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A B S T R A C T   

The application of material extrusion-based additive manufacturing methods has recently become increasingly 
popular in the medical sector. Thereby, thermoplastic materials are likely to be used. However, thermoplastics 
are highly dependent on the temperature and loading rate in comparison to other material classes. Therefore, it is 
crucial to characterise these influences on the mechanical properties. On this account, dynamic mechanical 
analyses to investigate the application temperature range, and tensile tests at different crosshead speeds (103, 
101, 10-1 and 10-3 mms-1) were performed on various 3D-printable polymers, namely polyetheretherketone 
(PEEK), polylactide (PLA), poly(methyl methacrylate) (PMMA), glycol-modified poly(ethylene terephthalate) 
(PETG), poly(vinylidene fluoride) (PVDF) and polypropylene (PP). It was found that the mechanical properties of 
PEEK, PLA, PMMA and PETG hardly depend on temperature changes inside the human body. PVDF and PP show 
a significant decrease in stiffness with increasing body temperatures. Additionally, the dependency of the stiff-
ness on the strain-rate is increasing between PLA, PP, PEEK, PETG, PMMA and PVDF. Besides the mechanical 
integrity of these materials (strength, stiffness and its strain-rate and temperature dependency inside the body), 
the materials were further ranked considering their filling density as a measure of their processability. Hence, 
useful information for the selection of possible medical applications for each material and the design process of 
3D-printed implants are provided.   

1. Introduction 

With the continuously improving health care system, life expectancy 
of humans has increased rapidly. This leads to an enhancement of the 
quantity of medical intervention such as the implantation of prostheses. 
Therefore, finding adequate reconstruction materials and improving 
their processability are of paramount importance (Soumya and Rajarshi, 
2012). Implant materials have to meet a large number of demands such 
as biocompatibility, durability, sterilisability and processability. 
Biocompatibility can be defined as the ability of a material to respond 
appropriately when exposed to body tissue or fluids (Ratner, 2015). 
Durability means that materials remain undamaged or rather opera-
tional during their service life. The durability of polymers is dependent 
on their resistance against temperature, media, pH-variations and 

mechanical or electrical stresses (Wintermantel and Ha, 2009). 
Furthermore, implants have to be sterile, which means all living or-
ganisms such as bacteria or viruses have to be eliminated, otherwise 
they can become lethal to the host system (Perez et al., 2012). Addi-
tionally, the mechanical properties should be adequate for the specific 
application (Wintermantel and Ha, 2009). Several metals, ceramics and 
polymers fulfil these requirements (Abdulai et al., 2006). Among them, 
especially polymeric materials have been gaining popularity due to their 
preferable heat-insulation properties and huge variety of different pro-
cessing techniques (Kriegel, 2006). 

Strong emphasis has recently been laid on the manufacturing of 
prostheses by material extrusion-based additive manufacturing (AM) 
methods, also known as fused filament fabrication (FFF), fused deposi-
tion modelling (FDM™) or simply 3D-printing. Thereby, a thermoplastic 
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filament is selectively deposited through a moving nozzle onto a build 
platform. The nozzle moves according to a computer modelled (CAD) 
and sliced (STL) design, building the desired object layer-by-layer 
(Diegel, 2014; Gebhardt et al., 2016; Gibson et al., 2010; Gurr and 
Mülhaupt, 2012). 

AM methods reveal short process times due to reduced numbers of 
process steps and offer the option of manufacturing parts in multiple 
materials, colours and scales. In addition, a considerable amount of 
material is saved in contrast to subtractive manufacturing processes 
such as CNC milling (Gibson et al., 2010). Furthermore, AM processes 
are relatively simple and allow the design of complex structures such as 
personalised implants. A common method to acquire the necessary di-
mensions of customised medical implants is the use of computed to-
mography (CT) scans (Fiaschi et al., 2016; Kim et al., 2012; 
Morales-G�omez et al., 2018; Rotaru et al., 2006). Therefore, the accu-
racy of printed parts depends strongly on the resolution and overall 
quality of the CT scans. Additionally, the processing parameters (the 
temperature of the die and the build platform, the printing speed, the 
layer thickness, the build chamber temperature, the build platform 
material, etc.), as well as the viscoelastic and thermal behaviour of the 
material itself (Spoerk et al., 2017a-c; Spoerk et al., 2018a-c) further 
influence the implant quality. Moreover, the manufacturing process 
induces heterogeneities such as air gaps, which have a significant in-
fluence on the mechanical properties of the printed parts (Spoerk et al., 
2017a). Therefore, identifying printing induced defects in 3D-printed 
implants is vital for the subsequent discussion of the obtained proper-
ties. X-ray micro-computed tomography (μ-CT) has been widely 
accepted as a non-destructive method for the evolution of sizes, distri-
butions and individual shapes of defects (Wang, X. et al., 2019). This 
method can be used as a standard quality control process of implants. 
However, with increasing part size, the distance between the measured 
object and the X-ray source needs to be increased, which has a signifi-
cant impact on the obtained resolution. Hence, pores can be missed 
affecting mechanical properties of the materials (T�oth et al., 2015). 

Regarding materials used for FFF, only a limited number of FFF- 
printable materials, for which the base polymers are approved by the 
Food and Drug Administration (FDA), exist. Examples are poly-
etheretherketone (PEEK), polylactide (PLA), poly(methyl methacrylate) 
(PMMA), glycol-modified poly(ethylene terephthalate) (PETG), poly 
(vinylidene fluoride) (PVDF) and polypropylene (PP). PEEK has already 
been used for load-bearing medical applications such as orthopaedic, 
spinal, maxillo-facial and cranial implants, fixation plates and screws, 
dental prosthesis, or intracardiac pumps and heart valves (Panayotov 
et al., 2016). PLA is degradable and has been applied for barrier mem-
branes, drug delivery systems, bone scaffolds, stents, tissue regeneration 
and engineering as well as absorbable staples, sutures and screws 
(Hamad et al., 2015; Ratner et al., 2004). The application fields of 
PMMA include intraocular and hard contact lenses due to the excellent 
light transmittance of the material. Additionally, it has been applied as 
bone cement for orthopaedic and cranial implants, anchoring of hip 
prostheses, dental applications, vertebroplasties and kyphoplasties 
(Navarro et al., 2008; Petersmann et al., 2019; Ratner et al., 2004). 
PETG has been used for orthodontic devices and occlusal splints also 
known as bite guards (Marcauteanu et al., 2014). On the other hand, 
PVDF or PP have mainly been used as suture materials or as surgical 
meshes. PP also serves as hernia, ligament or tendon repair material 
(Maitz, 2015; Ratner et al., 2004). Moreover, it has recently been sug-
gested as a suitable material for cranial implants (Katschnig et al., 2017) 
or as an ankle foot orthosis (Banga et al., 2018). 

Besides the biocompatibility, the mechanical integrity of medical 
materials is essential. Tensile, compressive, flexural, buckling, torsional 
and shear loads are acting inside the human body. For instance, muscle 
forces result in tension, the body weight in compression and wear occurs 
in natural knee joints (Van den Bogert, 1994). Moreover, the resulting 
strains in the associated ligaments change depending on the position of 
the bone (Crowninshield and Brand, 1981). In general, it can be 

distinguished between repetitive or acute, and external or internal loads 
(Van den Bogert, 1994). Regarding the human thorax, breathing leads to 
repetitive loads and coughing to acute ones. Both loads are internal 
loads. On the other hand, accidently hitting ones head on a wooden 
beam results in an acute, external load. Here, the impact speed and 
therefore the emerging stress value are particularly high. To accurately 
account for all these cases during the design process of implants is not a 
simple task. 

Therefore, finite element analyses (FEA) are commonly conducted in 
the cycle of component development. By means of FEA, the functional 
efficiency of different materials and geometries is tested (Hopmann and 
Klein, 2015). In comparison to practical trial-and-error techniques, FEA 
save time, material and money (Ridwan-Pramana et al., 2017). How-
ever, precise and correct material data are vital for simulating the 
component behaviour properly in order to accurately design medical 
3D-printed parts and avoid failures during their life cycle. 

The characterisation of polymers in dependence of the loading type 
and speed is particularly important as polymers respond to mechanical 
loads in a nonlinear and time dependent, so called “viscous”, manner. 
Therefore, their material properties are highly dependent on the loading 
rate (e.g. (Richeton et al., 2006)). While processing influences have 
already been thoroughly investigated for 3D-printed 
acrylonitrile-butadiene-styrene copolymer (ABS) or PLA samples at 
lower strain rates (Letcher and Waytashek, 2014; Rodríguez et al., 2001; 
Verius et al., 2011) and mostly at standardised conditions, high-speed 
tensile test data are still missing in literature. Therefore, at present it 
is not possible to use correct data for designing components produced by 
FFF that account for impact loads. Additionally, contrary to other 
replacement material groups such as metals or ceramics, the properties 
of polymeric materials might change noticeably in dependence of tem-
perature variations that occur within the target application, ergo the 
human body. Changes of mechanical properties due to variations of 
temperature can be especially drastic if a transition temperature such as 
the glass transition (Tg) is close to the application temperature. Unfor-
tunately, these two rather crucial points, strain-rate and temperature 
dependency, have not been adequately covered in literature so far 
although they are imperative for correct component design. 

To close this critical gap and offer the possibility to use accurate data 
in product design, the present work provides tensile test data measured 
at four different testing speeds in the wide range of 10-3 to 103 mms-1 for 
six different 3D-printable polymers (PEEK, PLA, PMMA, PETG, PVDF 
and PP), which could be used for medical applications. Furthermore, the 
fracture behaviour is analysed after testing to enable a better insight into 
the materials. To cover the temperature dependent nature, dynamic- 
mechanical analysis of all tested materials is conducted. This can give 
insight into the useable temperature range of each polymer. In this way, 
we offer material data useful for designers and give an understanding 
into the potential scope of application for each material. 

2. Experimental 

2.1. Material 

The following commercially available filaments (diameter of 
1.75 mm) were used in the present study: KetaSpire® PEEK (Solvay S.A., 
Belgium), black PLA (Prirevo e.U., Austria), clear PMMA (Herz Austria 
GmbH, Austria), HDglass™ clear PETG (Formfutura BV, The 
Netherlands) and Fluorinar-C™Kynar® PVDF (Nile Polymers, Inc., 
USA). As this work serves as a pre-study in order to compare the me-
chanical properties of the different materials, types of each material, 
which are not certified as long-term implant materials, were used. 
Nonetheless, either a detailed analysis of certified types, or a certifica-
tion of the used materials are required before application. 

As most commercially available PP filaments hardly reveal any 
propylene segments, and therefore their intended molecular structure 
can strongly be doubted (Spoerk et al., 2019), no commercially available 
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PP was analysed. Instead, PP heterophasic copolymer pellets (Borealis 
AG, Austria) were processed to filaments in the single screw extruder 
FT-E20T-MP-IS (Dr. Collin GmbH, Germany) with a subsequent water 
bath, haul-off unit and diameter measurement device (Sikora Laser, 
2010T and Ecocontrol 600 processor, Sikora AG, Germany). Thereby, 
the parameters were set as follows: extruder barrel tempera-
tures ¼ 180 �C, 185 �C, and 190 �C; screw speed ¼ 70 rpm, die diam-
eter ¼ 1.9 mm, die length ¼ 25.05 mm, and die temperature ¼ 200 �C. 
Prior to any 3D-printing step, all materials were stored under stand-
ardised conditions (23 �C air temperature, 50% relative humidity) for at 
least 72 h. PEEK was additionally pre-dried for at least 6 h at 150 �C 
before each print. 

2.2. Processing 

The different materials were processed on different FFF printers due 
to limitations of each machine. For PLA, PMMA, PETG and PVDF a Hage 
3DpA2 (Hage3D, Austria) was used. For PEEK, the prints were produced 
on the SpiderBot 4.0 HT (Qualup, France). For PP, the printing trials 
were performed on a Duplicator i3 v2 (Wanhao, China). All printers 
were equipped with a steel nozzle 0.5 mm in diameter. All tensile test 
specimens were sliced in the software Slic3r Prusa Edition and oriented 
in a way that the flat surface of the tensile specimens were parallel to the 
build platform. All specimens were produced in a �45� rectilinear strand 
orientation. The dimensions of the specimens were according to DIN EN 
ISO 527-1A apart from the area of parallel length, which was shortened 
to 10 mm. This is necessary in order to obtain convenient results in high- 
speed tensile measurements. As no overhangs occurred, support struc-
tures were not necessary. All specimens exhibited one outer perimeter 
and were sliced with a layer thickness of 0.25 mm. The printing tem-
perature and filament flow factor were set for each material individually 
in a way that each cross section revealed a minimal amount of air gaps, 
aiming at a real infill of 100%. This was tested as described in section 
2.3. The parameters for each material are summarised in Table 1. The 
PEEK specimens were printed on a build platform at 160 �C in a build 
chamber heated to 90 �C. In addition, IR-radiants, set at a temperature of 
380 �C, were utilised. That way, a part temperature of approx. 200 �C 
was achieved. Elevated part temperatures during printing were shown to 
result in a superior inter-layer adhesion (Costa et al., 2017) and reduced 
warpage effects (Spoerk et al., 2018a) of a complete printed part. 
Without IR-radiants, the build chamber temperature would have to be at 
least 60 �C higher to successfully print parts, which is a technical chal-
lenge for most 3D-printers currently on the market. The rather high die 

temperatures, e.g. for PLA 250 �C, were chosen in order to guarantee 
best possible inter- and intra-layer cohesion, as has been reported by 
Refs. (Arbeiter et al., 2018; Spoerk et al., 2017a). For PMMA, PETG and 
PVDF, the adhering spray Dimafix® (DIMA 3D, Spain) was applied to 
the glass mirror in order to decrease the risk of warpage and delami-
nation from the build platform. For the same reason, the first layer of PP 
was deposited onto a plate of a similar, but not identical base polymer 
(PP random copolymer), as recommended by Refs. (Spoerk et al., 2018a 
and b). A decent first layer adhesion of PEEK was only achievable by 
implementing a PEEK raft printed with a speed of 30 mms-1 onto a 1 mm 
thick polyetherimide (PEI) platform. Within one print, five test speci-
mens were produced. After the completion of one print, the build plat-
form was cooled down to room temperature by natural convection and 
directly afterwards the parts were removed from the bed with a spatula. 
The parts were then stored under standardised conditions until subse-
quent characterisation techniques were conducted. 

2.3. Analysis of the print quality 

As mentioned before, the printing profile was optimised in terms of 
minimal amounts of air gaps, resulting in high strength values. In a first 
step, this was tested by means of cutting out and sanding cross sections 
of untested tensile test specimens and analysing them by means of op-
tical microscopy (SZH, Olympus Optical Co., Japan). Subsequently, 
scanning electron microscopy (SEM) was performed on representative 
untested tensile test specimens using a Tescan Vega II (Tescan Brno, s.r. 
o., Czech Republic) at 5 kV with secondary electrons. Therefore, parts of 
the sample’s midsection were cut out and the first layers of the cross 
sections were removed with a microtome, in order to avoid smearing of 
the pores, especially for “soft” materials such as PP. These prepared 
parts were fixed on SEM sample holders and were gold-sputtered with 
the Cressington 108auto Sputter Coater (Cressington Scientific In-
struments UK, England) for 160 s at 20 mA. 

As the print quality varies throughout the sample, analyses that 
inspect the whole specimen were applied subsequently. Therefore, the 
printed samples were scanned by means of the Inveon microCT scanner 
(Inveon μ-PET/SPECT/CT, Siemens, Germany) using the following scan 
parameters: 80 kV potential, 500 μA current, 750 ms exposure time and 
an effective pixel size of 35.19 μm. After reconstruction of the raw data 
using the manufacturer’s software (Inveon CT Recon Software v2.04, 
Siemens AG, Germany), the data was exported and saved in DICOM 
(Digital Imaging and Communications in Medicine) format. Each spec-
imen was imaged in 2270 sectional images with sagittal and/or hori-
zontal alignment. Segmentation, three-dimensional modelling and 
volumetric analyses of the printed specimen and the internal pores were 
done using the open source software 3D Slicer v4.10.2 (Fedorov et al., 
2012). A pore in an image slice was defined as an island with a signal 
intensity below the threshold value without connection to the outer 
surface through neighbouring image sections. The analyses were con-
ducted with 1135 slices by inclusion of every second DICOM file in order 
to reduce the required computational power and memory usage to make 
the analysis compatible with the available resources (1.7 GHz, 32 GB), 
whilst maintaining a data portion that is fairly representative of the 
original image data. 

2.4. Dynamic mechanical analysis 

Dynamic mechanical analyses (DMA) of each filament material were 
performed with the dynamic mechanical analyser DMA/SDTA861e 

(Mettler-Toledo GmbH, Austria). Thereby, a tension load was applied 
with a frequency of 1 Hz and a dynamic amplitude of 2.5 μm. The most 
interesting temperature range for the target application would be 
around 20 to 40 �C. However, properties were measured in the tem-
perature range from �75/-50 �C to 120/175 �C, depending on the region 
of the glass transition and melting temperature of the tested thermo-
plastics, in order to give a more wholesome overview of the temperature 

Table 1 
Levels of the printing parameters of all printed specimens in this work.  

Printing 
parameters 

PEEK PLA PMMA PETG PVDF PP 

Die temperature 
(in �C) 

427 250 250 230 250 230 

Build platform 
material 

PEI 
sheet 
þ

PEEK 
raft 

Glass 
mirror 

Glass 
mirror þ
Dimafix 

Glass 
mirror þ
Dimafix 

Glass 
mirror þ
Dimafix 

PP- 
plate 

Build platform 
temperature 
(in �C) 

160 70 115 100 110 100 

Infrared heater 
temperature 
(in �C) 

380 – – – – – 

Printing speed of 
the first layer 
(in mms-1) 

30 30 20 20 8 10 

Printing speed of 
the remaining 
layers (in 
mms-1) 

20 60 20 20 20 20  
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dependent material behaviour. For PEEK, an upper temperature limit of 
325 �C was used. The heating rate for all tests was 2 Kmin-1. 

During the DMA of thermoplastics, mainly four different tempera-
ture regions are passed: the energy-elastic, the glass-transition, the 
entropy-elastic and the melt and/or fluid region (Fig. 1), depending on 
the type of thermoplastic (semi-crystalline or amorphous) (Grellmann 
and Altst€adt, 2011). For each material, the storage modulus at 23 �C 
(E’23 �C), at 37 �C (E’37 �C) and at 41 �C (E’41 �C), as well as the glass 
transition temperature (Tg) were evaluated and compared. The tem-
peratures of 37 and 41 �C represent the average body temperature and a 
raised body temperature occurring during a fever (Del Bene, 1990). The 
temperature of 23 �C is the testing temperature in most standards. 
Therefore, it is used to enable comparability to literature data. 

2.5. Tensile tests at different crosshead speeds 

As mentioned previously, tensile tests were performed at four 
different crosshead speeds, namely 103, 101, 10-1 and 10-3 mms-1. The 
measurements were obtained on two different testing machines, 
depending on the material and the loading rate. All tests at high testing 
speeds (103 and 101 mms-1) and tests at low testing speeds (10-1 and 10- 
3 mms-1) with materials showing relatively low strain at break values 
(PEEK, PLA, PMMA) were measured by means of the servo-hydraulic 
testing machine MTS 831.50 (MTS Systems GmbH, Germany). The 
tensile tests at low speeds with materials showing relatively high strain 
at break values (PETG, PVDF and PP) were performed on the universal 
testing machine Zwick Z250 (Zwick Roell, Germany) equipped with a 
10 kN load cell and mechanical clamps. The clamping length was set to 
42 mm for all tests. 

For high testing speeds, the deformations were measured optically 
with the high-speed camera Photron FASTCAM SA1 (Photron Europe 
Limited, Germany). Therefore, a white primer and a graphite sparkle 
pattern were applied on the front surface of the specimens in order to 
make deformations trackable. The deformations for tests performed on 
the MTS 831.50 at low testing rates were recorded by means of a clip-on 
extensometer. The deformations for measurements performed on the 
Zwick Z250 were measured with the makroXtens extensometer until 
yield and afterwards by the crosshead travel. 

All stresses and strains are engineering values considering the initial 
cross section of the sample. For each material, the Young’s modulus, the 

strain at break, the tensile strength and the yield strength (if available) 
are evaluated and compared. According to DIN EN ISO 527-1, the 
Young’s modulus is calculated as the slope of the stress-strain curve in 
the strain interval between 0.05 and 0.25%, the tensile strength as the 
global stress maximum and the yield strength as the stress at the yield 
point. The yield point is characterised by a global stress maximum fol-
lowed by a stress reduction due to a narrowing of the cross section 
(Grellmann and Altst€adt, 2011). 

2.6. Fracture analysis 

After tensile testing, photographs of representative tensile test 
specimens per material and testing speed were taken for comparison. 

In order to analyse the occurring fracture mechanisms in detail, SEM 
was performed for each material after testing at 103 and 10-3 mms-1 

using a Tescan Vega II (Tescan Brno, s.r.o., Czech Republic) at 5 kV with 
secondary electrons. Therefore, the specimens were cut to a measurable 
size, fixed on SEM sample holders and gold-sputtered with the Cres-
sington 108auto Sputter Coater (Cressington Scientific Instruments UK, 
England) for 160 s at 20 mA. 

3. Results 

In this chapter the dynamic mechanical, tensile and fracture prop-
erties of the six different materials, namely PEEK, PLA, PMMA, PETG, 
PVDF and PP, are shown. A closer comparison of these results and their 
meaning towards the use as implant materials will follow in section 4. 

3.1. Dynamic mechanical analysis 

The storage modulus-temperature-curves (representing the stiffness 
of the material as a function of temperature) obtained from the DMA 
measurements are compared in Fig. 2. The respective results of the 
predefined parameters are summarised in Table 2. All results are in good 
agreement with data from literature (Amash and Zugenmaier, 2000; 
Slapnik et al., 2016; Elshereksi et al., 2014; Paszkiewicz et al., 2017; Zhu 
et al., 2017) and give a rough overview of the application temperature 
range for each material. 

In the most interesting temperature range from 37 to 41 �C, the 
variations in the storage modulus of PEEK, PLA and PETG are negligible, 
since the materials are still well below their Tg (compare with Table 2). 

Fig. 1. Main temperature regions passed during dynamic mechanical analyses 
(DMA) of thermoplastics along with the values that are discussed in the present 
work, exemplarily shown for polyetheretherketone (PEEK). 

Fig. 2. The storage modulus as a function of the sample temperature for six 
different polymer filaments. Vertical chain dotted lines are illustrated at room 
temperature (23 �C, RT), at the average body temperature (37 �C) and an 
increased body temperature reached during a fever (41 �C). 
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For PMMA, small changes are detected (approx. 3%). This high 
temperature-independency in the application temperature range is 
beneficial as it facilitates the designing of implants. In the case of the 
PLA filaments, the increasing storage modulus in the vicinity of 100 �C 
can be attributed to cold crystallisation, which is typical for PLA (Gon-
zalez-Garzon et al., 2018; Mofokeng et al., 2012). For PETG, a second 
relaxation process is investigated at �54 �C. According to Refs. (Pasz-
kiewicz et al., 2017; Scheirs and Long, 2004), this second relaxation 
process is known as β-relaxation, which is related to motions of hydroxyl 
and carboxyl groups, and ranges from �80 to �30 �C. However, since 
these are well outside of application temperatures, they will not be 
further discussed within this work. 

In contrast to aforementioned materials, PVDF and PP are both above 
Tg and their storage modulus decreases nearly continuously until the 
onset of the melting region at approx. 175 �C. In the temperature range 
of 37 to 41 �C, the storage modulus decreases by 6.5% and 10.4%, 
respectively. This indicates a necessity to include temperature depen-
dent properties in any design process to ensure proper results obtained 
via FEA. 

3.2. Analysis of the print quality 

The cross-sectional analysis of the 3D-printed samples is important 
for describing the subsequent tensile test results. Air gaps and other 
processing induced defects are known to have a significant influence on 
the mechanical properties of the printed parts (Spoerk et al., 2017a). Air 
gaps can act as defects and initiations for delamination (Spoerk et al., 
2017c) and fractures (Webbe Kerekes et al., 2019). The importance of 
avoiding air gaps is shown, e.g. in Ref. (Spoerk et al., 2018c). Occurring 
number and sizes of defects in the cross sections of one representative 

3D-printed dumbbell specimen per material are compared in Fig. 3. 
For the 3D-printed PEEK sample, defects in the form of weld lines 

between the single filaments are detected (Fig. 3a and b). The unsatis-
factory printing quality is reasonable due to the relatively challenging 
printing process in the case of PEEK (Wu et al., 2015). However, this also 
indicates that the results could still be improved by an optimisation of 
the printing profile, process parameters or printing strategy. The cross 
sections of the PLA and PMMA samples reveal a few air gaps (Fig. 3c and 
e) with pore sizes, which may not be negligible (Fig. 3d and f). For PETG, 
the visibility of the layer contours increases, and therefore the printing 
quality decreases, from the build platform to the top (Fig. 3g). However, 
the higher magnification image indicates very small pore sizes (Fig. 3h). 
PVDF and PP specimens are nearly homogenously filled, indicating a 
good printing quality (Fig. 3i and k). Only small amounts of air gaps with 
small pore sizes are visible (Fig. 3j and l), which should not have a 
drastic influence on the mechanical behaviour (Spoerk et al., 2017a). 
Nonetheless, it should be mentioned that the cross-sectional images 
show the size and shape of pores only very locally. Thus, meaningful 
statements regarding the corresponding porosity of the whole sample 
cannot be made. 

Therefore, the printing quality is further analysed by means of the 
overall porosity resulting from μ-CT measurements of representative 3D- 
printed tensile test specimens (Table 3 and Fig. 4). The highest porosity 
is evaluated for PEEK with 1.18%, which is in accordance with the re-
sults of the cross-sectional analysis (Fig. 3a and b) and the frontal and 
side view of the μ-CT models (Fig. 4a). The porosity of all other tested 
materials is in the range of 0.07 to 0.20%. These values are satisfactory if 
comparing to data found in literature (Wang, X. et al., 2019; Liao, Y. 
et al., 2019). The μ-CT images of PLA (Fig. 4b), PMMA (Fig. 4c) and PP 

Table 2 
Averaged measurement values for the storage modulus at 23 �C (E’23 �C), at 37 �C 
(E’37 �C) and at 41 �C (E’41 �C), as well as the glass transition temperature (Tg) 
obtained from dynamic mechanical analysis (DMA) of six different polymer 
filaments.  

Material E’23�C ’[MPa] E’37�C [MPa] E’41�C [MPa] Tg [�C] 
PEEK 2413 2375 2367 167 
PLA 2365 2296 2276 68 
PMMA 2741 2476 2401 118 
PETG 1540 1513 1505 86 
PVDF 883 712 666 �33 
PP 944 713 639 9  

Fig. 3. Optical microscopy (overview) and scanning electron microscopy (SEM) (higher magnification) images of occurring defects in the cross sections of repre-
sentative 3D-printed tensile test specimens made of PEEK (a and b), PLA (c and d), PMMA (e and f), PETG (g and h), PVDF (i and j) and PP (k and l). The build 
platform is located on the bottom of each image. 

Table 3 
Porosity values of polyetheretherketone (PEEK), polylactide (PLA), poly(methyl 
methacrylate) (PMMA), glycol-modified poly(ethylene terephthalate) (PETG), 
poly(vinylidene fluoride) (PVDF) and polypropylene (PP) resulting from μ-CT 
measurements of 3D-printed specimens.  

Material Total volume [mm3] Volume of voids [mm3] Porosity [%] 
PEEK 3193.70 37.68 1.18 
PLA 3441.95 2.45 0.07 
PMMA 3343.06 2.99 0.09 
PETG 3801.84 7.58 0.20 
PVDF 2961.51 3.41 0.12 
PP 3243.34 3.61 0.11  
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(Fig. 4f) show similar and relatively low amounts of air gaps, resulting in 
similar porosity values (Table 3). However, the rather large pore sizes 
evaluated for PLA (Fig. 3d) and PMMA (Fig. 3f) do not correlate with the 
low porosity values evaluated for both materials. This indicates a low 
number of pores with rather big sizes. The μ-CT images of PETG (Fig. 4d) 
show higher amounts of pores than for PVDF (Fig. 4e), but similar pore 
sizes (Fig. 3h and j) accounting for its higher porosity value of 0.20% 
compared to the 0.12% measured for PVDF. 

3.3. Tensile tests at different crosshead speeds 

While this chapter mainly focuses on the mechanical properties 
themselves, a more detailed discussion of their impact regarding appli-
cation will be given in chapter 4. The tensile test results of all materials 

as a function of the crosshead speed are summarised in Table 4. For all 
curves showing a yield point, the yield stress was found to be equal to 
the tensile strength, since no material showed excessive strain hardening 
after yielding. The measured tensile properties are compared to tensile 
properties received from technical data sheets of each material 
(Ref. 1–5). If data was missing in the data sheets, the results were 
checked against values obtained for the same material type (Ref. a-c). All 
reference values were measured according to DIN EN ISO 527 with a 
testing speed of 1.67⋅10-2 mms-1 (1 mmmin-1) for the evaluation of the 
Young’s modulus and 8.3⋅10-1 mms-1 (50 mmmin-1) afterwards. It was 
found that the measured values for the strain at break are generally 
lower compared to the reference values, but the values for the Young’s 
modulus and strength are in a similar range, except for PEEK. Here, the 
reference value for the strength is significantly higher. This can be 

Fig. 4. Two dimensional images (top: 
frontal view; bottom: side view) of the 
3D models of PEEK (a), PLA (b), PMMA 
(c), PETG (d), PVDF (e) and PP (f) after 
differential segmentation in micro-CT 
image data. Green shows the material 
and red shows the voids inside the 
printed specimen. The opacity of the 
material model colour was reduced to 
35% so that the voids are visible in the 
super-positioned 3D models. In the 
frontal view, the side of the specimen, 
which was in contact with the build 
platform, is presented. In the side view, 
the build platform is located at the 
bottom.   

Table 4 
Material properties of polyetheretherketone (PEEK), polylactide (PLA), poly(methyl methacrylate) (PMMA), glycol-modified poly(ethylene terephthalate) (PETG), 
poly(vinylidene fluoride) (PVDF) and polypropylene (PP) obtained from tensile tests performed at four different crosshead speeds, namely 103, 101, 10-1 and 10-3 mms- 
1.  

Material Crosshead speed [mms-1] Young’s modulus [GPa] Strain at break [%] Stress at break [MPa] Tensile strength [MPa] Ref. 
Measured Ref. Measured Ref. Measured 

PEEK 103 4.8 � 1.3 3.1 (1) 1.9 � 0.2 26 (1) 66 � 4 85/48 (1) 
101 3.6 � 0.6 2.2 � 0.4 66 � 11 
10-1 3.5 � 0.2 2.3 � 0.3 60 � 6 
10-3 3.2 � 0.2 2.7 � 0.3 66 � 3 

PLA 103 4.6 � 0.5 3.1a (2) 2.3 � 0.2 2.3 (a) 64 � 3 -/65 (a) 
101 3.1 � 0.1 2.3 � 0.2 55 � 2 
10-1 3.4 � 0.3 4.0 � 1.0 50 � 2 53 � 1 
10-3 3.3 � 0.2 3.6 � 0.5 43 � 2 46 � 2 

PMMA 103 5.2 � 0.5 3.1a (b) 1.9 � 0.2 15 (3) 77 � 13 65 at Yield (3) 
101 3.6 � 0.1 1.7 � 0.1 50 � 2 
10-1 3.0 � 0.3 1.8 � 0.2 44 � 4 
10-3 3.3 � 0.2 1.5 � 0.1 32 � 3 

PETG 103 2.9 � 0.8 1.9 (4) 6.3 � 3.3 120 (4) 64 � 2 50/- (4) 
101 2.0 � 0.3 15.7 � 12.2 32 � 18 52 � 4 
10-1 1.8 � 0.0 85.7 � 23.7 17 � 0 48 � 0 
10-3 1.9 � 0.1 39.4 � 7.5 23 � 2 42 � 1 

PVDF 103 2.1 � 0.3 1.5–2.2 (5) 33.3 � 3.3 30-200 (5) 39 � 2 48 � 2 45-60/ 40–70 (5) 
101 1.0 � 0.1 59.5 � 11.4 28 � 1 38 � 0 
10-1 0.9 � 0.0 141.4 � 27.0 26 � 1 30 � 0 
10-3 0.8 � 0.1 153.0 � 61.8 24 � 2 26 � 0 

PP 103 1.4 � 0.4 0.9a (c) 14.4 � 5.8 6.4a (c) 28 � 1 28 � 0 18.6a at Yield (c) 
101 1.0 � 0.3 20.7 � 5.0 21 � 0 23 � 0 
10-1 1.0 � 0.1 22.8 � 4.6 16 � 0 20 � 0 
10-3 1.0 � 0.0 151.4 � 34.9 12 � 1 16 � 0 

(a) Reference value from Spoerk et al. (2017a).. 
(b) Reference value from Gonzalez-Garzon et al. (2018).. 
(c) Reference value from Spoerk et al. (2018a).. 

a Reference value not available online for the used material; Ref. from same material type. 
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explained by the relative high porosity measured for the 3D-printed 
PEEK samples (Fig. 4a). As processing induced defects have a signifi-
cant influence on the strain at break, the lower values for the 3D-printed 
samples in contrast to the reference values, which are generally 
measured for injection-moulded samples with a more homogenous 
material distribution, are reasonable. Additionally, the Young’s modulus 
found for 3D-printed PP is below the measured values since the refer-
ence samples were printed in a 90� strand orientation, which generally 
results in lower tensile properties. In the following sections, the stress- 
strain curves are analysed individually for each material and 
compared with pictures of the fractured samples as well as SEM images 
of the fracture surfaces for the highest and lowest testing speed. 

3.3.1. Polyetheretherketone (PEEK) 
The stress-strain curves measured for 3D-printed PEEK are charac-

teristic for a brittle material behaviour (Fig. 5a) (Grellmann and 
Altst€adt, 2011). The tensile strength is equal to the stress at break and 
appears to be independent of the testing speed. A trend towards 
decreased stress levels at lower testing speeds is recognised. The strain at 
break increases slightly with decreasing testing speed. In contrast to 
injection-moulded samples, no yield point is identified, even at very low 
testing speeds (Vaezi and Yang, 2015). Consequently, the evaluated 
strength values are lower than literature values. This can be explained 
by the unsatisfactory printing quality of the PEEK specimens as was 
shown in Figs. 3a and 4a. The occurrence of a brittle fracture mechanism 
is confirmed by the picture of the fractured samples (Fig. 5b) and the 
SEM fracture surfaces (Fig. 5c–f), which show no large-scale plastic 
deformation before failure. Weld lines, already shown in Fig. 3a, are 
detected, especially in Fig. 5c. 

3.3.2. Polylactide (PLA) 
The stress-strain curves for 3D-printed PLA are similar for all four 

testing speeds up to strain values of approx. 1% (Fig. 6a). At higher 
levels of strain, an increased tensile strength with increasing testing 
speed is detected. At 10-1 and 10-3 mms-1, the material shows a pro-
nounced yielding before failure. This results in higher values for the 
strain at break. Even though the overall behaviour changes, the picture 
of the fractured samples (Fig. 6b) as well as the SEM images (Fig. 6c–f) 
do not show significant differences in the fracture behaviour between 
the investigated testing speeds. Both SEM fracture surfaces indicate a 
predominantly brittle failure. There are no weld lines and air gaps 
visible, indicating an excellent inter- and intra-layer bonding (Arbeiter 
et al., 2018; Spoerk et al., 2017a). This also explains the high repeat-
ability of the measurement results for each loading condition. 

3.3.3. Poly(methyl methacrylate) (PMMA) 
The stress-strain curves evaluated for 3D-printed PMMA specimens 

show a strain-rate dependent material behaviour, with a pronounced 
increase in stiffness and stress level at higher loading rates (Fig. 7a). The 
shape of all curves indicates a brittle fracture behaviour. Plastic de-
formations are neither identifiable on a big-scale (Fig. 7b), nor on a 
small-scale (Fig. 7c–f). SEM fracture surfaces show some air gaps, which 
account for deviations in the stress-strain curves. The wavy shape of the 
curves at high strain rates (Fig. 7a) can primarily be attributed to testing 
related influences, which often occur during impact testing of stiff and 
brittle materials (Cherif et al., 2010; Hopmann et al., 2017). 

3.3.4. Glycol-modified poly(ethylene terephthalate) (PETG) 
While the 3D-printed PETG samples appear rather brittle at the 

highest testing speed, they show pronounced yielding and high strains at 
break at lower testing speeds (Fig. 8a). At low strains, the curves are 
similar for all testing speeds. At higher strains, corresponding stresses 
decrease with decreasing crosshead speed, resulting in lower tensile 
strength values. Overall properties scale, with testing speed, with the 
exception of the strain at break for the lowest testing speed. This may be 
explained by printing induced defects, which can lead to significant 
scatter, especially for strain at break values. Differences in the fracture 
behaviour are visible in the picture of the fractured samples (Fig. 8b). 
SEM fracture surfaces strengthen the assumption about the material 
behaviour stated above. For the highest testing speed, the fracture sur-
face is smooth and brittle (Fig. 8c–d), while it shows clear indications of 
plastic deformation before fracture for lower testing speeds (Fig. 8e–f). 
Regarding the printing quality, it can be stated that weld lines near the 
top of the sample and some signs of voids are recognisable (Fig. 8c). 

3.3.5. Poly(vinylidene fluoride) (PVDF) 
The stress-strain curves measured for 3D-printed PVDF specimens 

are similar at low strain values. For increasing levels of strain, the curves 
show pronounced differences (Fig. 9a). Strength and strain at break 
values significantly scale with the testing speed. Contrary to all mate-
rials above, PVDF shows a clear yield point at all testing speeds, indi-
cating a more ductile behaviour. Especially at the two lower testing 
speeds, high strain at break values are reached. The increased defor-
mation values and the necking of the specimens with decreasing testing 
speed can be identified in the picture of the fractured samples as well 
(Fig. 9b). The occurrence of a ductile fracture behaviour at high and low 
testing speeds is confirmed by the SEM fracture surfaces (Fig. 9c–f). Due 
to the high plastic deformations on the fracture surfaces, an identifica-
tion of weld lines, air gaps or voids is not possible. 

Fig. 5. Stress-strain curves obtained from tensile tests performed on 3D-printed polyetheretherketone (PEEK) specimens at four different crosshead speeds (a), 
fractured samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in (b) 
decreases from left to right: 103, 101, 10-1 and 10-3 mms-1. 
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Fig. 6. Stress-strain curves obtained from tensile tests performed on 3D-printed polylactide (PLA) specimens at four different crosshead speeds (a), fractured samples 
after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in (b) decreases from left 
to right: 103, 101, 10-1 and 10-3 mms-1. 

Fig. 7. Stress-strain curves obtained from tensile tests performed on 3D-printed poly(methyl methacrylate) (PMMA) specimens at four different crosshead speeds (a), 
fractured samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in (b) 
decreases from left to right: 103, 101, 10-1 and 10-3 mms-1. 

Fig. 8. Stress-strain curves obtained from tensile tests performed on 3D-printed glycol-modified poly(ethylene terephthalate) (PETG) specimens at four different 
crosshead speeds (a), fractured samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). 
The test speed in (b) decreases from left to right: 103, 101, 10-1 and 10-3 mms-1. 
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3.3.6. Polypropylene (PP) 
The trend of the stress-strain curves obtained for 3D-printed PP 

samples is similar to that of the PVDF specimens, but at nearly half the 
stress level (Fig. 10a). High levels of strain are reached for all testing 
speeds and necking accompanied with a significant change in cross 
section is detected (Fig. 10b and e). The SEM images reveal a predom-
inantly ductile fracture surface at testing speeds below 103 mms-1 

(Fig. 10e–f). At the highest testing speed, the fracture surface changes to 
a somewhat more brittle appearance (Fig. 10c–d). Weld lines are rec-
ognisable, especially in Fig. 10c. 

4. Comparison and discussion 

This chapter is used to ease the comparison of the materials and 
presented data of this work. While the interpretation of the cross sec-
tions and the DMA results is rather straightforward, it is more chal-
lenging to compare the stress-strain curves for several materials and 
testing speeds. Therefore, representative stress-strain curves for each 
material at the highest and the lowest crosshead speed are shown in 
Fig. 11. A small strain range is chosen as deformations acting on implant 
materials are considered relatively small at operating conditions. For 
individual results of materials and strain rates, the reader is referred to 

Fig. 9. Stress-strain curves obtained from tensile tests performed on 3D-printed poly(vinylidene fluoride) (PVDF) specimens at four different crosshead speeds (a), 
fractured samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in (b) 
decreases from left to right: 103, 101, 10-1 and 10-3 mms-1. 

Fig. 10. Stress-strain curves obtained from tensile tests performed on 3D-printed polypropylene (PP) specimens at four different crosshead speeds (a), fractured 
samples after tensile testing (b) and scanning electron microscopy (SEM) fracture surfaces for high (c, d) and low testing speeds (e, f). The test speed in the picture of 
the fractured samples decreases from left to right: 103, 101, 10-1 and 10-3 mms-1. 

Fig. 11. Comparison of representative stress-strain curves measured for poly-
etheretherketone (PEEK), polylactide (PLA), poly(methyl methacrylate) 
(PMMA), glycol-modified poly(ethylene terephthalate) (PETG), poly(vinylidene 
fluoride) (PVDF) and polypropylene (PP) dumbbell specimens. The curves were 
obtained from tensile tests performed at crosshead speeds of 103 (solid lines) 
and 10-3 mms-1 (dotted lines). 
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Table 4. 
At the highest testing speed of 103 mms-1, PEEK, PLA and PMMA 

show a characteristic brittle fracture behaviour with high tensile 
strengths and low strains at break. Moreover, PMMA shows the highest 
tensile strength, followed by PEEK and PLA. Nevertheless, the strain at 
break values and moduli are almost identical for these three materials. 
The fracture behaviour of PETG at such high testing speeds is predom-
inantly brittle, with minor signs of ductility. Due to the higher non-linear 
behaviour of PETG compared to PEEK or PMMA, the material reaches 
higher levels of strain at similar levels of stress. Nonetheless, the Young’s 
modulus (evaluated from 0.05 to 0.25%) of PETG is only slightly smaller 
and the tensile strength values are comparable. On the other hand, PVDF 
and PP react in a highly non-linear fashion even at the highest investi-
gated testing speed. In comparison to the first group, the stiffness and 
strength of these two materials are significantly lower and the strain at 
break values are several times higher. Additionally, the tensile strength 
and the strain at break measured for PVDF specimens are twice as high 
as the values evaluated for PP specimens. 

At the lowest testing speed of 10-3 mms-1, the strength of all materials 
is significantly lower except for PEEK. For PMMA, this decrease is the 
most pronounced followed by PVDF. As expected, a trend towards 
higher non-linear curve behaviour, accompanied with lower levels of 
stress and higher levels of strain at break can be recognised. In the case 
of PLA and PETG, the overall behaviour and fracture patterns change 
towards pronounced yielding and indications of plastic deformations on 
the fracture surface before final failure. This information should be kept 
in mind, when selecting a material for component design. 

To sum up, all tested materials are compared in terms of properties, 
which could be highly important for implant design (Fig. 12). This graph 
is intended as an aid for material selection based on few but crucial 
properties for polymeric materials, which could be used for 3D-printed 
implants. As mentioned before, the most interesting strain range for 
implant materials at standard operating conditions is expected to be 
relatively small. Therefore, the dependency of the stress-strain behav-
iour on the strain-rate is ranked in a very small strain range using the 
Young’s modulus (E) measured at a very high (103 mms-1) and low (10- 
3 mms-1) testing speed. At such low strains, the mechanical properties of 
PLA and PP are nearly strain-rate independent and the dependency is 
increasing from PEEK, PETG, PMMA to PVDF. Regarding unexpected 
loads occurring during accidents, the stiffness and strength of the 

materials (Table 4) are most important. Here, the averaged mean values 
for all testing speeds are used for the comparison. Material properties, 
which show only little dependency on temperature in the application 
range of 37 to 41 �C are beneficial. This parameter is defined as the 
temperature dependent storage modulus (E’) and is ranked by means of 
the DMA results (Fig. 2, Table 2). Next to the mechanical integrity of the 
materials, the filling density of the printed specimens, which is a mea-
sure for the processability, is compared. The filling density is evaluated 
with: filling density [%] ¼ 100 – porosity [%]. Additionally, the 
biocompatibility and durability of each material are discussed since 
these are highly important parameters regarding implant materials. 
However, both parameters were not included into Fig. 12 as no quan-
titative values are available. 

PEEK obtains excellent mechanical properties with low temperature 
dependence as well as high biocompatibility (Kurtz and Devine, 2007) 
and durability (Ferguson et al., 2006). However, the dependency of the 
stiffness on the strain-rate is not negligible. Besides that, the processing 
of PEEK is very difficult resulting in a low filling density. Special printers 
for the required processing temperatures of approx. 425 �C are needed. 
PLA and PMMA show satisfying levels of strength and stiffness with 
satisfactory temperature dependency. Additionally, both materials are 
easily processible. High filling densities were achieved. For PLA, the 
stiffness is less dependent on the strain-rate than in the case of PMMA. As 
PLA is biodegradable (Hamad et al., 2015), its durability can be seen as 
very low. In general, PLA shows high biocompatibility, but it has been 
reported that PLA can be changed chemically or through drug incor-
poration, which may result in inflammatory reactions (Ramot et al., 
2016). PMMA suffers from its reputation of being inflammatory (Nav-
arro et al., 2008). Additionally, radiation-induced degradation has been 
investigated (Thominette and Verdu, 1996). However, it has a reason-
able resistance to chemicals, except for chlorinated and aromatic hy-
drocarbons, esters, or ketones (Ali et al., 2015). PETG shows moderate 
strength, stiffness and strain-rate dependence. The storage modulus is 
hardly depending on temperature variations inside the human body. The 
processing of PETG is relatively easy and high filling densities can be 
obtained. PETG is biocompatible (Sastri, 2010), but it should be 
mentioned that the mechanical properties of polar materials such as PLA 
(Cuiffo et al., 2017), PMMA (N’Diaye et al., 2012) and PETG (Ryokawa 
et al., 2006) could be affected by moisture. Therefore, especially the 
water absorption of those materials is a topic of interest and has to be 
investigated in detail. The stiffness and strength measured for PVDF and 
PP are low compared to the other materials, whereby PVDF performs 
better than PP. However, the strain-rate dependency of the stiffness is 
significantly higher for PP than for PVDF. Nonetheless, both materials 
reveal a high temperature dependency for the storage modulus. The 
mechanical properties are graded as low, since this work focuses mostly 
on materials for structurally loaded components rather than applications 
within the body, where a high degree of flexibility is needed (e.g. meshes 
(Maitz, 2015; Ratner et al., 2004)). Furthermore, high filling densities 
were obtained with both materials. PVDF has proven to show excellent 
biocompatibility (Laroche et al., 1995a). The biocompatibility of PP has 
been discussed controversially in literature (Kelly et al., 2017; Lerouge 
and Simmons, 2012). Supplementary, PVDF outperforms PP in terms of 
the durability. Exemplarily, the tensile strength was measured with 
92.5% for PVDF and 53.4% for PP after 7 years under hydrolytic con-
ditions (Laroche et al., 1995b) leading to a better long-term stability in 
the case of PVDF. This has also been shown by Schumpelick and Nyhus 
as they compared PVDF to PET or PP (Schumpelick and Nyhus, 2004). In 
addition, it has been found that PP may undergo degradation while in 
vivo, especially due to oxidation (Costello et al., 2007). 

5. Conclusion 

The dynamic mechanical and tensile properties evaluated for the 3D- 
printing materials PEEK, PLA, PMMA, PETG, PVDF and PP provide 
useful information regarding the range of possible medical applications 

Fig. 12. Comparison of polyetheretherketone (PEEK), polylactide (PLA), poly 
(methyl methacrylate) (PMMA), glycol-modified poly(ethylene terephthalate) 
(PETG), poly(vinylidene fluoride) (PVDF) and polypropylene (PP) in terms of 
their strength, stiffness, filling density, strain-rate dependent stiffness (Young’s 
modulus measured at 10-3 mms-1 in relation to 103 mms-1) and temperature 
dependent storage modulus (in the application temperature range of 37 to 
41 �C). All parameters are represented increasing from inside out (higher values 
are preferable). 
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for those materials. Due to significant deviations in the material prop-
erties evaluated for all materials, the performance of strain-rate 
dependent tests is vital in the course of the implant designing process. 
Depending on the level of stiffness, strength and strain at break, the 
materials are suitable for different types of medical applications. 
Regarding medical implants, the high stiffness and strength values 
evaluated for PEEK and PMMA account for their suitability for load- 
bearing parts such as cranial implants (Navarro et al., 2008; Peters-
mann et al., 2019; Panayotov et al., 2016). Despite the significantly 
lower price for PMMA compared to PEEK, PEEK is more likely to be used 
as an implant material. One reason for this represents the more pro-
nounced temperature and loading rate dependency of the mechanical 
properties in the case of PMMA. One downside of PEEK and PMMA 
might be their rather brittle nature of fracture. The occurrence of a 
plastic region before failure might be preferable for implant applications 
in order to prevent a sudden, brittle failure. Due to its mechanical 
properties, PLA is also suitable for load-bearing applications such as 
short-term screws, but due to its degradability, it is likely used as suture 
material (Hamad et al., 2015). 

On the other hand, the high flexibility of PP and PVDF accounts for 
their application as suture material or mesh (Maitz, 2015; Ratner et al., 
2004). However, their applicability as cranial bone reconstruction ma-
terial cannot be ruled out (Katschnig et al., 2017), especially for smaller 
defects where high stiffness is not as crucial. Moreover, the high ductility 
of PP or PVDF prevents a brittle implant failure into several pieces in the 
case of an accident. PETG seems to be a satisfying compromise between 
these two described materials groups. The evaluated material properties 
account for its applicability for parts, which do not require a high load 
capacity or elasticity such as bite guards (Marcauteanu et al., 2014). 

In conclusion, this paper gives an overview of temperature and 
loading-rate dependent material properties of thermoplastic 3D-print-
able implant materials. For polymers, the characterisation of these de-
pendencies is particularly important. The results should serve as 
guidelines for designers of medical devices or for medical professionals 
in order to get an impression of the material behaviour of different 3D- 
printing polymers. However, it has to be kept in mind that the properties 
of a component are not only depending on the material itself. The me-
chanical behaviour of components is further influenced by geometrical 
and processing parameters. 
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1995b. Polyvinylidene fluoride monofilament sutures: can they be used safely for 
long-term anastomoses in the thoracic aorta? Artif. Organs 19 (11), 1190–1199. 
https://doi:10.1111/j.1525-1594.1995.tb02282.x. 

Lerouge, S., Simmons, A., 2012. Sterilisation of Biomaterials and Medical Devices, first 
ed. Elsevier, Amsterdam, The Netherlands.  

Letcher, T., Waytashek, M., 2014. Material property testing of 3D-printed specimen in 
PLA on an entry-level 3D printer, presented at. ASME IMECE 2014. Canada, 
Montreal. https://doi.org/10.1115/IMECE2014-39379.  

Liao, Y., Liu, C., Coppola, B., Barra, G., Di Maio, L., Incarnato, L., Lafdi, K., 2019. Effect of 
porosity and crystallinity on 3D printed PLA properties. Polymers 11, 1487. http 
s://doi:10.3390/polym11091487. 

Maitz, M.F., 2015. Applications of synthetic polymers in clinical medicine. Biosurf. 
Biotribol. 1 (3), 161–176. https://doi.org/10.1016/j.bsbt.2015.08.002. 

Marcauteanu, C., Stoica, E.T., Bortun, C., Negrutiu, M.-L., Sinescu, C., Turdor, A., 2014. 
Advantages of a PETG coated with TPU as an occlusal appliance material. Rev. Chim. 
(Bucharest) 65 (6), 734–736. 

Mofokeng, J.P., Luyt, A.S., T�abi, T., Kov�acs, J., 2012. Comparison of injection moulded, 
natural fibre-reinforced composites with PP and PLA as matrices. J. Thermoplast. 
Compos. 25 (8), 927–948. https://doi.org/10.1177/0892705711423291. 

Morales-G�omez, J.A., Garcia-Estrada, E., Leos-Bortoni, J.E., Delgado-Brito, M., Flores- 
Huerta, L.E., de La Cruz-Arriaga, A.A., Torres-Díaz, L.J., de Le�on, �A.R.M.-P., 2018. 
Cranioplasty with a low-cost customized polymethylmethacrylate implant using a 
desktop 3D printer. J. Neurosurg. 130 (5), 1–7. https://doi.org/10.3171/2017.12. 
JNS172574. 

N’Diaye, M., Pascaretti-Grizon, F., Massin, P., Basl�e, M.F., Chappard, D., 2012. Water 
absorption of poly(methyl methacrylate) measured by vertical interference 
microscopy. J. Am. Chem. Soc. Langmuir 28 (31), 11609–11614. https://doi.org/ 
10.1021/la302260a. 

Navarro, M., Michiardi, A., Casta~no, O., Planell, J.A., 2008. Biomaterials in orthopaedics. 
J. R. Soc. Interface 5 (27), 1137–1158. https://doi.org/10.1098/rsif.2008.0151. 

Panayotov, I.V., Orti, V., Cuisinier, F., Yachouh, J., 2016. Polyetheretherketone (PEEK) 
for medical applications. J. Mater. Sci. Mater. Med. 27 (7), 118. https://doi.org/ 
10.1007/s10856-016-5731-4. 

Paszkiewicz, S., Szymczyk, A., Pawlikowska, D., Irska, I., Taraghi, I., Pilawka, R., Gu, J., 
Li, X., Tu, Y., Piesowicz, E., 2017. Synthesis and characterization of poly(ethylene 
terephthalate-co-1,4-cyclohexanedimethylene terephtlatate)-block-poly 
(tetramethylene oxide) copolymers. RSC Adv. 7 (66), 41745–41754. https://doi.org/ 
10.1039/C7RA07172H. 

Perez, M., Block, M., Espalin, D., Winker, R., Hoppe, T., Medina, F., Wicker, R., 2012. 
Sterilization of FDM-Manufactured Parts, Presented at. SFF 2012, Austin, Texas.  

Petersmann, S., Spoerk, M., Huber, P., Lang, M., Pinter, G., Arbeiter, F., 2019. Impact 
optimization of 3D-printed poly(methyl metharylate) for cranial implants. 
Macromol. Mater. Eng. 304, 1900263. https://doi: 10.1002/mame.201900263. 

Ramot, Y., Haim-Zada, M., Domb, A.J., Nyska, A., 2016. Biocompatibility and safety of 
PLA and its copolymers. Adv. Drug Deliv. Rev. 107, 153–162. https://doi.org/ 
10.1016/j.addr.2016.03.012. 

Ratner, B.D., 2015. The biocompatibility of implant materials. In: Badylak, S. (Ed.), Host 
Response to Biomaterials. Elsevier, Amsterdam, The Netherlands, pp. 37–51. 
https://doi.org/10.1016/b978-0-12-800196-7.00003-7. 

Ratner, B.D., Hoffman, A.S., Schoen, F.J., Lemons, J.E., 2004. Biomaterials Science: an 
Introduction to Materials in Medicine, second ed. Elsevier, Amsterdam, The 
Netherlands.  

Richeton, J., Ahzi, S., Vecchio, K.S., Jiang, F.C., Adharapurapu, R.R., 2006. Influence of 
temperature and strain rate on the mechanical behavior of three amorphous 
polymers: characterization and modeling of the compressive yield stress. Int. J. 
Solids Struct. 43 (7–8), 2318–2335. https://doi.org/10.1016/j.ijsolstr.2005.06.040. 

Ridwan-Pramana, A., Marci�an, P., Bor�ak, L., Narra, N., Forouzanfar, T., Wolff, J., 2017. 
Finite element analysis of 6 large PMMA skull reconstructions: a multi-criteria 
evaluation approach. PLoS One 12 (6), e0179325. https://doi.org/10.1371/journal. 
pone.0179325. 

Rodríguez, J.F., Thomas, J.P., Renaud, J.E., 2001. Mechanical behavior of acrylonitrile 
butadiene styrene (ABS) fused deposition materials. Experimental investigation. 
Rapid Prototyp. J. 7 (3), 148–158. https://doi.org/10.1108/13552540110395547. 

Rotaru, H., Baciut, M., Stan, H., Bran, S., Chezan, H., Iosif, A., Tomescu, M., Kim, S.-G., 
Rotaru, A., Baciut, G., 2006. Silicone rubber mould cast polyethylmethacrylate- 
hydroxyapatite plate used for repairing a large skull defect. J. Cranio Maxill. Surg. 
34 (4), 242–246. https://doi.org/10.1016/j.jcms.2006.01.005. 

Ryokawa, H., Miyazaki, Y., Fujishima, A., Miyazaki, T., Maki, K., 2006. The mechanical 
properties of dental thermoplastic materials in a simulated intraoral environment. 
Orthod. Waves 65 (2), 64–72. https://doi.org/10.1016/j.odw.2006.03.003. 

Sastri, V.R., 2010. Chapter 7 engineering thermoplastics acrylics, polycarbonates, 
polyurethanes, polyacetals, polyesters, and polyamides. In: Plastics in Medical 
Devices. Elsevier, Amsterdam, The Netherlands, pp. 121–173. https://doi.org/ 
10.1016/B978-0-8155-2027-6.10007-8. 

Scheirs, J., Long, T.E., 2004. Modern Polyesters: Chemistry and Technology of Polyesters 
and Copolyesters. John Wiley & Sons, Chichester, UK. https://doi.org/10.1002/ 
0470090685.  

Schumpelick, V., Nyhus, L.M., 2004. Meshes: Benefits and Risks. Springer, Berlin, 
Germany. https://doi:10.1007/978-3-642-18720-9.  

Slapnik, J., Bobovnik, R., Me�sl, M., Bolka, S., 2016. Modified polylactide filaments for 3D 
printing with improved mechanical properties. Contemp. Mater. 2 (7), 142–150. 
https://doi.org/10.7251/COMEN1602142S. 

Soumya, N., Rajarshi, B., 2012. Fundamentals of medical implant materials. In: 
Narayan, R. (Ed.), Materials for Medical Devices, vol. 23. ASM International, Ohio, 
USA, pp. 6–17. https://doi.org/10.31399/asm.hb.v23.a0005682. 

Spoerk, M., Arbeiter, F., Cajner, H., Sapkota, J., Holzer, C., 2017a. Parametric 
optimization of intra- and inter-layer strengths in parts produced by extrusion-based 
additive manufacturing of poly(lactic acid). J. Appl. Polym. Sci. 134 (41), 45401. 
https://doi.org/10.1002/app.45401. 

Spoerk, M., Sapkota, J., Weingrill, G., Fischinger, T., Arbeiter, F., Holzer, C., 2017b. 
Shrinkage and warpage optimization of expanded-perlite-filled polypropylene 
composites in extrusion-based Additive Manufacturing. Macromol. Mater. Eng. 302 
(10), 1700143. https://doi.org/10.1002/mame.201700143. 

Spoerk, M., Savandaiah, C., Arbeiter, F., Sapkota, J., Holzer, C., 2017c. Optimization of 
mechanical properties of glass-spheres-filled polypropylene composites for 
extrusion-based additive manufacturing. Polym. Compos. 83, 768. https://doi.org/ 
10.1002/pc.24701. 

Spoerk, M., Arbeiter, F., Ragu�z, I., Weingrill, G., Fischinger, T., Traxler, G., 
Schuschnigg, S., Cardon, L., Holzer, C., 2018a. Polypropylene filled with glass 
spheres in extrusion-based Additive Manufacturing: effect of filler size and printing 
chamber temperature. Macromol. Mater. Eng. 303 (7), 1800179. https://doi.org/ 
10.1002/mame.201800179. 

Spoerk, M., Gonzalez-Gutierrez, J., Lichal, C., Cajner, H., Berger, G., Schuschnigg, S., 
Cardon, L., Holzer, C., 2018b. Optimisation of the adhesion of polypropylene-based 
materials during extrusion-based additive manufacturing. Polymers 10 (5), 490. 
https://doi.org/10.3390/polym10050490. 

Spoerk, M., Savandaiah, C., Arbeiter, F., Traxler, G., Cardon, L., Holzer, C., Sapkota, J., 
2018c. Anisotropic properties of oriented short carbon fibre filled polypropylene 
parts fabricated by extrusion-based additive manufacturing. Compos. Part A-Appl. S. 
113, 95–104. https://doi.org/10.1016/j.compositesa.2018.06.018. 

Spoerk, M., Holzer, C., Gonzalez-Gutierrez, J., 2019. Material extrusion-based additive 
manufacturing of polypropylene: a review on how to improve dimensional 
inaccuracy and warpage. J. Appl. Polym. Sci. 48545. https://doi:10.1002/ 
APP.48545. 

Thominette, F., Verdu, J., 1996. Radiation-induced rejuvenation of poly(methyl 
methacrylate). J. Polym. Sci., Polym. Chem. 34 (15), 3221–3223. https://doi.org/ 
10.1002/(SICI)1099-0518(19961115)34:15<3221::AID-POLA12>3.0.CO;2-E. 

T�oth, T., Hud�ak, R., �Ziv�c�ak, J., 2015. Dimensional verification and quality control of 
implants produced by additive manufacturing. Qual. Innov. Prosper. 19 (1), 9–21. 
https://doi:10.12776/qip.v19i1.393. 

Vaezi, M., Yang, S., 2015. Extrusion-based additive manufacturing of PEEK for 
biomedical applications. Virtual Phys. Prototyp. 10 (3), 123–135. https://doi.org/ 
10.1080/17452759.2015.1097053. 

Van den Bogert, A.J., 1994. Analysis and simulation of mechanical loads on the human 
musculoskeletal system: a methodological overview. Exerc. Sport Sci. Rev. 22 (1), 
23–51. 

Verius, M., Marreiros, F., Heuze, Y., Unterhofer, C., Recheis, W., 2011. A Novel Approach 
for Implant Design of Large Cranial Defects Using PMMA and Rapid Prototyping 
Techniques. ECR, Vienna, Austria. https://doi.org/10.1594/ECR2011/C-0950 
presented at.  

Wang, X., Zhao, L., Ying, J., Fuh, H., Lee, H.-P., 2019. Effect of porosity on mechanical 
properties of 3d printed polymers: experiments and micromechanical modeling 
based on x-ray computed tomography analysis. Polymers 11, 1154. https://doi:10 
.3390/polym11071154. 

Webbe Kerekes, T., Lim, H., Joe, W.Y., Yun, G.J., 2019. Characterization of 
process–deformation/damage property relationship of fused deposition modeling 
(FDM) 3D-printed specimens. Addit. Manuf. 25, 532–544. https://doi.org/10.1016/ 
j.addma.2018.11.008. 

Wintermantel, E., Ha, S.-W., 2009. Medizintechnik, fifth ed. Springer, Berlin, Germany. 
https://doi.org/10.1007/978-3-540-93936-8.  

Wu, W., Geng, P., Li, G., Zhao, Di, Zhang, H., Zhao, J., 2015. Influence of layer thickness 
and raster angle on the mechanical properties of 3D-printed PEEK and a comparative 
mechanical study between PEEK and ABS. Materials 8 (9), 5834–5846. https://doi. 
org/10.3390/ma8095271. 

Zhu, W., Ma, J., Nan, X., Liu, J., Qin, W., Yang, Y., 2017. Dielectric and Thermal- 
Properties of Polyvinylidene Fluoride Composites Filled with Surface-Functionalized 
Reduced Graphene Oxide presented at: ICCM-21, Xi’an, China.  

S. Petersmann et al.                                                                                                                                                                                                                            



Journal of the Mechanical Behavior of Biomedical Materials 104 (2020) 103611

13

Web references 
[1] http://www.solvayamshop.com. (Accessed 14 November 2019). 
[2] http://www.redline-filament.com. (Accessed 14 November 2019). 

[3] http://shop.filamentonline.de. (Accessed 14 November 2019). 
[4] http://www.3djake.at. (Accessed 14 November 2019). 
[5] http://www.nilepolymers.com. (Accessed 14 November 2019). 

S. Petersmann et al.                                                                                                                                                                                                                            











Several materials are suitable for processing with both
manufacturing methods. Among these, poly(methyl methacrylate)
(PMMA) stands out with its promising properties. It has already
been used for many years for various medical applications such
as optical lenses, bone cement for orthopedic and cranial implants,
or prostheses in dentistry.[4,5] Therefore, it offers a good starting
point for further investigations regarding the use of AM and the
impact of nonthermal sterilization methods on its biocompatibility
and biomechanical properties.

To enable the implantation of prosthetic devices produced by
FFF and APF in humans, the material and manufacturing pro-
cesses have to comply with the clinical safety measures. In addi-
tion to durability and biocompatibility, implant materials have to
be sterilizable. The medical products must be free of any patho-
gens and contaminants, while reliably maintaining their
mechanical properties and dimensional accuracy.[6] Although
autoclaving is a suitable sterilization method for implants made
of metals, ceramics, and high-performance thermoplastics, poly-
mers with low melting temperatures (e.g., PMMA) are deformed
at the high temperatures of the autoclaving process. Sterilization
methods that could be utilized for specimens manufactured
from polymers with low melting temperatures include chemical
sterilization (ethylene oxide or formaldehyde), radiation steriliza-
tion (gamma, electron beam, or X-ray), plasma sterilization, and
microwave sterilization.[7,8] In this work, sterilization by formal-
dehyde fumigation was studied, as it is a sterilization procedure
commonly available in most clinical institutes.

Several studies analyzing the effects of different sterilization
methods on the resulting properties of PMMA have already been
conducted.[9–14] However, medical devices usually undergo a
cleaning step preceding sterilization,[15] which could influence
the material, as this process usually involves temperature, pres-
sure, and an aqueous solution of washing agent.[16] It is known
that polymers in general, and thus also PMMA, exhibit
temperature-,[17] pressure-[18] and moisture-dependent[19,20]

properties. Avila et al.,[21] for instance, showed that heat treat-
ment of 3D-printed PMMA at 97 °C for 60min led to an increase
in strength of about 20MPa. Given their porous structure,
additive-manufactured specimens could be influenced by these
procedures to an extent larger than the molded specimens, as
their absorption–desorption behavior might differ from the solid,
nonporous, molded specimen with a rather smooth surface.

Furthermore, the AM process introduces a certain level of poros-
ity, which could potentially influence the mechanical performance
depending on its extent. Hence, the porosity of FFF and APF sam-
ples was analyzed before testing and after the different treatment
steps, to rule out the effect of different porosity levels while ana-
lyzing the treatment influence on the mechanical performance.
This has been done bymeans of X-raymicrocomputed tomography
(μCT), as it is well established as a nondestructive method to eval-
uate defect sizes, distributions, and individual shapes.[22]

Consequently, this study investigates the effects of washing and
formaldehyde sterilization on the porosity and mechanical proper-
ties of PMMA-based materials manufactured with FFF and APF.
Bending and impact tests showed that the washing and sterilization
procedures did not exert a significant change in mechanical perfor-
mance of the FFF- and APF-manufactured specimens. μCT analy-
ses ruled out any confounding influence of porosity on the results.

2. Experimental Section

2.1. Materials

FFF-manufactured samples were produced using the commer-
cially available PMMA filament (diameter of 1.75mm)
3Diakon (Mitsubishi Chemical Advanced Materials Inc., USA),
due to its excellent impact performance, which is preferable
for several implant materials, such as cranial reconstruction
materials. APF-manufactured samples were produced using pel-
lets of CYROLITE MD H12 (kindly provided by Roehm GmbH,
Germany), an amorphous thermoplastic compound based on
PMMA (methyl methacrylate/styrene/ethyl acrylate terpolymer
with an added impact modifier[23]). CYROLITE MD H12 meets
the requirements of the USA Pharmacopeia Class VI and is ISO
10 993-1 certified and approved by the USA Food and Drug
Administration (FDA) for clinical use.[24] Throughout the article,
3Diakon and CYROLITE MD H12, are referred to as PMMA-D
and PMMA-C, respectively.

2.2. Experimental Setup

Both PMMA types were divided into three different experimental
groups (n¼ 25 samples in each): untreated controls, washing,
and washingþ sterilization. The “washing” specimens were
washed at 60 °C following a specific hygiene protocol. The “wash-
ingþ sterilization” group was additionally sterilized with form-
aldehyde fumigation. The mechanical properties of each group
were assessed by three different testing methods: three-point
bending, Charpy impact test, and Charpy-notched impact test.
A flow diagram of the experimental setup is shown in Figure 1.

2.3. Processing

Test specimens were manufactured in the shape of a rectangular
prism in 80mm� 4mm� 10mm dimensions with a single
contour line, a 100% infill, and a� 45° rectilinear infill strategy.
Five samples were fabricated per print batch via so-called sequen-
tial printing for FFF and in a layer-by-layer manner for APF
(Figure 2). A detailed summary of the used processing parame-
ters for both technologies is given in Table 1.

FFF samples were manufactured at MedMEX (HAGE3D
GmbH, Austria), which works with a dual direct extrusion head.
The slicing was done with the software Simplify3D v3.0
(Simplify3D, USA). The printing speed of the first layer was
decreased to 15mm s�1 to get the best adhesion on the glass sur-
face. The samples were removed from the printer after bed tem-
perature cooled down to a temperature of 60-to-80 °C and then
stored in vacuumed Allpax GOF 2030 bags (Allpax Products
LLC, USA) at ambient temperature.

In APF, an already proven material profile was used for
processing PMMA-C with the freeformer 200-3X (ARBURG
GmbHþ Co KG, Germany).[4] The print job was prepared
in the ARBURG freeformer software v2.30 (ARBURG
GmbHþ Co KG, Germany). Prior to manufacturing, the mate-
rial was dried at 70 °C for 5 h in the integrated circulating air
dryer (Helios GmbH, Germany). After the drying procedure,
the hopper was kept at 50 °C with reduced moisture to keep
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the material dry. The drop height was 0.22mm with the set dis-
charge value of 67%, resulting in a layer height of 0.2mm. The
droplet overlap was set to 25%.

Dimensions within the mechanical testing standards could be
obtained using APF, but not using FFF. Here, width values in the
range of 9.49–9.82mm were obtained, which were below the tol-
erance of 10� 0.2 mm.

2.4. Washing and Formaldehyde Sterilization

The sample washing and sterilization were performed at the
AEMP III (Processing Unit for Medical Devices) at the
University Hospital Graz in accordance with ÖNORM EN
ISO 25 424. Washing was performed using a Miele
cleaning–disinfection device (Miele & Cie. KG, Germany) at

60 °C with a disinfectant program suitable for thermolabile
materials. Neodisher Septo DN (Chemische Fabrik
Dr. Weigert GmbH&Co KG, Germany) was used as the washing
agent, which contained 10.5% (w/w) glutaraldehyde and showed
bactericidal, fungicidal, mycobactericidal, and viricidal activity.
Sterilization was performed with 2% formaldehyde using a
Webeco FA95 temperature steam sterilizer (Webeco NV,
Belgium). A summary of washing and sterilization procedures
is given in Table 2.

2.5. Analysis of Porosity

Samples were scanned in an Inveon μCT scanner (Inveon μ-PET/
SPECT/CT, Siemens, Germany) with scanning parameters of
80 kV potential, 500 μA current, 750ms exposure time, and an

Figure 1. Flow diagram including specimen manufacturing via FFF or APF, treatments (washing and formaldehyde sterilization), performance of μCT,
and mechanical analysis (three-point bending, unnotched and notched Charpy impact tests).

Figure 2. Sample arrangement on the build platform for a) FFF and b) APF. Five samples were manufactured per print batch. Sample dimensions are
given in mm.
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effective pixel size of 35.19 μm. The raw data was reconstructed
using the Inveon CT Recon Software v2.04 software (Siemens,
Germany). Image sections were exported from the reconstructed
scan data and saved as bitmap digital image files using ImageJ.
Each specimen was imaged in 2699 sectional images with sagittal
and/or horizontal alignment. Segmentation, 3D modeling, and
volumetric analyses of the printed specimens and the internal
gaps/holes were done using an open-source software 3D
Slicer v4.10.2.[25] A gap/hole in an image slice was defined as
an island that had a signal intensity below the threshold value
without connection to the outer surface through neighboring
image sections. Porosity was calculated as the percentage of
gap volumes with respect to the specimen volume. Local porosity
at the midsection was calculated the same way using the image
slices that cover one-third of the whole specimen centered at the
midlength in the axial orientation.

2.6. Mechanical Tests

2.6.1. Flexural Tests

The flexural tests were performed in three-point bending mode
on the universal testing machine Zwick Z10 (Zwick Roell,
Germany) equipped with a 10 kN load cell. The tests were carried
out according to EN ISO 178 at 23 °C and 50% r.h. The testing
speed was 2mmmin�1. The deformations were measured with
the makroXtens extensometer. The test ended, if no fracture
occurred, at a deflection of 10mm. The support distance was
64mm. Supports and loading edges were 5mm in radius.
Prior to testing, the samples were stored at standardized climate
(23 °C, 50% r.h.) for at least 48 h. The following flexural material
properties were evaluated according to EN ISO 178: the flexural
modulus (Ef ), the maximum flexural stress (σfM), the flexural
stress at break (σfB), and the flexural stress at the conventional
deflection (σfC), wherein the conventional deflection (sC) was
equal to 1.5 times the thickness (h) of the test specimen. Ef is
defined as the slope of the flexural stress–flexural strain curve
in the flexural strain interval between 0.05 and 0.25%. All
stresses and strains are engineering values, which take the initial
cross section of the specimen into account. Microscopic images
of the fracture surface of representative specimens were taken
under a light microscope (SZH, Olympus Optical Co., Japan).

2.6.2. Charpy Impact Tests

Instrumented Charpy impact tests were performed on the pen-
dulum impact tester HIT25/50P (Zwick Roell, Germany)
equipped with a 2 J pendulum at 23 °C and 50% r.h. The tests
were carried out according to EN ISO 179-2 on unnotched
and notched specimens via edge-wise blows. The notch was
introduced in the geometry of shape A according to ISO
179-1, resulting in a characteristic V-shape with 2mm depth
and 0.25mm tip radius. The impact speed was 2.9 m s�1 accord-
ing to the standard. Prior to testing, the samples were stored at
standardized climate (23 °C, 50% r.h.) for at least 48 h. The fol-
lowing parameters were evaluated according to standard (EN ISO
179-2): the Charpy unnotched (acU) and notched (acN) impact
strength. Microscopic images of the fracture surface of
representative specimens were taken under a light microscope
(SZH, Olympus Optical Co., Japan).

2.7. Analyzing the Influence of the Treatments on the PMMA

Material Used in FFF

2.7.1. Preparation of Compression-Molded (CM) Samples

PMMA-D in form of granules was molded at 240 °C and 6.5 bar
to 1mm-thick plates by means of a laboratory platen press
COLLIN P 300 Eþ (COLLIN Lab & Pilot Solutions GmbH,
Germany). Before compression molding (CM), the material
was dried at 80 °C for 10 h. Subsequently, the CM plates were
used to manufacture tensile test specimens according to DIN
EN ISO 527-2 Type 1BA via computer numerical control machin-
ing (Deckel FP3, Friedrich Deckel AG, Germany). CM plates

Table 2. Brief summary of steps during the washing and sterilization
process.

Washing protocol
(thermolabile, disinfection)

Sterilization protocol
(thermolabile, formaldehyde fumigation)

1. Washing (3 min, water) 1. Air out

2. Washing at 55 °C

(3 min, water)

2. Conditioning at 60 °C with 17� alternating

pressure (200–220mbar, 15 s) and vacuum

(60–80mbar, 15 s)

3. Chemical treatment at

55 °C (10min)

3. Treatment 10 min at 60 °C (3� with

intermittent vacuum)

4. 2� washing (3 min, water) 4. Desorption phase at 60 °C with 30�

alternating pressure (210 mbar, 30 s)

and vacuum (60–80mbar, 15 s)

5. 1� washing at 60 °C

(3 min, water)

5. Drying at 60 °C, 10min, under

vacuum (65mbar)

6. Drying (15 min, 80 °C) 6. Wash phase at 50–60 °C with 5�

alternating pressure (740–750mbar)

and vacuum (65–75 mbar)

7. Drying (15 min, 60 °C) 7. Air in

Table 1. List of printing parameters for FFF and APF.

Processing parameter FFF APF

Nozzle diameter [mm] 0.4 0.2

Nozzle temperature [°C] 260 245

Printing speed for infill [mm s�1] 50 60

Printing speed for contour

lines [mm s�1]

40 25

Build platform/Chamber

temperature [°C]

140 105

Build platform

material

borosilicate

glass

poly(acrylonitrile- butadiene)/

poly(amide) blend

Extrusion multiplier/Drop

aspect ratio [�]

1.00 1.29

Layer thickness [mm] 0.1 0.2
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were randomly assigned for differential cleaning treatment
(untreated, washing, washingþsterilization, n¼ 5 per group).

2.7.2. Tensile Tests on CM Samples

The tensile tests were performed on a universal testing machine
Zwick Z10 (Zwick Roell, Germany) equipped with a 10 kN load
cell and mechanical clamps, in accordance with DIN EN ISO
527-1 with a testing speed of 1mmmin�1 for the evaluation
of the Young’s modulus (E) and 50mmmin�1 for the recording
of the remaining curve. The clamping length was set to 50mm.
The deformations were measured with the makroXtens exten-
someter until yield and by the crosshead travel afterward. All
stresses and strains are engineering values, which consider
the initial cross section of the specimen. The Young’s modulus
and tensile strength (σM) or yield stress (σy) are calculated and
compared. E is defined as the slope of the stress–strain curve
in the strain interval between 0.05 and 0.25% according to
DIN EN ISO 527-1. Furthermore, the tensile strength is the
global stress maximum and the yield stress gives the stress value
at the yield point, which is characterized by a global stress maxi-
mum followed by stress reduction due to narrowing of the cross
section.[26]

2.7.3. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy by attenuated
total reflection was performed with a Bruker IFS 66 v s�1

FTIR spectrometer (Bruker Corporation, USA) in the range of
600–4000 cm�1. The penetration depth into the sample is up
to �10 μm, depending on the wavelength of light.[27] Spectra
were acquired and examined with 16 scans and 4 cm�1 resolu-
tion after spectral correction with ambient atmosphere.
A spectrum of the washing agent was also recorded for
comparison. The spectra were examined for alterations in the
chemical structure or the presence of residual media after clean-
ing treatments.

2.7.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed for selected
unnotched Charpy samples using a TESCAN Vega II (TESCAN
Brno, s.r.o., Czech Republic) at 5 kV using secondary electrons.
The parts of the specimens to be analyzed were fixed on SEM
sample holders and were gold-sputtered with the SCD 005
Cool Sputter Coater (BAL-TEC AG, Liechtenstein) for 160 s at
20mA.

2.8. Statistical Analyses

Statistical analyses were conducted using SPSS (IBM Corp.
Released 2019. IBM SPSS Statistics for Windows, Version
26.0. Armonk, NY: IBM Corp). Normality of data distribution
was assessed with visual inspection of Q–Q plots and Shapiro-
Wilk test. Variance homogeneity was assessed with Levene’s test.
When the compared groups had normal distribution, statistical
significance of the observed differences was tested either with
one-way ANOVA followed by a Tukey’s honestly significant

difference (HSD), or Welch’s variance-weighted ANOVA fol-
lowed by Games–Howell posthoc tests, depending on the vari-
ance homogeneity across the compared groups. When the
compared groups had non-normal distribution, Kruskal–Wallis
H test followed by a pairwise comparison with Bonferroni cor-
rection was used. Correlation of observed porosity to the flexural
stress at the conventional deflection (three-point bending test
group) or to the impact strength absorbed in breaking the speci-
men (Charpy tests) was assessed with Spearman’s rank correla-
tion coefficient.

A difference with a p-value ≤0.05 in any case was deemed sta-
tistically significant.

3. Results

No significant differences between the different types of treat-
ments were observed in the flexural stress–flexural strain curves
for both PMMA types as well as manufacturing methods
(Figure 3). Furthermore, FFF specimens neither showed a
maximum nor failure before the conventional deflection
sC (1.5 h� 6mm, test ended at 10mm) is reached (Figure 3a).
As the test is limited by sC, the flexural strength (σfM) and the
flexural stress at break (σfB) were not evaluated and only the flex-
ural modulus (Ef ) and the flexural stress at sC (σfC) were analyzed.
APF specimens fractured before reaching the deflection limit
(Figure 3b). Therefore, the maximum flexural stress (σfM) and
the flexural stress at break (σfB), which were equal were evaluated
in addition to the flexural modulus (Ef ). Specimens from all treat-
ment groups had comparable flexural moduli in the bending
tests with both FFF-printed PMMA-D samples (F(2)¼ 0.127,
p¼ 0.882) and APF-printed PMMA-C samples (F(2)¼ 1.256,
p¼ 0.320) (Figure 3c). Similarly, the flexural stress (at the con-
ventional deflection or at break) did not show statistically signifi-
cant differences among the treatment groups either in FFF
samples (F(2)¼ 1.393, p¼ 0.286) (Figure 3d) or in APF samples
(Welch’s F(2, 6.020)¼ 1.208, p¼ 0.362) (Figure 3e). It is impor-
tant to note that the different flexural behavior was a result of the
intrinsic mechanical properties of the different types of PMMA.
PMMA-D is more compliant than PMMA-C, as suggested by the
manufacturer’s specifications.[24,28] Moreover, the fracture surfa-
ces of the APF samples showed a characteristic brittle fracture
and no significant differences between the different treatments
were visible (Figure 3f ).

In the FFF-manufactured PMMA-D group, statistically signif-
icant differences were observed in Charpy impact strength
among differentially treated samples for both unnotched
(χ2(2)¼ 11.180; p¼ 0.004) and notched specimens
(F(2)¼ 4.165; p¼ 0.027) (Figure 4a). Pairwise comparisons
showed that the impact strength was significantly lower in
the washed group in comparison with the untreated controls
(p¼ 0.003). Interestingly washedþ sterilized specimens were
comparable to the controls (p¼ 0.143). In the notched speci-
mens, however, the impact strength values of the washed sam-
ples were comparable to the controls (p¼ 0.120), while
washedþsterilized samples showed slightly but significantly
higher impact strength in comparison with the control group
(p¼ 0.027).
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In the APF-manufactured PMMA-C group, an influence of
cleaning treatment on the impact strength was not observed
in the Charpy impact tests with unnotched specimens
(χ2(2)¼ 1.257; p¼ 0.533). Note that higher impact strength
values were observed in the washingþ sterilization group with
notched specimens, but the differences were statistically not
significant (χ2(2)¼5.886; p¼ 0.053) (Figure 4b).

The fracture surfaces did not show any major differences
between the treatment groups for either type of material
(Figure 4c). All samples showed characteristic brittle fracture sur-
faces. In FFF samples, the layer next to the build platform was
wider and denser most properly due to the heated print bed. This
could also be attributable to the calibration of the nozzle distance
to the surface of the platform. Calibration done at ambient tem-
perature does not take the heat-induced expansion in the print
bed, which causes the first layer to be deposited by the nozzle
from a smaller distance resulting in a wider first layer.[29] The

individual layers, in addition, could easily be distinguished in
FFF, but not in APF samples.

The lower Charpy impact strength observed in unnotched,
FFF-printed PMMA-D samples after washing (Figure 4a) could
not be explained by a difference in the fracture surface assessed
with light microscopy (Figure 4c). Therefore, it was checked
whether the observed differences could be associated with vari-
abilities in the porosity level of the specimens. A Spearman’s
rank correlation coefficient test with all groups pooled (with or
without a cleaning treatment) revealed that neither flexural stress
at the conventional deflection nor Charpy impact strength
showed a statistically significant correlation to the global porosity
or to the local porosity levels at the midsection (Figure 5). A
significant correlation, moreover, was not observed when the
treatment groups were separately analyzed (data not shown).

Given that there was a skewed data distribution, the focus was
placed on comparison of the FFF-manufactured PMMA-D

Figure 3. Flexural stress–flexural strain curves obtained for PMMA-D in a) FFF and PMMA-C in b) APF in their untreated state, after washing and after
washingþ sterilization. c) Flexural moduli (Ef ) in APF and FFF samples were shown in and were comparable among the treatment groups. Flexural stress
at the conventional deflection (σfC) in d) FFF samples and maximum flexural stress (σfM) in e) APF samples were not influenced by cleaning treatments.
n¼ 5 samples per treatment in each material group. f ) Microscopic images of the representative fracture surfaces for each group are displayed.
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samples with the most divergent global and local (midsection)
porosity levels (Figure 6a). While there were remarkable

differences between the two groups in global and local porosity
levels (p¼ 0.016 and p¼ 0.056, respectively), the impact strength

Figure 4. The Charpy impact strength for unnotched and notched (acU and acN) PMMA-D in a) FFF and PMMA-C in b) APF in their untreated state, after
washing and after washingþ sterilization. Representative microscopic images of the fracture surfaces of each group after Charpy impact testing c). The
statistical significance of the differences was assessed using Kruskal–Wallis H test followed by a pairwise analysis with Bonferroni correction or using one-
way ANOVA followed by a Tukey’s HSD test for posthoc comparison. Circles show outliers. Stars show extreme outliers. *p≤ 0.05, **p≤ 0.01. n¼ 5 per
treatment in FFF unnotched, n¼ 10 per treatment in all other comparisons.

Figure 5. a) Definition of global and local porosity with an image of the 3D reconstructed model of a representative specimen. Porosity levels of PMMA-D
in FFF evaluated for the whole sample (global) or at the midsection of the part (local) in correlation with the results of the mechanical tests: b) the flexural
stress at the conventional deflection, σfC, c) the unnotched Charpy impact strength, acU, and d) the notched Charpy impact strength acN. The correlation
was assessed with Spearman’s rank correlation coefficient independently of the test group.
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values evaluated by the Charpy impact test were quite compara-
ble (Figure 6b), suggesting that the observed porosity levels
did not have any detectable influence on the mechanical
performance.

Next, the porosity levels of the whole samples (global porosity)
of randomly selected samples with or without a cleaning
procedure were compared (Figure 7). The global porosity in
the FFF-printed PMMA-D samples was comparable in all three
groups (χ2(2)¼ 2.880; p¼ 0.237). In APF-printed samples, how-
ever, there was a statistically significant difference in the global
porosity levels (χ2(2)¼ 8.060; p¼ 0.018). Pairwise comparison
showed significantly different values between the washed and
washedþ sterilized samples (p¼ 0.027). Nevertheless,
these differences did not show a detectable effect on the mechan-
ical performance of the specimens (Figure 3 and 4b).

Next, focus was placed on the analyses of PMMA-D to investi-
gate the decreased impact strength observed in FFF-manufactured
PMMA-D specimens (Figure 4a), which was explained neither by a
difference in porosity nor by a difference in fracture surface. For
this purpose, tensile tests on thin compression-molded samples
were conducted to check whether the cleaning treatments differ-
entially influence the PMMA-D material itself. No differences in
the stress–strain curves among the samples from different treat-
ment groups were observed (Figure 8a). Moreover, the curves
show pronounced yielding where the forces decrease after reach-
ing a maximum while the deformation still increases which was
accompaniedwith stress whitening (CM specimenswere transpar-
ent before testing and opaque along the parallel length afterward).
Stress whitening occurs as a color change at macroscale, which is
caused by the formation of microvoids between polymer chains
during deformation. Further increasing the deformation results

in an opening of the voids and therefore microcracks and crazes,
causing a dispersion of visible light.[30] The alignment of the poly-
mer chains in the direction of the load leads to a strengthening of
the material and thus to a further increase in the force, which is
known as cold drawing (Figure 8a). Statistically significant

Figure 6. a) 3D models constructed frommicrocomputed tomography images of two consecutive batches, batch i and batch iþ 1, printed with PMMA-D
in FFF provided along with their global (overall) and local (mid-section) porosity. b) Comparison of their porosity levels (global and local) as well as
mechanical performance in notched Charpy impact test. Stars show extreme outliers. The statistical significance of the differences was assessed with
Mann–Whitney U Test. n¼ 5 per group.

Figure 7. The global porosity of PMMA-D samples in a) FFF and PMMA-C
samples in b) APF. The data is presented as the percentage of the internal
gap volume of the specimen volume. The statistical significance of the
differences was assessed using Kruskal–Wallis H test followed by a pair-
wise analysis with Bonferroni correction. n¼ 5 per group. Stars show
extreme outliers.
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decreases in the yield stress (σy) were observed among different
groups (χ2(2)¼ 7.340; p¼ 0.025) (Figure 8b). Pairwise compari-
sons revealed significantly lower yield stress in washedþ steril-
ized samples (p¼ 0.04) compared with the untreated controls.
The differences between the washed and untreated controls, how-
ever, were not significant (p¼ 0.085). The fracture surfaces after
tensile testing, on the other hand, were indifferent under a light
microscope (Figure 8c).

FTIR spectra for FFF as well as CM samples after the different
treatments are shown in Figure 9. No major change in the chem-
ical structure of the material or media uptake was observed, as
the bands seem to be unaffected. The evaluated spectra are in
accordance to literature showing all characteristic bands[31]:
1) the α-methyl, ester-methyl, and methylene C–H stretching

(3100–2800 cm�1) and bending (1500–1350 cm�1) modes;
2) the C═O stretching mode (1728 cm�1); 3) the ester group
stretching vibrations or coupled C–O and antisymmetric
C–C–O stretch as well as skeletal vibrations coupled to C–H
deformations in the range of 1350–1100 cm�1; 4) the methylene
rocking mode at 843 cm�1; and 5) the vibrations of the ester
group, possibly the C–O–C symmetric stretching mode at 827
and 809 cm�1.

Seeing that attenuated total reflection measurements only
characterize the first few micrometers of a material, and no
traces of any different media were found in the spectra, it appears
unlikely that the used agents penetrate the material at all.

In a final step, SEM images of representative fracture surfaces
of unnotched PMMA-D FFF Charpy samples were compared for

Figure 8. a) Stress–strain curves and b) yield stress (σy) obtained for compression-molded PMMA-D in its untreated state, after washing and after
washingþsterilization. In c) microscopic images of the representative fracture surfaces for each group after tensile testing are displayed. The statistical
significance of the differences was assessed using Kruskal–Wallis H test followed by pairwise analysis with Bonferroni correction. n¼ 5 per group. Stars
show extreme outliers.

Figure 9. FTIR spectra for PMMA-Dmanufactured by FFF and CM in its untreated state, after washing, and after washingþ sterilization. n¼ 3 per group.
One representative curve for each group is shown. In a) the spectra are vertically shifted against each other to better identify the individual spectra. In
b) the spectra are shown as measured with the characteristic bands.
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each treatment step (Figure 10). The images were taken at a pre-
defined border region of the sample, as mainly the outer regions
should be affected by the treatments. It is observed that the frac-
ture surfaces of the untreated and washed samples look alike
(Figure 10a,b), while the fracture surface appears smoother after
sterilization (Figure 10c). This finding does not match the
Charpy impact strength results in Figure 4a, where only washed
samples have significantly lower values compared with the other
treatment steps. Nevertheless, the slightly different fracture sur-
faces should not be overestimated, as during the SEM procedure
the sample is only recorded very locally. Similar brittle fracture
surfaces were found for FFF PMMA in previous works.[5,32]

Moreover, it is not yet clear whether the differences found are
related to the treatment or the print quality. Therefore, the future
implementation of a study on the reproducibility of the printing
process is recommended.

4. Discussion

Although PMMA-based materials have long been used for medi-
cal products such as implants, it seems that no study has yet been
conducted analyzing the effects of a combination of washing and
formaldehyde sterilization on the mechanical properties.
Münker et al.[10] analyzed the effect of different sterilization
methods (ethylene oxide, hydrogen peroxide gas plasma treat-
ments, autoclave sterilization, and γ-irradiation) on the mechan-
ical properties of PMMA-based materials. Whilst autoclave
sterilization is not a choice for thermolabile materials like
PMMA, the other three methods seem to be suitable candidates,
with γ-irradiation resulting in increased flexural strength. Yavuz
et al.[9] investigated the influence of sterilization via supercritical
carbon dioxide, ultraviolet, heat, ethylene oxide, and hydrogen
peroxide on the chemical structure and surface morphology of
PMMA microchips. The chemical techniques slightly affected
the surface roughness and channel profile. This effect was even
more dominant for ultraviolet sterilization. On the other hand,
opaque structures were observed after heat sterilization. Sharifi
et al.[12] showed that electron beam sterilization of PMMA with
the right energy dose only slightly affects the chemical, mechan-
ical, and optical properties as well as biocompatibility. As stated
by McKeen,[23] the mechanical properties, such as elongation at
break and notched Izod impact, of CYROLITE compounds do no

significantly decrease after gamma radiation at exposures of up
to 7.5Mrad or electron beam exposures up to 7.5 kGy. Moreover,
by ethylene oxide sterilization, no significant change in key prop-
erties or yellowing takes place. Steam sterilization and dry heat
sterilization, on the other hand, are not recommended.

None of the previous studies included the preceding hygiene
process, which works with elevated temperatures, pressures, and
the addition of a washing agent. Given that PMMA has hygro-
scopic characteristics,[19,20] both treatment steps could influence
the material itself, but also the structure created by the AM pro-
cess. Therefore, this study deals with the characterization of the
effects of a predefined washing and sterilization routine on the
porosity and mechanical properties of additively manufactured
parts. Two different PMMA-based materials (PMMA-D:
3Diakon and PMMA-C: CYROLITE MD H12), each optimized
for a different AM method (FFF and APF), were analyzed.
Washing and formaldehyde sterilization did not influence the
flexural modulus at the bending tests in FFF- or APF-printed
specimens. In the Charpy impact tests with unnotched speci-
mens, however, remarkably lower impact strengths were
observed in the washed group, although the differences were sig-
nificant only in the FFF-printed PMMA-D samples. As a con-
founding influence of differential porosity levels was strictly
ruled out, the effect was attributable to the cleaning procedure.
Samples that were sterilized after washing, however, did not
show such a difference, suggesting that the sterilization
procedure neutralized the effect introduced by washing.
Although, material aging was shown to be induced by prolonged
(12–24months) immersion in water,[20] it may well be acceler-
ated by water exposure at higher temperatures (60 °C in washing
process) followed by water desorption at 80 °C and 60 °C.
However, whether this absorption/desorption stress is responsi-
ble for reduced impact strength in washed samples is question-
able on the grounds that such an effect was not observed when
the washing protocol was followed by a sterilization procedure.
One major difference between the washing and sterilization pro-
cedure is that drying phases after sterilization were conducted
under vacuum (alternating between 90 and 210mbar compared
with �1 bar after washing), which presumably results in a better
desorption, particularly considering the porous structure of the
printed samples. The fact that such an effect was not detected in
impact tests with notched samples indicated that the influence, if
any, should rather be effective at a limited depth. Nevertheless,

Figure 10. SEM images of PMMA-D in FFF in its a) untreated state, b) after washing, and c) after washingþ sterilization. A predefined border region at
the side of the build platform was analyzed.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2022, 2200225 2200225 (10 of 12) © 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH



given that the impact tests were conducted after >48 h of storage
at standardized climate (23 °C, 50% r.h.), associating the reduc-
tion in impact strength to the residual moisture at the time of
testing would be highly unlikely. Comparability of flexural mod-
uli among the groups and identical peak profiles of FTIR spectra
further supported this presumption.

Regardless of the evaluation method (global or local), porosity
values of less than 1% were measured for all samples. These val-
ues are very low in terms of the FFF process, considering that
values of up to about 6% have been reported in the litera-
ture.[21,33] In general, the porosity of a printed part is strongly
influenced by the material used and the processing parameters,
such as the nozzle temperature, build platform temperature, and
printing speed.[34,35] Varying printing qualities were observed in
our samples among different batches, but also within one batch.
The batch-wise difference could be the result of a minimal lower
nozzle temperature, which leads to worsened diffusion between
adjacent layers, larger voids, and therefore lower mechanical
properties.[35] Differences within the batch are mostly attribut-
able to the uneven temperature distribution on the print
bed.[36] In addition, the interdiffusion depth decreases and thus
the pore size increases the further away the layer is from the print
bed.[34] Several researchers analyzed the effect of different pore
sizes and porosity values on the mechanical properties of printed
parts. In general, they found increasing mechanical properties
with decreasing porosity values.[37–40] However, the analyzed
porosity values in these studies deviated from each other by more
than 5%, whereas the porosity values of all samples in this study
are less than 1% (on average �0.18% for PMMA-D in FFF and
0.07% for PMMA-C in APF). In a previous study, conducted with
another type of PMMA, a porosity value of 0.09% could be
obtained for FFF-printed samples.[32] The porosity values from
this and the previous study are both very low and the results indi-
cated that the observed porosity levels were below the critical
point and did not influence the mechanical properties.

Tensile tests on thin compression-molded samples, where the
material is distributed more homogenously and the thickness of
the specimens allows for better identification of surface influen-
ces through the treatments, indicated that the influence of clean-
ing treatments on the obtained stress–strain curves was
negligible, apart from a slight but significant reduction in the
yield stress. FTIR spectroscopy ruled out any detectable change
in the chemical structure as well as presence of residual media in
both printed and compression-molded material after washing
and formaldehyde sterilization procedures. These results com-
plement previous studies, in which sterilization by ethylene
oxide, UV, heat, CO2, or hydrogen peroxide treatments also
did not result in any major change in the chemical structure.[9]

Comparison of the fracture surfaces in predefined border
areas of the samples allows the detection of the presence of dif-
fused media, as media-induced changes in fracture behavior are
often accompanied by changes in the fracture surface.[41]

However, scanning electron microscope analyses in our study
did not show detectable differences among differentially treated
samples, which can explain differences observed in mechanical
tests. Nonetheless, variances in interlayer strength or diffusion
depth, which can be caused by slight temperature fluctuations,[35]

cannot be evaluated with the applied methods. To maintain a
proper environmental temperature and thus maximize the

temperature homogeneity in the printed parts, printers with
closed chambers are to be preferred. At this point, it remains
unclear whether the reason for changes in the Charpy impact
strength lies in the treatment step or varying printing quality.
Therefore, it is recommended to perform a reproducibility study
of the printing process in the future.

5. Conclusion

Each sterilization method has advantages and disadvantages. As
there is no method specified for a certain combination of
material and process, the influence of washing and sterilization
must be thoroughly analyzed for each new material–process
combination before use.

In this study, the influence of formaldehyde sterilization and
the preceding washing procedure did not show a significant
influence on the bending properties of two different PMMA-
based materials, each optimized for a different AM method
(FFF and APF). However, significantly lower Charpy impact
strengths were observed after washing in the FFF-printed sam-
ples. Any confounding influence of variabilities in specimen
porosity was excluded. Observed porosity levels (less than 1%)
were not found to have any correlation to the mechanical perfor-
mance. Therefore, the effect was attributable to the cleaning pro-
cedure, but was neutralized after sterilization.

No reason was found not to use the applied sterilization rou-
tine for the analyzed PMMA-based materials. However, further
tests should be conducted, such as the performance of cytotoxic-
ity tests and repeatability/reproducibility tests of the printing pro-
cess, before using this routine prior to real application.
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A B S T R A C T

Fused filament fabrication is a material extrusion-based additive manufacturing technique that has been strongly
growing in popularity, for it is accessible, versatile, and affordable. The 3D-printing of semi-crystalline polymers
still faces major challenges, though. Apart from common issues such as shrinkage and warpage phenomena, a
variety of process-related morphological and crystallographic changes can occur. Since these changes strongly
influence the resulting material properties, it is crucial to understand the complex relationships between the
material, its processing and final properties on a fundamental level. In this context, the present work examines
the impact of different nozzle temperatures and printing speeds on 3D-printed polypropylene (PP) samples. One
extreme parameter set (high nozzle temperature, low printing speed) reveals a homogeneous morphology, weak
flow-induced orientations, isotropic thermal conductivities and a strong inter-layer diffusion. In contrast, the
other extreme parameter set (low nozzle temperature, high printing speed) forms an inhomogeneous mor-
phology with a complex growth of shish-kebab structures, a pronounced weld line morphology and a highly
anisotropic behaviour. By in-depth analyses of four parameter sets, this paper offers novel insights into the
complex formation of crystalline structures in 3D-printed semi-crystalline polymers and suggests how to pur-
posefully design the property portfolio of these materials.

1. Introduction

Semi-crystalline polymers are processed by numerous methods in-
cluding injection moulding, film blowing and, since recently, also ad-
ditive manufacturing (AM). Regarding these manufacturing methods,
the importance of AM techniques has been continuously increasing,
since they offer a variety of advantages, such as high freedom of design,
reduced numbers of process steps and simplified supply chains [1].
Especially material extrusion-based AM methods are gaining popularity
as a result of their relatively easy handling and affordability. Among
these methods, the filament-based process fused filament fabrication
(FFF) is widely spread. During the FFF process, a thermoplastic filament
is selectively transported through a heated nozzle onto a build platform.
Thereby, the nozzle follows a pre-defined computer-generated path,
and the object is fabricated in a layer-by-layer manner [1–5]. Manifold

materials have been commercialised for the use in FFF, and an even
larger number has been under investigation recently [6]. In particular,
amorphous thermoplastics or semi-crystalline materials that crystallise
slowly, e.g. poly(lactic acid) (PLA), have been used extensively to in-
vestigate material properties in connection with FFF [7–10]. However,
for 3D-printed semi-crystalline polymers, which reveal more complex
crystallisation kinetics, such as polypropylene (PP) or poly(oxymethy-
lene), many fundamental phenomena known from traditional manu-
facturing techniques (e.g. the formation of flow-induced oriented
spherulites [11–13], the nucleation and growth conditions for the me-
tastable β crystal modification [14] or the morphology of weld lines
[15,16]) have hardly been understood. As a result, such semi-crystalline
polymers still remain difficult to 3D-print [9].

Apart from shrinkage and warpage issues caused by the high degree
of crystallinity of the material [6], the morphology and crystallography
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of 3D-printed semi-crystalline polymers were shown to be highly
complex. In particular, X-ray scattering techniques used to monitor
crystallographic changes during processing [17], recently opened the
door to fundamentally understand these complex phenomena. For ex-
ample, it was shown that the degree of crystallinity can vary within a
single 3D-printed part: For print patterns with high heat retentions [18]
or at regions such as corners, where the printing speed is lower [19],
crystallisation can occur during elongated periods, resulting in an ele-
vated degree of crystallinity. In addition, the crystalline morphology of
3D-printed PP was found to vary greatly within a single deposited
strand. Two individual studies recently revealed that the bulk of the 3D-
printed PP strand shows a significantly higher degree of crystallinity
than the vicinity of the interfaces [19,20], which in turn can positively
affect the diffusion length of adjacent layers due to partial melting of
the strand interface.

Additionally, the morphology of additively manufactured semi-
crystalline polymers is critically influenced by even small changes in
process parameters [6], which can complicate the processability of
these promising materials. For example, the temperature of the 3D-
printed strands, which is strongly influenced by the complex tempera-
ture distribution within the 3D-printer, determines the nucleation and
growth of the spherulites, but also the type of crystal modification that
is formed [21]. PP specimens prepared with a nozzle temperature of
200 °C, for instance, showed a mixture of α (monoclinic [22]) and β

(hexagonal [22]) crystals, whereas an increase of the nozzle tempera-
ture of 50 °C resulted in only the α modification [21,23]. This led to
significantly different mechanical properties due to the different
morphologies of the α and β modifications. Similar alterations in the
crystal modification as well as significant changes in the spherulite size
of 3D-printed PP were further observed for an increase in the chamber
temperature of only 30 °C [21].

Depending on the process settings, also the weld lines of additively
manufactured semi-crystalline polymers can vary greatly. For prints
undertaken at room temperature, both PLA and PP [19–21,24] exhibit a
variety of different degrees of crystallinity, spherulite sizes, orientations
and growth directions. These differences are a result of the large tem-
perature differences between the freshly deposited and the previously
deposited adjacent strand, and the fast cooling rates of freshly deposited
strands [15]. For such process settings, Cole et al. [25] found that the
chemical composition of the strand interface of printed acrylonitrile
butadiene styrene (ABS) can vary by up to 40 % compared to the bulk
strand material. As soon as the temperature differences are reduced,
e.g. by increasing the build platform temperature or the chamber
temperature, a rather homogeneous strand morphology with hardly
detectable weld lines can be formed [24].

For semi-crystalline polymers, the naturally occurring rapid move-
ments of the printer head and the desired fast printing speeds can ad-
ditionally result in complex elongation and/or shear flow fields acting
on the polymer melt already in the nozzle [27], which in turn in-
troduces different degrees of anisotropy and elongated crystals [12,26].
Such flow-induced orientations were observed in strands as shish-kebab
structures [20,21,28], that are composed of fibrillar crystalline struc-
tures (shish) with lamellae radially growing outwards (kebabs) [13]. By
using in-situ X-ray scattering on 3D-printed PP, these shish-kebab
structures were recently identified to nucleate at the surface of the
freshly deposited strand and propagate inward towards the core of the
strand [20]. In the case of unfilled 3D-printed PP such flow-induced
orientations augment the alignment of anisotropic PP spherulites,
leading to anisotropic thermal conductivities [23]. Such studies enable
a basic understanding of the formation of flow-induced oriented
spherulites during FFF. However, the consequences of changes in
standard printing parameters, such as the printing speed or the nozzle
temperature, on the degree of orientation of the spherulites in the
strand or in the strand interface and on the occurring crystal mod-
ifications have not been investigated yet.

The present manuscript aims at closing this gap by providing

qualitative and quantitative information on the impact of different
technologically relevant process parameters on the crystallisation
morphology of 3D-printed PP. The drastic differences in the degree of
orientation, the prevalence of different crystal modifications, spherulite
sizes and strand interfaces found for minor changes in the printing
speed and the nozzle temperature, and their effect on macroscopic
properties of 3D-printed components, illustrate the significance of a
fundamental understanding of the material in correlation with the
complex process.

2. Material and methods

2.1. Materials

PP heterophasic copolymer pellets (Borealis AG, Austria) with a
melting temperature (Tm) of 166 °C and a melt flow rate (230 °C/2.16
kg) of 5 g/10 min were used throughout the present manuscript. Basic
mechanical properties of this material include a flexural modulus of
950 MPa, a tensile strain at break of 700 %, a tensile strength of 50 MPa
and a tensile modulus of 590 MPa.

2.2. Processing of the 3D-printed specimens

The PP pellets were processed to filaments with a diameter of
1.75±0.05 mm (Sikora Laser 2010 T diameter measurement device,
Sikora AG, Germany) in the single screw extruder FT-E20T-MP-IS (Dr.
Collin GmbH, Germany) by employing the following settings: tem-
perature of the extruder barrels = 175−185 °C, screw speed = 30 rpm,
die diameter = 1.9 mm. The extrudate was cooled by a water bath,
pulled/spooled by a self-developed winding unit and stored on a spool
under standardised conditions (23 °C air temperature, 50 % relative
humidity) for at least 72 h prior to the 3D-printing trials.

Two specimen geometries, namely bar-shaped specimens according
to the standard EN ISO 20753:2018−11 Type B and square-shaped
samples with suitable dimensions for thermal conductivity measure-
ments according to the standard ISO 22007−2 (Fig. 1), were sliced in
the software Simplify3D Version 3.0 (Simplify3D, USA) and processed
in a Duplicator i3 v2 (Wanhao, China) with the printing parameters
summarised in Table 1. As displayed in Fig. 1, the standard alternating
printing sequence of the slicer software was used. For the bar-shaped
geometry (Fig. 1a), two specimens were processed per printing cycle,
whereas for the thermal conductivity specimens (Fig. 1b) one specimen
was fabricated per print. In total, 10 specimens were fabricated per
specimen geometry. In order to obtain different degrees of orientation,
the most influential process parameters, namely printing speed and
nozzle temperature, were varied. Both test geometries were printed at
the two extreme nozzle temperatures of 200 °C and 250 °C, since
usually PP is reported to be 3D-printed around 230 °C [6]. As the melt
strength was significantly lower at 200 °C [29], the fast printing speed
(22.5 mm/s) was selected at this printing temperature as the highest
possible printing speed at which no melt fractures occurred in the
nozzle. The slow printing speed (2.25 mm/s) was set at a tenth of the
fast one to enable a study of distinct differences in the morphology and
the mechanical properties between differently printed specimens. The
four different print settings and their designations used throughout this
manuscript are summarised in Table 2.

To minimise warpage and maximise the first layer adhesion during
printing [6], a self-made PP build platform was employed and the
printing speed of the first layer was reduced by 50 %, whilst welding to
the PP-plate was avoided by keeping the first layer height to 0.1 mm
[30,31]. After finalising each print, the specimens were detached from
the build platform with a spatula and were stored under standardised
conditions for at least 72 h. The subsequent characterisations were
performed either directly on the completed 3D-printed specimens
(XRD, trouser tear tests on the bar-shaped specimens (Fig. 1a), thermal
conductivity on the thermal conductivity specimens (Fig. 1b)) or on
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segments cut from the bar-shaped specimens (DSC, TMA, polarised
optical microscopy (A, B, C)) according to Fig. 1a.

2.3. Polarised optical microscopy

Microtome sections were prepared by means of the Leica RM 2255
(Leica Microsystems GmbH, Germany) microtome. Thereby, cross-sec-
tional, inter- and intra-layer samples were cut as shown in Fig. 1a.
These microtome sections were subsequently put onto a glass slide and
covered with a coverslip. In between the glass slide and the coverslip a
drop of paraffinum liquidum with known refractive index was added.
Polarised optical microscopy was performed on the Olympus BX51
(Olympus Life Science Europe GmbH, Germany) under transmitted
light.

2.4. Wide-angle X-ray scattering (WAXS) measurements

Wide-angle X-ray scattering (WAXS) measurements were performed
using a Bruker NanoStar (Bruker AXS, Germany). This system was
equipped with a two-dimensional X-ray detector, an X-ray sensitive
image plate (50 × 50 μm2) and the image analyser Typhoon FLA 7000
(Certified Genetool, Inc., US). Two SCATEX pinholes of 300 μm in
diameter were utilised. The samples were measured in transmission
mode with a wavelength of 0.154 nm (CuKα) under vacuum. The ex-
posure time was set to 900 s. The distance between the sample and the
detector was 48.5 mm. For this configuration, the accessible diffraction
angle (2θ) ranged from 5 to 50°. All specimens were aligned with their

Fig. 1. Schematic representation of the 3D-printing orientation and sequence of the bar-shaped specimens (a) and the thermal conductivity specimens (b) (di-
mensions in mm). In (a), the approximate location of the cut samples for the thermo-mechanical analysis (TMA) and differential scanning calorimetry (DSC) are
indicated in pink, and the direction of the X-ray beam (XRD) in dark blue. The location and orientation of the microtome cuts for the polarised optical microscopy
analyses are specified by A (cross-sectional cut), B (inter-layer cut), and C (intra-layer cut).

Table 1

Summary of the printing parameters of all specimens.

Printing parameters Levels

Nozzle temperature TN (°C) 200, 250
Printing speed (mm/s) 22.5, 2.25
Printing speed of the first layer (% of the printing speed of

subsequent layers)
50

Nozzle material Steel
Nozzle diameter (mm) 0.6
Build platform material PP-plate
Build platform temperature (°C) 110
Surrounding temperature (°C) 23
Layer thickness (mm) 0.25
First layer thickness (mm) 0.1
Infill pattern Rectilinear
Infill density (%) 100
Infill angle (°) 0
Number of perimeters 0

Table 2

The four different print settings and sample designations.

Designation Nozzle temperature in °C Printing speed in mm/s

PP/200/22.5 200 22.5
PP/250/22.5 250 22.5
PP/200/2.25 200 2.25
PP/250/2.25 250 2.25

Fig. 2. The specimens were measured in transmission geometry (a). For further analysis, the obtained X-ray patterns were rotated by 90° in order to align the ordinate
points in the direction of the strands (b).
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strands oriented perpendicular to the impinging X-ray beam (Fig. 2).
The obtained 2D WAXS patterns were corrected for transmission.

The 2D WAXS patterns were integrated with the aid of the software
package Fit2D [32] using 1000 radial and 360 azimuthal bins. In each
of the generated spread-sheets, each line hence corresponded to an
intensity vs. Bragg angle (2θ) diffraction pattern for an azimuthal angle
range of 1°. For the further analysis, several PP unit-cell reflections (α-
110, β-300, α-040, α-130, etc.) in these patterns were fit using Gaussian
peaks, simultaneously considering the background and amorphous
scattering intensity. A custom-made Python script based on the lmfit
package was used for this purpose [33]. In this way, azimuthal intensity
traces of these reflections could be generated to further quantify the
orientation of the crystal planes [34].

For the evaluation of Hermans’s orientation function, the direction
parallel to the strands (azimuth angle of 90°) was selected as reference
axis (χ = 0). As proposed in [35,36], the intensity distributions Ihkl(χ)
along the individual azimuthal traces were fit using Lorentzian func-
tions. This allowed the calculation of Hermans’s orientation factor fH as

= −
f

cos χ3 ¯ 1

2
,H

2

in which χ represents the angle between the polymer chain segment
and the reference axis. The orientation parameter cos χ¯2 is given by

∫
∫

=
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∙
cos χ

I χ cos χ sinχ dχ

I χ sinχ dχ

¯
( ( ) )

( ( ) )
.

π
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π
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2 0

/2 2
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The Lorentzian fitting procedure thus enabled the analytical in-
tegration of these latter terms. The calculated values of Hermans’s or-
ientation function fH were then used for the interpretation of the degree
of orientation of the crystalline phases α and β, since fH = 0 corre-
sponds to random orientation, fH = 1 to perfect alignment along the
reference axis, and fH = -0.5 to perfect alignment perpendicular to the
reference axis.

The degree of crystallinity Xc,WAXS in the specimens was estimated
as the ratio between the summed intensities (integrated peak areas) I of
the reflections of the crystalline phases α and β, and the total scatter
intensity pertaining to both crystalline and amorphous fractions [37]:
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Similarly, the relative amount of the β-phase Kβ in the crystalline
fraction was determined according to
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as described in Ref. [38]. The influence of the orientation was at-
tempted to be averaged out by summing over all azimuthal angle bins,
and the results were critically compared with those obtained by means
of differential scanning calorimetry (DSC).

2.5. Thermal analyses

DSC was carried out on the DSC 214 Polyma by NETZSCH
(NETZSCH Group, Germany). Specimens of a mass of 14±0.5 mg were
cut out of the centre of the thermal conductivity samples. Each sample
was placed in an aluminium Concavus® pan with pierced lid. The heat-
cool-heat runs were conducted at a heating/cooling rate of 10 K/min in
the temperature range of 20–210 °C under nitrogen atmosphere (20
mL/min nitrogen flow). The degree of crystallinity Xc,DSC was calcu-
lated as

= ∙X
H

H

∆

∆
100%,c DSC,

0

in which ΔH is defined as the specific enthalpy of fusion of the semi-
crystalline PP specimen determined from the peak area and ΔH0 as the

heat of fusion of a fully crystalline PP [39], which was approximated as
176 J/g according to Li et al. [40].

Additionally, thermo-mechanical analyses (TMA) were performed
on a TMA/SDTA841e (Mettler-Toledo, USA) according to the standard
ISO 11359−1:2014. The TMA specimens were cut from the standard
bar-shaped test specimens according to Fig. 1a. The measurements were
performed in the direction of the strands. A temperature region of
25–165 °C was covered with a heating rate of 5 K/min. The specimens
were pre-loaded with 0.02 N. The coefficient of linear thermal expan-
sion (CLTE) was evaluated as

= ∙
L

dL

dT
CLTE

1
,

0

in which L0 is the initial length of the specimen and dL/dT the rate of
change of the length per unit change in temperature [41].

2.6. Thermal conductivity

The axial and radial thermal conductivity were measured on 3D-
printed PP plates (Fig. 1b) in the anisotropic double-sided mode ac-
cording to the standard ISO 22007−2. The tests were performed on the
thermal conductivity analyser TPS 2500 S with the Kapton sensor 5465
3.189 mm (both Hot Disk AB, Sweden) under standardised conditions.
The measurement time was set to 40 s and the output power to 45 mW.
The heat capacity tests were performed on the same equipment with the
golden sensor 5501. The necessary density values were measured ac-
cording to the standard ISO/FDIS 1183−1 in ethanol. The thermal
conductivity values were evaluated in the software Hot Disk Thermal
Constants Analyser 7.3 to a significance level of 5 %.

2.7. Trouser tear test

The trouser tear test specimens were manufactured exactly as the
bar-shaped test specimens (as described in Section 2.2 and shown in
Fig. 1a) except that the thickness was set to half of the standard value
(80 × 10× 2 mm3), as shown in Fig. 3a. Prior to testing, the specimens
were split parallel to the long side up to the centre of the sample. Ad-
ditionally, a razor-blade notch was introduced. The trouser tear tests
were performed on the universal testing machine Zwick Z001 (Zwick
Roell Gruppe, Germany) equipped with a 1 kN load cell. The testing
speed was set to 10 mm/min. Pneumatic clamps (6 bar pressure) with
serrated grip inserts were utilised. The clamping length was 20 mm. The
direction of the loading is shown in Fig. 3b.

After testing, one representative sample of each setting was ex-
amined using an Olympus SZX12 (Olympus, Germany) stereo-micro-
scope under reflected light.

3. Results and discussion

3.1. Polarised optical microscopy

In order to understand the consequences of the investigated printing
speeds and TN on the morphology of the 3D-printed PP specimens,
polarised optical microscopy images from inter-layer, intra-layer and
cross-sectional microtome cuts are discussed in the following para-
graphs. Polarised optical microscopy images from inter-layer micro-
tome cuts show spherulites varying in their size as well as oriented
crystalline structures, which are formed at the strand interfaces and
propagate towards the core of the strand (Fig. 4). For PP/200/22.5,
additionally shish-kebab structures within the strands are detected
(Fig. 4a). As represented in Fig. 5, these developed shish-kebab struc-
tures reveal a distinctly different morphology due to the fast welding
process.

For the higher nozzle temperature of 250 °C (Fig. 4b), no shish-
kebab structures in the core are found, whereas the weld line appears to
be similarly pronounced as in Fig. 4a. Interestingly, alternating
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Fig. 3. Dimensions of trouser tear test specimens (a) and schematic representation of load application during testing (b). The introduced razor-blade notch is
illustrated as a red line in (a).

Fig. 4. Polarised optical microscopy images of inter-layer microtome cuts of neat PP shown for the two nozzle temperatures (TN) and printing speeds. The build
platform is located on the bottom of each image, as shown in (a). Dashed white lines mark the interfaces between adjacent layers. Possible oriented spherulites (shish-
kebab structures) within the strands are encircled. The printing direction is along the x-axis.

S. Petersmann, et al. Additive Manufacturing 35 (2020) 101384

5



spherulite sizes in adjacent layers are visible due to the printing se-
quence of the slicer software (Fig. 1a), which is illustrated in detail in
Fig. 6. Please note that for all subsequent morphological discussions,
the local temperature profile during printing and cooling must be
considered. This temperature profile, and the local heat retention in
particular, critically depend on several factors, such as the nozzle
temperature [42–44], the build platform temperature [44], the sur-
rounding temperature [21,45], the use of a fan [46], the layer thickness
[42,45], the printing speed [15,42–45,47–49] and the printing se-
quence in combination with the component size [51] and number of
components printed. In principle, a high local heat retention can be
obtained printing at both fast and slow speeds. In the present work,
only two small components were printed during one printing job.
Therefore, heat retention effects, creating different morphologies, can
be observed in all specimens.

The alternating spherulite sizes in adjacent layers in specimen PP/
250/22.5 (Fig. 6) are the result of a particular printing sequence in-
volving two alternating cooling mechanisms. One strand effectively
cools by the surrounding temperature for a prolonged time under the
influence of natural convection (mechanism I. in Fig. 6). Quick cooling
results in small spherulites. In contrast to this, the strand of the

subsequent layer remains heated upon deposition for a longer period
(mechanism II. in Fig. 6), because of the combined influence of the
nozzle passing again while depositing yet another layer [48], and ra-
diative heat transfer [15]. As a consequence of this local heat retention,
larger spherulites are formed in this layer. The printing of two speci-
mens with the printing sequence described, thus, promotes the forma-
tion of alternating spherulite structures in adjacent layers of the spe-
cimens. Considering the findings of Shmueli et al. [18], it is likely that
with the printing sequence also the degree of crystallinity changes from
layer to layer. Therefore, the choice of printing sequence of the slicer
can have tremendous consequences on the morphology and conse-
quently on several properties of 3D-printed semi-crystalline polymers.
When more parts are printed simultaneously or larger area parts are
printed, this effect will be reinforced, leading to an even stronger var-
iation in inter-layer morphology.

At the low printing speed of 2.25 mm/s, the parts need, in contrast
to higher printing speeds, in general more time to locally cool down
[47,49], since the hot nozzle resides over one spot for a longer time.
Combined with the heat transfer from previously deposited strands [15]
this results in a high local heat retention. Therefore, some isolated
spherulites have enough time to grow to larger spherulites (Fig. 4c and

Fig. 5. Polarised optical microscopy images of different stages of shish-kebab structures found in inter-layer microtome cuts of PP/200/22.5 specimens. The printing
direction is along the x-axis.

Fig. 6. Polarised optical microscopy image of
the alternating spherulite sizes found in the
inter-layer microtome cut of PP/250/22.5 (a).
In (b), the underlying mechanism based on the
printing sequence of two bar-shaped specimens
is depicted schematically. In (b), the colour
grade of the strands represents the approximate
strand temperature (red = hot, blue = cold).
The two different cooling mechanisms are
highlighted by I. and II., and marked in (a) in
the respective layers of the microtome cut. The
printing direction along the strands is along the
x-axis.
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d). Yet, low printing speeds also result in longer periods, in which the
deposited strands are exposed to the surrounding room temperature. As
the nucleation rate at room temperature is higher than the crystal
growth rate, the majority of spherulites remains small [52]. Due to the
low printing speed, no elongated spherulites in the form of shish-kebab
structures are formed within the strands as opposed to specimen PP/
200/22.5.

At 200 °C, distinct weld lines are formed due to a low degree of
inter-diffusion resulting from the low nozzle temperature (Fig. 4c) [18].
At a nozzle temperature of 250 °C, the degree of inter-diffusion is
considerably higher and weld lines are less pronounced (Fig. 4d).
Partly, the weld lines are not observed at all. This is the result of a high
degree of inter-diffusion due to a long exposure to high temperatures
[18] and the low viscosity of the melt [9]. Similar weakly pronounced
weld lines have been observed for PP 3D-printed at high build platform
temperatures of 105 °C [24]. Another reason could be gaps between the
strands generated through the deposition of a second filament, which
enhances chain relaxation across the interface due to the high chain
mobility of the just deposited strand [18].

The polarised microscopy images of intra-layer microtome cuts
(Fig. 7) reveal a similar trend as observed for the inter-layer cuts. Again,
oriented spherulites in the form of shish-kebab structures are found for

PP/200/22.5 within the strands (Fig. 7a). For the specimen with al-
ternating spherulite sizes (Fig. 7b), the cut was apparently taken from a
layer exposed to high heat retention, as the spherulites appear rela-
tively large. For such printing geometries, it was shown that the intra-
layer diffusion depth is considerably larger than the inter-layer one, as
the time between the deposition of adjacent strands within one layer is
much lower than that of adjacent layers [9,18]. Additionally, an in-
crease in temperature results in a larger cross-flow of the low viscosity
material [18], which in turn further improves the intra-layer cohesion
[9]. Consequently, the intra-layer weld lines, particularly for Fig. 7b
and d, are significantly less pronounced than the inter-layer weld lines
shown in Fig. 4.

For the polarised microscopy images of cross-sectional cuts (Fig. 8),
the printing sequence (coming from the left or right side) is clearly
observable by rounded edges. For PP/200/22.5, distinct weld lines and
homogeneous spherulite sizes are detected (Fig. 8a). Furthermore, due
to the high viscosity at such low nozzle temperatures, a weak inter-layer
weld line is formed [9]. A higher printing temperature results in al-
ternating regions with different spherulite sizes (Fig. 8b), as explained
in Fig. 6. In region I., vertical intra-layer weld lines and evenly small
spherulites are found, whereas in region II. the weld lines are less
pronounced. They appear to be diagonal due to bulk-flow of the

Fig. 7. Polarised optical microscopy images of intra-layer microtome cuts of neat PP shown for the two nozzle temperatures (TN) and printing speeds. Dashed white
lines mark the interfaces between adjacent strands within one layer. Possible oriented spherulites (shish-kebab structures) within the strands are encircled. The
printing direction is along the x-axis.
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deposited strands resulting from the low viscosity at the highest tem-
perature and a prolonged heat retention. PP/200/2.25 (Fig. 8c) shows a
behaviour similar to PP/200/22.5 (Fig. 8a). Due to the lower printing
speed and a longer local heat exposure, a higher degree of intra- and
inter-layer diffusion is observable, though. Similar to the previous thin
cuts, the cross-section of PP/250/2.25 does not reveal any distinct weld
lines anymore (Fig. 8d).

3.2. WAXS measurements

The morphological studies discussed in Section 3.1. indicate the
presence of oriented chains, especially in specimens printed at lower TN

and higher printing speeds. As a result of sufficiently high shear strains
during FFF [20], shish-kebab structures were identified e.g. in PP/200/
22.5 even near the core of the strands. In all samples, further crystalline
structures were observed, i.e. spherulites of varying size in the bulk of
the strands as well as crystalline structures along the weld lines. These
latter structures appeared predominantly in specimens PP/200/22.5,
PP/250/22.5 and PP/200/2.25, in which the inter-diffusion between
the strands during printing might not have been as developed as in PP/
250/2.25. To study the nature of the crystalline structures in the PP
samples in greater detail, WAXS experiments on the bulk specimens

were conducted.
In the 2D WAXS patterns (Fig. 9), diffuse scattering from the

amorphous polymer fraction forms a broad and relatively weak back-
drop, which is superimposed with distinct Debye-Scherrer rings. These
rings can be ascribed to selected lattice planes of the α and β unit cells.
A qualitative comparison reveals that all samples have crystallised in
the α polymorph of iPP, since the main reflections α-110, α-040, α-130,
and α-111/041 are present in all WAXS patterns [53]. By contrast,
additional β crystals can be detected only in specimens PP/200/22.5,
PP/250/22.5 and PP/200/2.25 by the presence of the β-300 reflection
(Fig. 9a–c), while PP/250/2.25 appears to contain no β phase (Fig. 9d).
By plotting the azimuthally integrated and normalised intensity of the
rings as a function of the Bragg angle (Fig. 10), this finding regarding
the existence of the β modification can easily be verified (β-300 at
16.2°). As shown indexed, reflections pertaining to the α modification
appear at 14.1, 17.0, 18.6, and 21.5°, respectively. These peak positions
are in accordance with Refs. [21,54], which also examined 3D-printed
PP with Cu-Kα radiation.

Comparing the diffractograms of the four 3D-printed specimens in
Fig. 10, it is evident that the peak intensities related to the two crystal
morphologies α and β differ relative to each other. Hence, based on
such diffractograms, the degree of crystallinity (Xc,WAXS) as well as the

Fig. 8. Polarised optical microscopy images of cross-sectional microtome cuts of neat PP shown for the two nozzle temperatures (TN) and printing speeds. The build
platform is located on the bottom of each image. Dashed white lines mark the interfaces between adjacent strands within one layer. The printing direction is along the
x-axis.
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relative amount of β phase (Kβ) were quantified (Table 3). Regarding
Xc,WAXS it was found that, in general, all four samples had developed a
similar level of crystallinity in the range of 42–44 %. This is in ac-
cordance with the works of Shmueli et al. [18,20], who concluded that
– in terms of final degree of crystallisation – iPP is less dependent on the
exact thermal profile during 3D-printing than other materials such as

e.g. PLA. Specimens PP/250/2.25 and PP/250/22.5 showed slightly
higher values for Xc,WAXS compared to the specimens printed at a TN of
200 °C. This finding can be rationalised by an increased heat retention
at higher TN, which prolongs the time for crystallisation and, therefore,
positively affects Xc,WAXS [18]. For the same reason, a decrease in
printing speed also leads to a slightly higher Xc,WAXS [19].

The relative amount of β phase (Kβ), in turn, was found to strongly
increase with decreasing TN and increasing printing speed (Table 3).
This is in accordance with Ref. [54], in which a similar decrease of 50
°C in nozzle temperature was shown to enhance the growth of β crys-
tals, as well as with Refs. [53,55–57], which link the tendency to form β

crystals with the imposition of shear, even at low shear rates. Con-
sidering the relatively small deviations in Xc,WAXS, this means that with
decreasing TN and increasing printing speed, more β crystals are
formed, while at high TN and low printing speeds, such as in PP/250/

Fig. 9. 2D wide-angle X-ray scattering (WAXS) patterns of 3D-printed PP-samples in dependence of the nozzle temperature (TN) and the printing speed. The Debye-
Scherrer rings of the occurring α and β crystal modifications are shown indexed in (a).

Fig. 10. Azimuthally integrated intensity as a function of the Bragg angle (2θ)
measured for 3D-printed PP samples manufactured with two different nozzle
temperatures and printing speeds. For the sake of clarity, the diffraction pat-
terns were normalised to the background of PP/200/22.5.

Table 3

Degree of crystallinity (Xc,WAXS), relative amount of β phase (Kβ), and
Hermans’s orientation factors (fH) evaluated for the individual reflections α-110
(parents at equator, daughters near meridian), α-040 and β-300.

Designation Xc,WAXS in % Kβ in % fH

α-110
parent

α-110
daughter

α-040 β-300

PP/200/22.5 42.5 17.6 −0.24 0.44 −0.36 −0.35
PP/250/22.5 43.5 8.2 nan 0.16 −0.27 −0.30
PP/200/2.25 42.8 10.1 nan 0.17 −0.29 −0.33
PP/250/2.25 44.0 0.0 nan 0.09 −0.23 nan
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2.25, the α modification is clearly preferred. A complementing view on
Xc,WAXS and Kβ will be given in Section 3.3, in which the results of the
DSC measurements are analysed.

Returning once again to the 2D WAXS patterns in Fig. 9, one further
aspect of the Debye-Scherrer rings remains to be explored. In the case of
both α and β, the diffracted intensity is not evenly distributed along the
rings. This indicates the presence of preferred orientations, i.e. the
polymer chains are, to certain degrees, aligned with respect to the
vertical flow direction [58]. Basically, all specimens reveal similar or-
ientational components, which evoke diffraction patterns such as ana-
lysed e.g. by Dean et al. [34] or Assouline et al. [53]. However, these
components strongly vary in their intensity.

Considering the innermost α-110 reflections, an accumulation of
intensity around the meridian can be observed in all specimens. PP/
200/22.5 (Fig. 9a) shows the most localised distribution of all samples.
In contrast to the other samples, though, the intensity is also clearly
accumulated along the equator in PP/200/22.5. The strong α-040 and,
if present, β-300 rings, which are in close vicinity to each other, gen-
erally show increased intensities at the equator positions. From the
comparison of the heights and breadths of the intensity distributions of
all samples, it can be concluded in analogy to Ref. [56] that, qualita-
tively, PP/200/22.5 (Fig. 9a) has the highest degree of orientation, and
PP/250/2.25 (Fig. 9d) with its more uniform distributions the lowest.
This trend is also reflected in the outer α-130 and α-111/041 rings.
Especially this latter double reflection may demonstrate the differences
between the samples: PP/200/22.5 (Fig. 9a) shows clear intensity
maxima at azimuthal angles of 45, 135, 225 and 315°, while PP/250/
2.25 (Fig. 9d) is characterised by nearly uniform intensity. The other
two samples, PP/250/22.5 and PP/200/2.25, range between these two
extreme cases in terms of degree of orientation.

In order to interpret and quantify the differences between the four
PP samples, the intensity of the three innermost Debye-Scherrer rings
has been plotted as a function of the azimuth angle (Fig. 11). In spe-
cimen PP/200/22.5, the azimuthal trace of the α-110 ring (Fig. 11a)
proves the presence of two distinct populations of lamellae. In ac-
cordance with Refs. [34,53,55,59], these populations can be interpreted
in the framework of the parent-daughter model, which links the mixed
bimodal orientation corresponding to the α-110 reflections to a crys-
tallographic branching phenomenon unique to the α monoclinic
structure in iPP. In this model, intensity accumulations along the
equator (0 and 180° in Fig. 11a) are ascribed to the presence of primary

parent lamellae, whose c-axes align in shear direction parallel to the
strands, while the b-axes align perpendicularly to the strands. In α-PP,
secondary lamellae, the so-called daughters, have been observed to
grow epitaxially on the surfaces of the parent lamellae. In doing so, the
a-axes of the daughters align parallel to the strands. The orientation of
the b- and c-axes are defined as in spherulitic iPP by the relative or-
ientation of the daughter lamellae with respect to the parents [53].
Hence, the b-axes of parents and daughters are parallel [55], and tilted
meridional reflections (around 90 and 270° in Fig. 11a) in the α-110
traces are created. The azimuthal trace of specimen PP/200/22.5 does
not only show the presence of parent and daughter populations
(Fig. 11a), but also proves the parallelism of the b-axes of these po-
pulations, as well as their orientation perpendicular to the strands, via
the α-040 rings (Fig. 11c).

While cross-hatched parent-daughter morphologies have often been
linked to transcrystalline layers in the presence of added fibres [34,53],
the parent-daughter model has recently also been applied to model
shish-kebab structures in iPP [13,60]. In this context, the daughter la-
mellae are thought to epitaxially grow on the kebab surfaces. Thus, in
accordance with the morphological findings of Section 3.1, the texture
of specimen PP/200/22.5 can be attributed to the observed shish-kebab
structures as well as the oriented crystalline layer along the weld lines.

Comparing the azimuthal traces of all printed PP-specimens, good
agreement is found regarding the β-300 (Fig. 11b) and α-040 (Fig. 11c)
reflections. Here, the same orientational components can be observed,
which just vary in their texture sharpness. The azimuthal traces of α-
110, however, appear to differ from each other, since a sharply oriented
parent population is only visible in specimen PP/200/22.5. Specimens
PP/200/2.25, PP/250/22.5, and PP/250/2.25 also show meridional
reflections linked to daughter populations, but these reflections are
much broadened and overlapping. Furthermore, the overall intensity
level differs between specimen PP/200/22.5 and the other samples.

Yet, these apparent contradictions can be explained based again on
the morphological findings of Section 3.1. In the present study, WAXS
patterns average across samples that are spatially inhomogeneous. In
specimen PP/200/22.5, the majority of the crystalline fraction is made
up of shish-kebabs in the core of the strands as well as oriented struc-
tures along the weld lines. Consequently, the characteristics of these
structures appear relatively sharp and distinct in the WAXS patterns.
Specimens PP/250/22.5 and PP/200/2.25 also show an oriented crys-
talline phase along the weld lines, but the core of the strands mainly

Fig. 11. Intensity distribution of α-110 (a), β-300 (b) and α-040 (c) as a function of the azimuth angle for 3D-printed PP samples manufactured with two different
nozzle temperatures and printing speeds.
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consists of spherulites. As the cross-section of the X-ray beam was much
larger than single spherulites, the measurement averaged over a large
number of spherulites, which, based on their radial growth pattern,
revealed no preferred orientation. Spherulitic regions, thus, contributed
to the overall WAXS patterns in the shape of isotropic, full, uniform
intensity rings [53]. Therefore, the final WAXS patterns (Fig. 9) and
azimuthal traces (Fig. 10) have to be interpreted as an average of ap-
parently unoriented crystalline parts as well as a smaller fraction of
oriented crystalline structure along the weld lines. As a consequence,
the baseline of the azimuthal traces in specimens PP/250/22.5 and PP/
200/2.25 must be higher, and the overall degree of orientation smaller.
As observed in Fig. 11a, the daughter populations (around 90 and 270°
in Fig. 11a) appear smeared, and the contribution of the small fraction
of parent lamellae (around 0 and 180° in Fig. 11a) may even disappear
in the higher background noise. Specimen PP/250/2.25 possesses the
smallest fraction of crystalline structures along the weld lines. Conse-
quently, its WAXS pattern appears most uniform.

For a concluding quantitative comparison of the four PP samples in
terms of their overall degree of orientation, Hermans’s orientation
factors (fH) were calculated based on the α-110, α-040, and β-300
traces (Table 3). For the evaluation of the α-110 reflections in PP/200/
22.5, parent and daughter populations were separated as in Refs.
[13,34,53,60], because the normal vectors of the (110) lattice planes of
the parent population are preferentially oriented perpendicularly to the
strands (negative fH, -0.5 for maximum alignment, 0 for random or-
ientation), while the respective normal vectors of the daughter popu-
lations are – allowing for a certain tilt – rather aligned parallel to the
strands (positive fH, 1 for maximum alignment, 0 for random orienta-
tion). In the case of the other samples, only the meridional intensity
accumulations of α-110 could be evaluated.

Independent of the phase and lattice plane, the degree of orientation
shows the following trend: PP/200/22.5>PP/200/2.25> PP/250/
22.5>PP/250/2.25, whereby PP/200/2.25 and PP/250/22.5 main-
tain a similar level. The degree of orientation, expressed by |fH|, thus
quantitatively increases with decreasing TN and increasing printing
speed. This trend appears to be in accordance with Refs. [56,61], in
which the degree of crystal orientation (fH) as well as the fraction of
oriented crystals was found to increase with the stretching ratio, shear
rate or shear duration until a plateau was reached. Yet, as the previous
discussion in connection with the morphological observations may have
illustrated, the crystallography of 3D-printed, multi-layered structures
can easily become complex and should, therefore, not without great
care be reduced to single factors.

3.3. Thermal analyses

In accordance with the 1D WAXS pattern (Fig. 10), all specimens
apart from PP/250/2.25 exhibit a shoulder in the vicinity of 150 °C in
the DSC thermograms, corresponding to the β-modification (Fig. 12a).
The β-peak intensities, ranging from a weak shoulder for PP/250/22.5
to a distinct double peak at 150 °C (β-modification) and 158 °C (β’
crystals due to recrystallisation [62]) for both specimens processed at
200 °C, are in qualitative agreement with the calculated β phase frac-
tions from the WAXS measurements (Table 3). A similar trend has also
been reported in Refs. [54,63]. Furthermore, for prints fabricated with
lower TN, the Tm is shifted to higher temperatures (Table 4) as larger
crystalline structures are formed (Fig. 4) [64,65].

The degrees of crystallinity (Xc,DSC) of all samples are in close vi-
cinity of each other and are in accordance with values available for
commercial PP filaments [6]. Furthermore, the Xc,DSC are in agreement
with the values measured by WAXS (Xc,WAXS, Table 3). Deviations
mainly occur due to the definition of the onset-point and the choice of
the heat of fusion of a fully crystalline PP in the course of the DSC
evaluation [61,66]. In detail, the specimen that revealed the highest
degree of orientation (PP/200/22.5) exhibits not only the highest β

phase content (Table 3), but also the lowest overall degree of

crystallinity (42.4 %, Table 4). This can be explained by the con-
siderably lower heat retentions of the strands for high printing speeds
due to the fast movements of the hot nozzle, which in turn alleviates the
crystallisation [18,19]. This has also been shown by Gomes et al. for
poly(vinylidene fluoride) [67].

The TMA curves for PP/200/22.5 also show a curve discontinuity at
approx. 150 °C (Fig. 12b and c), relating to the β crystal modification.
Another change in the slope can be detected around 115 °C, especially
for PP/250/2.25, which corresponds to the secondary relaxation of PP
in the vicinity of 110 °C shown in the DSC curve and already reported in
Ref. [68]. Due to relaxations, the specimens with higher degrees of
orientation shrink more at elevated temperatures than those with lower
degrees leading to a lower total length change (ΔL/L0) [69]. The ΔL/L0
is highest for PP/250/2.25 (0.030± 0.001) and lowest for PP/200/
22.5 (0.022±0.002). However, a significant difference for ΔL/L0 is
only observed for the two extreme process settings (Fig. 12b), other to
3D-printed PLA, which revealed a significantly lower total dimension
change at higher TN [70] or at lower printing speeds [52]. The CLTE
shortly before melting (Fig. 12c) revealed the same trend as the ΔL/L0.
Initial effects result in an upturn around 30 °C followed by a plateau
region. In contrast to injection-moulded PP [52], curve discontinuities
appear before the CLTE increases steeply in the vicinity of the Tm. As
mentioned before, these irregularities are connected with the β-mod-
ification [62]. If comparing the CLTE values in the plateau region
(approx. 40–90 °C), all curves show the same value of 1.22 10−4/K,
whereas the plateau value in Ref. [52] for injection-moulded PP gives
approx. 0.85 10−4/K. This finding confirms anisotropic CLTE values
with varying values in and perpendicular to the direction of the strands,
which were found for 3D-printed materials [71].

3.4. Thermal conductivity

The printing pattern of the thermal conductivity specimens was
chosen in a way so that the axial thermal conductivity (λaxial) de-
termines the conductivity along the strands, whereas the radial thermal
conductivity (λradial) is measured perpendicular to the strands
(Fig. 13a). With such a set-up, thermal conductivity measurements give
an insight into both the degree of orientation and the formation of weld
lines. In Fig. 13b, a clear trend towards increased λaxial for specimens
with higher orientations (Table 3) is observed, as the aligned aniso-
tropic crystallites augment the thermal conductivities [23,72]. λaxial is
significantly highest for PP/200/22.5 (0.356±0.005 W/(mK)), and
lowest for PP/250/2.25 (0.281±0.007 W/(mK)). For the other two
parameter sets, the λaxial lie between these two extremes and are in-
significantly different from each other (0.315±0.005 W/(mK) and
0.326±0.016 W/(mK), respectively). Yet, the higher values for PP/
200/2.25 even correspond to the slightly higher degree of orientation
determined by means of WAXS (Table 3). In general, these results
correspond well to values for PP 3D-printed with standard processing
settings (0.300±0.001 W/(mK) [23]).

A strong difference between the λaxial and λradial is observed for
those specimens that exhibit the highest degree of orientation.
Additionally, the specimens with the highest degree of orientation re-
veal the most pronounced interface between adjacent strands (Fig. 7a
and c) and adjacent layers (Fig. 4a and c) [73]. Therefore, the λradial of
PP/200/22.5 (0.202± 0.002 W/(mK)) and PP/200/2.25
(0.210±0.011 W/(mK)) are significantly lower than those of PP/250/
22.5 (0.229±0.002 W/(mK)) and PP/250/2.25 (0.256±0.009 W/
(mK)). For lower nozzle temperatures, voids and air gaps between
strands and layers (Fig. 8a) are likely to form due to a lower cross-flow
[74]. This, in turn, extensively reduces the thermal conductivity [47].
For PP/250/22.5, considerably less pronounced interfaces between
adjacent strands of one layer (Fig. 7b) and less voids are detected.
However, the radial thermal conductivity is limited by the alternating
crystalline structure (Fig. 6a), which stops the propagation of phonons
and therefore decreases λradial. PP/250/2.25 exhibits the highest λradial.
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In fact, the λradial is nearly identical to its λaxial, since nearly no inter-
faces or air gaps are developed and the degree of orientation is de-
creased (Fig. 4d). To sum up, the λradial is strongly influenced by the
degree of the formation of weld lines, as they can be seen as a type of
defect [75].

3.5. Trouser tear test

As the observed changes in the processing settings resulted not only
in strong differences in the degree of orientation, but also in the

morphology of the weld line, the mechanical behaviour of 3D-printed
components is strongly influenced by such morphological changes.
Therefore, trouser tear tests are discussed in the following. The ob-
tained force-displacement curves show a nearly steady force increase
until reaching the force maximum needed for crack-initiation from the
razor-blade notch (Fig. 14a) [18]. Deviations from a constant initial
slope are mainly due to aligning and stretching of the samples until the
two halves are properly positioned. After the crack initiation and its
corresponding force peak, the force decreases until it reaches a plateau
indicating steady-state crack propagation. The averaged force of this
plateau gives the tearing force, which is required to propagate a crack
through the specimen and can be used to compare the intra-layer
strength of the weld lines. In Fig. 14b, a specimen is shown during the
time of testing in the region of this plateau.

Lower nozzle temperatures led to very pronounced and therefore
weak interlayers. As a result, lower tearing forces are required for crack
propagation (Fig. 14a). At 200 °C, the lower printing speed results in
less pronounced weld lines (Fig. 7c) due to longer heat retentions and
an improved inter-diffusion, which is confirmed by significantly higher
tearing forces (23.4± 2.8 N) compared to the specimen processed at
22.5 mm/s (8.8±2.3 N). This difference is also discernible in the

Fig. 12. Differential scanning calorimetry (DSC) thermograms (a) and thermal mechanical analyses (TMA) curves (b and c) evaluated for PP specimens printed with
two different nozzle temperatures and printing speeds.

Table 4

The melting temperature (Tm), the specific enthalpy of fusion (ΔH) and the
degree of crystallinity obtained through DSC (Xc,DSC) for the four different print
settings.

Designation Tm in °C ΔH in J/g Xc,DSC in %

PP/200/22.5 173.0 74.7 42.4
PP/250/22.5 169.9 77.0 43.8
PP/200/2.25 171.2 75.6 43.0
PP/250/2.25 170.0 79.9 45.4

Fig. 13. Specimen orientation during the measurement (a) and thermal conductivity as a function of the nozzle temperature and printing speed (b). The thermal
conductivity in axial direction (λaxial) is measured in x-direction, whereas that in radial direction (λradial) is measured in the yz-plane.
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fracture surfaces: The sample processed at the lower printing speed
(Fig. 14c) reveals minor plastic deformations on the fracture surface,
whereas the one at the higher printing speed (Fig. 14d) appears very
smooth without clearly visible plastic deformations, indicating a low
inter-diffusion depth. A similar behaviour has been investigated for
double cantilever beam tests [9,76] and tensile as well as bending ex-
periments performed on 3D-printed PLA [77,78]. Similarly to Ref. [43],
the specimens processed at higher nozzle temperature revealed less
pronounced weld lines and a higher diffusion depth due to longer weld
times and, thus, significantly elevated tearing forces (46.6±5.6 N and
39.6±6.5 N, respectively) compared to specimens processed at 200 °C.
Additionally, the higher degree of inter-diffusion at higher printing
temperatures shown in the optical microscopy images (e.g. Fig. 7b and
d) is confirmed by the fracture surfaces in Fig. 14e and f. Both surfaces
appear rougher, indicating a higher degree of plastic deformation be-
fore fracture, similarly to Ref. [10]. Moreover, all fracture surfaces in-
dicate a crack propagation along the weld lines. For the higher tem-
perature prints, the printing speed does not have a significant influence
on the forces needed to propagate the crack. This confirms that the
alternating morphology does not have negative consequences on the
inter-layer weld line behaviour.

3.6. Final discussion

Finally, the question should be addressed, why oriented crystalline
layers are formed in some 3D-printed parts along the weld lines, and
how the printing conditions influence the crystallographic homogeneity
of the samples. In general, the discussion of such questions is very
complex, since crystallisation in polymers depends on a wide variety of
aspects: material properties such as chain molecular weight [56,58],
temperature profiles and processing conditions in general [58,59] as
well as dimensional boundaries [59] or complex geometries and
thermal cycles connected with 3D-printing [20]. Nevertheless, we may
venture to interpret the underlying mechanisms in the four PP-speci-
mens considered in this work.

In samples printed at high TN and low printing speeds, such as PP/
250/2.25, almost no distinct weld lines are observed, and the micro-
structure appears largely homogenous (Fig. 4d). This is further reflected
in similar values for the radial and axial thermal conductivity (Fig. 13b)
as well as relatively high forces needed to tear samples apart (Fig. 14a).
Thus, full interfacial merging at the weld lines can be expected, very

much in accordance with the observations by Shmueli et al. [20] on
carefully 3D-printed PP. In contrast to this, specimens PP/200/22.5,
PP/250/22.5, and PP/200/2.25 must have cooled faster, considering in
particular that the printing length of the present samples was four times
larger than in Ref. [20], meaning that even during the deposition of the
second filament layer, the bulk temperature was already much lower.
Under these conditions, it can be expected that the shorter cooling
times have hindered the chain migration across the interfaces, and that
the inter-diffusion and interfacial merging at the weld lines might not
have been complete [54]. Consequently, the thermal conductivity is
strongly anisotropic and apparent weld lines result in low tearing forces
especially for specimens printed at a low TN.

During printing, the large shear from the nozzle near the weld lines
provokes the stretching and orientation of coiled polymer chains [56].
Thus, the nucleation of oriented structures along the weld lines is en-
hanced [20,55]. In faster cooling conditions, the relaxation of these
crystallised structures may remain on a lower level, i.e. the structures
are relatively stable. These crystalline precursors formed during flow
may then template crystal growth even after the cessation of shear [55].
It may be suggested that in iPP, cross-hatched parent-daughter struc-
tures are developed in the course of the complex thermal cycles im-
posed by 3D-printing [57,60], in which shear rates [13,59] and thermal
conditions determine the relative amount of parent lamellae compared
to daughter structures. Depending on the shear forces, material prop-
erties and cooling conditions, oriented structures such as shish-kebabs
may spread from the filament surface to the inner core of the strands,
such as observed in specimen PP/200/22.5, by a mechanism as de-
scribed in Ref. [20]. Else, the core may crystallise principally during
cooling and reheating, i.e. under comparably conventional processing
conditions, forming spherulitic structures of varying size (specimens
PP/250/22.5, PP/200/2.25) [57,58]. Although all weld lines in the
present study appear to be of good quality (no air gaps, good adhesion
etc.), it is shown that the printed structures have to be interpreted –

crystallographically – rather as layered skin-core structures similar to
Refs. [55,57], unless full interfacial diffusion is achieved (compare PP/
250/2.25). As a result, the printing sequence in connection with the
specimen dimensions may play a much more vital role than previously
expected, particularly when considering the transfer from small to
medium sized specimens towards larger components for real applica-
tions.

Fig. 14. Force-displacement curves (a), specimen during testing (b) and fracture surfaces (c-f) obtained from trouser tear tests performed on 3D-printed PP specimens
manufactured with two different nozzle temperatures (TN) and printing speeds. In (b), the region of the fracture surface images is encircled in white. In (c-f), the
averaged force plateau values of 10 samples and their standard deviations are given.
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4. Conclusion

The influence of process-induced orientations on the morphology
and material properties of 3D-printed polypropylene (PP) was analysed
by means of polarised optical microscopy, wide-angle X-ray scattering,
differential scanning calorimetry, thermal mechanical analysis, thermal
conductivity measurements and trouser tear tests. Low (200 °C and 2.25
mm/s) and high (250 °C and 22.5 mm/s) parameter settings for the
nozzle temperature (TN) and the printing speed were examined. On the
basis of these experiments, the following conclusions can be drawn:

• For a given semi-crystalline polymer (PP) and material extrusion-
based additive manufacturing process (FFF), four specimens with a
completely different property portfolio in terms of morphology were
generated by varying the standard process parameters TN (in °C) and
printing speed (in mm/s).

• One parameter set (250 °C, 2.25 mm/s) enabled the formation of a
near-homogeneous morphology with low degrees of orientations.
Due to enlarged heat retentions, the degree of crystallinity was
highest, and only the α-crystal modification was present. As process-
induced weld lines were hardly discernible, a strong inter-diffusion
between adjacent strands and layers must have evolved, resulting in
the highest separation forces between neighbouring layers in
trouser-tear tests. In addition, a nearly isotropic behaviour in terms
of direction-dependent thermal conductivities was found.

• In contrast to this, if both parameters were set to the other extremes
(200 °C, 22.5 mm/s), the weld line inter-diffusion was considerably
weaker. As a consequence, low forces were needed to separate layers
in the trouser-tear tests. Moreover, an inhomogeneous morphology
was developed, whereby a crystalline phase was formed along the
weld line. Additionally, it was observed that only this parameter set
promoted the formation of shish-kebab structures within the bulk of
the strands. Consequently, the strongest crystal and chain orienta-
tions as well as highest quantity of the β-crystal modification were
determined for this parameter set, which led to a strong thermal
anisotropy.

• The other two parameter sets ranged for all investigated properties
between the two extreme settings discussed above. In both cases, an
inhomogeneous morphology with pronounced weld lines was ob-
tained. In the bulk of the strands, spherulitic structures were formed.
Therefore, the measured overall degrees of orientation and aniso-
tropy were lower than in the in the previous case of low nozzle
temperature and high printing speed.

• For one parameter set (250 °C, 22.5 mm/s) in particular, layers with
alternating spherulite size were found. This finding could be cor-
related with the default printing sequence of the slicer software, in
which the specimen alternatingly exhibited areas with high heat
retention (large spherulites) and areas that cooled down quickly
(small spherulites). In case larger components are printed or many
parts are processed simultaneously, more pronounced alternating
structures will be formed. This confirms that the printing sequence
suggested by the slicer software should not be arbitrarily chosen, but
can be used to control the morphology and, hence, the mechanical
properties of 3D-printed semi-crystalline polymers.

In conclusion, this paper demonstrates that minor changes in the
printing parameters exert a major impact on the resulting material
properties at different length scales. Hence, when dealing with semi-
crystalline polymers such as PP, the characterisation of process-related
morphological changes is particularly important and should never be
neglected for future product developments. By considering the revealed
relationships in load-bearing components, the properties of the 3D-
printed parts can be controlled through the purposeful incorporation of
isotropic or anisotropic regions.
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