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Abstract

It is known from the literature that freedom from macroscopic defects (voids)

is an essential prerequisite for good mechanical properties of 3D-printed com-

ponents manufactured using fused filament fabrication. The present study fur-

ther shows that the morphology and mechanical properties of void free

components are significantly influenced by the choice of process parameters.

Components that were printed at low temperatures and high speeds show fair

and inhomogeneous supermolecular morphology, clearly visible weld seams

and a special flow-induced staggered structure of the individual strands laid-

up. At higher magnification in the optical microscope, transcrystalline struc-

tures are visible starting from the contact area between the strands, that is,

crystallization has started at the interface between the strands and is moving

forward towards the center of the strands. In contrast, the samples printed at

high temperatures and low speeds show a homogeneous supermolecular mor-

phology with overall larger spherulites and a higher degree of crystallinity and

compared to the specimens printed with the low temperature/high speed-set

much better mechanical properties. A numerical simulation of the tempera-

ture at the contact point of the strand emerging from the hot nozzle and the

cooled strand neighbor agrees well with the measured behavior. The thermal

simulation thus enables the temperature to be calculated at any point in time

in the welding contact and thus access to the local thermal conditions during

joining, cooling and the formation of the morphology.
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1 | INTRODUCTION

Fused filament fabrication (FFF), one of the most prom-
ising additive manufacturing or 3D printing technology,

has gained great attention in manufacturing plastic com-
ponents in recent years, since it provides several advan-
tages such as shortening of the production development
cycle, demand-driven production of components, moldless
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manufacturing, low material waste rate, and so on. A vari-
ety of commercially available polymeric materials, such as
polylactic acid (PLA),1,2 acrylonitrile butadiene styrene
(ABS),3,4 polycarbonate (PC),5,6 polyethylene terephthalate
glycol-modified (PETG),7 polyamide (PA),8 even poly-
etheretherketone (PEEK)9,10 have been applied to print
components for academic research and industry applica-
tions. Besides, polypropylene (PP) has attracted increasing
attention on its manufacture by using FFF process,11–14

due to its low cost, low density, excellent chemical resis-
tance, and so on.

During FFF process, a thermoplastic filament is melted
in a heated nozzle, which deposits polymer strands
according to pre-defined path layer-by-layer. Similar to the
traditional extrusion welding technique, melted strands
are placed against those previously deposited and already
cooled strands to weld them together. Hence, a typical
FFF manufactured component consists of deposited
strands, enclosed voids and weld lines, which lead to vary-
ing structure and ultimately determine mechanical prop-
erties.13,15 It is commonly accepted that the resulted weld
quality is generally dominated by the local flow and com-
plex thermal distribution during deposition process, which
in turn depends on the process conditions.16–19 Therefore,
in recent years efforts have been made to improve the
weld formation by controlling process condition during
FFF process such as, using a square nozzle, raising nozzle
and platform temperature, slow-down printing speed and
reduction of layer thickness, which are generally revealed
by analysis of the mesostructure features.18,20–28 These typ-
ical mesostructure features provide the information, that
is, the void content/size29,30 and the length of welding
lined between layers31–33 during FFF process. It was rev-
ealed that the tensile strength, Young's modulus can be
improved up to 60% and 160% by reducing void content,
respectively.20,29,34,35 It has to be pointed out that the gen-
eral mesostructured features enable us only basic knowl-
edge. In the present work, we prepared PP specimens by
FFF technique under four representative process condi-
tions aiming to extensively explore the relation between
process conditions, supermolecular morphology and

mechanical properties with respect to the local flow and
temperature distribution during the process. Furthermore,
thermal simulation was also carried out to deeply under-
stand the effect of local temperature history on the mor-
phology of 3D printed structures.

2 | MATERIALS AND METHODS

Pellets of commercial polypropylene (HD 120MO,
Borealis GmbH, Burghausen, Germany) were used in this
study. Using DSC, we determined a melting temperature
of Tm = 162�C. The crystallization temperature Tc was
116�C. According to,36 the average molecular mass Mw of
the used polypropylene is 365 kg/mol and its polydisper-
sity Mw/Mn = 5.4. From the pellets, a well-defined fila-
ment with diameter d = 1.7 ± 0.05 mm were fabricated
via a single screw extruder (EX6, Filabot, Barre). The tem-
peratures at the barrel were selected as 40/130/200/195�C
from the hopper to the nozzle. The screw speed was set
6 rpm. The specimens were printed via a modified FFF 3D
printer (Ultimaker 2, Ultimaker B.V., Utrecht, Nether-
lands) with 0.4 mm nozzle diameter. The bar-shaped bod-
ies with a dimension of 50 � 4 � 2 mm3 are printed
perpendicularly to the longitudinal direction. An overview
of the whole processing chain is shown in Figure 1.

In order to investigate the morphology of void-free
3D printed components two completely different sets of
nozzle temperature, platform temperature and printing
speed was selected based on preliminary tests. In the
preliminary tests, a large number of parameter varia-
tions were carried out and the properties of the man-
ufactured specimens were comparatively evaluated by
means of tensile tests and thermoanalytical measure-
ments using analysis of variance (ANOVA). The crite-
rion for the selection of the parameters for the deeper
investigation of morphology and properties as well as
for the simulation of the temperature profiles in this
paper were the parameter sets that had led to the best
and worst mechanical properties and the integrally
highest and lowest degrees of crystallinity. With the

FIGURE 1 Schematic illustration of the whole processing chain. The fixed black point (right) at (x = 0 mm, y = 0 mm, z = 0.2 mm)

was chosen for display the temperature profiles during the printing processes [Color figure can be viewed at wileyonlinelibrary.com]
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''Low'' setting, the combination of nozzle temperature,
platform temperature and printing speed was chosen so
that specimens could just be printed without visible
voids. The combination ''High'', that is, high nozzle tem-
perature, high platform temperature and low printing
speed, guarantees both freedom from voids and the
highest possible temperature during strand deposition,
that is, during contact between the extruded strand and
the previously deposited strand. These two different sets
were applied with two different layer thicknesses and
with an infill of 100%, as listed in Table 1.

To overcome the warpage during printing, the first
layer of the samples was printed with a brim on a PP tape
(tesa 64,014).

Tensile tests of the samples were conducted in the longi-
tudinal direction (in x-direction) on a universal tensile test-
ing machine based on the international standard DIN ISO
EN 527. The crosshead speed was set at 1 mm/min in the
range ε = 0…0.25% using an extensometer for determining
the tensile modulus and set at 50 mm/min for determining
the tensile strength. All the data presented correspond to
the mean value of at least five measurements.

To investigate the supermolecular morphology, the
prepared samples were cut by a rotation microtome
(Hyrax M 25, Carl Zeiss, MicroImaging GmbH, Jena,
Germany) and then chemically etched in a chemical
solution, which contained potassium permanganate, sul-
furic acid and phosphoric acid37,38 as shown in Figure 2.

Afterwards, the chemical-etched surfaces were
inspected by using an optical microscope (OM) (Nikon
ECLIPSE LV100POL, Nikon GmbH, Düsseldorf, Ger-
many) and a Keyence confocal 3D laser scanning

microscope (LSM, VK-X1050, Keyence Corporation,
Japan) operated in reflected mode. For measuring the
average diameter of the spherulite, at least three samples
were measured according to the ASTM E11210 standard
for grain size determination. In parallel, the development
of the supermolecular morphology was observed using an
OM in transmission mode equipped with a hot stage (LTS
420, Linkam, Surrey, England). The 30 μm thin films cut
by the microtome were heated from room temperature to
178�C at 20 K/min and hold for 10 mins. Afterwards, for
non-isothermal crystallization the specimens were cooled
to room temperature 23�C at 10 K/min.

The thermal properties of the polymers and compos-
ites were analyzed by a differential scanning calorimetry
(DSC Q20, TA Instruments). The thermal investigations
were carried out under nitrogen atmosphere with a flow
rate of 50 ml/min and performed from 40 to 220�C with a
heating/cooling rate of 10 K/min. The degree of crystal-
linity Xm for the PP phase was determined by using the
following equation:

Xm ¼ΔHm

ΔH ₒ
m
�100% ð1Þ

where ΔHm is the measured melting enthalpy, and ΔH ₒ
m

is the theoretical specific enthalpy of completely crystal-
lized PP (207 J/g).

In order to estimate the temperature development
during the FFF process and, more importantly, to reduce
the experimental efforts, thermal simulations of the time-
dependent temperature evolution of the printed part
were performed by using a commercially available

TABLE 1 3D printing parameters

Process condition Nozzle temperature Platform temperature Printing speed Layer thickness Infill
�C �C mm/s mm %

Low 200 60 60 0.1 100

200 60 60 0.2 100

High 245 100 10 0.1 100

245 100 10 0.2 100

FIGURE 2 Preparation of the

specimens [Color figure can be

viewed at wileyonlinelibrary.com]
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CAE-Software ANSYS® 2019R1. Geometric model was
created concerning for the real printing part, however, in
order to reduce the highly time-consumed simulation
process, only half of the sample (cf. Figure 1) was
modeled, which is 50 � 4 � 1 mm3. For calculating the
temperature evolution of the printed sample, the heat
transfer during the printing process can be described by
using the following differential equation:

∂

∂x
λxx

∂T
∂x

� �
þ ∂

∂y
λyy

∂T
∂y

� �
þ ∂

∂z
λzz

∂T
∂z

� �
þ . . .q

¼ ρ Tð Þ �C Tð Þ �dT
dt

ð2Þ

where x, y, and z are the coordinates, λ, ρ, C, and T are
thermal conductivity, density, specific heat capacity and
temperature, respectively, as well as the time t and the
heat generation rate . . .q. Based on the temperature anal-
ysis, the impact of the temperature evolutions during the
printing process can be assessed. For calculating
the dynamic temperature evolution of the printed layers,

temperature-dependent thermal properties of PP were
incorporated into the model (cf. Figure S1). The heat
transfer from the printed body to air is applied as:

_q¼ α � T�Tairð Þ ð3Þ

where _q is heat transfer, the heat convection coefficient
between polymer and air is indicated by α, which was set at
12.1 W/m2�K calculated by Nusselt-number referred to free
convection. Tair denotes the air temperature surrounding
the specimen, set 5�C lower than the platform tempera-
ture based on the measurements. To simplify the models,
the calculations are based on the following hypotheses:

• The melt temperatures are equal to the nozzle
temperature.

• FFF printed parts are pore-free, strands are fully con-
tacted with each other and therefore no contact heat
resistance.

• The influences of heat radiation, polymer crystalliza-
tion and thermal expansion are neglected.

FIGURE 3 Tensile properties of samples printed under different process conditions (nozzle temperature/platform temperature/printing

speed/layer height)

FIGURE 4 3D laser scanning microscope images with height information of tensile fracture surfaces (in yz-plane) of the samples

printed under process conditions (a) 200/60/60/0.2 and (b) 245/100/10/0.2 (nozzle temperature/platform temperature/printing speed/layer

height) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Morphology of printed PP specimens in xz-plane (cf. Figure 1) after chemical etching, which were printed with the

parameters of (a, aˈ) 200/60/60/0.1, (b, bˈ) 200/60/60/0.2, (c, cˈ) 245/100/10/0.1, and (d, dˈ) 245/100/10/0.2 (nozzle temperature/platform

temperature/printing speed/layer height). Strands printing were sequenced from right to left [Color figure can be viewed at

wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION

3.1 | Mechanical properties

Figure 3 shows the mechanical properties of uniaxial, static
tensile tests of specimens printed under different condi-
tions (tested in the x-direction). As is seen, process condi-
tions have a substantial effect on the tensile properties. The
specimens printed with ''High'' setting exhibit higher
Young's modulus and tensile strength. The samples printed
with 245/100/10/0.1 (nozzle temperature/platform temper-
ature/printing speed/layer height) present the highest
Young's modulus and tensile strength, which are around
38% and 30% higher than those printed with 200/60/60/0.2,
respectively. It is also worth of noting that the specimens
with smaller layer height show overall slightly higher mean
values of Young's modulus and tensile strength than those
with larger layer height at the same printing conditions,
which is due to transverse strain restraint of the different
supermolecular morphology of the weld zones. In the same
material volume, there are less and (at higher tempera-
tures) almost invisible weld zones with a larger printing
layer thickness and thus a comparatively higher elongation
at break but a lower Young's modulus. Therefore the speci-
mens printed with ''High'' setting 245/100/10/0.2 are
tougher than those printed under other conditions, which
can also be inferred by the tensile fracture surfaces
(Figure 4). In contrast, the samples printed with ''Low'' set-
ting still keep the visible weld line, which indicates a weak
interfacial welding strength between strands, resulting in
poor tensile properties.

3.2 | Morphology

Figure 5 shows the morphology of the etched cross
section of the printed components (in xz-plane,
cf. Figure 1) under different printing conditions. First of
all, it is noticeable that the process conditions exerted sig-
nificant influence on the morphologies of the printed
samples, even if all samples are approx. Void-free. The
welding line in the samples printed with ''Low'' setting
(Figure 5(a),(b)) is more pronounced than those printed
with ''High'' setting (Figure 5(c),(d)). Specifically, a
remarkable staggered and overlapping structure was
observed. This phenomenon is presumably due to the
local flow and deformation of the polymer strands during
the deposition process. During the process, the melted
polymer strands are placed on the pre-defined paths, due
to constrained flow partially occupied by previously
deposited strands, and therefore squeezed to form into
the particular structure, as schematized in Figure 6. A
close view of the morphology clearly demonstrates that
a highly oriented crystalline structure at the weld region is

formed perpendicular to the weld line (Figure 5(aˈ),(bˈ),
which are extremely similar to a transcrystalline structure
of PP in the vicinity of fiber induced by shear.39,40 Accom-
panied with the transcrystalline structure usually appear
β-modification as well. In contrast, the samples printed
with “High” setting exhibit a very homogeneous morphol-
ogy without a clear weld line (Figure 5(cˈ)(dˈ)), thus imply-
ing a superior weld strength. As a result, the mechanical
properties of the parts are improved, as discussed above. It
is worthy of noting that, based on the qualitative analysis
the samples printed with ''High'' setting present the bigger
spherulite size than the corresponding value of specimens
printed with “Low” setting (Figure 7). In addition, samples
printed with smaller layer height shows a smaller mean
spherulite size. All the above are presumably due to the
complex temperature history during the process. There-
fore, the analysis of temperature profiles was carried out
(see later discussion).

Figure 8 shows the development of the spherulitic
structure of the samples under polarized light in a hot

FIGURE 6 Schematic illustration of the local flow and

deformation during deposition process [Color figure can be viewed

at wileyonlinelibrary.com]

FIGURE 7 Variation of average spherulite size of printed

specimens under different process conditions (nozzle temperature/

platform temperature/printing speed/layer height)
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stage. The pictures are taken at the beginning of the
heating (at 30�C) and during the cooling from the melt at
temperatures (130 and 120�C) (cf. Figure 8(a)). Similar to
the etched samples printed with ''Low'' setting, the pre-
pared thin films also exhibit an inhomogeneous morphol-
ogy at 30�C. In the weld regions, some brighter spherulites
can be observed, is indicated by the black arrows in
Figure 8(b). It is well worth pointing out that the spheru-
lites are first visible at 130�C in the welding area denoted
by the white arrow, where the unique overlapping struc-
ture formed by the constrained material flow as discussed
beforehand (cf. Figure 5(b),(b')). It can be recognized more
clearly that at 120�C the most spherulites appear in the
welding area. In contrast, the specimens printed with
''High'' setting are still fully molten at 130�C and the spher-
ulites are distributed more homogeneously at 120�C. The
results suggest that the samples in the melt still retain a
partial memory of their previous crystalline structure,
which is also called melt memory applied by several
researchers to study the flow-, drawing- and processing-

FIGURE 9 DSC 1. Heating curves of PP printed under various

process conditions (nozzle temperature/platform temperature/

printing speed/layer height) [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 (a) Illustration of the non-isothermal crystallization of the prepared thin sections in a hot stage. Optical micrographs of the

chemically etched cut surfaces under reflecting light and spherulite development of thin sections in xz-plane under polarized light. Printing

conditions: (b) 200/60/60/0.2 and (c) 245/100/10/0.2 (nozzle temperature/platform temperature/printing speed/layer height) [Color figure

can be viewed at wileyonlinelibrary.com]

HUANG ET AL. 7 of 11

 10974628, 2021, 47, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.51409 by R

heinland-Pfälzische T
echnische U

niversität K
aiserslautern-L

andau, W
iley O

nline L
ibrary on [15/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


induced crystalline structure.41–44 Specifically, in the speci-
mens printed with ''Low'' setting all thermally sensitive
nuclei are destroyed, leaving only at the weld region the
temperature-resistant stable nuclei, which presumably
induced by the flow and temperature gradient during
deposition process. Accordingly, the nuclei survived in the
melt accelerate the crystallization resulting in the early
appearance of the spherulites in the weld area.

Figure 9 depicts the plots of first heating curves of the
DSC measurements of the samples printed under the dif-
ferent process conditions. It can be clearly seen that DSC
curve of the samples printed with ''Low'' setting demon-
strate double peaks between 140 and 160�C, while no addi-
tional peak in the temperature area was found from those
printed with ''High'' setting. The first peak was reported to
be the β-modification, which is generally formed at higher
undercooling or high shear rates.26,45,46 The second peak
can be corresponded to βˈ-modification formed essentially
from the heating of DSC test itself where β-modification
formed first and recrystallized into a more stable structure
βˈ-modification before transform into the α-modification.13

Besides, the percentage of crystallinity (Xm) of the speci-
mens printed with ''High'' setting is obviously higher than
those printed with ''Low'' setting. The low degree of crystal-
linity and the existence of β-modification in the samples
printed with ''Low'' setting can correlate to the low Young's
modulus and tensile strength.26,47,48

3.3 | Temperature simulations

In order to reveal a possible relationship between the
local temperature evolution and the morphology, numer-
ical simulations of the temperature were performed for
the ''Low'' (200/60/60/0.2) and ''High'' (245/100/10/0.1)
process conditions, which have the lowest and best
mechanical properties, respectively. In the simulation, as

in the experiment, the circumferential contour (wall) is
printed first and then the inner area is filled with a
meandering nozzle movement. Figure 10 shows an exam-
ple of the temperature distribution in the sample at the
time when half of the infill of the second layer is printed.

It can be clearly seen that the nozzle trails a tempera-
ture field above the ambient temperature. In fact, under
the selected conditions, a field above T = 60�C extends
over a length of about 15 mm with a width of 4 mm.
Temperatures above the melting temperature of polypro-
pylene can be seen up to 2 mm away from the nozzle.

Figure 11 displays the temperature profiles at the ref-
erence point (x = 0 mm, y = 0 mm, z = 0.2 mm) in the
center of the sample indicated by the black point. As
the nozzle moves further and further away in the
x-direction during printing, the temperature at the refer-
ence point decreases degressively to platform tempera-
ture until the nozzle again reaches the position one layer
thickness above the reference point. Then the point sees
another temperature peak and again another drop to
platform temperature. This cycle repeats layer after layer,
with the temperature level dropping at each cycle, that is,
with increasing distance from the reference point. Inter-
estingly, double peaks of the temperature can be
observed two times in the enlarged view in Figure 11(b),
where i.e. L1st and L2nd indicate the temperature profile
of first layer through the fixed point and the layer above
with “Low” setting, respectively. Similarly are the H1st
and H2nd with “High” setting. This observation can be
attributed to that the location for plotting the tempera-
ture profiles are specially selected between two short
neighboring strands and between two adjacent layers.
Comparing the influence of the two different process con-
ditions, as expected, the samples processed with “High”
setting 245/100/10/0.1 exhibit overall obviously higher
temperature history and evidently longer time around
the platform temperature than the corresponding values

FIGURE 10 Dynamic temperature simulation of the FFF process with 200/60/60/0.2 (nozzle temperature/platform temperature/

printing speed/layer height). Element edge length of 3D printed model is 0.2 mm [Color figure can be viewed at wileyonlinelibrary.com]
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of the samples with “Low” setting. It is generally
accepted that crystallization process impedes the mov-
ability of the polymer chains, and thus the time of the
temperature at the weld area above the crystallization
temperature (Tc) is a critical factor for the degree of
interdiffusion of semicrystalline thermoplastics in the
weld area.19 The half-time of crystallization (t1=2),

defined as the time spent from the start of the crystalliza-
tion process to the completion of half of the final total
crystallization, which is usually used to determine the
overall rate of the crystallization process directly. The
dependency of the half-time of crystallization on the crys-
tallization temperature of PP is given in a simplified
equation49:

FIGURE 11 (a) Illustration of printing sequence in the center of the specimens printed with 200/60/60/0.2 (nozzle temperature/

platform temperature/printing speed/layer height). The fixed black point (right) at (x = 0 mm, y = 0 mm, z = 0.2 mm) was chosen for

display the temperature profiles during the printing processes. (b) Temperature of the fixed point as a function of time for two different

printing conditions: 200/60/60/0.2 (left), 245/100/10/0.1 (right). (c) Temperature at the fixed point and the Tc as a function of half-time of

crystallization: 200/60/60/0.2 (left), 245/100/10/0.1 (middle). Comparison of the time above Tc (right) [Color figure can be viewed at

wileyonlinelibrary.com]
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t1=2 ¼ e aþbT1:5
cð Þ ð4Þ

where Tc is the crystallization temperature, a¼
�17:094452 and b¼ 0:015177269 are specific constants.
The inverse function,

Tc ¼
lnt1=2�a

b

� � 1
1:5

ð5Þ

that is, the crystallization temperature Tc as a function of
half-time of crystallization and the temperature profiles at
the reference point were plotted in Figure 11(c). The inter-
cepts of this function with the cooling curves give an indi-
cation of how much time is available for crystallization
under the given process conditions. As is seen, at the
“Low” condition, the temperature curves L1st and L2nd
show rapid cooling, reaching the Tc within 0.39 s (tL1st) and
0.87 s (tL2nd), respectively. In contrast, for the “High” condi-
tion, the H1st and H2nd temperature curves dropped to the
Tc within 1.16 s (tH1st) and 1.24 s (tH2nd), respectively. Inter-
estingly, under these conditions, passing over the reference
point with the nozzle in the third layer again leads to re-
melting. Until cooling to Tc, 1.76 s (tH3rd) are then available
again.

Even though the absolute values may not perfectly
match the real temperatures, it can be summarized that
the total time of the temperature above the crystallization
temperature at the “High” setting is about three times
higher than the corresponding value at the “Low” setting.
Even if only the last temperature peak is decisive for mor-
phology formation, the “High” setting provides about
twice as much time for crystallization. This inevitably
leads to greater interdiffusion, uniform formation of
spherulites (Figure 8(c)) and ultimately a homogeneous
morphology (Figure 5(c), (d)), as is known from the solid-
ification of quiescent melts of semi-crystalline polymers.
Overall, this ultimately explains the better mechanical
properties (Figure 3) under the “High” conditions.

4 | CONCLUSIONS

Both the morphology and the mechanical properties of
void free 3D-printed polypropylene components are
strongly dependent on the printing parameters. A larger
heat input leads to a more homogeneous morphology
and better mechanical properties. The welds clearly visi-
ble at low heat input have more stable nuclei, indicating
high deformations and non-isotropic mechanical behav-
ior as a result of processing. The simplified modeling and
numerical simulation of the time-dependent three-

dimensional temperature distribution confirm the influ-
ence of heat (temperature) and allow a virtual parameter
study. Overall, the welded joint between the strands
determines the product quality. Good mechanical proper-
ties can be achieved if sufficient heat is introduced into
the volume via the strand and the platform and this heat
is dissipated again at a moderate rate, so that crystalliza-
tion can take place in a quiescent melt with a largely bal-
anced temperature field.
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