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The mechanical properties of the parts produced using fused filament fabrication (FFF) strongly
depend on the adhesion strength between beads (Fa), which substantially depends on the temperature
of the polypropylene (PP) beads during their deposition. In this work, the temperature of the beads was
controlled through the adjustment of the nozzle temperature (Tn) and the manufacturing chamber

temperature (Tch) in order to control respectively the PP temperature at the nozzle end and the cooling
of the PP beads after their deposition. SEM observations revealed an improvement of the coalescence
between overlayed beads of different layers and between adjacent beads in the same layer with the
increase in Tn. The increase of Tch promotes mainly the coalescence between adjacent beads within
the layer. These observations were confronted with uniaxial tensile tests based on a Mode III fracture
experiment allowed quantifying the influence of Tn and Tch on the adhesion strength between
overlayed beads of different layers. Results reveals a weak increase in Fa caused by the increase in the
manufacturing chamber temperature from 80 to 100°C, while an increase in the nozzle temperature
from 170 to 180°C causes a 145% Fa increase. In the same time, this decrease in the manufacturing
chamber temperature causes an important increase in porosity and a substantial decrease in the
adhesion strength between layers.

KEYWO rds: additive manufacturing, polymer, bead adhesion, structure, porosity

1. Introduction

Industrial interest in fused filament fabrication (FFF) has been growing because the process can
manufacture parts with relatively little time, money and effort. Many parts can be produced using FFF,
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such as functionalized, personalized, and/or lightened objects, prototypes, proofs of concept, or end-
use products. These parts can be used in a wide range of applications, such as the transportation
industry, sports, or education [1, 2].

Nevertheless, FFF seems to be less efficient than common processes, such as injection moulding, for
manufacturing parts with strong mechanical properties [2, 3]. For example, manufacturing a part using
FFF instead of injection moulding causes a decrease in tensile strength at break of approximately 12%
in the case of acrylonitrile butadiene styrene (ABS) [4] and approximately 60% in the case of
polyether-ether-ketone (PEEK) [5]. In the same way, the impact strength of ABS parts is 80% lower
than that of injected parts [4-8]. The mechanical properties of a part strongly depend on its structure,
particularly its intrinsic porosity. An injected part is fully dense because of high pressure applied to
molten material during the process, while a high level of porosity is often observed in FFF parts
[3,9,10]. The FFF process consists of stacking polymer layers to form a 3D part previously designed
with computer aided design (CAD) software. Each layer is composed of polymer beads deposited in
the molten state beside the other beads. The cylindrical geometry of the beads causes the formation of
pores inside the FFF part. [11]. Several authors tried to reduce the porosity of FFF parts with
optimization of process parameters [10,12—14]. Gajdos et al. [15] revealed a 2% porosity decrease in
ABS parts using a 5°C increase in chamber temperature, while Zekavat et al [12] showed a 10%
decrease in porosity by increasing the nozzle temperature from 180°C to 260°C to manufacture PLA
parts. Increasing temperatures (nozzle and chamber) promotes polymer chain diffusion between beads
and thus their coalescence, which is a fundamental phenomenon affecting the residual porosity in the
part.

Mechanical properties of FFF parts are strongly governed not only by the intrinsic porosity but also by
the adhesion strength between beads (Fa). In the literature, authors have shown the dependence of Fa
on process parameters, such as the bead deposition strategy or nozzle temperature [4,16,17]. Davis et
al. [17] measured an Fa between two ABS beads at 5 N.mm™' with a nozzle temperature of 210°C, and
it was found to be equal to 25 N.mm"' with a nozzle temperature of 250°C. At a low nozzle
temperature, polymer chains do not have sufficient mobility to diffuse effectively across the interface,
leading to a form of low Fa. As the nozzle temperature increases, reptation and entanglement of
polymer chains are promoted across the interface because of a chain diffusion increase. As a result, the
Fa4 is strongly increased. Yin et al. [18] also studied the influence of process parameters (temperatures
and velocity) on Fa for two polymers (thermoplastic polyurethane (TPU) and ABS). Increasing the
building velocity from 8 to 12 mm.s™' causes a 6% Fa increase, while increasing the temperature of the
build plate from 30°C to 68°C causes an 88% Fj increase. With a high build plate temperature, the
cooling of molten polymer is reduced, favouring coalescence. Promoting coalescence is a key point for
optimizing Fa because it favours the diffusion of polymer chains and increases the contact surface
between beads. Therefore, promoting coalescence is a key point for optimizing mechanical properties
of FFF parts because it increases Fa and decreases the intrinsic porosity.

We believe that no work has studied Fa in an FFF part composed of polypropylene (PP), while
production of PP parts using FFF has been generating industrial interest in many fields, such as
automotive, aeronautics and medical applications [22-31]. Indeed, PP is highly competitive compared
with other polymers because of its great advantages, such as a low density, high impact strength,
chemical and thermal resistances, diversity, recyclability and low cost [25]. Moreover, the literature
has clearly revealed the importance of the nozzle temperature on Fa, but the influence of the
manufacturing chamber temperature is not well understood. The objective of this work is therefore to
study the influence of the nozzle temperature and manufacturing chamber temperature on Fa in parts



made of PP produced with a manufacturing machine equipped with a thermally regulated
manufacturing chamber.

2. Experimental section

2.1. Materials

In this study, a polypropylene, grade MR1IOMMO (Total, France) was used. The chosen grade is
characterized by a density of 0.902 g.cm™ and a melting temperature of 131°C.

2.2.Process

Each sample studied in this work was made using a Freeformer additive manufacturing machine
(Arburg, Germany) equipped with a thermally regulated manufacturing chamber. The machine
combines injection and FFF technologies. Indeed, polymer pellets are loaded into a hopper that feeds a
plasticization unit comprised of an injection screw placed in a heated barrel. Hence, polymer pellets
are melted, sheared and carried to a discharge unit. The discharge unit is comprised of a high-
frequency piezo actuator (145 Hz) coupled with a needle at the nozzle end (Figure 1a). Theoretically,
the high frequency of the opening/closing cycle of the nozzle end causes a discharge of discontinuous
droplets of molten polymer. In practice, the nozzle is never completely closed because of molten
polymer viscoelasticity and the high frequency of the piezo actuator. Hence, deposited droplets are
connected (Figure 1b) so that deposited material can be described as a bead, similar to what is
observed for the FFF process. The droplet volume is controlled by pressure applied to the molten
polymer by the screw and by a high frequency opening/closing system. In this study, the pressure and
frequency were kept constant to maintain a constant droplet volume whatever the process parameters.
Beads are deposited onto a build plate moving in the x- and y-directions. Once the current layer is
finished, the build plate is lowered (z-direction) and the next layer begins.
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Figure 1: a) Scheme of a plasticization unit in the Freeformer machine [32]. b) SEM images of beads produced by the
Freeformer machine

Piezo actuator
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2.3. Sample preparation

The dimensions of the rectangular parallelepiped CAD model used to manufacture the samples are
x=0.66 * y=150 * z= 6 mm (Figure 2a). The samples are constituted by 2 beads in x directions and by
22 layers in z directions. The layer thickness was fixed at 0.27 mm. Three nozzle temperatures
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(Tn=170°C, Tn=175°C and Tn—180°C) and two manufacturmg chamber temperatures (Tch—80°C and
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Figure 2: Schematic representations of sample bead deposition

2.4. Measurement of the inter-bead adhesion strength
The inter-bead adhesion strength was determined using the Mode III “trouser tear” fracture experiment
(Figure 3b) according to ASTM D1938 standard [33] (Figure 3c). The Mode III fracture is particularly
adapted to measure Fa because it generates local tearing adapted to thin and flat samples, such as
pressed sheets or films.

The previously manufactured samples were precisely notched under a microscope between the 11"
and 12™ layers (Figure 3a) corresponding to the half-height of the sample. Sample part B was then
clamped in the bottom pulling jaw of a uniaxial tensile test machine Lloyd LR50K, while sample part
A was clamped in the top pulling jaw (Figure 3b).
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Figure 3: Protocol used to measure the adhesion strength. a) Location of the incision performed between the 11" and 12™
layers. b) Typical testing configuration of a sample during a measurement. c¢) Photograph of tests performed with a uniaxial

tensile test machine.

The adhesion strength, corresponding in these conditions to the strength needed to delaminate two
adjacent layers, was measured with a 1 mm.s' displacement speed at a 100 mm sample distance with a
100 N load cell. The sample untorn part remained orthogonal to the load direction during all tests,
without any torsion or rotation (Figure 3c). The adhesion strength between beads (Fa) was considered
the average strength during the steady state crack propagation (Figure 4a). The measured Fa was
normalized either by the sample thickness (ts) or by the inter-bead contact length (t.) (Figure 4b). The

resulting normalized adhesion strengths were respectively denoted ox and ca (Equations 1 and 2).

F .
oy = t—? Equation 1

F .
= t—A Equation 2
cl

The adhesion strengths were measured in 6 reproducible tests (Figure 4a).
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Figure 4: a) Typical curve obtained during an inter-bead adhesion strength measurement and b) a schematic representation

of the sample structure.



2.5. Measurements of the sample thickness and distance between beads (contact
length)

Samples were first cryofracturized under liquid nitrogen following the XZ plane (Figure 3a). A cross
section of the samples was gold metallized using an Agar Scientific sputter coater B7340 (United
Kingdom) for 30 s with a 30 mA intensity and a vacuum lower than 0.03 mbar. The sample cross
section was observed using a scanning electron microscope (SEM) JEOL NeoScope II JCM-6000
PLUS (Japan). The contact length and sample thickness were measured on resulting SEM images
using Image] software. The average contact length and sample thickness were calculated from at least
5 measurements performed on 3 samples per process condition.

3. Results and discussion

3.1. Influence of the process parameters on the sample structure
The variation in the nozzle temperature (Tn) and manufacturing chamber temperature (Tch) is
supposed to modify the structure of FFF parts. Therefore, the cross section of each manufacturing
sample was observed using an SEM (Figure 5).

Tn=170°C-Tch=100°C

Figure 5: SEM images of sample cross sections manufactured with several process parameters (blue lines show examples of
contact length and green lines show examples of sample thickness): a) Tn=170°C, Tch=100°C, b) Tn=175°C, Tch=100°C, c)
Tn=180°C, Tch=100°C, and d) Tn=170°C, Tch=80°C.

The sample thickness (ts) and contact length (t.) were determined on SEM images and plotted as a
function of the nozzle temperature and manufacturing chamber temperature, as shown on Figure 6. A
comparison between the sample thickness and contact length is an indicator of sample porosity. A
contact length smaller than the sample thickness is associated with a porous sample, while an equality
between the two distances indicates a fully dense sample (Figure 5b).
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Figure 6: Bar plots of the contact length and sample thickness against the nozzle temperature (a) and manufacturing
chamber temperature (b). The red dashed line represents the sample thickness (660 um) as set in the software.

The SEM images and contact lengths shorter than the sample thickness for each manufactured sample
reveal a high intrinsic porosity level in manufactured samples. This result is in good agreement with
the literature in the case of ABS and PLA parts made using FFF [10,12,16,17,34-36].

Figure 5 and Figure 6 also reveal the strong effects of the nozzle and manufacturing chamber
temperatures on sample structure. Increasing the manufacturing chamber temperature from Tch=80°C
to Tch=100°C causes a drastic reduction in the sample porosity (Figure 5), a decrease in sample
thickness and an increase in contact length. Indeed, molten PP beads were cooled at a lower rate from
the nozzle temperature (Tn=170°C) to the manufacturing chamber temperature Tch=100°C than to
Tch=80°C. The lower cooling rate promotes coalescence between beads and results in a higher contact
length. It also decreases the sample thickness and porosity.

Increasing the nozzle temperature from 170°C to 180°C causes a significant reduction in sample
porosity (Figure 5) and an increase in sample thickness and contact length (Figure 6). Increasing the
nozzle temperature increases the molten PP temperature and therefore decreases its viscosity. The
mobility of PP polymer chains is therefore increased, promoting coalescence. Moreover, molten PP
beads fit the surface roughness of the previously deposited layer, leading to a reduction in sample
porosity. However, decreasing the PP viscosity also favours wall creep during the fabrication of the
layer. PP beads spread and flatten onto the previously deposited layer until their solidification, leading
to an increase in sample thickness.

3.2. Influence of the nozzle temperature on adhesion strength
The influence of the nozzle temperature on adhesion strength was studied using a uniaxial tensile test
machine. The resulting curves illustrating traction strength versus elongation displacement for three
nozzle temperatures and one constant manufacturing chamber temperature (Tch=100°C) are plotted in
Figure 7.
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Figure 7: Curves illustrating traction strength versus elongation for samples manufactured with three nozzle temperatures
(Tn=170, 175 and 180°C) and a constant manufacturing chamber temperature (Tch=100°C). Dashed lines represent the
average inter-bead adhesion strength in samples.

Each curve shows two different parts: a transient and a stationary state. The stabilization of the
strength needed to propagate the tearing is associated with the transient state, while the stabilized
strength needed to propagate the tearing is associated with the steady state. Because the sample
thickness and contact length were affected by the nozzle temperature, adhesion strengths normalized

by the sample thickness (gy) and by the contact length (o4) were calculated from the steady state and
plotted in Figure 8.
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Figure 8: Adhesion strength normalized by contact length (o) and sample thickness (on) as a function of nozzle temperature.

The adhesion strength normalized by sample thickness (gy) corresponds to the real strength needed to
separate two adjacent layers, while the adhesion strength normalized by contact length (gy)
corresponds to the strength needed to separate two adjacent layers of a supposedly fully dense sample.
As expected, g, is higher than o because each studied sample is porous. The gap between g, and gy
decreases with increasing nozzle temperature because of a part porosity decrease. Indeed, increasing
the nozzle temperature decreases the PP viscosity, which promotes coalescence and decreases
porosity. (Figure 5a, b and c).

Figure 8 also reveals the strong dependence of the normalized adhesion strength on nozzle
temperature: a higher nozzle temperature causes a higher adhesion strength. For a high nozzle
temperature, the viscosity of molten PP is low (mobility of polymer chains is high), and the kinetics of
coalescence is therefore fast. As a consequence, a large interphase must be created between beads
before their solidification, which promotes the adhesion strength. In contrast, at lower nozzle
temperatures, the viscosity of molten PP is high (mobility of polymer chains is low), and the kinetics
of coalescence is therefore slow. As a consequence, a low interphase between adjacent beads must be
created before their solidification, which decreases the adhesion strength.

3.3. Influence of the chamber temperature on the adhesion strength
The influence of the chamber temperature on the adhesion strength was also studied using a uniaxial
tensile test machine. The resulting curves illustrating tensile strength versus elongation for two
manufacturing chamber temperatures (Tch=80°C and Tch=100°C) and a constant nozzle temperature
(Tn=170°C) are plotted in Figure 9.
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Figure 9: Curves illustrating traction strength versus elongation obtained on samples manufactured with two manufacturing
chamber temperatures (Tch=80°C and Tch=100°C) and a constant nozzle temperature (Tn=170°C). Dashed lines represent
the average adhesion strength in the samples.

Because the thickness and contact length were affected by the nozzle temperature, the adhesion
strengths normalized by sample thickness (o) and contact length (g4) were calculated from the steady
state and plotted in Figure 10.
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Figure 10: Adhesion strength normalized by the contact length (oa) and sample thickness (on) as a function of the
manufacturing chamber temperature.

Figure 9 reveals a weak dependence of the adhesion strength on the manufacturing chamber
temperature. Increasing the manufacturing chamber temperature slightly increases the adhesion
strength. In this work, the adhesion strength was measured in the XZ plane (Figure 3). In other words,
the adhesion strength was measured between overlayed beads constituting two layers. However,
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34.

Figure 9 does not provide any information on the adhesion strength between two adjacent beads in the
same layer (XY plane).

Comparison of the influence of the nozzle and chamber temperatures on the adhesion
strength

The nozzle temperature and manufacturing chamber temperature affect the structure of the part
differently. According to the SEM images (Figure 5), the nozzle temperature greatly affects the
contact length between overlayed beads of different layers (XZ plane) and adjacent beads in the same
layer (XY plane). As explained in section 4.2 (Influence of the nozzle temperature on the adhesion
strength), an increase in the nozzle temperature causes a cascade of events: a decrease in molten
polymer viscosity, an increase in the kinetics of coalescence, an increase in the contact length, a
decrease in the porosity and finally an increase in the adhesion strength. Because molten beads are
deposited next to adjacent beads (XY plane) and overlayed on the previous layer (XZ plane), this
cascade of events occurs in the XY (same layer) and XZ planes (different layers). Moreover,
increasing the molten polymer temperature must favour the surface melt of the adjacent and overlayed
beads, promoting coalescence and therefore increasing the adhesion strength in the XY and XZ planes
(Figure 11).

The manufacturing chamber temperature substantially influences the contact length between adjacent
beads in the same layer (XY plane). Indeed, the chamber temperature affects the cooling rate of the
deposited beads. At a higher chamber temperature, a lower cooling rate for the beads delays the
solidification of the polymer, leaving more time for coalescence. Considering the deposition pathway
(Figure 11), a molten bead is deposited next to a “warm” one (same layer) and on a “cold” one
(previous layer). Therefore, increasing the temperature of the manufacturing chamber promotes
coalescence between two adjacent beads in the same layer. However, it does not substantially affect
coalescence between the overlayed beads of consecutive layers. These results are in good agreement
with the adhesion strength measured between adjacent layers (Figure 8 and Figure 10).

A schematic representation of the influence of the nozzle and chamber temperatures is proposed in
Figure 11.

d Tch=80°C Tch=100°C Tch=100°C
Th=170°C Th=170°C ; Tn=180°C

Thermal gradient

Cold
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[
T, AA: - A inter-beads contact length
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Figure 11: Schematic representation of the influence of the nozzle and manufacturing chamber temperatures on the bead
temperature (a) and on the contact length in the XY plane (b).
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Unfortunately, the protocol used in this study does not allow for measuring the adhesion strength
between adjacent beads of the same layer (XY plane). Indeed, making the incision under the
microscope between two adjacent beads constituting the same layer is very difficult and cannot
provide any reproducible results using the type of sample manufactured in this work. Samples with a
different geometry would have to be manufactured to study the adhesion strength between adjacent
beads in the same layer.

4. Conclusion

The mechanical properties of the part produced by molten polymer deposition additive manufacturing
strongly depend on its residual porosity and on the adhesion strength. In this work, the influence of
nozzle temperature and manufacturing chamber temperature on the adhesion strength between PP
beads constituting two overlayed layers was studied. Increasing the nozzle temperature causes a
decrease in molten polymer viscosity, which favours coalescence, leading to an improvement in the
contact between two overlayed beads of different layers. As a result, it greatly increases the adhesion
strength between layers. Moreover, a higher nozzle temperature also increases the contact length
between adjacent beads (same layer) because of the same phenomenon. Increasing the manufacturing
chamber temperature has a slight effect on the adhesion strength between layers. Even if an increasing
manufacturing chamber temperature causes a decrease in the cooling rate of the beads, considering the
deposition pathway, beads are deposited on a “cold” layer, which negatively influences coalescence
between overlayed beads. Considering a layer fabrication, beads are deposited next to “warm”
adjacent beads (same layer), promoting coalescence. As a result, the contact length between two
adjacent beads is increased, which must also increase the adhesion strength.

Thus, increasing the nozzle temperature must be recommended to substantially increase the part
mechanical properties. However, special attention should be paid to creep phenomena and to polymer
chains degradation associated with a too high nozzle temperature setting. The resulting tendencies
shown in this work could be used for each molten polymer deposition additive manufacturing process
(FFF, AFP, etc.) using any thermoplastic polymer. It also demonstrates that the use a thermo-regulated
manufacturing chamber is essential for obtaining a high-quality part from semicrystalline polymers in
general and PP in particular. Decreasing the manufacturing chamber temperature from 100°C to 80°C
for PP causes an important increase in porosity and to a substantial decrease in the adhesion strength
between layers. This study provides the first evidence of the necessity of using a high manufacturing
chamber temperature to obtain high quality parts. An optimized manufacturing chamber temperature
will depend on the polymers used. One can suppose that this temperature must be above the glass
transition temperature for amorphous polymers and near the crystallization temperature for
semicrystalline polymers.
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