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Abstract. Fused Deposition Modeling is increasingly used for producing high-performing, creep-
resistant, biocompatible, fireproof, highly-stable parts from polyether ether ketone. However, the 
knowledge on this process is still poor and fragmented, and the lack of relevant data inhibits many 
applications. In this paper, the effects of the nozzle temperature, nozzle speed and layer thickness 
on the properties of PEEK processed by Fused Deposition Modeling were investigated by 
performing indentation, tensile, Scanning Electron Microscope, Computer Tomography and 
Energy Dispersive X-ray Spectroscopy tests on as-built samples. The outgassing behavior was also 
analyzed, while the synchrotron radiation was used to characterize the structure of selected 
samples on a hitherto unexplored scale. The samples morphology was finally used to identify the 
optimal process window. The results provided new insights on the process and novel data enabling 
new applications. 
Introduction 
Polyether ether ketone (PEEK) is a semi-crystalline thermoplastic polymer belonging to the 
polyaryl ether ketone (PAEK) family. This fully recyclable material has excellent mechanical 
properties, chemical and radiation stability, biocompatibility and can withstand exceptionally high 
temperatures [1]. These unique properties make PEEK a highly appropriate material for multiple 
high-performance applications in several fields, including medical, aerospace, electrical, and 
chemical [2]. However, the processability of materials through additive techniques is today a 
fundamental requirement in these fields. 

For a long time, Selective Laser Sintering (SLS) was the prevailing method used for additive 
processing of PEEK due to its high melting temperature. However, this approach has important 
drawbacks [3] that led scientists and industry to explore alternative solutions, such as Fused 
Deposition Modeling (FDM). Recently, Ding et al. [3] showed that increasing nozzle temperature 
(Tn) improves strength of PEEK parts produced by FDM due to decreased porosity and enhanced 
layer bonding. Sikder et al. [4] showed that heating the build chamber also improve the mechanical 
properties of the material, while heating the build platform enhances the adhesion of the material 
to the build surface but does not positively affect its mechanical properties. In the same study, it 
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was found that higher nozzle speed (vn) and lower layer thickness (tl) results in improved 
mechanical properties. Wu et al. [5] surprisingly observed that the best mechanical properties are 
obtained at intermediate values of tl, and that also the raster angle has a significant effect on the 
tensile, compression, and three-point bending behavior. Vaezi et al. [6] proved that using a heated 
build platform and heated build chamber together can effectively mitigate the effects of the 
exceptional thermal stresses caused by the high melting temperature of PEEK and prevent the 
material’s deformation and delamination. The authors noted that too high Tn results in low 
accuracy due to the extruded bead deformation and in material degradation, while too low Tn 
causes delamination due to insufficient bonding with the previous layers and nozzle clogging. Lee 
et al. [7] found that many factors influence the cooling rate and, in turn, crystallinity, including the 
build platform and build chamber temperature, vn, the raster angle, and the number and geometry 
of parts produced simultaneously, which impact the time interval between successive layers. Yang 
et al. [8] showed that Tn influences multiple phenomena, including crystal melting, crystallization, 
bonding between extruded beads, and polymer degradation. The authors pointed out that 
performing thermal treatments may be the most effective way to improve the crystallinity and the 
mechanical properties of PEEK processed by FDM. El Magri et al. [9] found that the annealing 
temperature significantly influences the crystallization processes and that the treated material is 
stronger but less ductile. Zhao et al. [10] showed that none of the FDM parameters influence the 
chemical composition of the material. 

Although noteworthy advancements in optimizing the FDM technology for processing PEEK 
have been made in recent years, the knowledge in this field remains scattered and incomplete. 
Therefore, further progress is needed to apply this technology in both conventional and advanced 
sectors that would benefit the most from its potential. In this paper, the effects of Tn, vn, and tl on 
the properties of parts produced from PEEK by FDM were analyzed to identify the optimal process 
condition and demonstrate the suitability of the process for critical applications. 
Materials and methods 
The samples tested in this work were prepared using a commercial PEEK filament of 1.75 mm 
diameter. Before use, the filament was analyzed by X-ray Computed Microtomography (X-ray 
μCT) and by Scanning Electron Microscope (SEM). No defects, impurities or pores were observed. 

Subsequently, 18 cubic samples 20x20x20 mm in size were produced on an Intamsys Funmat 
HT machine. The cubes consisted of a core and a contour volume that overlapped with each other 
by 0.25 mm, and were produced one at a time by varying the process parameters according to a 
full factorial design of experiments. In more details, the nozzle temperature (Tn) was varied on 3 
levels from 380 °C to 420 °C by discrete increments of 20 °C, the core nozzle speed (vnb) was 
varied on 3 levels from 15 mm/s to 65 mm/s by increments of 25 mm/s, and the layer thickness (tl) 
was varied on 2 levels corresponding to 0.1 mm and 0.2 mm. The core infill ratio was 100 % and 
it was obtained by depositing the material according to a bi-directional and rotated pattern resulting 
in a ±45 ° raster angle. The vnb was reduced by 20 % during the deposition of the 6 top and bottom 
layers, according to the recommendations of the machine manufacturer. The contour was obtained 
instead by depositing 3 perimeter outlines at a reduced nozzle speed vnc=0.5vnb. In this way, real 
operating conditions were reproduced, which is crucial for optimizing the FDM process parameters 
for real applications. The nozzle diameter was kept fixed and equal to dn=0.4 mm, while the 
building plate temperature and the building chamber temperature were Tbp=145 °C and Tbc=90 °C, 
respectively. The fan speed was set at 50 % of the maximum value admitted by the machine. 

The so obtained samples were measured with a Mitutoyo ABS AOS digital caliper to assess the 
dimensional conformity, and they were analyzed with a Sensofar S neox confocal microscope to 
study the average surface roughness (Ra). The roughness profiles were extracted perpendicular to 
the grooves formed between layers or beads, and a cut-off wavelength of 0.8 mm was used for 
computing Ra. The top horizontal surfaces of the samples were also examined with a Zeiss Evo 40 
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Scanning Electron Microscope to characterize the defects caused by different process conditions 
and to analyze the chemical composition of the material by Energy Dispersive X-ray Spectroscopy 
(EDXS). 

The samples produced using the extreme process configurations of the experimental design, 
representing the most and least favorable condition for obtaining fully dense parts, underwent X-
ray μCT at the TomoLab station of Elettra Sincrotrone Trieste research center to investigate 
internal porosity. The voltage of the X-ray tube was set to 70 kV, and a 0.25 mm thick aluminum 
filter was positioned between the source and the samples. The system resolution was 18 μm. The 
porosities of the samples produced at high Tn were further analyzed on a resolution scale of 0.88 
μm by using the SYRMEP Synchrotron X-ray μCT of Elettra Sincrotrone Trieste research center. 
The samples were subsequently sectioned and polished to obtain flat surfaces for hardness testing, 
which were performed according to the EN ISO 2039-1 standard with an applied load of 358 N. 
In details, 10 measurements were taken for each sample using a DuraJet G5 tester equipped with 
a 5 mm diameter spherical indenter. Eventually, 5 tensile test samples complying to the ISO 527-
5A specimen type were produced using each set of the selected process parameters and tested 
using the strain rate of 1% min-1, as recommended in ISO 521-1. The load cell of 25 kN was used 
for load measurements, while the Epsilontech 3442-010M-050M-ST extensometer with the gauge 
length of 20 mm was used for strain measurements during the tensile tests.  

The Ultra-High Vacuum (UHV) behavior of the most promising sample was also evaluated by 
Residual Gas Analysis (RGA) performed using a mass spectrometer HAL 201 RC after bake-out 
at 120 °C and 200 °C. 
Results and discussion 
Dimensional conformity. Fig. 1 shows that the dimensional error parallel to the building plane 
increased with increasing Tn and tl while decreasing vn. Perpendicular to the building plane, the 
dimensional error was instead primarily influenced by Tn which again led to larger dimensional 
error by causing the extrusion of expanded and overly fluidized material that was spread out around 
the nozzle sides forming surface defects. Nevertheless, a weak non-monotonic effect of vn was also 
observed. Interestingly, tl did not affect the dimensional error in the vertical direction. The analysis 
of variance confirmed the significance of all the factors analyzed, except for tl in relation to the 
dimensional error in the vertical direction. 

Surface roughness. Major adverse effects on the quality of both horizontal and vertical surfaces 
were observed with increasing tl, while minor favorable effects resulted from increasing vn, 
presumably because the cooling efficiency was higher when the hot nozzle rapidly leaved the 
solidification area. No clear trends were observed for Tn. Instead, a sharp increase in Ra of 
horizontal surfaces due to the formation of visible defects was noticed above a specific threshold 
temperature. The analysis of variance confirmed the statistical validity of these findings. 
Surface defects. The SEM inspections revealed that the horizontal surfaces of the samples 
produced at high Tn and low vn (Fig. 2 (a)) exhibit burrs caused by over-extrusion (low speed) of 
expanded and overly fluidized (high temperature) material that is subsequently spread out by the 
nozzle. The severity of this flaw increased with increasing tl due to a higher extrusion rate, and 
decreased with increasing vn. However, it remained partially visible even in the samples produced 
at intermediate vn. The horizontal surfaces of the samples produced at low Tn and high vn (Fig. 2 
(b)) exhibit instead lack of fusion voids between the deposited beads, and small elongated craters 
aligned in the direction of nozzle motion on their surface. These craters were likely a consequence 
of the high viscosity of the material, which reduces wettability [11] and promotes the formation of 
tears in the extruded and stretched material. It was found that craters and voids decreased both in 
number and size with increasing tl and decreasing vn. However, significant reductions in vn are 
required to avoid this flaw since it was observed even in samples produced at intermediate vn. The 
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horizontal surfaces of the samples produced at low Tn and low vn (Fig. 2 (c)) finally appeared to 
be uniform and flawless, especially when thin layers were processed. 
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Fig. 1: Effect of the process parameters on (a), (b), (c) the dimensional error parallel to the 
building plane, (d), (e), (f) the dimensional error perpendicular to the building plane, (g), (h), 

(i) the roughness average of the surface parallel to the building plane and (l), (m), (n) the 
surface roughness of the surfaces perpendicular to the building plane. 

Density. The samples produced at high vn and high tl were found to be exceedingly porous. 
Under low Tn condition (Fig. 3 (e)) the pores were formed due to under-extrusion, which resulted 
in air gaps between the deposited beads. Nevertheless, some spherical pores within the beads were 
also observed. Under high Tn condition (Fig. 3 (b)) the pores were instead uniformly distributed 
and had a rounded shape suggesting the entrapment of gas. This type of porosity is shown in more 
detail in Fig. 3 (f) where a complex structure of morphologically regular pores belonging to a wide 
dimensional spectrum reaching the nanoscale can be observed. The origin of these pores is still 
not clear. They are usually attributed to melt flow and solidification phenomena, or to gas voids 
primarily generated during the filament fabrication [12]. However, the preliminary tests performed 
on the filament used in this study proved the absence of pores.  
The samples produced at low vn and low tl exhibited considerably higher density ρ. Under low Tn 
condition (Fig. 3 (d)), the initial layers of the sample were free of pores, while the upper layers 
contained a non-negligible amount of under-extrusion pores located between the deposited beads. 
This effect was attributed to the heated platform, which contributes to the energy input in the initial 
stages of the process and is crucial for interpreting the results of mechanical tests carried out on 
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thin tensile samples. Under high Tn condition (Fig. 3 (a)), the sample was instead practically free 
of pores, although the Synchrotron X-ray μCT revealed the presence of some isolated defects (Fig. 
3 (c)). 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 2: SEM view of defects on the horizontal surfaces of the samples produced at (a) Tn=420 
°C, vnb=15 mm/s and tl=0.1 mm, (b) Tn=380 °C, vnb=65 mm/s and tl=0.1 mm, (c) Tn=380 °C, 

vnb=15 mm/s and tl=0.1 mm. 
Finally, no pores were found in the samples contour, except when the sample produced at high 

Tn, high vn and high tl was examined. Under these conditions, several under-extrusion defects 
formed in limited areas. However, these defects were attributed to casual factors since pores were 
localized and not detected in the sample produced at a lower Tn. Some isolated pores caused by 
insufficient interpenetration between core and contour were detected in all the samples. 

Hardness. The mean and standard deviation of the hardness measured on the selected samples 
are reported in Table 1. Regardless of Tn, the combination of high vn and high tl resulted in very 
low hardness, while the combination of low vn and low tl resulted in better outcomes. Overall, a 
robust correlation with the internal porosity of the material was observed. It is worth noting that 
the hardness measured on the fully dense sample was slightly lower than the hardness of the 
conventionally processed PEEK. 
Mechanical properties. The mechanical properties on the selected samples are reported in the Table 
1. The lowest mean value of ultimate tensile strength (UTS) were obtained from the samples 
produced at low Tn, high vn, and high tl, which were also characterized by the lowest maximum 
elongation. Conversely, the highest mean value of the maximum elongation was found on samples 
produced at high Tn, low vn, and low tl. The mean values of the Young’s modulus  (E)  were  similar  
and   within  the   statistical   uncertainty.  These   results   are   in accordance with the density 
results shown in Fig. 3. However, it was not possible to establish a direct correlation between them 
since a large portion of the tensile samples consisted of contours, and the entire volume was 
deposited in close proximity to the building platform. 
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Table 1: Hardness and tensile test results given as mean value (standard deviation). 

Tn [°C] vn [mm/s] tl [mm] HB [MPa] UTS [MPa] E [MPa] Max. elong. [%] 
420 15 0.1 166 (20) 84 (3) 3161 (359) 126 (54) 
380 15 0.1 147 (13) 83 (3) 3284 (277) 27 (8) 
420 65 0.2 53 (4) 83 (1) 3267 (105) 17 (2) 
380 65 0.2 53 (15) 77 (1) 3221 (272) 5 (1) 
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Fig. 3: X-ray μCT of the samples produced (a) Tn=420 °C, vnb=15 mm/s and tl=0.1 mm, (b) 
Tn=420 °C, vnb=65 mm/s and tl=0.2 mm, (d) Tn=380 °C, vnb=15 mm/s and tl=0.1 mm, (e) 

Tn=380 °C, vnb=65 mm/s and tl=0.2 mm, and Synchrotron X-ray μCT of the samples 
produced at (c) Tn=420 °C, vnb=15 mm/s and tl=0.1 mm, (f) Tn=420 °C, vnb=65 mm/s and 

tl=0.2 mm. 
Chemical properties. No contaminants were found by EDSX inspections, while statistical 

analysis of the data showed that none of the investigated process parameters significantly 
influenced the carbon-oxygen weight ratio, which on average was C/O=3.57. 
Ultra-High Vacuum behavior. The UHV behavior of the sample produced at Tn=380°C, vn=15 
mm/s and tl=0.1 mm is shown in Fig. 4. No significant deviations from the background mass 
spectrum after bake-out at 120 °C were found, except for a small increase in O2 and H2, and a 
further reduction in partial pressure throughout the spectrum was obtained after bake-out at 200 
°C. Therefore, it can be inferred that good levels of UHV can be achieved within a short time frame 
already at low bake-out temperature. This confirmed the suitability of PEEK for UHV applications 
as no significant outgassing level was recorded. 
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Fig. 4: Residual Gas Analysis under Ultra-High Vacuum condition of the samples produced 
at Tn =380 °C, vnb=15 mm/s and tl=0.1 mm. 

 

 

 
(a) 

 
(b) 

Fig. 5: Process maps obtained by analyzing the variability range of (a) the dimensional error 
and (b) the average surface roughness. 

  
Optimal process parameters. Fig. 5 shows the process map obtained by classifying the 

dimensional errors and the average surface roughness according to Sturges' formula [13]. The 
optimal process conditions for each corresponding property are highlighted in dark green. The 
samples produced at Tn=380 °C, vnb=15 mm/s and tl=0.1 mm achieved the highest relative 
evaluation (two first-class ratings, one second-class rating, and one third-class rating). This set of 
parameters proved the capacity of providing the best surface quality, high hardness, and suitable 
parts for UHV applications, but they caused the formation of some under-extrusion pores. Other 
five sets of parameters achieved the same rating. However, three of them involved a high vn, which 
proved to be unsuitable for producing dense and resistant parts. The remaining two sets involve 
intermediate vn. These parameter sets would increase productivity, but additional tests are required 
to punctually examine the process output in this vn range. 

Overall, advanced optimization algorithms can be used to process this data from time to time 
to identify the optimal process parameters for specific multi-objective requirements. When doing 
this, productivity should also be considered. 
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Summary 
In this paper, the influence of the nozzle temperature, nozzle speed and layer thickness on the 
properties of polyether ether ketone processed by Fused Deposition Modeling were analyzed with 
the aim of identifying the optimal process parameters. Results showed that geometrical conformity 
and surface quality can be generally improved by decreasing Tn and tl, and by increasing vn. 
However, highly porous material is obtained at high vn and tl either due to under-extrusion (low 
Tn) or due to flow and solidification phenomena (high Tn) resulting in complex structure of 
regularly-shaped pores. It was observed that the mechanical properties of the samples were 
primarily influenced by the material density, but even in fully dense conditions they were slightly 
lower compared to conventional material. Fully dense PEEK was instead proved to be suitable for 
UHV applications. However, further investigation in the intermediate vn range is necessary to 
determine the absolute optimal process conditions. 
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