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Abstract

We formulated high temperature-resistant thermoplastic composite materials featuring high
thermal and mechanical properties for the Fused Filament Fabrication (FFF) additive
manufacturing process. The composite materials were blends of poly(ether ether ketone) (PEEK)
and poly(ether imide) (PEI) with weight ratios of 100/0, 90/10, 80/20, 70/30, 60/40, 50/50 and
40/60 and all mixed using an extrusion process with 30 wt.% chopped carbon fibers (CFs).
Differential Scanning Calorimetry measurements on the blends showed a significant increase of
the single glass transition temperature, T, (up to 37°C for PEEK/PEI 40/60 formulation), when
compared to the neat PEEK, indicating a good miscibility of PEEK and PEI. Microscopy
observations using Scanning Electron Microscopy and X-ray microtomography revealed a good
dispersion of CFs in the PEEK/PEI blend matrix and also the presence of some voids. Tensile
mechanical testing results showed that the highest value of the Young’s Modulus (13 GPa), among
all the formulations, is obtained for the composition of reinforced PEEK/PEI (80/20) which also
exhibited the lowest degree of porosity (2.90 %), and high printability in the FFF process (i.e.,
high visual quality of the printed parts with no major printing issues). The materials developed
here will help move towards manufacturing of functional prototypes made of high-performance
composites (e.g., high mechanical properties and high service temperature) using FFF additive

manufacturing process for various aerospace applications.
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1. Introduction

Additive manufacturing (AM), or 3D printing, can deliver complex shapes with an expanding
range of printable materials [1-3]. As one of the most popular 3D printing technologies, Fused
Filament Fabrication (FFF), also known as Fused Deposition Modeling (FDM), is an inexpensive
and easy-to-use technique that is based on the layer-by-layer deposition of partially melted
thermoplastic-based filaments. The FFF technique uses, as its printing materials, various
thermoplastics ranging from polylactic acid (PLA) to engineering thermoplastics (e.g., nylon) and
their reinforced composites. However, these materials are only suitable for low temperature
applications (i.e., <45°C), which excludes their use in advanced engineering applications such as
aerospace where temperatures >120°C are encountered. Consequently, the choice of printable
materials has to be expanded to high-performance thermoplastics such as poly(ether ether ketone)
(PEEK) and poly(ether imide) (PEI). PEEK is a semi-crystalline polymer and PEI is an amorphous
polymer with glass transition temperatures (7%) of 147°C [4] and 217°C [5], respectively. Due to
their excellent chemical, mechanical, and thermal properties, PEEK and PEI are among the most
interesting materials in aerospace industry and with high potential to replace numerous heavy
metallic parts offering cost and environmental benefits [6,7]. However, the adaption of these high-
performance polymers to additive manufacturing is particularly challenging mainly due to their
high melt viscosities and high processing temperatures. 3D printing of these materials requires
special printing conditions such as high printing temperatures (e.g., nozzle extrusion temperature
beyond 340°C) and temperature-controlled printing environment (e.g., ambient temperature close

to their 7). The FFF printing at high temperatures in addition to a hard control of the printing



environment’s temperature may cause several common issues such as delamination and warping
[8]. In the case of semi-crystalline polymers like PEEK, FFF at high temperatures affects the
degree of crystallinity and creates different crystalline regions in the same 3D printed part, directly
affecting the mechanical properties [9—11]. A proper FFF printing condition can also enhance
inter-layer adhesion [8,10,12], which is a very important parameter to obtain high-quality 3D
printing parts.

Most neat thermoplastics including PEEK and PEI cannot reach the stiffness and/or temperature
requirements for aerospace applications (e.g., 2.6x10% m?s for the specific stiffness of polyether
ether ketone (PEEK), when compared to 26x10° m?s? for aluminum). Reinforcing thermoplastics
with fillers such as carbon fibers (CF) [13—18], carbon nanotubes [18-22] and graphene [23] is an
effective approach to significantly improve their mechanical and thermal performance. Particularly
for CF-reinforced PEEK composites, it has been reported that the tensile strength and stiffness
increase as function of the fillers concentration, without significantly changing the 7, or the
crystallinity [15,17,24]. An increase of 8°C of the T, of PEI polymers was also observed after the
addition of carbon fibers [21]. However, the incorporation of CFs into polymers, even at low
concentrations (e.g., 5 wt.%) of CFs is reported to create porosity in the resulting composites [25].
Porosity or voids in fiber-reinforced polymer composites are suspected to adversely affect their
mechanical properties [26].

Blending two or more polymers is another approach that can help combine their properties and
possibly have a synergetic effect [27]. PEEK possesses excellent mechanical properties but a
relatively low softening temperature (7, ~143°C). PEI possesses lower mechanical properties but
a significantly higher 7, (~217°C). Thanks to their high miscibility [28—32], blending PEEK and

PEI enables tailoring the blend desired properties including, but not limited to, chemical resistance



[30], toughness [30], thermal behavior (e.g., T, Tw) [28,32,33], and mechanical properties [27].
Several recent works studied the FFF 3D printing of CF-reinforced materials with a single matrix
of PEEK [34-36] and single matrix of PEI [37,38]. To the best of authors’ knowledge, no works
have reported the processing and utilization of PEEK and PEI blends reinforced with CFs for the
FFF 3D printing. Designing PEEK/PEI blends and their reinforced composites and adapting them
for AM is expected to have strong potential for the printing of functional prototypes for the more
demanding aerospace applications.

The aim of this work is to develop high-performance thermoplastic composite materials, composed
of PEEK, PEI and chopped CFs, featuring high mechanical and thermal properties while exhibiting
high printability for the FFF additive manufacturing process. The new materials developed for 3D
printing were formulated to meet some specific material requirements for aerospace applications
(e.g., high temperature service, high mechanical performance), since commercially available
printing filaments only partially meet the needs. The formulation of PEEK and PEI blends
reinforced with CFs, called hereafter CF-PEEK/PEI blend, involved finding the best composition
with an optimal thermal and mechanical properties while achieving high quality prints. Blends of
PEEK and PEI with various weight ratios were loaded with 30 wt.% CFs and were characterized
for their mechanical (i.e., tensile testing of filaments), thermal (i.e., using differential scanning
calorimetry (DSC)) and microstructure properties as well as their printability in FFF AM. Scanning
electron microscopy (SEM) and X-ray microtomography (u-CT) were used to better understand
the relation of materials microstructure (e.g., CF-matrix adhesion, CFs’ orientation and porosity
content) and their mechanical properties. Finally, as an indication of materials printability, some
demonstrators with complex shapes were successfully printed using the selected CF-PEEK/PEI

blend compositions.



2. Material and methods

2.1. Materials

The high temperature-resistant thermoplastics (HTRTs) used in this study were PEEK pellets
(grade 90G manufactured by Victrex, USA) and PEI pellets (ULTEM 1010 from Sabic, supplied
by Nexeo Solutions 3M, Canada). Chopped carbon fibers (type 83) purchased from Zoltek
Corporation (USA) have a nominal length of 6 mm, 1.5 wt.% of a sizing agent, a tensile modulus

of 242 GPa and a tensile strength of 4137 MPa, according to the manufacturer [39].

2.2. Blending process

The device used for the melt mixing was a twin-screw micro-extruder (DSM Xplore, 5 cc micro-
compounder, Netherlands). Before the mixing, chopped CFs, PEEK and PEI were dried overnight
in an oven at 150°C. The PEEK and PEI pellets were first incorporated into the micro-extruder at
a constant temperature of 370°C with a screw rotating speed of 50 RPM for 2 min. By keeping the
same temperature and rotating speed, the chopped CFs with a proportion of 30 wt.% of the total
mixture were then fed into the micro-extruder to be mixed with the melted polymers. After the
feeding step, the screw rotating speed was increased to 100 RPM for 5 min of mixing using the
recirculating mode. With the micro-extruder die having a diameter of 2 mm, the obtained filament,
called hereafter the extruded filament, had a diameter ~1.75 mm. While keeping CF’s weight
fraction constant at 30 wt.% in all mixtures, different concentrations of PEEK/PEI blends were
processed with weight ratios of 100/0, 90/10, 80/20, 70/30, 60/40, 50/50 and 40/60. Hereafter, the
CF-PEEK/PEI compositions are named by their weight ratio of PEEK/PEI. For example, CF-
PEEK/PEI 90/10 for the composition of, 90 wt.% PEEK and 10 wt.% PEI while CFs loading is

constant at 30wt.%. Unreinforced blends were also prepared for comparison purposes.



2.3. Thermal properties characterization

Differential scanning calorimetry was carried out by using a TA instrument DSC Q1000, USA. A
sample of 5 mg from extruded filament was placed in an aluminum pan, and then submitted to a
heat-cool-heat DSC measurement. The principle of a heat-cool-heat measurement is to erase the
thermal history of the material. The heating and cooling runs were conducted from 50°C to 390°C
using a constant rate of 10°C/min. During the measurement, a purge of nitrogen with a flow of 50
mL/min was applied. Different transitions were recorded: the cold crystallization temperature (7.)
on the first heating run; the 7, and the melting temperature (7’,) were taken on the second heating
run; the crystallization temperature (7), and the degree of crystallinity (X.%) were obtained from
the cooling run. The 7y was also determined with higher precision using modulated DSC (mDSC)
measurement [40]. A modulated heating cycle was applied to measure the reversible and non-
reversible transitions. The temperature program operated from 100°C to 200°C, with a rate of

2°C/min, for a period of 60 s, and a modulation amplitude of 1.27°C, on a 15 mg sample.

2.4. Tensile mechanical characterization

2.4.1 Sample preparation

The tensile mechanical characterization was performed on filaments, hereafter referred as FFF
filaments. The FFF filaments with a diameter of ~0.6 mm were fabricated by further extruding the
filament obtained after the mixing process (i.e., the extruded filaments, see Section 2.2) using an
FFF 3D printer (AON3D-M2, Canada). The hot end temperature and printing speed were 400°C
and 5 mm/s, respectively. The FFF filaments were cut into specimens of 15 cm length for tensile
mechanical testing. Before the test, at least 5 specimens for each CF-PEEK/PEI composition were

dried at 150°C for 15 h under vacuum.



2.4.2 Tensile test

The tensile tests were conducted using an MTS Insight electromechanical testing device, equipped
with a 100 N load cell running under MTS Testforce software. According to ASTM D3822
standard [41], the grip velocity was set at 10 mm/s. The test was carried out with a virtual
extensometer measured by a Direct Image Correlation (DIC) system, composed of two high speed
cameras taking pictures every 250 ms during the test. The virtual extensometer was placed on the
grip behind the specimen to allow the detection of the displacement by using VIC3D software

from Correlated Solutions.

2.5. Microstructural characterization

Scanning electron microscopy (SEM) was used to characterize materials microstructure observed
on the fractured surface of the filaments. Before the SEM observation, the filament specimens
were fractured using nitrogen and sputtered with gold at 30 mA for 20 s. The SEM machine used
was a JEOL JSM7600F (USA), equipped with a lower second electron image (LEI) detector. The
operating condition of acceleration voltage was 2kV. X-ray microtomography (u-CT) was used to
characterize the CF-PEEK/PEI filament microstructures in three dimensions and to observe the
CFs orientation and the presence of voids. u-CT was performed with an Xradia 520 Versa device
from Zeiss, Canada. FFF filaments were analyzed at an acceleration voltage of 50 kV, a power of
4 W, an objective of 10 X, and an exposure time of 10 s per scan. Images for this paper were

generated using Dragonfly Software from Object Research Systems ORS inc, Canada.

2.6. Large production of filaments for FFF 3D printing
Section 2.2 to Section 2.5 discussed the experimental details for the materials selection phase. As

the micro-extruder with a relatively low volume capacity of SCC was used to mix the materials for
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that phase, a semi-industrial co-rotating twin-screw extruder (Biihler 20 mm, Biihler Canada,
Canada) with an L:D ratio of 40 was employed for the fabrication of larger quantity of materials
(1 kg spooled filaments) for FFF 3D printing of a few demonstrators. Formulations with the most
promising mechanical and thermal properties were manufactured into spooled filaments of ~1.75
mm in diameter. The goal was to further investigate the printability of CF-PEEK/PEI blends in the
FFF 3D printer and the quality of the printed demonstrators. The filament making process was
carried out in two stages, mixing and spooling. CFs and polymers were dried overnight at 150°C,
and then mixed using the twin-screw extruder at 150 RPM with an output of 2 kg/h. After the
mixing, the extruded filaments were cut into pellets at the end the extrusion line. Pellets were then
dried at 150°C for 4h and processed to filaments using a Brabender single-screw extruder with a
screw length L:D of 25D (Brabender® GmbH & Co. KG, Duisburg, Germany) and a filament
spooler (Filabot, USA). The screw rotation speed and the extrusion temperature were set at 20
RPM and 400°C, respectively. The diameter of the extruded filaments was continuously monitored
for their uniform ovalities using a Zumbach system (Zumbach ODAC 18XY unit and Zumbach
USYS unit) from Zumbach Electronics Corporation, Mount Kisco, NY, USA. The steadiness of
the diameters was achieved by a continuous control of the pulling rate and the flow rate. Finally,

the spools were dried for 4 h at 150°C and stored in plastic bags under vacuum.

2.7. Printability and 3D printing quality evaluation

Prior to FFF 3D printing of the demonstrators, each spool was dried in the oven under vacuum at
the temperature of 150°C for at least 4 h. The FFF 3D printing was carried out using the AON3D-
M2 3D printer with a temperature-controlled enclosure set at 120°C and using a slicing software

(Simplify3D, USA). The specific printing parameters used for each 3D printed demonstrators will



be discussed in Section 3 (Results and discussion). The print quality was assessed under optical
microscopy using an Olympus SZX-12 stereomicroscope. A surface roughness measuring device
(Mitutoyo FORMTRACER SV-C4000, USA) was used to evaluate the surface roughness of 3D
printed structures. With the automatic compensation of radius and inclination, the roughness
profile was measured at an evaluation length 4 of 4 mm and a cutoff of 0.8 mm. The roughness
test was repeated at least 5 times. The surface roughness was evaluated with the arithmetical mean
roughness (Ra), which is the most commonly used profile roughness parameter. On a profile
roughness curve, Ra is defined as the arithmetic average value identified from the deviations about

the center line within the evaluation length.

3. Results and discussion

3.1. Thermal behavior of CF-PEEK/PEI composite materials

DSC tests were carried out to investigate the thermal transitions of the PEEK/PEI blend reinforced
with CFs and also to assess the PEEK/PEI miscibility. Fig. 1 compares the DSC curves of CF-
PEEK/PEI blends of different compositions as a function of the temperature and the heat flow for
the second heating run (Fig. 1a) and the cooling run (Fig. 1b). On the second heating run, an
endothermic peak is observed for each composition at a temperature ranging between 337.0°C and
344.8°C. This peak corresponds to the melting transition temperature of the semi-crystalline
materials like PEEK and becomes broader as the PEI content increases in the blend. For
comparison purposes, the composition CF-PEEK/PEI 0/100, which is the formulation without
PEEK, is also shown and it has no melting transition temperature peak because PEI is an
amorphous polymer. The thermal transition peak observed for the CF-PEEK/PEI 0/100 at 217.1°C

is attributed to the 7, of the PEL In Fig. 1b, exothermic peaks are observed at the temperature



range of 262.3°C to 307.8°C and correspond to the crystallization temperature for the different
CF-PEEK/PEI compositions. As previously observed for the 7, the crystallization peak becomes
larger with the increase of the PEI content in the blend. The observed shifts in the crystalline and
melting peaks with the increase of PEI content might likely be due to the amorphous state of PEI
which likely affected the blends’ crystallization [42]. All the studied CF-PEEK/PEI formulations
follow the semi-crystalline behavior of PEEK, by showing a single peak for their melting and
crystalline temperature transitions. In addition, the shifting of these two temperature transition
peaks as a function of PEEK/PEI content can be attributable to the miscibility of PEEK and PEI
in the CF-PEEK/PEI blends.

Table 1 reports the DSC temperature values of 7. and 7', of the CF-PEEK/PEI blends extracted
from the cooling run and the second heating run, respectively. A considerable decrease of melting
temperature (~8°C) of the blends with the increase of the PEI content is observed that is possibly
due to interlamellar segregation of the PEI chains [28]. The resulting degree of crystallinity X.%
of CF-PEEK/PEI blends is also reported in Table 1. The degree of crystallinity was determined
from the melting peaks in Fig. 1a, by dividing the measured enthalpy of fusion of the sample by
the enthalpy of fusion of the 100% crystalline PEEK, 130 J/g [4], and also by considering the
weight fraction of PEEK [28]. The addition of PEI into the PEEK increased the degree of
crystallinity for all the blends. The crystallinity of the blends shows a trend of first increasing with
the increase of PEI proportion from 31.9% for the CF-PEEK/PEI 100/0 formulation to a value of
40.5% for the CF-PEEK/PEI 80/20 formulation. This increase might be attributable to the PEI
content at which the PEI contributed advantageously to the rearrangement of the PEEK chains by
increasing the blends interlamination fluidity [30]. For the CF-PEEK/PEI blends with PEI content

above 20 wt.%, the X.% first decreased to 37.7% for the CF-PEEK/PEI 70/30 formulation and
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then increased to 41.0% for the CF-PEEK/PEI 50/50 formulation. It has been reported in the
literature that three modes of crystal organization are possible during the crystallization of miscible
PEEK/PEI blend in the amorphous state [43,44]. PEI can be completely rejected from the growing
crystal, be trapped between lamellar crystal structures, or rejected between individual lamellar.
The relative rate of PEEK crystal growth and PEI diffusion could result in any of the three modes
to occur. The increase of PEI content lowers the overall viscosity of the blend in a favorite of
higher rate of PEI diffusion and may results in a faster crystallization. All these factors and their
impacts may justify our results for the degree of crystallinity.

The T, of CF-PEEK/PEI blends was determined using modulated DSC (mDSC) experiments
because it was not detectable in the second heating run curves. 7, values are compared with the
Fox T,. Fox Ty is calculated from the Fox equation, Equation 1, which approximates the 7,

expected from a miscible blend [45]:

1 Wy Wy

, (1)

TgFox Tgl ng

where w; and w> are the weight fractions of the blend constituents and 7¢; and T, are their
respective Tg. The measured 7, and predicted Tgrox are reported in Table 2. The measured 7 of
the different compositions fit very closely (up to 4°C difference) with T approximation and
both increase with the increase of the PEI content. These results further suggest that our CF-
PEEK/PEI blends are fully miscible [28,29,31]. However, as summarized in Table 2, CF-
PEEK/PEI compositions 70/30, 60/40, 50/50, and 40/60 exhibit a very weak peak for second 7, at
the average temperature of 212.3 + 3.5°C. This second 7, might possibly be attributed to some
non-miscible part in these blends. As observed in the literature for neat PEEK/PEI blends, two T

can be detected: one attributed to the glass transition which takes place in the amorphous state and
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the second one to the glass transition occurring in the semi-crystalline state [46]. During the
crystallization of the PEEK in the blends, if phase segregation occurs, a semi-crystalline state of
the blend is created [46]. Based on the values obtained for the second 7y, it seems that the PEI-
dominant amorphous phases are formed at PEI contents at 30 wt.% and higher. Based on the DSC
results, it can be concluded that PEI advantageously influences the crystallization of CF-PEEK/PEI

blends while improving their T (up to 37°C in this study).

3.2 Mechanical properties characterization

As schematically shown in Fig. 2a, tensile mechanical tests were conducted on the FFF filaments
to compare the Young’s modulus of the various CF-PEEK/PEI blends. The corresponding
unreinforced blends were also prepared and tested to study the reinforcing effect of CFs. Fig. 2b
shows representative stress-strain curves of typical neat PEEK, when compared to the 30 wt.%
reinforced PEEK (i.e., CF-PEEK/PEI 100/0). At least five specimens were tested for each
formulation and the errors fall within 3% of the standard deviations. The elastic domain is much
steeper for the CF-PEEK/PEI 100/0 blend than for the neat PEEK. In addition, both neat PEEK
and the CF-PEEK/PEI 100/0 exhibit the stress peaks at 91 MPa and 101 MPa, respectively. The
strength detected for CF-PEEK/PEI 100/0 indicates that it is more brittle than neat PEEK. Fig. 2¢
shows the Young’s modulus of different PEEK/PEI blend compositions for both unreinforced and
reinforced blends. For the unreinforced blends, the values of Young’s modulus were ranging
between 2.7 and 3.6 GPa. The addition of 30 wt.% CFs increased the Young’s modulus ranging
from 261% to 350%. For CF-PEEK/PEI blends, the average Young’s modulus varies between 13.0
GPa and 10.1 GPa, decreasing with the increase of PEI content in the PEEK/PEI blend with the

exception of CF-PEEK/PEI 80/20 and 60/40 formulations. CF-PEEK/PEI 100/0 and CF-
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PEEK/PEI 80/20 exhibit the highest modulus of 13.0 GPa. Our results are comparable to or
exceeding the best reported in the literature for short carbon fibers-reinforced PEEK materials
[15,23,47]. Several factors, including the degree of crystallinity, the void content and their size,
the PEEK/PEI proportions, and the microstructure of the blends that could be different from one
to another, contributed to the measured value of the Young’s modulus for each blend. The degree
of crystallinity is assumed to have a direct impact on the mechanical properties of the blend and
might justify the different behavior of CF-PEEK/PEI 80/20 and CF-PEEK/PEI 60/40 formulations
[27]. As observed with the DSC results, CF-PEEK/PEI 80/20 formulation showed a high degree
of crystallinity (i.e., 40.5%) that justifies the highest value of the modulus (equals to CF-PEEK/PEI

100/0) among other compositions.

3.3 Microstructural characterization

3.3.1. SEM observation of extruded filaments

The extruded filaments’ fractured surface was observed under SEM to investigate the CFs
dispersion and their adhesion to PEEK/PEI matrix. Fig. 3 shows the SEM images at different
magnification of four representative filament compositions: (a) neat PEEK, (b) CF-PEEK/PEI
100/0: the formulation without PEI, (c) CF-PEEK/PEI 80/20: the formulation with the highest
degree of crystallinity, and d) CF-PEEK/PEI 50/50: the composition with the same ratio of PEEK
and PEIL. The SEM image of fractured surface of neat PEEK, in Fig. 3a, shows a typical smooth
surface of the polymeric material. In Fig. 3b-d, the SEM images of the fractured surfaces are
rougher with the presence of CFs distributed all over the surface areas, and the presence of voids
with diameters up to 50 um. A good distribution of CFs throughout the extruded filament is

observed for all the reinforced compositions, confirming the effectiveness of our mixing process
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in the micro-extruder and possibly the effect of shearing in the printing head. From the images
magnified at x2000 in Fig. 3b-d, it is observed that carbon fibers are mainly wrapped by the
polymeric matrix, which suggests adhesion between the CF and PEEK/PEI, although some CFs
pull-out is also observed. The CFs sizing materials possibly contributed to fiber-matrix adhesion.
Although the CFs used in this work feature a sizing recommended for high temperature mixing
with PEEK and PEI polymers, there might still be the possibility of some decomposition of the
sizing at high processing temperatures. In addition, the shrinkage of PEEK materials may have
also contributed to an imperfect fiber-matrix adhesion. However, these are hypotheses and are not

experimentally verified in our work.

3.3.2. u-CT observation of FFF filaments

Fig. 4 shows p-CT images taken during the observation of FFF filaments. Fig. 4a represents the
3D reconstruction of the u-CT images for the cylindrical-shape FFF filament. We identified the
cylinder’s height as the z axis which corresponds to the direction of the extrusion through the
nozzle, and the xy plane as the cylinder surface or a slice section. The zx plane is a cross section
through the height direction. Fig. 4b-e show the u-CT images of the xy and zx planes of neat PEEK,
CF-PEEK/PEI 100/0, CF-PEEK/PEI 80/20, and CF-PEEK/PEI 50/50 FFF filaments, respectively.
On the xy plane, the presence of round shapes and white dots distributed throughout each sample
are observed only in the reinforced FFF filament compositions. The white dots with a diameter of
7 um observed in the xy plane, corresponding to white lines in the zx plane, are attributed to carbon
fibers. The round shapes are believed to be voids that were also observed in the SEM images of
the extruded filaments. No voids are seen in the image of the neat PEEK, suggesting that the

addition of CFs is mainly responsible for the creation of voids in the reinforced blends. In addition,
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CFs and voids were segmented and their 3D visualization, for the case of CF-PEEK/PEI 80/20, is
shown in Video 1 in Supplementary Information. The scanned sample is an FFF filament with
a diameter of 0.6 mm, extruded through a nozzle at 400°C with a speed of 5 mm/s. Segmentation
allows us to distinguish the voids from the CFs and the matrix, to facilitate their visualization and
obtain further analytical information like the voids size-distribution and CF length and orientation.
Fig. 5a-c show the pu-CT analysis by image segmentation of the voids of CF-PEEK/PEI 100/0,
CF-PEEK/PEI 80/20 and CF-PEEK/PEI 50/50, respectively. In Fig. Sa(i) and Sa(ii), the 3D
visualization of the CF-PEEK/PEI 100/0 filament shows that the voids are dispersed throughout
the filament with smaller voids close to the external surface of the filament while bigger ones in
the filament’s center. The figure shows that the voids diameters range from 1 to 28 pm. A similar
dispersion state is observed for CF-PEEK/PEI 80/20 in Fig. 5 b(i), and the voids diameter is
measured from 1 to 25 um as shown in Fig. Sb(ii). In the case of CF-PEEK/PEI 50/50, in Fig.
5c(i), relatively large size voids are observed. According to their related color range in the graph
presented in Fig. Sc(ii), most of the voids size diameter are ranging from 30 to 50 um. The 3D
visualization analysis obtained by three segmentation trials also revealed that the degree of
porosity of the CF-PEEK/PEI 100/0, CF-PEEK/PEI 80/20 and CF-PEEK/PEI 50/50 were
determined at ~3.90%, ~2.40% and ~19.70%, respectively. The high degree of porosity for CF-
PEEK/PEI 50/50 formulation might be attributable to the viscosity and microstructure of the blend.
Higher PEI loading decreases the overall melt viscosity of the composites, possibly letting the
trapped gas (e.g., air bubbles) to expand and also leading to partially independent movement of
the CFs and PEEK/PEI matrix during extrusion [48]. The high amount of PEI in the CF-PEEK/PEI
50/50 formulation might have increased the affinity of the CFs to move to amorphous and less

viscous PEI phase. Finally, PEI has higher moisture absorption than PEEK and it might be more
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problematic at a higher PEI loading, resulting in the trapped bubbles during the extrusion process.
Further study will be required to systematically quantify the sources for the creation of the voids
in our PEEK/PEI blends. The high degree of porosity and the larger void size in CF-PEEK/PEI
50/50 likely contributed to its lower Young’s modulus compared to the other two formulations.

Fig. 6a(i), 6b(i), and 6¢(i) represent the segmentation analysis of CFs on the u-CT images of the
same three representative CF-PEEK/PEI blends, in a 2D view in the xy axis, and in a 3D
visualization of the CF after segmentation. The segmentation assigned a color to each CF as
function of its length. It is observed that carbon fibers are mostly oriented along the z axis, which
corresponds to the direction of extrusion through the 3D printing nozzle. Fig. 6a(ii), 6b(ii), and
6¢(ii), shows the graph of the CF segmentation of the three CF-PEEK/PEI blends. In the case of
CF-PEEK/PEI 100/0, according to the CF segmentation color, the related graph indicates that the
majority of CFs length (in yellow) is above 890 um. For CF-PEEK/PEI 80/20 and CF-PEEK/PEI
50/50, the majority of the CFs reach the length of 820 and 760 um, respectively. Smaller size CFs
(purple and blue) in all these three CF-PEEK/PEI blends are attributed to the fibers that were
originally shorter or broken during the mixing process or to the fibers whose actual length is not
entirely within the analysis area. The volume fraction of CFs in the CF-PEEK/PEI 100/0, CF-

PEEK/PEI 80/20 and CF-PEEK/PEI 50/50 were determined at 23.6, 19.7 and 21.6 %, respectively.

3.4 FFF printability of CF-PEEK/PEI blends
The printability of the two most promising CF-PEEK/PEI blends, i.e., showing the best results in
terms of mechanical and thermal properties, and void content, is investigated and compared to that

of the neat PEEK. Fig. 7a-c(i,ii) show the optical images of vase and cubohemioctahedron shapes

3D printed with the three materials of neat PEEK, CF-PEEK/PEI 100/0 and CF-PEEK/PEI 80/20.
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Table 3 lists the printing parameters used for the 3D printing of the parts. The vase structures were
fabricated to assess the ability of the three representative formulations to be printed in a continuous
mode (vase mode), that consists in the 3D printing of a structure with a single filament. The
cubohemioctahedron shapes are representative of the 3D printing in a default (normal) mode. For
all the three materials, the expected shapes were achieved, and the prints seem to be of acceptable
visual quality, demonstrating their high printability in a continuous and default modes. However,
significant cracking and warping were observed for the parts printed using the neat PEEK, possibly
occurred during the post-printing (i.e., cooling phase). To further investigate the warping issue,
rectangular specimens were 3D printed as shown in a side view in Fig. 7a-c(iii). In the case of the
neat PEEK, a structure lifting, varying by 13.5 = 4.5 mm on average, is observed. This type of the
printing issue was observable during the three printing attempts. The lift indicates that the material
started to warp at its extremities during 3D printing, almost in the middle of printing and became
worse towards the end. In the case of the reinforced blends, i.e., CF-PEEK/PEI 100/0 and CF-
PEEK/PEI 80/20, no important warping was observed that could be due to the presence of CFs as
they add dimensional stability to the polymer matrix by increasing thermal conductivity and
decreasing coefficient of thermal expansion (CTE) [49].

Fig. 8a-c compare the printing quality of three rectangular cuboid structure in a (i) macroscopic
side face which might be related to a layer-layer separation. The layer separation or delamination
takes place once the bonds between successively printed layers are weak. According to the
literature, this type of defect is a common issue for 3D printed PEEK materials due to the printing
at high temperatures and difficulty in controlling of the cooling conditions [12]. For the blends,

however, the surfaces of their cuboid seem smooth with no large defects as it can be seen in Fig.
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8b(i) and 8c(i). Fig. 8a-c(ii) show the optical microscopic images of the zy plane of each
rectangular cuboid and 8a-c(iii) compare the xy top surface of the rectangular cuboid, made of
neat PEEK, CF-PEEK/PEI 100/0 and CF-PEEK/PEI 80/20, respectively. For the neat PEEK, in
the zy face, a good adhesion between the layers is seen, however, a repetitive delamination is
created in the center of the printed specimen. Regarding the xy top surface, no clear distinction of
the deposited FFF filament is observed and a good adhesion between the FFF filaments and the
outline perimeter is noticed, both indicating a very good inter-filament adhesion. For the CF-
PEEK/PEI 100/0 and CF-PEEK/PEI 80/20, the optical microscopic images of the zy face show
homogenous and continuous staking of the layers. For the first bottom layer of CF-PEEK/PEI
100/0, a slight separation from the other layers is also observed, which might probably be due to
the part removing from the 3D printer building bed. Regarding the xy top layer particularly for CF-
PEEK/PEI 100/0, the distinction of two consecutive FFF filaments can be observed (highlighted
with red arrows). As consecutive filaments are not merged, their inter-filament bonding seem
weaker than the one made of the neat PEEK. Concerning CF-PEEK/PEI 80/20, the inter-filament
space is smaller and merged at some parts. However, for both reinforced blends, the overlap with
the outline perimeter is well realized, as no gaps between the outline filament and the infill filament
are observed.

In Fig. 9a-c, the surface roughness of the rectangular cuboid’s top layer of the neat PEEK, CF-
PEEK/PEI 100/0 and CF-PEEK/PEI 80/20 is compared, according to (i) the lengthwise direction,
and (ii) the crosswise direction, respectively. The corresponding analyzed surfaces are also shown
using the microscopic images in (iii). The roughness curves present the profile height as a function
of the analyzed length, and the central line is identified at the height of 0 um. In Table 4, the

arithmetical mean roughness parameter Ra are reported according to the lengthwise and the
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crosswise directions. The three representative materials show very different roughness profiles in
the lengthwise direction, as shown in Fig. 9a-c(i). A straight line with small fluctuations and very
close to the central line is observed for the neat PEEK, indicating that the surface is smooth in the
lengthwise direction. For the CF-PEEK/PEI 100/0 and CF-PEEK/PEI 80/20, the roughness
profiles show significant irregularities with the highest amplitude for CF-PEEK/PEI 100/0. The
roughness profile of the reinforced blends indicate that the surface has printing defects. For
instance, for CF-PEEK/PEI 100/0 (Fig. 9b(iii)), some inter-filament gaps (shown by red arrows)
are present between two consecutive FFF filaments, and defects (shown by red circle) are also
observed in the middle of some FFF filaments. In the case of CF-PEEK/PEI 80/20, the amplitude
of irregularities is less significant and in a good agreement with the microscopy images in Fig.
9c(iii). The lowest value of Ra was measured for the neat PEEK at 0.2 um corresponding to the
smoothest surface. The Ra values for CF-PEEK/PEI 80/20 and CF-PEEK/PEI 100/0 were 3.2 um
and 8.5 um, respectively.

Fig. 9a-c(ii) compares the roughness profiles in the crosswise direction. The irregularities
amplitude of the neat PEEK is the highest with a frequency of 1200 um in length. The repetition
consists in two peaks: the one at the height of 150 um and the second at the average height of 30
um. These two peaks that repeat corresponds to the top of two consecutive FFF filaments for which
the amplitude coincides with the printing direction through the nozzle along the lengthwise
direction. In the case of the reinforced blends, i.e., CF-PEEK/PEI 100/0 and CF-PEEK/PEI 80/20,
the roughness profile for the crosswise direction showed that both curves of roughness profile are
composed of many peaks and irregularities. The roughness irregularities are, however, less
significant than for the case of the neat PEEK. With Ra value of 6.6 pm, the smoothest material in

the crosswise direction is CF-PEEK/PEI 80/20, followed by 14.6 um for CF-PEEK/PEI 100/0 and
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37.9 um for the neat PEEK. Among these three materials, the CF-PEEK/PEI 80/20 formulation
exhibits least amount of variation in height amplitude in both lengthwise and crosswise directions.
In line with the obtained results for the mechanical properties, the CF-PEEK/PEI 80/20
formulation seems the most promising material as it also combines a visually good inter-filament
bond with the least surface roughness value. Therefore, this formulation was further assessed for
its printability for 3D printing of high-quality complex parts.

Fig. 10 illustrates a few representative structures used as demonstrators that were successfully
printed with CF-PEEK/PEI 80/20. The printing parameters for those structures are listed in Table
5. The PolyPearl tower showed in Fig. 10a, is a 3D printing model that includes several difficult-
to-print elements such as 45° overhang, roundness, smooth curved surfaces, fine bridging, fine
details, etc. The three supporting legs of the PolyPearl Tower were printed at 45° which is referred
as the critical angle that an FFF 3D printer can handle before using additional support. On both
ball sections of the tower, there is an overhang section that is well formed, flat and circular, and
the roundness is well performed. In addition, smooth curved (i1) and fine bridging (ii) are well
achieved, and fine details are present (iii). Fig. 10b presents a simplified version of a honeycomb
sandwich structure consisting of three layers: a low-density core sandwiched between two skin-
layers. This type of structures is very popular in aircraft, automotive and transportation fields. In
our sandwich structure, the top skin layer was partially printed just for a better visualization of the
honeycomb core geometry. Fig. 10¢, is a picture of a 3D printed ring connected to an oil ruler
commonly used to check vehicle’s oil level. The use of CF-PEEK/PEI 80/20 blend for this
automotive application is appropriate because this material is able to withstand the high
temperatures generated by an engine and also be chemical resistant. Fig. 10d presents an

articulated octopus printed continuously, showing the ability of CF-PEEK/PEI 80/20 to be printed
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in complex shapes. Indeed, articulated 3D printed structures are increasingly being used for
complex biological researches [50]. The high quality of the complex structures showed in Fig. 10
further proves the printability and viability of CF-PEEK/PEI 80/20 as a novel FFF 3D printing

material featuring several interesting properties.

4. Conclusion

This paper reports the investigation of carbon fiber-reinforced PEEK/PEI blends featuring high
mechanical and thermal properties while maintaining a high printability for the FFF 3D printing
process. The PEEK and PEI were shown to be miscible in the developed formulations with the
PEI content below 30 wt.%. According to the microstructural characterization, CFs were well
dispersed within the PEEK/PEI blends and also revealed a good adhesion with the blend matrix.
The tensile test showed that the addition of CFs induced a significant improvement of the Young’s
modulus up to 350% when compared to the unreinforced materials. The presence of voids was
also detected in all CF-PEEK/PEI formulations. The tensile and pu-CT analyses indicated that voids
can adversely contribute to the mechanical properties. The CF-PEEK/PEI 100/0 and CF-
PEEK/PEI 80/20 were the two most promising formulations by exhibiting the highest Young’s
modulus of 13 GPa and the lowest degree of porosity of 3.90% and 2.40 %, respectively. Also,
these two compositions demonstrated to be printable with a remarkable quality, avoiding common
issues of warping and delamination often experienced with the neat PEEK. Particularly, the CF-
PEEK/PEI 80/20 formulation showed a very good inter-filament adhesion and with low surface
roughness. The CF-PEEK/PEI 40/60 exhibited the highest increase of the 7 (37°C), but the lowest
modulus. Future work is required to further investigate thermomechanical properties (e.g., tensile

properties at higher temperatures) of the different formulations as well as to evaluate mechanical
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properties with optimized printing conditions and 3D printing of samples with different printing
configurations. The blends developed in this study could be interesting materials for manufacturing

of parts where high service temperature, high mechanical performance or both are of importance.
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Fig. 1. DSC curves of CF-PEEK/PEI blends at different compositions at a) the second heat run and b) cooling run,
recorded from 50°C to 390°C at a rate of 10°C/min. A single peak for the melting and crystalline temperature
transitions for all the CF-PEEK/PEI formulations is related to the semi-crystalline behavior of PEEK while their
shifting as a function of PEEK/PEI content can be attributable to the miscibility of PEEK and PEI.
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Fig. 2. Tensile mechanical properties of the filaments of the various formulations: a) Photo of the tensile test

experimental setup for FFF Filament using a virtual extensometer placed behind the sample, b) Representative stress-

strain curves of the PEEK neat and 30wt.%CF-PEEK/PEI 100/0 blend (dotted lines show the elastic regime where

modulus is estimated), and ¢) Young’s modulus as a function of the PEEK/PEI blends composition for neat and

30wt.%CF-PEEK/PEI blends FFF filament specimen.
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Fig. 3. SEM images at the magnification x50, x250, x2000, of the fractured surface of the extruded filament a) Neat
PEEK, b) 30wt.%CF-PEEK/PEI 100/0, c) 30wt.%CF-PEEK/PEI 80/20, and d) 30wt.%CF-PEEK/PEI 50/50. A good
distribution of CFs throughout the extruded filament and adhesion between the CF and PEEK/PEI are observed for
all the reinforced compositions.
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Fig. 4. u-CT observation of the filaments: a) 3D reconstruction of the p-CT images of CF-PEEK/PEI 80/20 blend
using dragonfly software. u-CT images of CF-PEEK/PEI blends with the regard of xy and xz axis for b) Neat PEEK,
¢) CF-PEEK/PEI 100/0, d) CF-PEEK/PEI 80/20 and ¢) CF-PEEK/PEI 50/50. The addition of CFs is likely responsible
for the creation of voids in the reinforced blends and the void content is higher with increasing PEI proportion.
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Fig. 5. p-CT analysis of the voids size distribution a) CF-PEEK/PEI 100/0, b) CF-PEEK/PEI 80/20 and c) CF-
PEEK/PEI 50/50, including (i) the 3D visualization of the voids and (ii) the size distribution according to the void’s
diameter in um, computed by image segmentation using dragonfly software. The analysis reveals that the degree of
porosity of the CF-PEEK/PEI 100/0, CF-PEEK/PEI 80/20 and CF-PEEK/PEI 50/50 is determined at ~3.90%, ~2.40%

and ~19.70%, respectively.
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Fig. 6. u-CT analysis of the CFs length distribution a) CF-PEEK/PEI 100/0, b) CF-PEEK/PEI 80/20 and c) CF-
PEEK/PEI 50/50, including (i) the 2D and (ii) 3D visualization of the CFs and (iii) the size distribution according to
the CFs length in pm, computed by image segmentation using dragonfly software. The maximum measured CF length
is represented by the yellow bar which is associated to the yellow dots in (i). The analysis suggests that the carbon
fibers are mostly oriented along the direction of extrusion through the 3D printing nozzle and the majority of CFs
length (in yellow) varies between 750 um to 890 pm.

28



i) Vi iii)
13.5+4.5 mm‘
lmn
b)
i) il iii)
CF-PEEK/PEI 100/0
lmn 5 mm
c)
) i1)

—
5 mm

Fig. 7. Optical images of a) neat PEEK, b) 30wt.%CF-PEEK/PEI 100/0 and c) 30wt.%CF-PEEK/PEI 80/20 that have
been 3D printed in (i) a vase, (ii) a cubohemioctahedron, and (iii) a rectangular specimen with the dimension 10 cm x
0.8 cm x 0.4 cm to evaluate the FFF 3D printing. The addition of CFs into the blends enabled eliminating the warping
issue observed for the neat PEEK.
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Fig. 8. Comparison of the 3D printed quality of rectangular structures made with a) PEEK neat, b) CF-PEEK/PEI
100/0 and ¢) CF-PEEK/PEI 80/20; i) Macroscopic pictures of the 3D printed rectangular cuboid specimens 20 mm
x10 mm x4 mm; ii) Optical microscopic images of the zy face highlighting the layer-by-layer deposition; iii) Optical
microscopic images of the top length surface xy highlighting the inter-filament bonding. The red arrows indicate the
position of gaps present in the 3D printed structure. The inter-filament adhesion improved for the reinforced blends.
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Fig. 9. Surface roughness profile comparison of the 3D printed rectangular cuboid’s top surface, made of a) PEEK
neat, b) CF-PEEK/PEI 100/0 and c) CF-PEEK/PEI 80/20, (i) in the lengthwise direction and (ii) the crosswise
direction. The infill pattern used are shown in green, and the outline perimeter in blue. (iii) Microscopic images of the
analyzed surface for roughness test for PEEK neat, CF-PEEK/PEI 100/0 and CF-PEEK/PEI 80/20. The printing
defects are highlighted using red arrows and red squares.
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Fig. 10. Optical images of 3D printed demonstrators made of CF-PEEK/PEI 80/20 blend a) 3D representation of the
Oriental Pearl Tower of Shanghai used as 3D printer torture test, b) a honeycomb sandwich panel structure c¢) a ring
for the oil ruler, d) an articulated octopus structure. The high quality of the complex structures further proves the
printability and viability of CF-PEEK/PEI 80/20.
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Table 1. DSC results for 30wt.%CF-PEEK/PEI blends reporting 7 from the cooling run, 7,
X% and AH,, from the second heating run.

PEEK/PEI weight ratio 7. Tm Xe AdHnm
(as 70 wt.% matrix) °C) (O () dJg

100/0 307.8 344.8 31.9 29.0
90/10 302.2 3432 35.1 28.8
80/20 297.6 341.6 405 295
70/30 292.6 340.2 37.7 24.0
60/40 283.2 337.5 38.1 20.8
50/50 274.8 336.1 41.0 18.7
40/60 262.3 337.1 40.1 14.6
0/100 - - - -

Table 2. mDSC measurements of the 7 for 30wt.%CF-PEEK/PEI blends and their comparison
to calculated Fox T. Some blends exhibited a second 7.

PEEK/PEI weight ratio  Tgrox T 2" Ty
(as 70 wt.% matrix) °C) (°C) (O

100/0 143.0 143.0 -
90/10 148.0 147.0 -
80/20 153.5 153.8 -
70/30 159.3 1623 217.7
60/40 165.6 167.8 213.0
50/50 1724 176.5 2104
40/60 179.8 178.4 207.3
0/100 217.0 217.6 -

Table 3. FFF parameters of the 3D printed structures.

3D printed structures Printing parameters and PEEK neat CF-PEEK/PEI
3D printed part CF-PEEK/PEI 100/0 80/20
Nozzle diameter (mm) 0.6 0.6
Nozzle temperature (°C) 400 380
All structures Bed temperature (°C) 180 150
Chamber temperature (°C) 120 120
Layer height (mm) 0.2 0.2
Infill (%) 0 0
Vase Speed (mm/s) 50 50
) Infill (%) 30 30
Cubohemioctahedron Speed (mm/s) 40 40
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Rectangular cuboid Infill (%) 100 100
(100 x 8 x 4) mm? Speed (mm/s) 30 30
(20 x 10 x 4) mm’
Table 4. Arithmetical mean roughness parameter Ra for PEEK neat, CF-PEEK/PEI 100/0 and
CF-PEEK/PEI 80/20 material, according to the lengthwise direction and the crosswise direction
measured on the top layer.

. Ra (pm) Ra (um)
Material Lengthwis;l direction Crosswiseudirection
PEEK neat 0.2 37.9
CF-PEEK/PEI 100/0 8.5 14.6
CF-PEEK/PEI 80/20 3.2 6.6

Table 5. Printing parameters of the 3D printed part presented in Fig. 10.

Part in Fig. 10 Main parameters Infill (%) | Speed (mm/s)
Tower Nozzle diameter: 0.6 mm 30 30
Sandwich panel Nozzle temperature: 380°C 100 40
Ring Bed temperature: 150°C 100 40
Articulated octopus | Chamber temperature: 120°C 100 30
Layer height: 0.2 mm

Video 1. 3D visualization of the segmentation and identification of the voids (purple), CF (dark
blue) and the PEEK/PEI matrix (grey), for the CF-PEEK/PEI 80/20 blend. The scanned sample is
an FFF filament with a diameter of 0.6 mm, extruded through a nozzle at 400°C with a speed of 5
mm/s.
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