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Abstract

Polyether ether ketone (PEEK) is a semi-crystalline polymer known for its high mechanical strength, excellent chemical resistance,
and thermal stability up to 250 °C. Still, it requires high processing temperatures and exhibits relatively low impact toughness.
Moreover, due to its high melt viscosity and thermal sensitivity, it requires several precautions to be suitably processed. These
drawbacks are more critical for PEEK-matrix composites, such as carbon fiber-reinforced PEEK (C-PEEK). Conversely,
polyetherimide (PEI) is an amorphous thermoplastic with superior ductility, lower melt viscosity, and good dimensional stability.
The blending of polymers, PEEK (or C-PEEK) and PEI, is a promising strategy to enhance processability and tune high-
performance mechanical and thermal properties for demanding applications. In this paper, two blends made of C-PEEK and PEI,
with two different fractions (i.e., 20 and 30 wt%) of PEI, were mixed and analyzed. Results show that the processability by injection
molding of the blends is improved in comparison with the C-PEEK, due to the presence of PEI, which, however, reduces (<-26%)
the mechanical properties. The processability by extrusion molding of 3D-printing filaments was also successfully tested with
filaments having tolerance dimensions and good surface quality.
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1. Introduction

Polyether ether ketone (PEEK) is a high-performance, semi-crystalline thermoplastic belonging to the
polyaryletherketone (PAEK) family. Its unique combination of excellent mechanical strength, dimensional stability,
flame retardancy, abrasion and chemical resistance has made it a material of choice in advanced engineering sectors
such as aerospace, automotive, oil & gas, and biomedical implants. However, PEEK processability remains a complex
challenge due to its high melting point and narrow processing window, high melt viscosity, thermal shrinkage and
sensitivity to thermal degradation [1].

Injection molding is a primary technique used for high-volume PEEK component manufacturing. The material's
high processing temperature window (typically between 360 °C and 400 °C) requires injection molding machines
capable of maintaining consistent high temperatures across the barrel, nozzle, and mold. The mold temperature must
be kept above the glass transition temperature (typically 143 °C) and preferably near 160-200 °C to ensure complete
crystallization and reduce residual stresses in the final part [1]. Variothermal molding techniques, in which the mold
temperature is dynamically controlled during the cycle, have emerged as a state-of-the-art solution to optimize
crystallinity and surface finish without excessively increasing cycle time [2]. Additionally, mold venting and proper
gate design are essential to eliminate voids and incomplete filling. The recent integration of process monitoring sensors
(i.e., cavity pressure and infrared temperature sensors) into molds enables real-time quality control, ensuring the
reliability of complex or miniaturized parts used in medical or electronic applications [3]. Moreover, PEEK viscosity
in the molten state necessitates high injection speeds and pressures and optimized shear rates to achieve complete
cavity filling, especially in complex or thin-walled geometries.

Extrusion molding is preferred for producing continuous products such as rods, sheets, films, tubes, and wire
coatings. In the last decade, this process has experienced increasing importance due to its fundamental contribution to
the production of filaments as feedstock for Fused Filament Fabrication (FFF) additive Manufacturing (AM)
technology. The FFF technology employs a filament having a typical diameter of 1.75 mm or 2.85 mm of both
amorphous and semi-crystalline polymers. The high-demanding applications and the trend to move from prototyping
to the production of full functional parts require the use of high-performance thermoplastics (i.e., PEEK, PEI, PPS,
etc.), which are most often semi-crystalline polymers [4]. However, the thermal and rheological behaviors of
semicrystalline polymers (i.e., shrinkage, viscosity) make the extrusion molding process challenging, as for FFF
feedstock [5]. Extrusion of PEEK similarly requires carefully controlled process conditions, including accurate thermal
management along the barrel zones and screw configuration tailored to ensure stable throughput and uniform melt
flow. Due to the high melt viscosity of PEEK and its thermal sensitivity, precision control of the thermal profile along
the extruder barrel is critical [6]. Typically, multi-zone heating profiles are used to ensure gradual and uniform melting,
while high-torque, corrosion-resistant screws help maintain homogenous material flow. This scenario is made more
complex by the tendency towards the use of composites having semi-crystalline polymer matrices and high-strength
reinforcement fibers and particles [4]. The increasing demand for high-performance components in extreme
environments continues to push the boundaries of PEEK processability. In the aerospace industry, the drive toward
lightweight high-strength composites has spurred the use of PEEK in thermoplastic matrix composites with continuous
carbon fiber reinforcement [6]. Similarly, in medical applications, the need for exact and biocompatible implants has
led to innovations in microinjection molding and AM using PEEK filaments or powders [7]. The continuous evolution
in tooling technologies, process simulation, and material formulation underscores the ongoing progress in the industrial
processability of PEEK. As these techniques mature, they enable broader utilization of PEEK in structural and
functional parts where extreme operating conditions preclude the use of conventional polymers.

Blending PEEK with polyetherimide (PEI) is a promising strategy to enhance processability and tune high-
performance thermoplastic mechanical and thermal properties for demanding applications. PEI is an amorphous
thermoplastic with superior ductility, lower melt viscosity, and good dimensional stability. When blended, PEI can
improve the processability of PEEK by reducing melt viscosity and enhancing the flow characteristics during molding
and extrusion [8]. Moreover, PEI improves toughness, making the blend more resistant to crack initiation and
propagation in structural components.

Due to similarities in the chemical backbone, both aromatic polymers, PEEK and PEI exhibit partial miscibility,
especially at high temperatures, allowing for reasonably uniform phase dispersion under controlled processing
conditions. However, the presence of amorphous PEI disrupts the crystallization of PEEK, leading to a reduction in
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the overall crystallinity, which can affect the final product stiffness and heat deflection temperature [9]. To address
this issue a multilayer polymer stacking technique has been proposed [10] and then, deepened to control the formation
of an interfacial mixed layer and avoid the complete miscibility of the polymers [9]. In order to improve the mechanical
properties, this technique has also been applied, adding carbon-based reinforcement fillers [11]. Although this
technique can be suitable for some applications, it cannot provide the material for AM. In this context, the processing
of PEEK/PEI blends typically involves melt extrusion or compounding, with shear conditions carefully controlled to
prevent thermal degradation of either component. In order to limit the decrease in crystallinity using that technique,
the amount of PEI mixed has to be reduced to the minimum required to control the dimensional precision and the
thermal shrinkage, and careful attention has to be paid to the effect of the nozzle temperature during AM [12].
Applications of these blends are emerging in the aerospace, electrical, and automotive sectors, where a balance of
mechanical performance, impact resistance, and process efficiency is critical. Due to the high standard required in
some applications, the durability of 3D printing products has been tested, confirming that the PEEK/PEI blend does
not exhibit significant reduction of the mechanical and thermal properties after physical and chemical aging [13].

While the PEEK/PEI blend has been extensively studied, very few works can be found in the literature on
composites of this blend and reinforcement fillers such as carbon fibers (CF). The addition of CFs showed a significant
improvement in the mechanical properties, and composites with up to 20% of PEI demonstrated good printing quality
without warping and delamination [14]. A comparison between injection molding and FFF manufacturing of
reinforced PEEK/PEI carbon-based composites confirmed the superior quality of injected products in terms of
strength. This is partially due to the observed shortening of the carbon fibers during the filament extrusion process
[15].

In this context, this paper aims to study two C-PEEK/PEI blends for injection molding and extrusion processes,
combining the outstanding mechanical and thermal properties of C-PEEK with the excellent dimensional stability and
processability of PEI. Blending these two high-performance materials can enhance toughness, reduce melt viscosity,
and optimize the thermal behavior for specific applications. The resulting blend balances rigidity and ductility while
retaining high heat resistance and chemical stability. Careful optimization of the PEEK-to-PEI ratio is essential, as it
influences crystallinity, interfacial adhesion, and the final morphology of the blend. Section 2 presents the material
blend design and preparation; Section 3 describes the setup of the micro-injection molding process; Section 4 illustrates
the extrusion molding process to fabricate filaments for FFF AM technology; Section 5 reports the characterization of
parts and filaments. Finally, the conclusions, limitations, and future works are presented in Section 6.

2. Material

The used materials, selected based on specific application requirements, are a PEEK with 20% carbon fibers (Peek
450CA20 by Victrex), a semi-crystalline polymer, and a PEI (Ultem 1010 by Sabic), an amorphous polymer. The
properties of both materials are reported in Table 1, retrieved from the manufacturer's data sheets. Two blends are
obtained: C-PEEK/PEI 80/20 and 70/30 wt/wt%.

Table 1. C-PEEK and PEI properties from manufacturer data sheets.

Property Test method  Unit C-PEEK PEI
Tensile stress at break 1SO 527 MPa 230 85
Tensile Elongation at break  ISO 527 % 2.1 60
Tensile Modulus 1SO 527 GPa 19.5 32
Flexural Stress 1SO 178 MPa 340 160
Flexural Modulus 1SO 178 GPa 16.5 33
Melting Point 1SO 11357 °C 343 370-410
Glass transition ISO 11357 °C 143 217
Melt viscosity 1SO11443 Pa.s 525

Melt Volume rate 1SO 1133 c¢m?/10min 13
Density 1SO 1183 g/cm? 1.37 1.27

Both C-PEEK and PEI were dried for 6 hours at 85°C in a static-air oven Memmert UNE400. After drying, material
pellets were weighed and mixed in a twin-screw mixer Thermo Scientific Haake PolyLab QC. The mixing was
executed for 25 minutes with a rotor speed of 60 rpm, a temperature of 385°C. The process parameters were controlled
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and monitored with the Haake Polysoft software. The blend was then shredded by a mill Retsch SM300 for 80 minutes
with a blade rotating speed of 1500 rpm. Finally, the shredded mass was sieved with a 6 mm-hole sieve, which allowed
for the achievement of small pellets with an average size of 4 mm.

3. Micro Injection Molding

In this work, the micro-injection molding (nIM) has been selected as a reference process. Compared to conventional
injection molding, the pIM is more challenging due to the occurrence of size effects and allows for better highlighting
of issues and criticalities in processing high-performance materials. The pIM is an advanced manufacturing technique
designed for the mass production of polymeric components with microscale features, low part weight, and tolerances
in the micrometer range. It operates on the same fundamental principles as conventional injection molding but is
adapted to handle feature sizes in the micrometer range. The uIM process demands exceptional control over processing
parameters such as injection speed, melt and mold temperatures, and hold pressure. Key challenges in uIM include
managing rapid solidification, avoiding material degradation due to high shear rates, ensuring complete filling without
flash or short shots, and maintaining precise dimensional control during demolding of microstructure. The mold for
micro-injection molding is an exact tool designed and manufactured to replicate micro-scale geometries with high
accuracy and repeatability. Key aspects of the mold design include micro-cavity geometry, venting systems, and
optimized gating to ensure uniform flow and complete cavity filling.

In this experimentation, the used machine is the Formica Plast 1k by DesmaTec, equipped with two pistons for
accurate dosing and injection: a 6 mm piston for the pre-plasticization phase and a 3 mm piston for the injection
(Fig. 1 a), with a maximum injection stroke of 23 mm. The mold is a two-cavity mold (Fig. 1 b), the material is Ni—
Cr—Mo steel, and it was manufactured by Micro Electrical Discharge Machining. The tested specimen is a mini-scale
dog-bone tensile sample with a thickness of 1 mm, a length of 12 mm, and a width of 1.5 mm in the narrow part and
3 mm in the larger one. The dimensions of the mold and specimen are illustrated in Fig. 2.
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Fig. 2. (a) steel insert; (b) part design.
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During experimentation, three batches of samples were molded, one for the commercial C-PEEK and two for the
realized blends of C-PEEK/PEI. The processing parameters were identified based on the previous experiments carried
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out on reinforced materials [16],[17], and the technical datasheets of Victrex. These parameters were then evaluated
and fine-tuned through screening tests. Table 2 reports the final identified and used processing parameters, including
polymer melting temperature (Tm), mold temperature (Tmo), injection speed (Vinj), holding pressure (Ph), holding
time (th), cooling time (tc), and piston stroke. The pressure limit was set to 2500 bar, the same for all tests performed.

From the visual inspection, carried out immediately after molding with a stereo microscope Optika, the following
observations (Fig. 3) can be made: i) C-PEEK specimens are incomplete in the last filled section; ii) C-PEEK/PEI
80/20 specimens are complete but deformed during ejection; iii) C-PEEK/PEI 70/30 specimens are the best overall,
complete, and without deformations.

Table 2. Process settings.

Process parameters C-PEEK ~ C-PEEK/PEI 80/20  C-PEEK/PEI 70/30

Tm (°C) 420 410 410
Tmo (°C) 230 200 200
Vinj (mm/s) 300 300 300
Ph (bar) 1000 1000 1000
th (s) 1 1 1
Tcool (s) 4 8 8
Stroke (mm) 10.5 10.5 10.5

(a) (b) (c)

Fig 3. Examples of molded mini dog-bone specimens: (a) Carbon Peek (C-PEEK); (b) C-PEEK/PEI 80/20; (c) C-PEEK/PEI70/30.

Regarding the temperatures (melt and mold), the process parameters used for the blends are slightly lower than C-
PEEK. The small differences could be due to the blend's slightly different rheological properties (lower viscosity at
this temperature). Furthermore, C-PEEK requires a significantly higher mold temperature (230°C) compared to the
PEEK/PEI blends (200°C). This is crucial for PEEK, as its semi-crystalline nature requires a high mold temperature
to achieve optimal crystallinity, dimensional stability, and surface finish. This suggests that the addition of PEI changes
the thermal requirements of the blend.

4. Extrusion molding

The C-PEEK/PEI composite materials were also processed by extrusion to obtain FFF 3D-printing filaments. The
extrusion molding was performed by the TREED filaments company (Seregno, MB, Italy) [18] using a twin-screw
extruder. The 5 zones barrel temperatures were set to 380, 394, 390, 386, and 392°C from the feed hopper to the die,
respectively. The extrusion head pressure was 82 bar, the screws speed was 18 rpm, and the extrusion speed was
7 m/min. For each material, the overall extruded mass was 1.2kg. The filaments wound on spools are shown in Fig. 4.

Fig. 4 - Filament of C-PEEK/PEI 80/20 (a) and C-PEEK/PEI 70/30 (b) for FFF 3D-printing. Courtesy of Treed Filaments (Italy).
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5. Characterization

The characterization was carried out in three steps. Dimensional and mass characterization were performed to
understand the dimensional stability and processability of the blends. By measuring the molded specimens' length,
width, thickness, and mass, it is possible to quantify the effects of adding PEI on material shrinkage, part replication
quality, and cavity filling. This is a crucial step to validate the hypothesis that PEI's lower melt viscosity and good
dimensional stability would improve the overall processability of C-PEEK. The surface roughness characterization
was chosen to assess the impact of the PEI blend on surface finish. Tensile testing was used to quantify the mechanical
performance of the blended materials and determine the link between enhanced processability and mechanical
properties. This method allowed to observe the variability in mechanical properties, linked to the processability issues
of the pure C-PEEK and the potential for carbon fiber shortening during material preparation. Multiple samples were
tested for each material and process to ensure the reliability and reproducibility of the results. Five specimens from
each batch were randomly selected for the injection-molded samples for both dimensional and mechanical
characterization. Ten random measurements were taken for the extruded filaments to ensure the diameter was within
tolerance.

5.1. Dimensional characterization of injection molded samples

Dimensional measurements were carried out using a Mitutoyo digital caliper (Resolution 0.01 mm) on five
specimens randomly extracted from each batch. The selected dimensions for quality control were the dog-bone length,
the width at the midsection, and the thickness (Fig. 2), which were also necessary to determine the cross area for
subsequent strain calculations after the mechanical characterization. The average values with the corresponding
standard deviations are reported in Table 3. The best samples were selected for C-PEEK molded parts, avoiding
incomplete samples. It can be observed that overall, a good mold replication was achieved, with low standard deviation
values. Furthermore, the dimensional deviations from nominal values (Fig. 2b) evidence the good dimensional stability
reached from the blends with respect to commercial C-PEEK (Fig. 5).

Table 3. Dimensional and mass characterization.

Material Width (mm) Thickness (mm) Length (mm) Mass (g)

C-PEEK 1.44+0.06 0.92+0.12 11.93+0.015 30.9+0.23
C-PEEK/PEI 80/20  1.44+0.05 0.98+0.04 11.95+0.020 29.1+0.31
C-PEEK/PEI 70/30  1.42+0.04 0.98+0.06 11.94+0.015 30.6+0.72
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Fig. 5. Deviation of measured specimens from nominal mold dimensions.

Mass characterization, performed using an ultra-precision microbalance (Gibertini E154), complements the
dimensional analysis by revealing material inconsistencies, shrinkage effects, or cavity filling inefficiencies as voids
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or incomplete filling. Together, these assessments support process optimization and enable a comprehensive
evaluation of process stability, part reproducibility, and the overall quality of micro-injection molded products.

5.2. Surface roughness characterization
The surface parameters are measured using the profilometer Sensofar S-Neox, using a 20X magnification lens for

the confocal acquisition (Fig. 6). The mold insert has a Sa value of 0.39 pm. The molded samples of C-PEEK show a
Sa of 0.38 um, blend 70/30 samples show a Sa value of 0.64 um, and 80/20 samples a Sa value of 0.88 pm.

(a)

e) (f)
Fig. 6. Optical image (left), Confocal surface (right) for Sa measurements; C/PEEK (a, b); C-PEEK/PEI 70/30 (c, d); C-PEEK/PEI 80/20 (e, f).

A higher mold temperature (used for C-PEEK samples) generally leads to a smoother surface (lower Sa) by
allowing the polymer to remain molten for longer against the mold surface, thus replicating its texture more faithfully.
The fact that C-PEEK was molded at 230 °C led to a very good surface finish. The C-PEEK/PEI blends injected using
a mold temperature of 200 °C might have inherently different surface replication capabilities due to their composition,
even if the mold temperature is optimized for them.

5.3. Mechanical characterization

The mechanical properties of the materials were measured by carrying out tensile tests on the specimens
manufactured using injection molding. A Shimadzu table-top universal tester, model EZ-S, was used. It was provided
with a load cell of 500 N and two pneumatic grippers to firmly grasp the specimens during the test with a pressure
equal to 2 bar, For each material, 5 samples were tested, setting the velocity of the upper grip at 1 mm/min according
to the ISO527 standard requirement. Before each test, the specimen was measured so that, based on the force versus
displacement data measured by the instrument, stress-strain c-¢ curves were calculated (Fig. 7), together with the
Young's modulus (E) and the Ultimate Tensile Strength (UTS) for each sample. In Fig. 8 the average value and
standard deviation of the Young's modulus and the Ultimate Tensile Strength for each material were reported. As
expected, due to the mechanical properties of PEI, the results show a noticeable decrease in the values of both the
mechanical properties E and UTS of the C-PEEK/PEI composites, in agreement with the literature [14].

Interestingly, the different percentages of PEI show similar values of both the analysed properties, suggesting that
the reduction of the values is due not only to the presence of the less performing polymer PEI, but also to other causes,
for example, the shortening of the carbon fibers during the mixing and the pelletizing processes.
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Stress-Strain curves
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Fig. 7. Stress-Strain o-¢ curves for C-PEEK and C-PEEK/PEI composite blends (80/20 and 70/30).
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Fig. 8. Young modulus (E) and Ultimate Tensile Strength (UTS): mean values and standard deviation.

Indeed, the rotation of the screws during the mixing and of the blades of the shredder can break the fibers whose
mean length is, thus, usually reduced. Since, as it is well-known from the literature [19], the longer the reinforcement
fibers, the better the mechanical properties, this reduction might have contributed to the decrease of the value of E and
UTS. Moreover, considering that both the C-PEEK/PEI composites are processed with the same mixing and shredding
parameters, a similar shortening effect can be supposed independently of the PEI percentage, in agreement with the
comparable mechanical properties results. Furthermore, a larger spread of the results is observable for both the
properties of the C-PEEK samples. It could be ascribed to the worse processability of the material, noticed during the
manufacturing of the specimens and also visible in the larger variability of the sample dimensions (Fig. 5).

5.4. Filaments characterization

For each blend, a feedstock filament was extruded and characterized with diameter measurements and confocal
microscopy observations. Ten measurements were randomly executed with a Mitutoyo digital caliper (Resolution
0.01 mm) on each of the material filaments. Measurements with mean values and standard deviations are reported in
Table 4. All diameter values are comprised in the nominal range of 1.70 - 1.80 mm (i.e., 1.75 £ 0.05 mm), thus within
tolerance. The Sensofar optical profilometer (see Section 5.2) equipped with an objective EPI 20X, having a numerical
aperture of 0.30 and a resolution of 0.64 um/pixel, was used to acquire optical and 3D confocal images of the samples
(Fig. 9). The images were processed with the Sensoview v.1.9.2 software to measure the surface roughness Sa of the
filament outer surface, applying the standards ISO25178 (Table 4).
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Table 4. Measurements of diameters and surface roughness Sa on filaments.

Filament Diameter measurements (mm) Diameter Sa
D, D, D; Dy Ds D¢ D, Dg Dy Dyo (mm) (um)

C-PEEK/PEI 80/20 1.71 .79 180 1.78 174 178 178 176 179 1.76 1.77 £0.03 5.11
C-PEEK/PEI 70/30 1.77 180 177 174 177 178 1.75 .74 172 1.72 1.76 £ 0.03 5.71

(a) L

(d)

Fig. 9. Filament surface optical inspection. Optical and confocal images of the C-PEEK/PEI 80/20 (a, b) and C-PEEK/PEI 70/30 (c, d) samples.
5.5. Discussion

The paper shows that C-PEEK/PEI blends have improved processability during injection molding, as evidenced by
the complete and undeformed samples. This enhanced processability is also reflected in the lower dimensional
variability of the blends compared to pure C-PEEK, which has a higher error percentage in thickness and length.
Furthermore, the blends could be molded at a lower temperature (200°C) compared to C-PEEK (230°C), directly
demonstrating the reduction in thermal requirements and improved ease of processing. The successful extrusion of
filaments with dimensional tolerances for 3D printing also proves the enhanced processability for other manufacturing
methods. Adding PEI makes the blends easier to process but also reduces the Young's modulus and Ultimate Tensile
Strength by about 20%. The presence of amorphous PEI disrupts the PEEK crystallization, which affects stiffness and
heat deflection temperature. The enhanced processability of these blends evidenced the possibility for high-volume,
cost-effective manufacturing processes for high-performance materials. The improved flow characteristics and lower
processing temperatures of the blends could lead to reduced cycle times and energy consumption in industrial settings.
The successful production of high-quality filaments for FFF is significant because it allows high-performance
materials in AM to create functional parts. This addresses a growing trend in the aerospace and medical sectors for
producing complex, high-performance components.

6. Conclusions

The present study was focused on new composite blends made of carbon fiber-reinforced PEEK and 20 and 30 wt%
of PEI. These composite blends were processed via injection and extrusion molding. The analysis results were
compared with the starting composite C-PEEK. The PEI addition to C-PEEK improves both the injection molding
processability and the extrusion molding, which resulted in good filament quality. The melt and mold temperatures
during injection molding of the blends are slightly lower, demonstrating a minor thermal requirement of the blends
and their easier processability. The samples' dimensional deviations from nominal mold dimensions evidenced the
good dimensional stability reached by the blends with respect to commercial C-PEEK. The roughness measurements
show that the C-PEEK samples better replicate the molds' surface. Despite the enhanced processability, a worsening
of the mechanical properties was observed. The Young’s modulus E and the Ultimate Tensile Strength UTS of the
blends are between 20% and 26% lower than those of the C-PEEK. The decrease in the mechanical properties seems
to be also due to the reinforcement fibers shortening during the mixing and material preparation steps. The extrusion
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molding of 1.75 mm diameter filaments of both C-PEEK/PEI 80/20 and 70/30 revealed an excellent processability
with filament dimension on tolerance (1.75 + 0.05 mm) and surface roughness Sa of about 5 pm. This work does not
address the microscopical characterization of processed materials, such as carbon fiber dimensions and distribution,
micro-cavities and porosity, etc. Another limitation is related to the composite blend preparation, which was not fully
investigated and optimized. Future works will be focused on further investigations on these C-PEEK/PEI blends,
particularly on their chemical and rheological properties, their micro-scale properties, and the optimization of the
preparation process to develop a material that balances both processability and mechanical performance.
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