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Abstract

The additive manufacturing industry shows annual growth of more than 10 %. Therefore, the requirements for produced com-
ponents are increasing, especially for individual medical technology applications printed from poly(ether ether ketone) (PEEK).
This paper focuses on an investigation of an uninterrupted nozzle system for printing the high-performance thermoplastic
PEEK with short fiber reinforcements. A custom-made nozzle design with variable outlet angle is presented and the achievable
fiber length distribution and fiber orientation in the printed material are investigated. The applied nozzle angles are 60 °, 90 °
and 120 °. The geometric shape of the tip of the custom-made nozzles is comparable to that of a reference nozzle. With regard
to the height profile, the inner surface is up to three times smoother. With a decreasing nozzle angle, a lower degree of fiber
damage caused by deposition can be demonstrated. Thus, the process-induced shortening of the fibers decreases. The
enhanced flow profile for small angles outweighs the simultaneous disadvantageous due to friction loss, shear stress and pres-
sure drop. A clear result for the fiber orientation cannot be deduced.
© 2021 The Authors. Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.
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INTRODUCTION
The market segment of additive manufacturing shows an annual
growth of more than 10% since 20101. One of themost important
trends is the direct production of functional parts. Extrusion-
based processes are very popular for this purpose2. They allow
an easy insertion of fiber reinforcements without size limitations3.
The possibility of printing high-performance polymers has further
expanded the field of application for extrusion-based processes4.
In the interior area of an Airbus A350 XWB, several thousand

parts made of ULTEM 9085 are already in flight service1. However,
the scope of use is limited to secondary structures within aircraft5.
Moreover, ULTEM 9085 does not fulfill all requirements regarding
chemical resistance. It is not resistant to some hydraulic fluids and
dichloromethane that are used in aviation cleaning agents. This
encourages a shift towards the application of poly(ether ether
ketone) (PEEK) as a high-performance material. This material
opens up additional fields of application, such as medical
technology6.
The requirements for individual medical technology applica-

tions of printed high-performance materials have already been
developed7. Neat PEEK polymer has been successfully processed
and evaluated in printed patient implants8,9. A wider range of
use requires an improvement in mechanical properties. Adding
short fibers can generate the required boost of the mechanical
properties. An addition of 30 % short carbon fiber in weight raises
strength from 100 to 260 MPa and Young's modulus from 3.7 to

25 GPa10. Cortical bone has a strength of 133 MPa and a stiffness
of 18.6 GPa11,12. Therefore, the use of fiber-reinforced PEEK as
bone substitute is possible from a mechanical point of view.
The addition of fibers turns a printing material into a heteroge-

neous material. At process temperature, PEEK has a viscosity of
0.5–1 kPas in unreinforced form. The added fiber material
changes the extrusion behavior. A higher fiber content increases
the viscosity13,14. With a higher viscosity, additional challenges
for the processing of the filled material arise. In order to ensure
high mechanical performance, the fibers must be as long as pos-
sible and aligned parallel to the direction of loading. The extrusion
nozzle sits at the end of the liquefier and determines the extrusion
geometry, and hence affects the mechanical properties
significantly15,16.
Regarding the geometrical classification of a nozzle, Turner

et al.16 divided the shape of a nozzle into three zones (Fig. 1).
The first zone is a cylindrical section. It is slightly larger than the
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filament. With a filament diameter of 1.75 mm, zone 1 usually has
a diameter of 2 mm. Zone 1 is entirely in the area of the hot end.
Upon entering this area, the filament is melted through heat con-
duction at extrusion temperature. Zone 2 consists of a conically
convergent geometry, with an opening angle ⊍. This is also known
as the nozzle angle. The following nozzle outlet channel again
consists of a cylindrical geometry. With lengths L1, L2 and L3 and
diameters D1 and D2, the geometry of the axisymmetric nozzle
can be fully described16,17. A widely used standard is the nozzle
geometry of E3D-online. A common nozzle angle is 120°. The
standard outlet diameter is 0.4 mm. Thus, the reduction ratio is
5:1 (D1/D2). The reduction channel (zone 3) has a standard diame-
ter to length ratio of approx. 1.5 (L3/D2).
During operation, continuous filament transport creates a con-

stant melt flow18. The following solid filament acts like a piston
and presses the already melted material through the nozzle out-
let19. The deposition velocity for PEEK is usually below 60 mms−1

with a standard nozzle outlet. With an extrusion width of 0.4 mm
and a layer height of 0.2 mm, the fluid velocity for the nozzle stan-
dard before constriction is below 1.5 mms−1. The shear rate
within this area is 100s−1 at its maximum19, and the viscosity of
PEEK at processing temperature is about 200 Pas14.

With these parameters, the following applies to the pipe flow:

Re=
ρ×υ×d

η
� 1

Hence it is a Stokes flow20. The high contraction ratio of 5:1
towards the nozzle tip increases the Reynolds number, yet not
out of the validity range. In this flow condition, the viscous forces
outweigh the inertial forces. Furtheremore, the constriction
changes the pressure drop within the fluid. This must be counter-
acted by the feeding mechanism18. Gibson and Williamson21 as
well as Michaeli22 have formulated the basics of the shear-
thinning power-law fluid for the description of fluid behavior in
nozzles. These basics are valid for the sections L1 to L3 separately
and together they discribe the total pressure drop. Yardimci
et al.23 and Bellini24 linked them with the boundary conditions
of fused filament fabrication (FFF). Using the Arrhenius equation,
Bellini et al.18 created the following relationship for the cone sec-
tion, which is also referred to by Ramanath et al.25.
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where m is the material-dependent flow index22, ⊍1 is the energy
of activation and T⊍ is a reference temperature18.
The predominant viscous forces in Stokes flow cause frictional

losses, which increase with the nozzle length. A large nozzle
angle can reduce the friction losses due to the change in the
cross-sectional area over a short distance. As a result, cumulative
shear stresses decrease with a large nozzle angle23. These shear
forces occur at the transition from zone 2 (L2) and zone 3 (L3) as
well as in the entire zone 3 (L3). For a nozzle angle of 90 °, Phan
et al.19 calculated a local shear rate of more than 800 s−1 at the
inner wall in zone 3. Furthermore, the pressure drop decreases
with an increasing nozzle angle in the cone section (seeΔp2). This
is directly proportional to the counter-pressure of the nozzle. A
decreasing pressure drop impedes the buckling or breaking of
the filament at the inlet of the nozzle as well as possible slippage
during the feeding of the filament24. Consequently, a larger noz-
zle angle leads to an improved performance and finally to a more
uniform strand output26. At the same time, the constriction at
large nozzle angles causes the fluid elements to lift off the inner
wall of the barrel. The formation of recirculation areas is a conse-
quence.20 These areas of recirculation27 are the so-called vortex28

or dead water areas. This means that the polymer is held in a loop
at undercuts by a vortex-like flow. In practical terms, these dead
water areas can lead to the degradation of standing material29.
These vortical regions make the processing of filled materials
more difficult. The effects of these difficulties are flow instabilities
and nozzle clogging23. As a result, the influence of the nozzle
angle on the flow profile counteracts the influence of the friction
loss, shear stress and pressure drop.
These physical factors of influence affect the additive

manufacturing process at part level with regard to the quality
and the fiber formation. This is one of the focuses of current
research in additive manufacturing. The aforementioned physical
factors lead to nozzle failure, which is the primary defect in extru-
sion based processes30–33. In additive manufacturing, this mani-
fests as nozzle clogging34,35. Among other reasons, this leads to

Figure 1. Longitudinal section of a nozzle.16

Figure 2. Nozzle adapter for mounting of custom-made nozzle inserts.
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a 20 % failure rate in FFF36. In addition to the physical factors of
influence due to geometric dependencies, the surface of the noz-
zle inner wall has an influence on the extrusion. Chen et al.37 and
Kissi et al.38 were able to establish a correlation between the noz-
zle wall properties and the extrusion quality. Chen et al. demon-
strated a better wall sliding behavior with decreasing surface
roughness. Kissi et al. generalized this result and demonstrated a
better material flow for a given nozzle geometry by reducing sur-
face roughness. In addition, Arda and Mackley39 showed a corre-
lation between the extrusion instability and the magnitude of
the stress concentration at the nozzle exit. This correlation
depends on both the melt/wall separation point as well as on
the partial slip degree on the nozzle wall. Arda and Mackley39

characterized these interactions by the degree of formation of a
sharkskin on the extruded material surface. Based on this result,
Agassant et al.30 classified three polymer processing instabilities.
Two of them are significantly influenced by the inner nozzle
surface.
The addition of fibers changes the rheological behavior of the

polymer inside the nozzle40. The phenomena mentioned increase
in severity, and so do the processing challenges. A common feed-
stock material for FFF has a fiber mass content of 30 % and an
average fiber length between 100 and 200 μm. Wang et al.34 pos-
tulated a maximum fiber mass content of 40 % that can be pro-
cessed without clogging. Besides the fiber content, the fiber
length and orientation are crucial for the overall performance of
a printed part41. Longer fibers in the printed part increase the
mechanical performance42.
Fu and Lauke43 studied the influence of fiber length and orien-

tation in short-fiber-reinforced polymers. They presented a vali-
dated model with a fiber efficiency factor that describes the
strength of the composite. In short fiber reinforcements, the aver-
age fiber length is below the critical fiber length. Therefore, fur-
ther shortening of the fibers has an excessive effect on the
strength. Fu's model describes a fiber efficiency factor of 56 %
for a mean fiber length of 250 μm. At 125 μm, this drops to 36 %
and at 62.5 μm to even less than 20 %. Thus, fiber shortening that
can ranges between 1.2 and 14.4 % in FFF reduces themechanical
performance44.
During the feedstock material production for FFF, the short

fibers are aligned along the pull-off axis. Moreover, the orienta-
tion and the enclosed pores are different for different feedstock
materials, producers and production types45,46. This effect also
holds true in the extrusion nozzle of the printer5. For the redirec-
tion of the extrusion thread onto the build plate, a deflection of
90 ° is applied. This results in different turning radii within the
thread. The different velocities on the top and bottom side of
the thread change the fiber orientation during lay-up47,48. Nev-
ertheless, the general orientation in the direction of the thread
deposition is detectable in the printed material49. Several
research groups have already investigated the fiber orientation
as a function of the nozzle geometry for mass-produced
polymers49–51.
In the standardized design of a print head, the heat-break sepa-

rates the heated section (hot-end) from the rest of the assembly.
Within the hot-end, the nozzle is butt-jointed with the heat-break.
This does not pose a problem for industrial use. For medical appli-
cations, the cleanness of the deposited material has to be
ensured. The use of uninterrupted nozzles without joints or
undercuts makes this possible. To generate a continuous nozzle,
the entire channel and nozzle angle has to be generated in one
step. This requires bore depths of more than 60 mm. The

generation of a uniform inner surface of the barrel and nozzle
angle is a challenging task and has barely been investigated.
In this report, we introduce a custom-made nozzle design. This

design consists of an uninterrupted nozzle channel without joints
(cold-end + heat-break + hot-end in one piece) for an improved
flow behavior. Besides the overall design, it allows the production
of individual inner nozzle shapes. The focus is on the influence of
the fiber formation of short carbon fiber reinforcements. This is
investigated with the high-performance polymer PEEK as a matrix
material.

MATERIALS AND METHODS
The investigation within this study is performed with cuboidal
samples. The size of the samples is 4 mm × 10 mm × 40 mm.
The slicing software Simplify3D generates the print code (G-code).
Printing of five threads as brim (contour layers placed around the
first layer of the part) ensures the stability of the process. Print
path of the samples is unidirectional along the longitudinal axis.
Exceptions are the turning points at the front sides.
For better adhesion on the build plate, a thin film of Dimafix® is

used. The print bed is preheated and levelled to 0.1 mm distance
from nozzle with a feeler gauge before printing. Before printing,
the feedstock material is dried at 70 °C in an oven.

Materials and Equipment
The print material is Victrex 450G with 30 % carbon fiber content
by weight10. The feedstock material is a filament produced by
Ensinger GmbH. This material is a derivative of PEEK and therefore
belongs to the group of high-performance thermoplastics.
The applied printer is an Apium P220. This printer works with a

Cartesian movement system. The maximum print speed is limited
to less than 100 mms−1. For the standard version, the maximum
build plate temperature is 160 °C. The adjustable extrusion tem-
perature is more than 500 °C.
The print head structure enables the use of an uninterrupted

nozzle. Thus, the nozzle design combines the hot-end and cold-
end in one piece. The hot-end side has an M8 thread and the
cold-end a transition tolerance of 6 mm. A uniform adapter
allows the mounting of custom-made nozzles. The front part
made of stainless steel enables the fit in the thread. A clamping
ring of brass ensures conductivity in the end of the front part at
the edge of the heat break. The back part is a sleeve made of
brass. This ensures the cooling of the entering filament in the
backside. This setup with a custom-made nozzle is shown
in Fig. 2.
The developed method for the production of nozzles allows an

almost unlimited design of the inner geometry. The present inves-
tigation includes three different nozzle angles. One is the nozzle
standard of 120 °. For the investigation of the flow profile, angles
of 90 ° and 60 ° are additionally included. Figure 3 shows the tip
design of the custom-made nozzles. The nozzle outlet of all vari-
ants is designed with a diameter of 0.4 mm.

Analytical Methods
Using a Keyence VR5200 profilometer allows the calculation of the
surface coordinates with an accuracy of approx. 0.5 μm. For micro-
scopic images, the samples are cut in half and embedded in epoxy
resin. The samples are ground and polished with a polish suspen-
sion that contains particles up to a size of 1 μm. Using a light
microscope (Olympus BX41) in reflection mode provides images

Fiber formation of printed CF/PEEK www.soci.org

Polym Int 2021; 70: 1109–1117 © 2021 The Authors.
Polymer International published by John Wiley & Sons Ltd on behalf of Society of Industrial Chemistry.

wileyonlinelibrary.com/journal/pi

1111

http://wileyonlinelibrary.com/journal/pi


for analytical examination. The images are analyzedwith Olympus
Stream Motion software and its optical filters.

RESULTS
In the first step, the custom-made nozzles are investigated. These,
as well as the reference, have an uninterrupted nozzle design. The
geometric differences from the reference nozzle and the possible
benefits associated with the custom-made nozzles are shown.
Upon optimization of the process parameters, samples for fiber
formation analysis are generated. The analysis of the printed
material includes both orientation and length of the fibers.

Nozzle Geometry and Shape
The shape of the nozzle tip and the diameter of the outlet open-
ing define the thread line. The quality of the inner surface is a cru-
cial quality feature in a nozzle channel. The developed
manufacturing process does not require machining of the entire
channel. This manufacturing approach allows a different defini-
tion of the characteristic length of the outlet L3. Therefore, the
diameter and the characteristic of the outlet are further analyzed.

Nozzle Tip and Diameter
A drill hole creates the nozzle outlet. This is done from the front
end of the nozzle. Due to the alignment tolerances, centric drilling
into the previously manufactured nozzle tip can be difficult
depending on the length of the nozzle channel. A non-coaxial
alignment of the outlet and the channel results in undercuts
inside the nozzle that will cause irregularities in the flow profile.
The results are additional dead water areas. Figure 4 shows a
tolerance-related offset of the nozzle outlet hole with respect to

the channel of the reference nozzle and the undercut caused
by this.
Additional measuring levels in the developed manufacturing

process of the custom-made nozzles ensure the coaxiality of the
outlet and the channel. This prevents the occurrence of under-
cuts inside the nozzle. One consequence is an imbalance in the
material. The creation of the outlet can cause edge chipping
and structural anomalies. Figure 5 shows examples of these
phenomena.
The standard nozzle diameter for FFF printers is 0.4 mm. The

engineering fit for the outlet is H10. This is equal to a tolerance
of +40 μm, which equates to +10 % here. The diameters of the
manufactured nozzles are 3.5–8% above the targeted size. Table 1
presents the detailed results. This way the variation is not outside
the usual market tolerance range. The measured reference nozzle
shows a variation of 3 %.

Inner Surface Quality
The processing of PEEK requires heating above the melting tem-
perature. The basic compound 450G has a melting point of
343 °C10. Extrusion temperatures of 400 °C or higher are used in
well-known research work of additive manufacturing52, 53, 6.
These temperatures also affect the high-performance thermo-
plastic PEEK during extended exposure. Adhesions on the surface
of the nozzle channel can degrade during longer exposure times.
For this reason, not only the nozzle outlet, but also the surface of
the entire inner barrel is a quality criterion. The investigation of
these surfaces is performed on a longitudinal section of the noz-
zles. Themeasured section is a 4 mm long section of the inner sur-
face, which is parallel to the longitudinal axis. The visual
measurement of the surfaces for a custom-made and a reference
nozzle is shown in Fig. 6. A qualitative evaluation of the optically
recognizable topology shows larger amplitudes of the notches
for the reference nozzle. Figure 7 shows the detectable height
profiles of the reference and the custom-made nozzles.
The arithmetic average for surface roughness is Ra. This is

2.6 μm for the custom-made design and 2.2 μm for the reference
nozzle. On average, the surface topologies are approximately
comparable for the measured distance of 4 mm. The roughness
depth Rz is the average value of the maximum height differences
in five connected individual sections. This value is an indication
for the fluctuation in the height profile. Rz is 13.6 μm for the
custom-made design and 30.9 μm for the reference nozzle. The
fluctuations in the height profile are greater for the reference
nozzle. For a more detailed analysis, the entire measuring
section is subdivided into 18.47 μm long sections. The maximum
height difference within these sections is 3.93 μm for the custom-
made design. For the reference nozzle, more than 19 % of the

Figure 3. Custom-made and investigated nozzle angles.

Figure 4. Nozzle tip of uninterrupted reference nozzle.
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sections have a larger height difference. Here, the maximum
height within a section is over 13 μm. This is more than three
times greater than that for the custom-made design, which

measurably has a more uniform surface texture. This reduces
the probability of material accumulation in the notches. There-
fore, the probability of nozzle clogging can be reduced with the
custom-made design.

Nozzle Length Value L3
The value L3 is the length of the reduction channel. As previ-
ously mentioned, a standard ratio of length to diameter is
approx. 1.5 (L3/D2). With a profilometer and at an orientation
angle ⊎, L3 can be optically detected from the nozzle tip.
The measurements are made at ⊎ = 50 °. Each nozzle is mea-
sured three times. Between the measurements, the nozzle is
rotated by 120 °. This way the circumferential symmetry can
be mapped (Fig. 8).
Table 2 lists themeasured results. With a target value of 200 μm,

the channels are on average about 5.5–9.5 % longer. The targeted
ratio is 0.5 (L3/D2). The geometric ratio of the custom-made noz-
zles is 0.49–0.52 on average. Despite the individual tolerance
ranges, the desired geometric behavior of the nozzles is achieved.

Figure 5. Top view of the nozzle tip of the custom-made design: (a) with breakout, (b) concentric and (c) with structural anomalies.

Table 1. Diameter of the new design

Nozzle angle (°) 60 90 120 Reference

Diameter (μm) 435 432 414 412
Deviation (%) 8.8 8 3.5 3

Figure 6. Visualization of inner surface: (a) custom-made design; (b) reference.

Figure 7. Measurements of inner nozzle surface.
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The geometrical relations of the custom made nozzles are
comparable.

Fiber Formation
Fiber formation is determined by fiber orientation and length.
Both properties define the mechanical performance of a printed
part. Depending on the application, the orientation through the
extrusion process conflicts with the requirement profile with
regard to isotropy. This can be influenced by changing the flow
profile in the nozzle. A lower alignment, however, can result in
an excessive shortening of the fibers during deposition.

Orientation
In a cross-sectional cut, the fibers are circular. With increasing ori-
entation angle from the 0° plane, the fibers form an ellipse. By
measuring the ellipse, the alignment angle with respect to the
cut plane can be calculated. Eberl54 presents an evaluation tool

for this purpose. This tool recognizes the elliptical shape and
colors it depending on the alignment. In case of a cross-sectional
cut and an associated circular shape, the form factor of the inves-
tigated fiber is 1. Figure 9 shows an example of a measurement.
The detectable fiber cross-sections are neither round nor

elliptical. Instead, the profile is bean-shaped. This fiber cross-
section can result from the manufacturing process55,56. To
obtain an estimate of the frequency of non-circular fiber
cross-sections, a phase analysis is performed. A form factor of
0.75 is defined as the threshold value. If an element has a form
factor greater than 0.75, it is a fiber with a circular cross-sec-
tion. Eighteen micrographs with an average of 215 objects rec-
ognized as fiber are analyzed. The relative amount of circular
fibers is 13 %. The measurement of the fiber orientation with
the presented algorithm is not possible.
The determination of the longitudinal alignment of the fibers is

possible by analyzing the transversely aligned fibers. A longitudi-
nal section allows the analysis of the transversely oriented fibers.
A fiber is considered as transversely oriented if the perimeter of
the fiber's cross-section is smaller than 50 μm. The cross-sectional
areas of these fibers are summarized and set into relation with the
total area of the investigated section. The results in Table 2 repre-
sent the average of three images.

Figure 8. Geometric correlation of dimensions at the tip of the nozzle.

Table 2. L3 and fiber orientation of the new design

Nozzle angle (°) 60 90 120

L3 (μm) 211 (±25) 219 (±36) 217 (±16)
Deviation to 200 μm (%) 5.5 9.5 8.5
Geometric ratio (L3/D2) 0.49 0.51 0.52
Transversely
oriented fibers (%)

20.6 (±4.2) 30.8 (±2.2) 28.6 (±6.7)

Figure 9. Distribution of ‘out-of-plane angle’ of reinforcing fibers.

Figure 10. Distribution of fiber length in printed samples.

Figure 11. (a) Connected multiple broken fiber. (b) Fiber fragments with-
out a connected arrangement.
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Length
The measurement of the fiber length distribution is based on
sample cuts in the longitudinal direction. All areas greater than
500 μm2 are defined as a measurable fiber. The number of fibers
per image with a minimum length of 100, 125 and 150 μm is
determined. Only fibers that do not show any breaks or cracks
are counted. Per sample, images are taken at three different
locations and the results are averaged. Figure 10 illustrates the
result of this investigation. It can be seen that the number of
fibers for the given lengths decreases with increasing nozzle
angle.
The fiber length is directly related to the occurrence of fiber

breaking due to interactions in the melt flow. Different types are
detectable. Figure 11 shows a multiple broken fiber. The total
length is 160 μmwith a total of five breaks. The individual fracture
surfaces of the fiber are directly adjacent to each other. The frag-
ments are offset at the fracture surfaces transverse to the fiber
direction. The figure also shows broken fiber pieces. However,
these do not show any connected formation. The fragments are
of different sizes, between 5 to 60 μm.

DISCUSSION
PEEK is one of the few polymers that meet the requirements for
aviation57, aerospace58 and medical applications59. PEEK is partic-
ularly suitable for the medical sector, especially for implants, and
is increasingly in demand60.
Additive manufacturing addresses these sectors, that are char-

acterized through the application of custom-made parts. Never-
theless, insufficient process stability prevents a widespread
additive manufacturing of high-performance polymers like PEEK.
As with low-cost printers, nozzle clogging is the primary process
failure when processing high-temperature polymers. Previous
research groups have identified the quality of the inner nozzle
surface as critical to the extrusion stability30,37–39. Both the cus-
tom-made and reference nozzles show a similar arithmetic aver-
age for surface roughness. The roughness depth of the custom-
made nozzle is one-third of that of the reference nozzle in a
detailed examination. This prevents the polymer melt from adher-
ing to the inner surface of the custom-made nozzle. A 3D print
usually takes over several hours. PEEK begins to degrade at tem-
peratures above 400 °C after less than an hour61. As a result, the
probability of nozzle clogging can be considerably reduced by a
decreasing of the profile depth.
Sharma et al.62 provide evidence of the possible applications of

printed implants. Further research on reproducibility and biome-
chanical behavior and guidelines is necessary. Vaezi and Yang63

identified contamination of the material during the process as
critical in this context. The presented custom-made nozzle is able
to close this leak with a consistent quality.
The analysis of fiber orientation indicates an increase with

decreasing nozzle angle. For a 60 ° nozzle angle, the detectable
area of irregularly oriented fibers makes up 20.6 % of the investi-
gated area. This ratio increases for larger nozzle angles. At the
transition from the convergence zone to the nozzle outlet, the
fibers must be deflected to different degrees. The more strongly
the fibers have to be deflected, the more the resulting fiber orien-
tation deviates from the extrusion direction. This confirms the pre-
sented results. Heller et al.51 modeled the fiber orientation as a
function of the nozzle angle and found only a slight influence of
the angle. This modeling postulates a fiber orientation in the

direction of extrusion with increasing nozzle angle. Therefore, in
addition to the present results, the relationship between nozzle
angle and orientation has to be investigated.
Besides the orientation, fiber length is even more important for

short-fiber reinforcemnts43. The technical data for short-fiber-
reinforced PEEK from injection-molded specimens meet these
requirements10. However, additively manufactured specimens
do not meet them. The strength is 39 % and the modulus of elas-
ticity 29.6 % of the characteristic values for injection molding10,52.
These results imply excessive shortening of the fibers caused by
the process. The fiber length distribution shows a clear correlation
regarding the nozzle angle. With increasing nozzle angle, the
number of fibers of a certain minimum length decreases. With
increasing nozzle angle, the flow profile in the conical part is chan-
ged. The fluid elements lift off the inner wall of the barrel and the
fiber interactions increase. Furthermore, in the 120 ° nozzle, the
melt hits the nozzle wall at a steeper angle, which means that
the fibers have to be strongly deflected. The advantage with
respect to the flow profile outweighs the disadvantageous char-
acteristics of friction loss, shear stress and pressure drop.
The reference nozzle was also found to have a non-coaxial align-

ment of the outlet and the nozzle channel. The resulting under-
cuts cause irregularities in the melt flow and dead water zones
that have negative effects on the total fiber formation. This prob-
lem is not found in the developed manufacturing of the custom-
made nozzles.

CONCLUSIONS AND OUTLOOK
The focus of this paper is the investigation of an uninterrupted
nozzle system for the printing of the high-performance thermo-
plastic PEEK with short fiber reinforcement. A custom-made noz-
zle concept with variable outlet angle is presented and the
achievable fiber length distribution and fiber orientation in the
printed material are investigated.
A characterization of the nozzles is done by comparison with a

reference. The segmented nozzle surface of the custom-made
nozzles shows a maximum roughness of Rz = 3.93 μm. The refer-
ence nozzle has a maximum of about 13 μm. The outlet shapes
of both nozzle concepts are comparable; however, the coaxiality
of the outlet and the channel for the custom-made nozzles is
ensured.
It can be demonstrated that a smaller nozzle angle decreases

the amount of damage added to the fibers during deposition.
Thus, the shortening of the fibers by the process is reduced. A
clear result for the fiber orientation cannot be deduced. The
bean shape of the fibers prevents an optical analysis. In a further
procedure, the presented analysis tool has to be adapted
according to the descriptions of Sharp et al.55 The analysis of
the fiber orientation using a micro-computed tomography is
of further interest. According to Heller et al.51, the reduction
channel length L3 has a greater influence on the fiber orienta-
tion than the nozzle angle. The degree of orientation in the
extrusion direction decreases with an increasing length L3.
Therefore, further test specimens with a modified L3 have to
be produced and analyzed.
Finally, the advantages of the nozzle system and the investiga-

tions of the nozzle angle under real conditions have to be deter-
mined. The test setup presented by Matschinski et al.64 is used
for this purpose. In this context, inline measuring systems are to
be used for a further detailed investigation65.
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