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A B S T R A C T   

Fused filament fabrication (FFF) is one of the most widely used additive manufacturing processes and allows the 
production of complex parts. FFF can manufacture lightweight and strong structural components when pro-
cessing high-performance carbon-fiber-reinforced thermoplastics. Although the process feasibility for printing 
20% short-carbon-fiber reinforced PEEK was already demonstrated in the literature, a systematic study 
addressing the influence of printing parameters on different loading conditions is still lacking. Therefore, the 
present study investigates the influence of selected FFF parameters – i.e., layer height (LH), printing temperature 
(PT) and printing speed (PS) – on three mechanical properties: tensile (UTS), bending (UBS), and impact (UIS) 
ultimate strengths. The analyzed samples were printed and tested according to a central composite design of 
experiments, and each parameter’s individual and combined effects were assessed by analysis of variance 
(ANOVA). Different regression models were obtained for each test, allowing the optimization of the parameters 
for each condition and resulting in three distinct optimized parameter sets. The relationship between parameters 
and microstructure was also assessed via fractography analyses, showing that lower LH and PS reduce the 
number and size of volumetric defects observed within the printed parts, as lower values improve interlayer 
cohesion. Contrarily, PT showed that average values (around 385 ◦C) benefit the microstructure the most, as 
higher temperatures result in larger defects and low temperatures reduce interlayer cohesion. Finally, the con-
tour plots of the three produced models were overlaid to identify a universal parameter set capable of simul-
taneously correlating and maximizing all three performances. This procedure allowed the identification of the 
following optimized values: LH of 0.1 mm, PT of 385 ◦C and PS of 17.5 mm/s, resulting in the experimental UTS, 
UBS and UIS values of 116.7 ± 5 MPa, 167.2 ± 11 MPa and 28.2 ± 3 kJ/m2.   

1. Introduction 

Additive manufacturing (AM) processes have been developed rapidly 
in diverse application fields due to their layer-by-layer building princi-
ple, which allows for significantly reduced costs by decreasing material 
waste and energy consumption [1,2]. AM processes can be employed for 
manufacturing complex lightweight parts with optimized topology and 
without molds, which are required in many polymer processing tech-
niques [3]. Due to their capability to manufacture parts in a single step, 

production cycles are considerably shortened, improving supply chain 
efficiency [4]. The attributes mentioned above make AM techniques 
highly valued, finding applications in aerospace, automobile, engi-
neering, medical, and other related industries [1,3,5–10]. However, it is 
important to highlight that the properties of additively manufactured 
parts depend highly on the printing parameters used and that a proper 
selection of these parameters is an important step in their application 
[11,12]. 

AM of lightweight metallic alloys currently has the highest share of 
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aviation-related applications, as the produced parts present high 
strength-to-weight and reduced buy-to-fly ratios [13]. However, 
whether processed by AM or not, the use of engineering polymers has 
also gained momentum in recent decades, since their processing is 
generally far easier due to the lower energy consumption, low reactivity 
of the feedstock to the surrounding environment and even potentially 
superior mechanical properties (especially when reinforced) [14–19]. 
While thermoset-based composites continue to dominate the market, 
there is a growing trend towards using thermoplastics, which present 
advantages such as no need for curing stages, increased impact tough-
ness, and recyclability [20,21]. 

Among several different polymer AM techniques developed over the 
years, fused filament fabrication (FFF) is one of the most popular for 
thermoplastics due to its simplicity, versatility, affordability and com-
mercial availability [22]. These advantages recently turned FFF tech-
nology into an attractive industrial process, which has proved itself as a 
batch production solution, extending beyond merely exclusive use for 
prototyping [23,24]. 

The FFF process uses a filament that is fed into a heated nozzle as a 
feedstock, where the material reaches a semi-solid viscous state. Then, a 
well-defined material quantity is extruded through the nozzle and 
deposited onto the building plate. The relative movement of the nozzle 
with respect to the building plate is controlled by a sequential pro-
gramming code, which defines the shape of the deposited layer. The 
layer deposition is repeated several times, one on top of another, 
enabling the production of complex geometries with high accuracy [5, 
23,25,26]. Fig. 1 depicts an overview of the FFF process. 

The versatility of this process is demonstrated in its capability to 
print under multiple conditions — including zero-gravity environments 
[27] — and the broad selection of available materials. These materials 
range from general use (e.g. PLA, TPU, PVA and PET) to engineering (e. 
g. PA, ABS, TPU, PET and POM) thermoplastics [25,28–31]. Addition-
ally, the FFF processability of short [7] and continuous [32] carbon 
fiber-reinforced polymers was already demonstrated. However, despite 
the vast number of materials available, most present limited chemical 
resistance, durability and mechanical properties. Nevertheless, the 
recent development of new high-temperature printers enabled the FFF 
process of high-performance thermoplastics, such as PEEK, PVDF, PEKK, 
PEI, and PPS [28,33], which are less susceptible to the drawbacks 
mentioned above. 

Among the available high-performance thermoplastic filaments for 
FFF, poly-ether-ether-ketone (PEEK) draws particular interest, since it 
presents many remarkable properties [23]. Thanks to its structure, this 

semi-crystalline high-performance thermoplastic from the poly (aryle-
therketone) (PAEK) family exhibits superior thermal resistance and 
mechanical performance, plus a low linear expansion coefficient and 
chemical stability [34]. Due to its high Young’s modulus, tensile 
strength, and low specific density, PEEK is considered a suitable 
candidate to replace aluminum and steel alloys in a wide range of ap-
plications, especially in the aerospace and automotive sectors [6,17,18, 
35]. Furthermore, since PEEK shows biocompatibility and 
radio-transparency, it is a promising material to replace metals in 
biomedical applications, such as implants [36,37], surgical instruments 
and dental devices [38]. 

As Wang et al. [4] reported, incorporating reinforcements in PEEK 
filaments is an additional strategy to enhance the mechanical perfor-
mance of the 3D-printed parts. The combination of PEEK and rein-
forcement aims to exploit the synergistic effects of both constituents, by 
creating a material with superior and tailored properties. In this sce-
nario, short carbon fibers (CF) are arguably the most used and studied 
reinforcement for high-performance FFF-printed components, since they 
can improve the overall mechanical performance of a printed part, 
including tensile, bending and impact strengths [4,39]. Additionally, at 
the same wt.%, short-carbon-fiber reinforced PEEK (PEEK-CF), achieves 
higher tensile strength than short-glass-fiber reinforced PEEK (PEEK-GF) 
[4]. Finally, using short-carbon fibers is an affordable way to enhance 
the performance of PEEK and other thermoplastics. It is a more 
cost-effective alternative to using long or continuous fibers, which 
require complex and expensive printing systems [7]. 

Although promising, the FFF processing of PEEK-CF parts remains a 
complex task, since the process parameters strongly affect features such 
as printing quality, mechanical properties, building time and the final 
costs of an FFF-produced component [4]. Other relevant factors in the 
process include filament quality, fiber orientation, printing devices, 
environmental conditions (temperature, humidity) and others [3]. 
Therefore, selecting an optimized combination of parameters is vital 
when processing PEEK-CF via AM. As such, a few authors devoted their 
efforts to studying PEEK-CF processed by FFF [4,40]. Despite the 
extensive coverage provided by these studies, there is still a need for a 
comprehensive analysis of the intricate interactions between printing 
parameters, microstructure and the mechanical properties of FFF 
PEEK-CF, especially when considering multiple loading conditions. 
Moreover, the influence of carbon fibers on the material processability is 
still unclear. 

In the context of these gaps to be filled, the present study proposes 
optimizing the FFF parameters for 20%-short-carbon-fiber reinforced 
PEEK (PEEK-20CF) to concomitantly improve three different and indi-
vidual mechanical responses: the ultimate tensile, the bending and the 
impact strengths. The analyzed samples were printed and tested ac-
cording to a central composite design of experiments (DoE), and each 
parameter’s individual and combined effects were assessed by analysis 
of variance (ANOVA). Reliable regression models were obtained for each 
test, allowing the optimization of the parameters for each condition and 
resulting in three different optimal parameter sets. The obtained models 
were used to produce contour plots for the individual responses, which 
were later overlaid to identify a range of parameters set capable of 
simultaneously correlating and maximizing all three performances. 
Finally, the relationship between parameters and microstructure was 
also evaluated via fractography analyses, showing that a proper selec-
tion of 3D-printing parameters can drastically reduce the amount and 
size of defects in the printed part. 

2. Experimental procedure 

2.1. Base materials and FFF process setup 

The testing specimens used in this study were produced via FFF using 
a 1.75-mm-diameter PEEK-20CF filament supplied by 3DXTech (Grand 
Rapids, MI, USA). As recommended by the manufacturer, the filament Fig. 1. A schematic representation of the FFF process.  
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was dried at 120 ◦C for 4 h before printing to eliminate the absorbed 
moisture [41]. Table 1 presents different physical and mechanical 
properties expected for the material according to the manufacturer. 

A Funmat HT Enhanced printer (Intamsys, Shanghai, China) for 
high-temperature polymers was used to manufacture the specimens. 
This printing system has a maximum nozzle temperature of 450 ◦C and is 
equipped with a heated building plate and chamber capable of reaching 
temperatures up to 160 ◦C and 90 ◦C, respectively. In the present study, 
the building plate and chamber temperatures were fixed at 160 ◦C and 
90 ◦C, respectively, as Qu et al. [42] demonstrated that both maximum 
temperatures improved the interlayer bonding force and mechanical 
performance of PEEK material produced using the same printer. Addi-
tionally, a V6 hardened steel nozzle produced by E3D (Oxford, UK) was 
used to improve the nozzle lifespan, as the abrasive behavior of rein-
forcing fibers leads to internal nozzle wear during the FFF process, 
which can result in process instability [43]. 

FFF equipment allows the user to control dozens of parameters; 
however, optimizing all the available parameters simultaneously would 
be challenging, given the extensive number of tests necessary. There-
fore, this study adopted constant pre-set values for different FFF pa-
rameters, as listed in Table 2. The main variable parameters used in the 
optimization step will be presented and discussed in the following 
section. 

Prior to the printing process of the specimens, a thin layer of 
polyvinyl-pyrrolidone (PVP) glue supplied by deli (Ningbo, China) was 
spread over the glass platform to improve the adhesion of the first 
printed layers to the platform. After that, the composite parts were 
printed with a brim to improve the adhesion further and ensure a 
continuous and stable material flow at the beginning of each printing 
part. 

2.2. FFF parameters optimization and mechanical testing 

The mechanical properties of printed parts depend highly on their 
achieved microstructure and, consequently, the printing parameters 
used. Therefore, identifying a set of optimized parameters is essential to 
produce strong FFF components. This study optimized three main FFF 
parameters via design of experiments (DoE) to maximize their quasi- 
static mechanical performance. DoE represents an effective method to 
yield process parameters optimization by evaluating process variables’ 
effects on desired responses [44,45], and its efficiency in optimizing FFF 
parameters has been proven in several publications [7,46,47]. A central 
composite design (CCD) model with three factors, i.e. three process 
parameters – layer height (LH), printing temperature (PT), and printing 
speed (PS) – was followed to analyze their influence on three responses 
from different testing conditions: ultimate tensile strength (UTS), ulti-
mate bending strength (UBS) and unnotched impact strength (UIS). CCD 
is among the most popular classes of DoEs due to its efficiency and good 
fitting capability with second-order models. These advantages are ach-
ieved by exploring the combination of the cube and axial points around 
the generated optimization matrix, allowing the user to test not only 
moderate parameters, but also the combination of extreme values near 
the limits of the applied equipment. Consequently, the CCD model is 
considered more robust than other methods, such as the Box-Behnken 
design [44]. 

The range values used for LH, PT and PS in the optimization process 
were based on preliminary screening investigations and the published 
literature [8], and are presented in Table 3. As it will be later described, 
PT was determined based on the thermal behavior of the material. 

The levels of the used model were defined with the extreme values 

representing axial points to explore values at the printer’s limits. As 
three process parameters are used, the CCD model recommended 15 
combinations. A graphical illustration of the generated cube with the 
proposed combinations and ranges is presented in Fig. 2. Four additional 
center point replicas and five validation points were printed and tested 
for all the conditions to increase the model’s reliability and accuracy to 
predict the performance of different points within the analyzed pa-
rameters range [48,49]. The exactly values for those points will be later 
presented in the text. Therefore, 24 samples were produced for each 
mechanical test, and the specific values and results achieved will be 
presented later. 

Fig. 3-(a) presents the dimensions of the tensile samples used in this 
study, which were in accordance with the Type 1BA of the ISO 527 
standard [50]. Bending samples were produced according to ISO 178 
[51], while unnotched impact specimens followed ISO 179 [52]. ISO 
178 and 179 share the same dimensions and are presented in Fig. 3-(b). 
Slicing was carried out using the UltiMaker Cura software (Utrecht, The 
Netherlands), where each specimen’s process parameters were defined. 

All the samples were printed in random order and cooled to room 
temperature inside the printer. Tensile specimens were tested at a con-
stant speed of 1 mm/min in a Zwick Z100 universal testing machine 

Table 1 
Selected physical and mechanical properties of FFF PEEK-20CF [41].  

Material Density [g/cm3] Tensile strength [MPa] Tensile modulus [MPa] Elongation at break [%] Flexural strength [MPa] Flexural modulus [MPa] 

PEEK-20CF 1.39 126 10100 1.9 145 11200  

Table 2 
Selected FFF parameters applied for PEEK-20CF.  

Printing parameters Values 

Nozzle diameter [mm] 0.4 
Infill density [%] 100 
Wall thickness [mm] 0.8 
Infill pattern Lines 
Road angle [◦] − 45/+45 
Overlap interval [mm] 0  

Table 3 
FFF parameters analyzed and their selected levels.  

Parameter Abbreviation Minimum Maximum 

Layer height [mm] LH 0.1 0.3 
Printing temperature [◦C] PT 360 420 
Printing speed [mm/s] PS 5 30  

Fig. 2. Visual representation of the proposed CCD, consisting of eight cubic 
points, six axial points, and one center point. Each coordinate represents a 
combination of parameters. 
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(Zwick/Roell Group, Ulm, Germany) with a 100 kN load cell. Bending 
samples were also tested with a constant speed of 1 mm/min in an AGS-X 
universal bench test machine with a 5 kN load cell manufactured by 
Shimadzu (Kyoto, Japan). Finally, Charpy impact tests were carried out 
on unnotched specimens at 23 ◦C using a HIT25/50P pendulum impact 
tester manufactured by Zwick/Roell Group (Ulm, Germany) and 
equipped with a 7.5 J pendulum. All the samples were tested in their as- 
built condition to maximize their mechanical performance and avoid 
additional post-treatment steps, such as annealing of the parts. There-
fore, a deep analysis of the influence of post-treatment processes on the 
microstructure, crystallinity degree and mechanical properties of the 
parts is out of the scope of this study and will be published in a separate 
manuscript. 

The obtained results were used to generate different models to pre-
dict UTS, UBS and UIS within the analyzed ranges, and analysis of 
variance (ANOVA) was applied to them using a confidence level of 95% 
(i.e., α = 0.05), to evaluate their capabilities for determining the sta-
tistically significant factors (main and interactions). The models were 
also applied to create contour plots which supported the identification of 
optimized parameters considering the individual mechanical responses. 
Finally, the contour plots were superimposed, creating an overlaid 
contour plot capable of identifying a range of optimized parameter 
combinations. The efficacy of overlaid contour plots in such complex 
optimizations was successfully reported in the literature for other ma-
terials and manufacturing processes [53–55]. 

2.3. Microscopical, thermal and fractography analyses 

Before the optimization process, the PEEK-20CF filament was char-
acterized to assess its quality, fiber-matrix adhesion and fiber length 
distribution. Random as-received filament segments were cut, 
embedded in Epofix resin (Struers, Ballerup, Denmark), polished 
following standard materialography steps and analyzed transversally 
and longitudinally via light optical microscopy (LOM) using an Axio 
Observer light optical microscope (ZEISS, Oberkochen, Germany). 
Selected printed and polished samples were also analyzed using the 
same equipment to evaluate the influence of the printing parameters on 
the material microstructure. 

The thermal decomposition behavior of the filament was also 
investigated via thermogravimetric analyses (TGA) using a TGA/DSC 1 
equipment produced by Mettler Toledo (Columbus, USA). The 

examinations were performed on 9.5 mg (±0.5 mg) of PEEK-20CF 
specimens in an inert nitrogen atmosphere. The samples were heated 
from room temperature up to 1000 ◦C using a heating rate of 10 ◦C/min 
and a flow rate of 35 ml/min. The results support the definition of the PT 
range used in the optimization step. 

Finally, selected samples were analyzed via scanning electron mi-
croscopy (SEM) using a TESCAN Mira 3 microscope (Brno, Czech Re-
public) to investigate and understand the influence of the analyzed FFF 
printing parameters on the microstructure and, consequentially, the 
mechanical behavior of the printed samples. Tested tensile specimens 
were used for this purpose, where the fractured surface was analyzed. 
Prior to the analyses, the exposed surfaces were carbon sputtered and 
the sputtered surfaces were observed using the secondary electron de-
tector with an acceleration voltage of 5 kV, at a working distance of 50 
mm and a chamber pressure of 10− 1 Pa. 

3. Results and discussion 

3.1. General aspects of PEEK-20CF filament 

Initially, general aspects of the filament used in the present study are 
addressed. As Gao et al. [56] presented, the filament quality (i.e. re-
sidual porosity, fiber length distribution, etc.) used in the FFF process 
directly impacts the achieved properties of the printed parts. Fig. 4 
shows the microscopic analyses of the as-received PEEK-20CF filament 
perpendicularly and along the extrusion direction. 

Fig. 4-(a) shows that the used filament presents a high availablitiy 
level of residual porosity. A close-up is presented in Fig. 4-(b), where one 
can observe that the apparent porosities are much bigger than the CF. 
The analysis of the filament along its main axis is presented in Fig. 4-(c), 
showing that the porositis are elongated in this direction. This porosity 
orientation indicates that these volumetric defects were introduced 
during filament production. Additionally, it is possible to observe that 
the size of the pores varies significantly, reaching values close to 100 μm. 
As reported in the literature, the presence of this kind of defect in CF- 
reinforced polymers, such as PEEK [57], ABS [58,59] and PLA [60], 
results from issues during the filament production. A few reasons are 
residual moisture in the fibers, problems related to the extrusion pa-
rameters or poor adhesion between the thermoplastic matrix and the CF 
surface during the filament fabrication [60]. The presence of such 

Fig. 3. Dimensions (in mm) of the used specimens for (a) ISO 527 tensile and 
(b) ISO 178 bending and ISO 179 unnotched impact testing. 

Fig. 4. Microscopic analysis of the as-received filament: (a) shows a full section 
of the filament observed perpendicular to the extrusion direction, (b) a close-up 
of the filament observed perpendicular to the extrusion direction and (c) shows 
a view of the filament along the printing direction. 
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volumetric defects has a major influence on the failure mechanisms of 
FFF parts and, consequently, on its mechanical performance. Further-
more, high porosity may reduce the amount of extruded material, as FFF 
printers do not account for their presence, affecting the geometry and 
density of the printed components. 

In addition to defects, the characteristics of the CFs also strongly 
influence the mechanical properties achieved by the printed parts, such 
as their orientation and aspect ratio. Fig. 4 shows that the fibers have an 
average diameter of 7 ± 0.5 μm and are aligned parallel to the filament’s 
central axis, enhancing their load strength in this direction. Distribution 
in the fiber length can also be observed, and it was quantified via image 
analysis. The obtained histogram is illustrated in Fig. 5, where more 
than 1300 fibers were measured automatically. 

Fig. 5 shows that the average fiber length in the used filament is 59.7 
μm, where 90% of the fibers are shorter than 100 μm. Since the me-
chanical properties of CFRPs mainly depend on the fiber length, it is 
possible to highlight that using such short fibers hinders the full po-
tential of FFF PEEK-20CF. As Ning et al. [59] observed, using longer 
fibers improves the mechanical performance of printed parts, but one 
may consider that longer fibers might be difficult to extrude using 
standard nozzles due to their small diameter. A further increment in the 
fiber content would have a similar effect; however, more than 20% of 
CFs in the PEEK matrix is unsuitable for FFF process, as the melt vis-
cosity reached would be too high to be extruded using the commercial 
printers available [40]. 

Finally, the PEEK-20CF filament was also thermally characterized 
via TGA to support selecting the PT range used in the optimization 
phase, ensuring that the selected temperatures will not decompose the 
PEEK matrix, diminishing the composite properties. The obtained curve 
is presented in Fig. 6. 

According to Fig. 6, the polymer undergoes thermal decomposition 
in two stages, with the onset at around 550 ◦C. The initial stage is 
characterized by a rapid and significant mass loss, resulting in the 
volatilization of around 35% of the polymer mass. This phase occurs up 
to approximately 600 ◦C and is caused by the random chain scission of 
the ether and ketone bonds [61]. The second stage follows above 600 ◦C 
and continues up to about 800 ◦C. This decomposition phase is due to 
the cracking and dehydrogenation of the crosslinked residue formed 
during the first phase, resulting in a thermally stable carbonaceous char 
[62]. During this phase, mass loss is linked to the loss of phenol groups 
[63], as well as the production of carbon monoxide (CO) and carbon 
dioxide (CO2) [64]. There is minimal further mass loss observed be-
tween 800 ◦C and 900 ◦C, demonstrating the material’s high thermal 
stability. Therefore, based on the filament manufacturer’s 

recommendations [41] and the presented temperatures, the PT range 
was defined from 360 to 420 ◦C to avoid any sign of polymer decom-
position and extreme temperatures inside the printer. 

3.2. Process parameters optimization 

24 samples were printed and tested under three different loading 
conditions (tensile, bending and impact). From each test, the failure 
strength was used as the analyzed response. The obtained results are 
presented in Table 4, where the first 19 samples represent the CCD pa-
rameters combination matrix (MP) with the five central points (CP), and 
the last five are the validation points (VP) in which different combina-
tions of parameters were used to test the capability of the produced 
prediction model. 

The results presented in Table 4 indicate that despite the parameter 
values used in this study being within the ranges recommended by the 
filament supplier, the UTS, UBS and UIS values varied considerably from 
one condition to another, demonstrating the importance of parameter 
optimization. The regression analysis of each response resulted in 

Fig. 5. Fiber length distribution of the as-received PEEK-20CF filament.  

Fig. 6. Representative TGA curve obtained for the PEEK-20CF filament.  

Table 4 
CCD parameter matrix and UTS, UBS and UIS experimental results.  

Points LH 
[mm] 

PT 
[◦C] 

PS [mm/ 
s] 

UTS 
[MPa] 

UBS 
[MPa] 

UIS [kJ/ 
m2] 

MP 0.25 408 10 83.7 156.5 25.1 
MP 0.2 390 30 89.1 141.9 30.5 
MP 0.2 420 17.5 83.5 155.1 26.7 
MP 0.2 360 17.5 92.8 127.7 28.4 
MP 0.2 390 5 102.4 160.5 28.2 
CP 0.2 390 17.5 98.5 150.2 30.5 
CP 0.2 390 17.5 93.6 154.1 30.9 
MP 0.15 375 10 107.6 146.9 25.1 
CP 0.2 390 17.5 95.5 153.4 31.6 
MP 0.1 390 17.5 117.3 132.7 26.6 
CP 0.2 390 17.5 96.5 152.2 30.5 
MP 0.15 375 25 105.0 129.7 34.7 
MP 0.15 408 25 105.3 158.3 21.2 
CP 0.2 390 17.5 97.0 152.2 25.8 
MP 0.25 408 25 87.3 140.3 20.0 
MP 0.3 390 17.5 84.8 146.5 25.4 
MP 0.25 375 25 84.6 136.9 33.0 
MP 0.15 408 10 110.3 181.5 27.4 
MP 0.25 375 10 96.4 146.2 21.8 
VP 0.1 400 20 111.3 154.6 26.1 
VP 0.25 395 15 94.7 146.8 25.1 
VP 0.3 415 10 104.8 162.6 20.1 
VP 0.2 380 25 110.3 128.8 36.5 
VP 0.15 385 5 107.7 158.3 23.1  
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different quadratic models capable of predicting the individual me-
chanical behaviors of the printed specimens. Depending on the dataset 
obtained, full models can be obtained and used; however, as described 
by Myers et al. [44], one can apply reduced models for certain studies as 
a tentative to simplify the equations and highlight their influences. 
Therefore, this study used reduced models obtained via backward 
elimination with an α = 0.05. The obtained reduced models for UTS, 
UBS and UIS are represented by Equations (1)–(3), where the responses 
are a function of the statistical printing parameters. In addition, the 
ANOVA also provides relevant information by assessing the contribution 
percentage of each parameter effect via weighted p-values. Therefore, 
terms with a p-value lower than 0.05 were considered statistically sig-
nificant for the present study. The obtained p-values are presented in 
Table 5, where the values for the relevant interactions and all main ef-
fects (LH, PT and PS) were included. The missing values were for in-
teractions considered not relevant to the analyzed responses.  

UTS = -938-414*LH+5.72*PT-0.384*PS+630*LH2-0.00745*PT2          (1)  

UBS = − 490 + 2297*LH+1.687*PT-0.949*PS-5.93*LH*PT                (2)  

UIS = − 152.7 + 153*LH+11.7*PS+0.423*PT-417*LH2-0.02966*PS*PT(3) 

The p-value analyses show that different printing parameters are 
relevant for each analyzed response: LH and PS main, and LH2 and PT2 

second-order interaction effects were relevant for UTS; PT and PS main, 
and LH*PT two-way interaction effects were relevant for UBS; PT main 
and PT*PS two-way interaction effects were relevant for UIS. The rela-
tive magnitude and the contribution to the analyzed responses of each 
effect can be translated and plotted into Pareto charts to simplify un-
derstanding of them. Fig. 7 presents these charts. 

The Pareto charts show bars the lengths of which are directly pro-
portional to the standardized effect of each parameter or interaction, 
meaning that the effects of the analyzed parameters and interactions are 
divided by their standard error, and then presented in descending order 
of significance. A vertical dashed line is included in the chart to indicate 
the relevance threshold, which separates the statistically significant 
parameters at a 95% confidence level. Therefore, any bar intersecting 
this line corresponds to a statistically significant effect for the considered 
responses. 

Fig. 7-(a) highlights that PT is the only linear parameter with no 
statistical relevance to UTS, while LH2 and PT2 are the relevant second- 
order interaction effects. Here no two-way interaction effect was found 
to be significant. LH presented an extreme magnitude, meaning that it is 
the most relevant factor and small changes in its value can strongly in-
fluence UTS. Similar effects were identified in the literature [4]. On the 
other hand, Fig. 7-(b) shows that PT and PS are significant to UBS, 
contrarily to LH and the behavior observed for UTS. As Wang et al. [4] 
observed, the PT and PS effects counteract the statistical impact of LH 
for UBS compared to UTS, which explains the reduction in LH’s rele-
vance. Similarly to UBS, Fig. 7-(c) shows that UIS depends to a major 
extent on PT, but PS does not reach the relevance threshold. Addition-
ally, the magnitude presented by the bars in Fig. 7-(b) and -(c) indicate a 
lower relevance of the analyzed parameters on UBS and UIS, 

respectively, than on UTS. A detailed discussion of these effects, together 
with their respective synergic (positive) or non-synergic (negative) 
behavior, is presented in the following sections. 

The obtained equations (Equation (1) – (3)) also allow a comparison 
between the predicted values of UTS, UBS and UIS against their 
respective experimental results. The comparison for all three conditions 
is presented in Fig. 8, where the additional five randomly produced 
validation points (presented in Table 4) for each condition are also 
displayed. Additionally, the obtained standard error (S), R-squared (R- 
sq), adjusted and predicted R-sq values were included. 

By comparing the predicted and the experimental results, one can 
observe that almost all data points fall within the 95% confidence in-
terval of the model for all the analyzed responses within the analyzed 
range. An exception was identified for a central UTS value (Fig. 8-(a)); 
however, this point is located at the mid-range of the spectrum, close to 
multiple DoE points within the limits. This information, combined with 
the high adjusted and predicted R-sq values (88.13 and 79.05%, 
respectively) obtained for the model, indicates that this point might be 
an outlier to the general specimen’s behavior. On the other hand, UBS 
(Fig. 8-(b)) and UIS (Fig. 8-(c)) exhibit metrics much lower than UTS, 
with UBS presenting 68.22 and 50.77% and UIS 68.46 and 48.49% for 
adjusted and predicted R-sq values, respectively. According to Myers 
et al. [44], if the adjusted and predicted R-sq differ by less than 20%, this 
suggests that the model effectively fits the data and can be applied to 
predict values for other combinations of parameters. However, these 
values are not in the highest range of accuracy, meaning that the 
application of the created model must be carefully analyzed and the 
recommended combinations must be validated by experimental tests. 

Despite the shortcomings, the created models had almost all 
analyzed points within their confidence interval. Therefore, the ach-
ieved results can be considered satisfactory, with the models being 
useful to optimize the parameters, considering the analyzed responses 
and evaluated parameter ranges. Thus, Equations (1)–(3) were used to 
create contour plots to illustrate the interaction effects between the 
parameters, and the obtained graphs are illustrated in Fig. 9. Here two 
parameters are varied and the third is fixed on the center value. 

According to Fig. 9-(a), there is an optimum PT between 380 and 
390 ◦C when considering UTS. It is also clearly presented here that in-
crements in LH and PS reduce the reached UTS values, indicating that 
the lowest LH and PS values should be used. Fig. 9-(b), on the other 
hand, indicates that PT values near the explored upper limit (420 ◦C) 
result in the highest UBS values. However, low values for LH and PS 
improved both UBS and UTS. Finally, Fig. 9-(c) shows that UIS behaved 
completely different from UTS and UBS, being optimized when average 
LH values (0.15–0.25 mm) were coupled with a high PS. Additionally, 
opposite behaviors were identified for UIS when comparing LH x PT and 
PT × PS interactions. When analyzing LH x PT, the contour indicates 
that a lower PT benefited UIS. However, the PT x PS plot indicates that 
this statement is applicable only for PS > 15 mm/s, as higher PT is 
recommended when using PS below this limit. 

The results presented in Fig. 9 are partially in accordance with the 
limited results available in the literature. Wang et al. [4] reported that 
lower LH always improved UTS, UBS and UIS for PEEK-5CF, but the 
findings here described show a different behavior for UIS. Additionally, 
Wang described that a higher PT improved UTS, UBS and UIS values, 
differing from the behaviors observed for UTS and UIS (when using high 
PS). A detailed discussion of how these parameters affect the micro-
structure of the printed parts and consequently, their performance is 
presented in the following sections. 

All the interactions in Fig. 9 exhibit well-defined regions where the 
responses are maximized. Therefore, by combining these analyses with 
Equations (1)–(3), different optimized parameter combinations can be 
identified for each response, where their values are maximized. The 
optimized values for each condition are summarized in Table 6, together 
with the predicted and experimental values obtained for each 
combination. 

Table 5 
Obtained p-values for the effects of the relevant parameters and their in-
teractions considering UTS, UBS and UIS.   

UTS UBS UIS 

LH <0.001 0.648 0.208 
PT 0.104 <0.001 0.015 
PS 0.008 0.002 0.143 
LH2 0.028 – 0.028 
PT2 0.021 – – 
PS2 – – – 
LH*PT – 0.027 – 
LH*PS – – – 
PT*PS – – <0.001  
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The results show that different optimized combinations are obtained 
for each response analyzed, since it is impossible to maximize two or 
more responses simultaneously. However, in such multi responses ex-
periments, the contour plots can be superimposed, creating an overlaid 

graph that can be used to identify a feasible area where the predicted 
means of all analyzed responses are within an acceptable range [54]. 
Therefore, an overlaid contour plot was generated, where LH and PT 
were the independent variables. PS was fixed at the median value of 

Fig. 7. Pareto chart of the significant factors and interactions effects for (a) UTS, (b) UBS and (c) UIS.  

Fig. 8. FFF PEEK-20CF predicted versus actual diagram for (a) UTS, (b) UBS and (c) UIS.  

Fig. 9. Contour plots obtained within the optimization process for (a) UTS, (b) UBS and (c) UIS.  
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17.5 mm/s, as lower values resulted in overlong printing jobs, which 
would be undesired for industrial applications. Higher PS values were 
avoided, since these strongly diminish the UTS and UBS values, as 
described in Fig. 9. The obtained overlaid plot is presented in Fig. 10. 

The overlaid plot considered the range between 80% and 100% of 
the maximum value reported for UTS, UBS and UIS (Table 6). The limits 
comprehending these ranges result in the optimized white area marked 
in Fig. 10, where all three responses exceed the 80% mark. Although any 
set of parameters within this region can be considered optimized, a final 
combination can be proposed by comparing the optimal process 
parameter values in Table 6. As previously discussed, optimizing all 
three responses simultaneously is a complex task, but if two responses 
are analyzed individually, a set of parameters that keep the third one 
within the highlighted area can be feasible. 

Therefore, since UTS and UBS benefit from lower LH values, the 
parameter can be kept at its lowest level (0.1 mm) to benefit both re-
sponses. Fig. 10 indicates that UIS is optimized with a LH of 0.1 mm and 
PS of 17.5 mm/s only between a PT of 385 and 400 ◦C. Since 385 ◦C also 
matches the optimized PT value for UTS (Table 6), a PT of 385 ◦C was 
selected to benefit UIS and UTS. Therefore, the final set of optimized 
parameters was defined as a LH of 0.1 mm, PT of 385 ◦C and PS of 17.5 
mm/s, resulting in the experimental UTS, UBS and UIS values of 116.7 
± 5 MPa, 167.2 ± 11 MPa and 28.2 ± 3 kJ/m2. 

In order to investigate in detail the effects of the single parameters on 
the microstructure of the printed samples, as well as to explain the ef-
fects observed along the optimization process, fractography analyses 
were conducted via SEM. The axial and center points tested under tensile 
were used for that purpose, as they cover the whole range explored in 
this study. The obtained results are presented below for each parameter. 

3.3. Influence of layer height 

Fig. 11 presents the fracture surface of tensile test specimens printed 
with a PT of 390 ◦C, PS of 17.5 mm/s and LH of (a) 0.1 mm, (b) 0.2 mm 
and (c) 0.3 mm. A comparison between the specimens highlights 
microstructural changes caused by the different LH values. A clear 
distinction between successive layers can be observed in the lateral 

regions. On the center, however, such a layer-to-layer contrast fades out, 
with the microstructure being considerably more homogeneous, which 
is somewhat comparable to a bulk condition. 

This effect can be attributed to the different cooling gradients be-
tween the sides and the center of the specimen, as the sides isolate the 
center of the specimen from the relatively colder environment. There-
fore, the sides are exposed to a faster cooling rate; if it is too abrupt, the 
neck growth between adjacent roads will be hindered [65], and the 
cohesion between the two layers will be suboptimal. It is possible to 
observe that for more inside regions of the specimens, this does not 
occur, as the thermal gradient of the central regions is less steep. 
Consequently, the neck growth is aided, and the layers bond more 
efficiently [25]. 

As just described, the microstructural feature could be observed 
regardless of LH. However, differences across different LH values could 
also be noticed despite this common aspect. For one, the extension of the 
bulk region (white lines, Fig. 11) seemed to be slightly larger for LH =
0.1 mm (Fig. 11-(a)) when compared to 0.2 and 0.3 mm (Fig. 11-(b) and 
Fig. 11-(c), respectively), indicating that low LH appears to improve the 
interlayer adhesion. This can be explained by the fact that LH is 
inversely-proportional to the completion time for a given print job, since 
the printing time for any arbitrary model would increase as the slicing 
becomes thinner. Consequently, this also implies that the parts remain in 
the heated chamber and on the heated bed for an inversely proportional 
period to LH. 

Such an increased dwell time during the print job has been shown to 
enhance interlayer adhesion [4,7,65,66], since the bond formation be-
tween two adjacent filaments is a highly temperature-dependent pro-
cess. Therefore, since low LH specimens required longer printing times, 
it is reasonable to assume that this fact played a major role in interlayer 
cohesion. Additionally, it could be argued that with a constant nozzle 
diameter, a reduction in LH changes the shape of the extrudate from 
cylindrical to oblong, potentially reducing the voids [67] – that 
reportedly decrease stiffness and strength – which in turn will increase 

Table 6 
Optimized parameters for each response, including the predicted and the 
experimental results.  

Response LH [mm] PT [◦C] PS [mm/s] Predicted Experimental 

UTS 0.1 385 5 114.4 MPa 120.1 ± 7 MPa 
UBS 0.1 420 5 194.8 MPa 179.3 ± 15 MPa 
UIS 0.18 360 30 32.4 kJ/m2 39.2 ± 4 kJ/m2  

Fig. 10. Overlaid contour plot for UTS, UBS and UIS, considering their 
maximum predicted value and their 80% as upper and lower limits, 
respectively. 

Fig. 11. Fracture surface of tensile tested specimens printed with a PT of 
390 ◦C, PS of 17.5 mm/s and LH of (a) 0.1 mm, (b) 0.2 mm and (c) 0.3 mm. 
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the density of the printed components [25]. 
Finally, the number of pores and defects appeared to be strongly 

impacted by the LH increment. Sections of untested samples were pol-
ished and analyzed under LOM to analyze this behavior and the obtained 
images are presented in Fig. 12. Here it is possible to observe that 
samples with higher LH have increased numbers of both defects and 
pore sizes. These defects (mostly voids) were already observed in the 
filament in the as-received condition (Fig. 4), since they are a result of 
poor incorporation of the fibers into the matrix during the filament 
manufacturing process [58,59,68,69]. Additionally, interlayer voids are 
also formed between the deposited beads and, despite the pressure 
incurred by the extrusion through the heated nozzle, they tend to be at 
least partially retained [4,7]. These voids create stress concentration 
sites [68] and significantly contribute to the failure of the specimen, as 
reported elsewhere [39,70]. Furthermore, a loss of directionality in the 
fibers seems to be caused by the LH increment, although further inves-
tigation is needed to assess the extent of this feature in the hereby 
printed parts, its causes and possible effects. 

3.4. Influence of printing temperature 

PT is important not only for ensuring the filament’s processability 
but also due to the overall influence on the temperature gradients 
forming while the part is printed. These gradients impact, among others, 
cooling rates and therefore features such as interlayer cohesion, as dis-
cussed earlier. In the case of PT, this influence is the largest among the 
evaluated parameters, as evidenced by Fig. 13. At 360 ◦C, a clear tran-
sition between adjacent layers is visible, which is a clear indication of 
the lack of interlayer cohesion. This was most likely a result of an 
inadequate temperature, as previously reported elsewhere [7,65]. This 
tendency was gradually reverted as the temperature increased, with the 
contrast between layers mostly disappearing in central areas of the 
specimen from 390 ◦C onwards. 

Regarding defects, sections of untested samples analyzed under LOM 
show that higher PT values tend to result in larger voids (Fig. 14). This is 
most likely a consequence of coarsening effect between the voids due to 
the enhanced diffusion occurring at higher temperatures [71]. In this 
scenario, a trade-off between interlayer cohesion and defect size can be 
highlighted. On the one hand, colder prints provide lower interlayer 
cohesion, but also smaller defects; hotter prints, on the other hand, show 
satisfactory interlayer cohesion, at the price of having larger defects. 
Such a trade-off suggests that there should be a PT value where a 
compromise is reached and the mechanical properties are maximized, 
which for UTS is 386 ◦C (Table 6). Moreover, the trade-off can be 
visualized by the prediction model presented in Section 3.2, which has a 
statistically-significant quadratic term PT2 (Table 5). Quadratic (or 
higher order) terms such as this one normally indicate the combination 
of two phenomena that are a function of the same factor, but influence 
the response in opposite directions [44]; in this case, interlayer cohesion 
and defect size are both a function of PT. 

3.5. Influence of printing speed 

PS is generally considered one of the key process parameters in FFF, 
which can significantly influence the properties of a printed part. This 
has also been attested in the present study, as discussed in Section 3.2. 
When PS is increased, the heat input into the material decreases, since 
less time is spent by the extruder in a given area, resulting in a faster 
cooling rate. Eventually, this may cause the material to solidify more 
rapidly, leading to changes in the microstructure of the printed part. 
Microstructural differences were observed in untested samples under 
LOM concerning defects in the as-printed parts. The obtained results are 
presented in Fig. 15, with voids increasing in size at faster PS. 

In terms of fracture surfaces, noticeable differences were not detec-
ted when comparing different PS conditions. Similar to observations 
regarding LH, specimens printed at varying PS values (Fig. 16) also 
exhibited a consistent pattern of having a more layered appearance to-
wards the sides, which gradually diminished towards the center of the 
specimen. This effect and its magnitude did not seem to be impacted by 
PS itself, which suggests that this parameter did not play a strong role in 

Fig. 12. Microstructure of samples printed with a PT of 390 ◦C, PS of 17.5 mm/s and LH of (a) 0.1 mm, (b) 0.2 mm and (c) 0.3 mm.  

Fig. 13. Printed samples with a LH of 0.2 mm, PS of 17.5 mm/s and PT of (a) 
360 ◦C, (b) 390 ◦C and (c) 420 ◦C. 
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the interlayer cohesion. Therefore, the statistical significance of this 
parameter on the UTS and UBS (Table 5) may have been purely a 
function of the size of the defects. 

3.6. Fracture micromechanisms 

Fracture micromechanisms themselves did not seem to be influenced 
by process parameters, consisting mostly of matrix failure, as well as 
fiber breakage and fiber pullout, with the latter being the dominant 
failure type. Fig. 17 presents an overview of the identified mechanisms. 

As found in the literature, these fracture micromechanisms are fairly 
common for short fiber-reinforced thermoplastics printed by FFF, since 
not all the fibers are appropriately coated, resulting in poor wetting of 
the matrix [57,59,60]. This faulty impregnation reduces the maximum 
reinforcement the fibers can bear and its capability to transfer the loads 
adequately to the matrix, which tends to cause a predominance of fiber 
pullout instances (Fig. 17-(a), Fig. 17-(b) and Fig. 17-(c)) in detriment to 
fiber breakage ones (Fig. 17-(d)). The causes of the sub-optimal wetting 
have been speculated by other authors with other thermoplastic 
matrices and reinforcements [57,59,60], but these are beyond the scope 
of the present study. Moreover, while the PEEK-CF specimens experi-
enced brittle failure macroscopically, it is possible to observe a limited 
degree of fibrillation around fibers, which is evidence of ductile 
behavior (see Fig. 14-d). Similar behavior was reported by Mbow et al. 
[67]. 

4. Conclusions 

The present study investigated the fused filament fabrication (FFF) 
optimization and understanding for 20%-short-carbon-fiber reinforced 
poly-ether-ether-ketone (PEEK-20CF) taking three different loading 
conditions into consideration: tensile, bending and impact performance. 
Based on the obtained results, the following conclusions can be drawn: 

Fig. 14. Microstructure of samples printed with a LH of 0.2 mm, PS of 17.5 mm/s and PT of (a) 360 ◦C, (b) 390 ◦C and (c) 420 ◦C.  

Fig. 15. Microstructure of samples printed with a LH of 0.2 mm, PT of 390 ◦C and PS of (a) 5 mm/s, (b) 17.5 mm/s and (c) 30 mm/s.  

Fig. 16. Printed samples with a LH of 0.2 mm, PT of 390 ◦C and PS of (a) 5 
mm/s, (b) 17.5 mm/s and (c) 30 mm/s. 
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• The filament characterization showed a high degree of residual 
porosity, originating from filament production. The carbon fibers 
(CF) analysis showed that they presented an average diameter of 7 ±
0.5 μm, and an average fiber length of 59.7 μm, where 90% of the 
fibers are shorter than 100 μm. Consequently, these results indicate 
that although the filament used has 20 wt% CF, the full potential of 
this material is not explored, and the quality of filaments commer-
cially available must be improved.  

• The influence of three main FFF printing parameters – i.e., layer 
height (LH), printing temperature (PT) and printing speed (PS) – 
were evaluated for PEEK-20CF through a central composite design of 
experiments (CCD) for three different mechanical responses: tensile 
(UTS), bending (UBS), and impact (UIS) ultimate strengths. The 
obtained results were used to generate different regression models to 
predict UTS, UBS and UIS within the analyzed ranges, and analysis of 
variance (ANOVA) was applied to evaluate their capabilities and to 
determine the statistically significant factors. LH was evaluated as 
the most relevant parameter for UTS, followed by PS. PT showed the 
highest significance level for UBS and UTS, followed by PS for both 
cases.  

• The CCD analyses combined with the obtained models were used to 
produce contour plots, allowing the identification of three different 
sets of optimized parameters for every single condition, these being: 
LH of 0.1 mm, PT of 385 ◦C and PS of 5 mm/s for UTS; LH of 0.1 mm, 
PT of 420 ◦C and PS of 5 mm/s for UBS; and LH of 0.18 mm, PT of 
360 ◦C and PS of 30 mm/s for UIS. The optimized values reached for 
UTS, UBS and UIS when using these parameters were 120.1 ± 7 MPa, 
179.3 ± 15 MPa and 39.2 ± 4 kJ/m2, respectively.  

• The obtained contour plots were superimposed, creating an overlaid 
graph that can be used to identify a feasible area in which the 

predicted means of all analyzed responses are within an acceptable 
range. Here the desired response ranges were set to be between 80 
and 100% of the maximum values reached in their individual ana-
lyses. PS was fixed at the median value of 17.5 mm/s for this process, 
resulting in a general optimized LH and PT of 0.1 mm and 385 ◦C, 
respectively. These general optimized parameters resulted in an UTS, 
UBS and UIS of 116.7 ± 5 MPa, 167.2 ± 11 MPa and 28.2 ± 3 kJ/m2. 

• Finally, fractography and optical microscopy analyses were con-
ducted to correlate the printing parameters on the material micro-
structure. The results showed that lower LH and PS reduce the 
number and size of volumetric defects observed within the printed 
parts, as lower values improve interlayer cohesion. Contrarily, PT 
showed that average values (around 385 ◦C) benefit the micro-
structure the most, as higher temperatures result in larger defects 
and low temperatures reduce interlayer cohesion. 
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