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1 | INTRODUCTION

Miaozi Huang' | Alois K. Schlarb™*?

Abstract

This paper focuses on the effects of different time spans and thus different con-
tact temperatures when a molten strand contacts an adjacent already solidified
strand in a plane during 3D printing with fused filament fabrication. For this pur-
pose, both the manufacturing parameters and the geometry of the component
are systematically varied and the effect on morphology and mechanical proper-
ties is investigated. The results clearly show that even with identical printing
parameters, the transitions between the individual layers are much more visible
with long time spans until fusion and lead to low mechanical properties. In con-
trast, short spans lead to hardly visible welds and high mechanical properties.
Transferring the findings to different component sizes ultimately verifies that the
average temperature at the time of contact between the already solidified and the
currently deposited strand is decisive for component quality. In order to generate
high component qualities, this finding must therefore be taken into account in
the future in the path generation strategy, i.e., in so-called slicing.
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previously printed strand, respectively.” Considering the
process, the anisotropy mechanical properties of printed

Fused filament fabrication (FFF) has attracted considerable
attention as an effective tool due to its simplicity, low time-
to-market, and freedom of design."™ Although it is a
decades technology,5 FFF is one of the methods with the
greatest potential to satisfy the design with various geome-
try of components and deposit multiple parts
simultaneously.®® In FFF, a thermoplastic filament is
melted in a moving hot nozzle via heat conduction, and
then the strand is deposited according to a laying pattern
matched to the component. Between the stacked rods, the
inter-strand adhesion and interlayer adhesion occurs when
the new strand is deposited beside and on the top of a

parts originated from the layer-wise strategy and the rapid
thermal gradients.'®"* As such, to overcome the limited
mechanical issue of the specimen, the challenge is to opti-
mize the welding behavior during the FFF process.

To obtain high-quality parts, one major aspect is the
fusion between the deposited strands.'® Fusion deter-
mines the bond quality between strands and is directly
correlated with mechanical properties.’*'> Adhesion
leads to the formation of strong bonds at the interface
through the entanglement of polymer chains across the
interface.'® During the deposition of the molten strand,
the previously deposited strand cooled to different
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temperatures over time. In the weld lines, the tempera-
ture affects molecular chain diffusion, which in turn
affects the fusion process and adhesion.'”'® The suffi-
cient thermal energy and longer weld time can form a
good interface between strands.’®?® Therefore, the con-
tact temperature of the weld zone plays an important role
in the formation of weld lines. The fusion of the semi-
crystalline thermoplastic during melt deposition is
governed by crystallization, which limits the interfacial
molecular diffusion.?! When semi-crystalline thermoplas-
tics such as polypropylene (PP) are printed via FFF, these
factors are especially crucial because they determine the
crystallization behavior, the interfacial fusion, and ulti-
mately determine the mechanical properties.*>*

Recently, extensive related studies exist for describing
the influence factors on mechanical properties.”*2° The
researches focused on the machine parameters such as
the nozzle temperature,*’ the filling density,*® raster ori-
entation® and bed temperature,®® which are related to
the porosity, crystallinity, and mechanical properties of
the printed parts. However, the effects of contact time
spans on the properties of 3D printed parts have not been
exhaustively studied yet. This effect is especially impor-
tant, as it can optimize the properties of weld lines and
design of various geometry of the components man-
ufactured by FFF.

In this work, we printed a special triangle specimen
aiming to explore the effect of time spans and printing
paths on the morphology and mechanical properties.
And the local temperature profiles are measured to reveal
their influence on the contact temperature. Further, the
micro-tensile strength of samples with different dimen-
sions was studied to obtain the relationship between con-
tact temperature and properties.

2 | MATERIAL AND METHODS

Isotactic polypropylene PP HD 120MO (Borealis GmbH,
Burghausen, Germany) with a melt flow rate (MFR) of
8 g/10 min (230°C, 2.16 kg), and the weight-average
molecular weight (Mw) of 365 kg/mol, was used in this
study. From the pellets, PP filaments with a diameter of
d = 2.8 + 0.05 mm were fabricated via a single screw
extruder (EX6, Filabot, Barre, USA). The barrel tempera-
tures for fabricating filaments were selected as
40/130/200/195°C from the hopper to the die. The screw
speed was set at 6 rpm.

Two geometries of specimens, namely triangular-
shaped specimens (Figure 1la) and cubic specimens
(Figure 1b) with specific dimensions, were processed in an
FFF 3D printer (Ultimaker 3, Ultimaker B.V., Netherlands)
with the printing parameters summarized in Table 1. The

idea to print a triangular specimen is based on the hypoth-
esis that the time to contact between two deposited strands
in one plane but also between the planes determines the
contact temperature (welding temperature) and thus the
morphology and ultimately also influences the mechanical
properties in y- and z-direction (perpendicular to the print-
ing direction). The cubic specimens were printed in order
to be able to mechanically characterize specimens with dif-
ferent contact times in a simple way.

To avoid warping, the first layer of specimens was
printed with a brim on a PP tape (Tesa 64,014). For com-
parison, injection molded (IM) plates were prepared
using the same PP. The temperature for injection mold-
ing was set from 170°C near the hopper to 190°C at the
nozzle. The mold temperature was 40°C and the injection
rate was 10 cm/s.

Printing was started at the coordinate origin (x = 0,
y = 0) and the triangular specimen was built up layer by
layer along the meandering path drawn in Figure 1a from
the longest side (hypotenuse) to the apex of the triangle.
In a section along the plane of symmetry, the areas of
confluence between adjacent strands were numbered
from I to X. The associated distances traveled (Al) and
time spans to contact (At) were calculated according to
Equations (1) and (2) and listed in Table 2.

Li L
Ali=— 1
=T 1)
Al;

where i is the length of the strand, [, is the length of
the adjacent strand, and v is the printing speed.

To investigate the morphology, the prepared A-A cross
section of triangular-shaped samples were cut by a rotation
microtome (Hyrax M 25, Carl Zeiss, Microlmaging GmbH,
Jena, Germany) equipped with a steel blade and then
chemically etched in a chemical solution, which contained
potassium permanganate, sulfuric acid and phosphoric
acid*** The chemically etched surfaces were then
inspected using an optical microscope (OM) (Nikon
ECLIPSE LV100POL, Nikon GmbH, Diisseldorf, Germany).

The thermal properties of the printed samples were
analyzed under a 50 ml min~ ' nitrogen gas flow using a
differential scanning calorimetry (DSC Q20, TA Instru-
ments, USA). The investigations were performed from
40 to 200°C with a heating/cooling rate of 10°C/min. The
degree of crystallinity X, for the PP phase was deter-
mined by using the following equation:

AHp,
AH:

m

X.= x 100% (3)
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FIGURE 1

Schematic illustration of sample preparation; (a) triangular-shaped specimens, (b) cubic specimens. The strands were

numbered from 1 to 11 and the fusion line (interface area) between two adjacent strands were numbered from I to X [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 1 Summary of the 3D printing parameters of all specimens
Nozzle
temperature (T},,)
Sample °C
T, =200°C 200
T, = 220°C 220
T, = 240°C 240
TABLE 2 Summary of the Case
calculated values for the fusion line of
two adjacent strands Al
At

Platform Printing Layer

temperature (T,) speed (v) thickness (L)

°C mm/s mm

60 60 0.1

60 60 0.1

60 60 0.1

I 1I 111 v A% VI VII VIII IX

95 85 75 65 55 45 35 25 15
1.58 1.42 1.25 1.08 0.91 0.75 0.58 0.42 0.25

where AHy, is the measured melting enthalpy, and AH:,
is the theoretical specific enthalpy of completely crystal-
lized PP (207 J/g) according to Van Der Wal et al.>

Infill
%

100
100
100

X
7.5
0.125

During the FFF process, the temperature evolutions
as a function of printing time were measured using an
ultra-thin K-type thermocouple with 0.1 mm diameter,

Wouy pepeojumod ‘v 220z '829v.60T
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which was embedded at the height z = 0.2 mm after
printing the second layer during the printing processes.
The temperature data were recorded and analyzed
through a high-frequency analog-digital converter
(1000 Hz), amplifier and software Labview 9.0.

For preparing the tensile specimens, inter-strand thin
sections of the xy-plane with a thickness of 30 pm were
cut by a rotation microtome from the middle part of the
cubic specimen as shown in Figure 1b. The tensile testing
direction (y-direction, cf. Figure 1b) was perpendicular to
the printing direction, which means the inter-strand
strength dominates the tensile strength. Micro-tensile
tests of the thin section samples (Figure 1b) were con-
ducted on a micro-tensile machine (Kammrath & Weiss
GmbH, Dortmund, Germany). The crosshead speed was
set at 20 pm/s for stretching with the aid of a template.
Meanwhile, the mechanical deformation of the sample
was recorded by a charged-coupled device (CCD) camera
of an optical microscope.

3 | RESULTS AND DISCUSSION

3.1 | Supermolecular morphology

The morphology of a chemically etched cross-section of
the printed triangular-shaped specimen (cf. Figure 1a, cut
A-A) is shown in Figure 2. First of all, it is noted that ver-
tical welds, i.e., inter-strand welds are formed between
two overlapping adjacent strands in a layer. In the
images, it is clear that the vertical welds are less sharp
from left to right, i.e., from the long to the short time
spans. Considering the finding of Ref. 18, the invisible
weld line revealed a higher interfacial diffusion depth,
thus, significantly elevated properties. It is indicated that
the diffusion depth is considerably increasing with the
decrease of the time spans. In addition, the vertical welds
are more sharply defined for the sample with a lower
nozzle temperature than for the sample with a higher
nozzle temperature.

Applied Polymer wiLEy- L+

A close view of the morphology shows the oriented
supermolecular structures, which are formed at the weld
region and perpendicular to the weld line (Figure 3).
The oriented structure along the vertical weld lines
appeared predominantly in specimens printed with
lower nozzle temperature, such as observed in the speci-
men T, = 200°C (Figure 3a), by a mechanism as
described in Ref. 20. In contrast to this, in the specimen
T, = 240°C (Figure 3c), a less oriented supermolecular
morphology is observed along the vertical weld lines. It
implied that interfacial merging at the weld lines might
be better achieved between strands at higher nozzle
temperatures.

3.2 | Thermal analyses
Figure 4 shows the plots of the first heating curves of the
DSC measurements for the samples with different fusion
lines. The crystallinity has been calculated using
Equation (3), and the results are presented in Table 3. It
appears that all specimens apart from case V demonstrate
double peaks of p-phase at 145°C (p-modification*>°)
and 155°C (p'-modification due to recrystallization’®).
During the DSC measurements, p-o recrystallization
might be occurred.®

For any given case, the melting enthalpy of
B-crystals is much higher in PP processed at a lower
nozzle temperature. The degree of crystallinity (X.) is
slightly lower in the specimen with the lower nozzle tem-
perature. However, the X, is less sensitive to the time
spans in the 3D printed specimen. And it is important to
point out that the enthalpy of f-phase of short time spans
is higher than that of the long-time spans. It can be con-
cluded that the time spans and nozzle temperature play
an important role in the morphology and crystallization
behavior, which are presumably due to the complex tem-
perature history during the process.?” Therefore, the local
temperature profile during printing is discussed in the
following.

WL IX X

FIGURE 2
of polypropylene (PP) specimen

Optical micrographs

cross-section surface (cut A-A)

(@) T, = 200, (b) T, = 220 and

(c) T, = 240 °C. the printing
sequence is from I to X. the printing
direction is along the x-axis [Color
figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Optical micrographs of cross-section (cut A-A) at fusion line (1) V and (2) X of specimens (a) T,, = 200, (b) T, = 220 and
(c) T, = 240°C. the printing direction is along the x-axis [Color figure can be viewed at wileyonlinelibrary.com]

3.3 | Temperature investigations

Figure 5 shows the temperature profiles of different loca-
tions at the height z = 0.2 mm of the triangular-shaped
specimen. The temperature profile of the print strand
(Sp,1) of 100 mm was shown by the first blue line. In this

profile, t = 0 s refers to the time when the strand was
deposited directly above the position, where the thermo-
couple was fixed. Once deposited, the strand cools to a
temperature Tgep; during the time Aty before the deposi-
tion of a new adjacent strand. As the next strand of
90 mm is deposited with the extrusion temperature Tex 2,
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the hot strand transfers heat partially to the neighboring
strands previously deposited. In addition, inter-strand
interfaces are formed. Therefore, according to the

T 7o

o - il é '\‘:\.
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FIGURE 4 Differential scanning calorimetry (DSC) curves of
the polypropylene (PP) specimens on the different process
conditions (nozzle temperature/interface case) [Color figure can be
viewed at wileyonlinelibrary.com]
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temperature profile, contact temperature Tcon; Was cal-
culated by

Tcont,i = (Tdep,i + TeXt,i) /2 (4)

When the material flow is deposited on the short paths
(5 mm), the previous strand (10 mm) is still semi-
melting,”® as shown in Figure 5 with Tgep,10 of 148.2°C.
Whereas Tqep,1 of 100 mm strand is 77.1°C. It can be seen
that Tq4ep; depends on At; between the deposition of the
adjacent strands. A prolonged time spans is associated
with the length of the printing path and the printing
speed, as shown in Table 2. Therefore, the length of the
printing path through the time spans affects the Tgep;
and consequently the T¢ont ;-

The influence of the time spans on the contact tem-
perature is illustrated in Figure 6. Firstly, increasing the
nozzle temperature shifts all of the temperature profiles
upwards, resulting in higher crystallinity. The result
shows that the contact temperature increased with the
decreasing time spans, which can be revealed that more
heat is transferred to the weld interface between the part
with short time spans, resulting in the invisible weld lines
(Figure 3) agreeing well with Ref. 32. It can be inferred
that the specimen of shorter time spans has a higher

TABLE 3 The degree of

. T, = 240°C T, =200°C - .
Process condition crystallinity (X.) and the melting
Locations \'% VIII IX A% VIII X enthalpy of p-phase (AHp_phase) Of the
Xe, % 4224 4258 4249 4012 4203 4209 PP specimenson the different process
conditions (nozzle temperature and
AHpphase I/g = 2.33 4.59 0.12 4.70 518

Abbreviation: PP, polypropylene.

250

200

interface case)

s >
t_b >
Temperature, °C
=
(9]
o

100

50

FIGURE 5 Temperature profiles as a function of time of specimen with the nozzle temperature 200°C [Color figure can be viewed at

wileyonlinelibrary.com]
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diffusion depth of the interface, which exerts a positive
influence on the bonding strength.

3.4 | Mechanical properties

To analyze the influence of the time spans on inter-
strand bonding properties, micro-tensile tests were per-
formed. In Figure 7, the influence of the time spans on
the tensile strength can be detected. It can be seen that
the cubic specimens with shorter time spans have a
higher bonding strength. In practically, the specimens
with a time span of 0.125 s were up to 32.1% and 18.7%

200
-A-T,=200°C
O -G T,=220°C X
g 180 -3 T,=240C _——
+— /
o o 4
o vi L=,
# ’
g 160 s e
'] v - "
8 poonomv BT 5 A
S B-g-8--8-10 -7 ?
© 140 o--0--9© &
[Ep=-i2F™ A=A
A,_.A-—A—'_A—"A
120
1,6 1,2 0,8 0,4 0
At, s
FIGURE 6 Contact temperatures as a function of time spans of

specimen with different nozzle temperatures [Color figure can be
viewed at wileyonlinelibrary.com]

(a) E M T,=200°C B T,=240°C
45
©
[a
=
<
+ 30
C
2
°
2 15
2
0
0,42
At, s
FIGURE 7
wileyonlinelibrary.com]

higher than those with the time span of 0.91 s and IM PP,
respectively. And the difference is also discernible in the
elongation at break. Besides, the 3D specimen with a
shorter time span exhibits a significantly higher tough-
ness compared to the specimen with a longer time span,
as shown in Figure 7b. The higher toughness can be
attributed to the improved inter-diffusion of the specimen
under short time span and thus higher contact tempera-
ture, which was revealed by the development of
micro-crack along with the entire specimen during the
micro-tensile tests (Figure 8). The 3D printed samples
processed at the longer time span and thus lower contact
temperature display significantly crack initiation in the
welded joint between the strands (Figure 8b), whereas
the one at the shorter time span with higher contact tem-
perature appears clearly visible plastic deformations
(Figure 8c). The higher deformation capacity (Figure 8c)
is due to improved interdiffusion during material coales-
cence and a smoother transition between the inner strand
material and the weld zone at a short time period and
thus higher contact temperature compared to Figure 8b.
Although the strength level under optimum processing
conditions is comparable to that of the IM specimens, the
printed specimen deforms inhomogeneously, i.e., the
deformation is triggered and mainly concentrated in
the inter-strand weld zones while it is homogeneous in
the IM specimens (Figure 8a).

The plot of the tensile strength as a function of the
contact temperature in the weld area of 3D printed sam-
ples provides attractive results, as shown in Figure 9. As
is seen, the tensile strength of 3D printed PP exhibits a
quasi-enhancing tendency with increasing contact tem-
perature. When the contact temperatures are above the
melt temperature of PP 160°C, a plateau of high tensile

(b) T,=200°C B T ,=240°C

D
o

N
o

Elongation at break, %
N
o

0,91

Comparison of (a) tensile strength and (b) elongation at break of thin sections [Color figure can be viewed at
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FIGURE 8

Optical micrographs of the polypropylene (PP) inter-strand slices during the micro-tensile tests at elongation of 2%, 20% and

40%. (a) Injection molding plate and 3D printed specimen with different process conditions: (b) 200/V (c) 240/IX (nozzle temperature/

interface case) [Color figure can be viewed at wileyonlinelibrary.com]

40
£ 3 + ++ 7 +
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o 30
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= A T, ,=200°C
S 25
= m T,=240°C
20
120 140 160 180 200
Contact temperature, °C
FIGURE 9 Tensile strength as a function of contact

temperature of the specimen with different nozzle temperatures
[Color figure can be viewed at wileyonlinelibrary.com]

strength can be observed. In order to obtain higher inter-
face strengths, the contact temperature is close to the
melting temperature of PP, which enables at least short-
term melting of the weld areas.>

4 | CONCLUSIONS

The work represents an experimental investigation of the
effect of the local contact temperature (as a result of a
combination of nozzle temperature and time span
between the previous and the currently deposited strand)
on the morphology, crystallization, and thus inter-strand
strength of 3D printed test specimens.

1. The supermolecular structure in the cross-section of
the printed specimens revealed by chemical etching
shows that shorter time spans between strand contact
produce less pronounced weld lines.

2. At the same nozzle temperature and shorter time to
contact between two deposited strands, this contact
occurs at a higher temperature.

3. Microtensile tests showed that both the tensile
strength increases with increasing contact tempera-
ture and reaches a constant level in the range of the
melting temperature of the material, and that crack
initiation in the welded joint between the strands
decreases significantly with increasing contact
temperature.
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Overall, it was thus possible to demonstrate that PP
components can be produced at injection molding level
with FFF if the right printing design is selected. Further
investigations, in conjunction with thermal simulations,
should show how other parameters, such as platform
temperature, layer height, throughput, etc., affect the
contact temperature, and thus ultimately the mechanical
properties. If these relationships are known, the slicing
strategy can be modified for a given component design so
that the mechanical performance potential of the mate-
rial can be fully exploited.
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