accelerators to determine if the 
additives can mitigate potential polymer degradation due to 
radiation in space.
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