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Study of Bonding Formation between the Filaments

of PLA in FFF Process

Fused filament fabrication (FFF) is an additive manufactur-
ing (AM) process that provides physical objects commonly
used for modeling, prototyping and production applications.
The major drawback of this process is poor mechanical prop-
erty due to the porous structure of final parts. This process re-
quires careful management of coalescence phenomenon. In
this paper, the major influencing factors during the FFF pro-
cessing of poly(lactic acid) (PLA) were investigated experi-
mentally and with a numerical model. It has been shown that
the polymer temperature has a significant effect on the rheo-
logical behavior of PLA, especially on the adhesion of the fi-
laments. An experimental set-up has been placed in the ma-
chine to have the cyclic temperature of the filament. A
variation of the polymer temperature influences process pa-
rameters such as feed rate, temperature of the nozzle and tem-
perature of the platform. The results showed that the amount
of polymeric coalescence (neck growth) rises when increasing
the feed rate, the nozzle temperature, and the platform tem-
perature. A model to predict the neck growth is proposed. It
predicts a lower amount of neck growth value than obtained
experimentally. This difference has been explained as the ef-
fect of other phenomena, such as polymer relaxation time,
pressure of the nozzle and especially cyclic temperature
which is not taken into account in the model.

1 Introduction

Fused deposition modeling (FDM) is an additive manufactur-
ing (AM) process in which a physical object is created directly
from a computer-aided design (CAD) model using layer-by-
layer deposition of a feedstock plastic filament material extrud-
ed through a nozzle. The advantage of FFF includes the ability
to produce complex geometrical parts using different materi-
als, especially biomaterials (Chia et al., 2015).

The surface quality has an important influence on the flow
field for FFF parts in aerodynamics applications. Porosity can
decrease the mechanical properties and consequently the dur-
ability and the reliability of the printed part. Improving the
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bonds between filaments will increase the density and then im-
prove mechanical properties. The aim of this paper is to study
the FFF parameters which influence the filament bonding.

The adhesion between two extruded adjacent filaments may
be considered as a well-known coalescence test, the coales-
cence depending on rheological and physical properties of the
material as viscosity, tension surface and relaxation time. The
rate of coalescence affects directly the quality of the final pro-
ducts and their mechanical properties (Muller, 2008). The air
between the filaments must be pushed out of the part during
the deposition of successive layers. The density of the material
will increase during this step of densification. Coalescence and
densification, also called sintering are the major phenomena in
the FFF process. Different authors have studied the sintering
phenomenon to predict the degree of bonding between polymer
filaments (Bellehumeur et al., 1998; Pokluda et al., 1997).

Li et al. (2003), Bellehumeur et al. (2004), Sun et al. (2008)
and Gurrala et al. (2014) investigated on coalescence process
and bonding formation of amorphous Acrylonitrile Butadiene
Styrene (ABS) filaments during the FFF process. They con-
cluded that under selected conditions, the coalescence phe-
nomenon has a significant effect on the bond formation. They
found that there isn’t sufficient time for full coalescence of
the filaments before complete solidification and hence only
partial neck growths appeared.

In the coalescence experiments, the polymer properties are
thermally driven and will be changed by changing the tempera-
ture of the polymer (Bellehumeur et al., 2004); on the other
hand, the FFF process parameters (temperature setting, feed
rate and etc) affect the polymer temperature. Sun et al. (2008),
Zhang et al. (2017) and Zhou et al. (2017) have experimentally
and numerically investigated the thermal behavior of filaments
during FFF process by using various polymers, temperature
measuring devices, and process parameters. Sun et al. (2008)
showed that temperature and variations in the convective con-
ditions within the building chamber have strong effects on the
thermal distribution and the overall quality of the bond strength
between ABS filaments. Zhang et al. (2017) concluded nu-
merically that temperature settings (temperature of printing
nozzle, temperature of heat plate and environment) are crucial
factors determining temperature variation. Control of tempera-
ture is important to reduce temperature gradient and layer
bonding strength. Zhou et al. (2017) indicated that PLA in an
hollow piece has the longest diffusion time at high nozzle tem-
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perature, high platform temperature, low printing speed, and
high layer thickness. However, despite the studies that have
been conducted on the coalescence of amorphous ABS during
the FFF process, there are no more studies of the coalescence
of semi-crystalline PLA during the FFF process. Studies of
the process parameters effect on the degree of polymer bonding
are not common. In the present study, PLA, which is a semi-
crystalline thermoplastic, is used. PLA is a biocompatible and
biodegradable polymer (Xiao etal., 2012) and has a large
range of uses. The objective of this study is to find the optimal
parameters of manufacturing by FFF to obtain a maximal bond
between the PLA filaments, which allow better mechanical
properties. The bond formation process between two filaments
can be modeled through coalescence. Finally, the surface ten-
sion was determined with a coalescence test and then used in
a modified model to predict the neck growth for FFF process.
This paper presents a preliminary study to give first results for
further work.

2 Material and Methods
2.1 Materials, 3D Printer and Specimen Preparation

The white PLA filament is used with a brand name RAL 9003
purchased from CKAB, Paris, France. The features of this
PLA are specific gravity of 1.24 g/cm?® and melt flow rate of
8 g/10 min at 473 K using the weight of 2.16 kg. The tensile
strength is 22.75 MPa at 296 K and flexural strength is
436.4 MPa at 296 K. DSC Q10V9.0, Build 275, from TA
Instruments, New Castle, UK, was used to determine the
melting point, glass transition and crystallization temperature,
the degree of crystallinity and the heat capacity. The used
polymer was analyzed at from ambient temperature to 453 K
with a heating rate of 5 K/min. The rheological behavior of
the PLA filament was studied using a rheometer MCR 502
from Anton Paar, Istanbul, Turkey. To prepare the required
samples for the parallel plate of the rheometer, PLA filaments
were cut off into short dimensions by a cutting machine and
were dried in a hotbox (Somos RDX2-27 from ProTec Poly-
mer Processing, Bensheim, Germany) at a temperature of
353 K for two days. The tests were performed at different
printing temperatures, under nitrogen atmosphere, in a plate-
plate configuration with a gap of 1 mm. A scanning electron
microscope (4800 SEM, Hitachi, Tokyo, Japan) was used to
investigate the value of neck growth between the filaments.
Figure 1 shows the results of the DSC test with a heating rate
of 5 K/min for PLA. The glass transition temperature, the
crystallization temperature and the melting temperature of
this test, respectively, are reported in Table 1. The PLA can
be coalesced between crystallization and melting tempera-
ture. This range is the most stable state in the context of the
thermodynamics. This meta-stable thermodynamic region of
the undercooled polymer melt is called “processing window”.
According to these results, PLA filaments can coalesce be-
tween 373 K to 423 K.

Figure 2 shows the evolution of PLA viscosity as function of
shear rate at different temperatures. In this test, the tempera-
tures are in the range recommended for printing (453 K and
493 K). The shear rate range varied between 0.01 and 10 s7!.

The shear rate during the process is very low, therefore the melt
polymer behaves like a Newtonian fluid. In the literature, was
considered that the polymer has a Newtonian behavior to mod-
el the ‘sintering rate’ (Bellehumeur et al., 2004).

By heating the polymer, certain intermolecular bonds (Van
der Waals bonds) will be destroyed and the PLA macromole-
cules get higher mobility; so the melted polymer can flow more
easily.
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Fig. 2. Evolution of PLA dynamic viscosity versus shear rate at differ-
ent temperatures



The values of the Newtonian viscosity at different tempera-
tures are presented in Table 2. By increasing the temperature
43 K, the PLA Newtonian viscosity decreases four times.

One can show using a regression method that the variation of
viscosity versus temperature follows an Arrhenius law. In fact,
the plot of In(n) versus 1/T with the experimental data (Ta-
ble 2) is a straight line with equation In(n) = 6.7255(1000/T) —
6.43 and R?=0.996. The slope gives the activation energy
E/R =6.7255 with E = 56 K J/mol and R = 8.314 J/mol K.

With this method, we can determine the required viscosity at
each temperature to determine the viscosity values in the coa-
lescence model. Temperature has an important effect on visc-
osity and thus on the bonding of the filament (Sun, 2005). It
will be a sensible parameter in the FFF process.

The machine taken for this study is a MakerBot Replicator
2X Experimental 3D Printer (MakerBot Industries, LLC,
New York, USA). A sample was drawn in a cuboid form
with dimensions of 15 mm (length) X 15 mm (width) X 3 mm
(height). The sample was printed with 5 shells to guarantee that
the thermocouple is tied to a unique filament and with a filling
of 100 %. The fixed parameters of the process are presented in
Table 3.

The three most influential manufacturing parameters were
closely monitored for their influence on temperature distribu-
tion during manufacturing. Table 4 shows the ranges of varia-
tion of these parameters.

2.2 Thermocouple and Measurement Equipment

The location of the sample on the platform was specified. The
thermocouple was placed near the nozzle to measure the poly-
mer temperature when leaving the nozzle and at different print
positions. Type K thermocouple (IEC PTFE exposed welded
tip) with 0.25 mm diameter and a sensitivity of approximately
41 pV/°C, is used. The temperature conversion rate is 100 ms

which is adequate for this application. The distribution of tem-
perature was measured with thermocouples of Datapaq equip-
ment (XDL12 from Fluke Process Instruments, Berlin, Ger-
many). The data was sent to the software to give the curve of
temperature versus time. Figure 3 shows the setup. To fix the
thermocouple in a reduced area is difficult but possible. The di-
ameter is small. We have done many tests to achieve this ex-
perimental study. That’s why only one test has been done for
each condition.

2.3 Coalescence Test

The coalescence experiments are done in different conditions
over time to follow the formation of the bonds between the fila-
ments. The test was performed with a hot-stage instrument
(T95 controller, Linkam, Waterfield, UK) that is controlled by
the Link Sys 32 software (Linkam). The video camera and po-
larized light optical microscope (BH-2 from Olympus, Tokyo,
Japan), equipped with a small heating instrument, are con-
trolled by the video capture software. The tests were performed

3D Printer

thermocouple

_Measurement device

Fig. 3. System setup

Temperature (K) 453 463 473 483 493
Viscosity, 1 (Pa s) 4130 3070 2170 1670 1240
Table 2. Viscosity variation versus temperature
Layer thickness Infill Raster angle Orientation T, Number of shell
mm % ° K
0.3 100 00r90 XYZ 296 1
Table 3. Value of fixed process parameters
Nozzle temperature Platform temperature Feed rate
K mm/s
488-503 313-323 40-60

Table 4. Value of variable process parameters



with a thermal set program by setting the temperature to 443,
453 and 463 K and the cooling rate at 20 and 25 K/min.

Each sample consisted of two extruded PLA filaments for
the FFF machine with 1.75 mm of diameter. The coalescence
experiments were carried out first under isothermal conditions
then with controlled ramp down temperature. The images were
analyzed by ImageJ software (NIH, Maryland, USA).

3 Results and Discussion

3.1 FFF Process

Some tests on the PLA filament behavior were performed to
compare the set temperature with the temperature of the mate-
rial inside the nozzle. In this study, the temperatures were mea-
sured before and after extrusion (Fig. 4). The function “load
filament” existing in the machine is used for this test. It con-
sists in reaching the value of 488 K with a rate of 100 K/min.
When the temperature is reached, the extrusion starts with a
rate of 10 mm/s. The material stays in the nozzle about 125 s
before extrusion. A first thermocouple was arranged in the
nozzle, outside of the extruder as presented in Fig. 4. The sec-
ond thermocouple was inserted through the hole of the nozzle
in contact with the filament, which is enough to allow the in-
stallation, and fixed by the viscosity of the material.

Figure 5 shows the results of both thermocouples. While the
temperature of the nozzle remains constant and equal to the
software value (Fig. 5 circles), after extruding, the PLA tem-
perature decreases sharply in the filament during the first 10 s
(Fig. 5 squares). It continues cooling slowly until room tem-
perature. The melting polymer inside the nozzle does not reach
the required temperature. A gap of 50 K between the two mea-
sured temperatures is observed. This can be explained for dif-
ferent reasons. This phenomenon may be due to latent heat
since the material does not stay in the heating zone long en-
ough to accumulate heat and reach the target temperature. In
addition, the heat room is continuously supplied with material

Inside Inside

Outside

at room temperature that slows down the temperature of the
polymer already inside the extruder.

The temperature for the machine is connected to the nozzle
of the extruder. When it is reached, the extruder starts the de-
position of the material. Only one test has been done for each
condition. That is why a gap of temperature is observed. The
temperature record was started right after filament extrusion
through the nozzle. The distance between the nozzle and the
platform also influences the filament cooling speed. For all the
next tests, the same distance value was maintained. Finally, it
can be concluded, only for this condition, using a Makerbot
machine (MakerBot Industries, New York, USA), that a gap is
observed between the temperature in the nozzle and in the ma-
terial.
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Fig. 5. Temperature of polymer A) in and B) out of the nozzle during
time

Outside Fig. 4. Thermocouple position (left: before

extrusion, right: after extrusion)




3.2 Real-Time Temperature Evolution of Filament

To study the evolution of temperature during FFF process and
the effect of different parameters, the following tests were per-
formed (Table 5).

As indicated in Fig. 6, probe number one is placed on the plat-
form to measure the first printed filament temperature. After de-
position of five layers, probe number two is inserted in the same
position. It should be noted that the position is at more or less
one filament. It could be possible that the cooling effect pro-
vided by the probe changes the results. Same experimental con-
ditions were applied for all the tests. Also, the volume of the
thermocouple is very low compared to the volume of the sample
to justify any effect in the results. Only one test has been done in
each condition due to the difficulties described.

As an example, Fig. 7 is obtained for condition No. 7 of Ta-
ble 5, which was performed using two thermocouple probes.
The sample was printed with 5 shells to guarantee that the ther-
mocouple is tied to the unique filament and with a filling of
100 %. Each recorded temperature peak represents a new-de-
posited layer.

As can be seen, the temperature of a printed filament
changes cyclically due to the reheating by deposition of a new
printed filament. The maximum temperature reached by the
probe number two, 437 K, is higher than the maximum tem-
perature measured by the probe number one, 410 K. A cyclic
variation is observed. Each recorded temperature peak repre-
sents a new-deposited layer. Tc and Tm were plotted on each
diagram, to compare the temperature evolution of the filament.

To facilitate the interpretation of these results, the upper lim-
it of the cyclic curves is plotted to study the effect of the pro-
cess parameters on the temperature evolution.

3.3 Effect of Process Parameters
3.3.1 Effect of Nozzle Temperature

Figure 8 shows the upper limit of temperature evolution in con-
ditions No. 3 and No. 1 of Table 5. As can be seen, the change
in the nozzle temperature has no particular effect on the first
temperature value for the first layer. However, in the middle
layer, this temperature value was shifted. Afterward, the tem-
perature evolution remains the same for both probes. Concern-

ing the first layer, the temperature difference between the plat-
form (313 K) and the nozzle (488 to 503 K) is so large that the
variation of 15 K does not affect the change of the first tem-
perature value. This difference tends to decrease along the
printing layers. Layer by layer, an accumulation of the heat
tends to increase the temperature of the new filament. The gap

Latruder

Filling

Thermocouple

Fig. 6. Position of thermocouple probes in the specimen
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Fig. 7. Temperature during the experimental condition No. 7 of Ta-
ble 5

No. Nozzle temperature Feed rate Platform temperature
K mm/s K
1 503 60 313
2 503 40 313
3 488 60 313
4 488 40 313
5 503 40 333
6 503 60 333
7 488 60 333
8 488 40 333

Table 5. Experimental design matrix



of temperature between the nozzle and the latest filament is
significantly reduced. This may explain the change of the first
temperature value on probe 2. While changing the nozzle tem-
perature influences the first layer temperature value, the evolu-
tion of the temperature remains similar for the following
layers. The environment and external conditions have a greater
influence on the evolution of the temperature.

3.3.2 Effect of Platform Temperature

Figure 9 shows the effect of the platform temperature on the ma-
terial. Raising the platform temperature from 488 K to 503 K
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Fig. 8. Effect of nozzle temperature on filament temperature
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Fig. 9. Effect of platform temperature on peak temperatures measured
in FFF

will increase the polymer temperature due to the heat transfer
to a warmer surface. Of course, since probe number one is close
to the platform surface, the change in temperature of the plat-
form has changed the temperature of the initial layers. 15 K dif-
ference in the upper limit temperature are measured on the first
layer with probe 1. However, for probe 2 the difference is less
significant. Layers positioned further from the platform have a
lower temperature evolution.

3.3.3 Effect of Feed Rate

Figure 10 shows the effect of the feed rate on the change in the
temperature of the filaments during the process in conditions
No. 5 and No. 6 of Table 5. Although the decrease in feed rate
has almost no effect on the temperature of the first layer, it var-
ies the temperatures of the middle layers by about 20 K.

When the feed rate decreases from 60 mm/s to 40 mm/s, the
necessary printing time for every layer increases. At first, when
the printing time increases, the depositing period between each
layer increases. Then the cooling time for every layer grows by
convection. The difference of the cooling time for the first layers
is insignificant with respect to the middle layer in which the cu-
mulated low temperature between every layer is more important.

Figure 11 shows the effect of feed rate on the bonding for-
mation between the filaments at the platform temperature of
333 K and nozzle temperature of 503 K. We put the samples
from different conditions under brittle failure, and their frac-
ture surface was observed using SEM microscopy. The neck
growth is better in the upper layers compared to the lower
layers. Better layer formation in the feed rate can be observed
at 60 mm/s (Fig. 11A) compared with 40 mm/s (Fig. 11B).

For the conditions studied, it can be concluded that the tem-
perature of the filament is influenced increasingly by:

e the print speed,
e the platform temperature,
e the nozzle temperature.
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Fig. 10. Effect of feed rate on peak temperatures measured in FFF



It can be concluded that the temperature is very sensitive and
change with the process parameters. Thermal gradient occurs
during the fabrication due to the deposition of heated materials,
which is rapidly cooled and then reheated by the next filament.
The temperature history is significant since its plays an impor-
tant role in determining the bond formation quality on the inter-
face. The final mechanical properties of the structure are di-
rectly connected to the temperature history. Finally, to better
understand and quantify the bond formation on the interface, a
coalescence test must be done, for simulating and modeling
the different observations.

3.4 Coalescence Test

3.4.1 Coalescence Test Results

Sintering is the major phenomenon that occurs in the FFF pro-
cess. It begins with the coalescence of two adjacent filaments.
The inter-diffusion phenomena of two molten polymeric cylin-
ders in contact is due to the high molecular mobility. Figure 12
shows the images of a cross-section of the material at different
stages of coalescence at 443 K. The neck growth is equal to the
ratio x/a while “a” is the radius of the filament and “x” is the
radius of the neck. It can be observed that the rate of coales-
cence is significantly impacted by the thermal conditions of
the test (Fig. 13).

First Layer

1.00mm

t=0s t=60s

Fig. 12. Images of coalescence steps of PLA at 443 K

This effect can be explained in terms of the influence of the
temperature on viscosity and surface tension. By increasing the
temperature, the viscosity of the polymer decreases and the sur-
faces of the filaments become more fluid. In this case, the inter-
diffusion of the molecular chains in two filaments is easier dur-
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Fig. 13. Neck growth profiles for PLA isothermal coalescence experi-
ments

Fig. 11. Microscopy observation of condi-
tions A) No. 5, B) No. 6 of Table 5

t=160s



ing coalescence. This is influence of temperature on polymers
surface tension is not well studied. There are only a few works
in this field, which indicate that the surface tension of polymer
decreases with an increase in temperature (Sun, 2005).

As shown in Fig. 14, the coalescence rate decreases when in-
creasing the cooling rate.

3.4.2 Discussion

Finally, some limits appear to be able to reproduce the same

conditions as observed during the process:

e The geometry used for the test is different from that used in
the process. The specimen is not a filament with a high length.

e The temperature is the same for the two adjacent grains.
The process which extrudes layer by layer gives a different
temperature in each layer which is not the case for the sin-
tering test.

e The temperature is not uniform but cyclic during the pro-
cess. The cooling is not controlled during the coalescence
test. It is a significant fact in the case of a visco-elastic ma-
terial behavior.

4 Predictive Model

4.1 Theoretical Basis and Sintering Modeling

The sintering occurs through viscous flow and molecular diffu-
sion of the polymer chains. It forms a homogeneous melt from
coalescence of two or more particles and densification of them.
Between different models proposed to explain this phenomen-
on, the Pokluda model (Pokluda et al., 1997) is based on Fren-
kel’s model, which can be obtained by writing the equilibrium
of the working forces of the surface tension with the viscous
forces. In this model, the variation of radius during sintering
is considered.
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Fig. 14. Effect of cooling rate on the value of coalescence

The work of surface tension is defined as follows:

d 8ma22'/3 cosOsin®  do
WS:—F—S:F nao COS U Sin (l)

dt (1 +cos 9)4/3(2 — cos 6)5/3 dt

where I' and s are surface tension and cross-section area of the
coalescence system, respectively, a, is the initial radius of the par-
ticle and 0 is the angle of coalescence (Fig. 15). This is given by:

0 =sin! G) (2)

The work of the viscous forces may be presented as follows:

Wy = / / /V (z: D)dV, 3)

where V is the volume of the sintering system, T and D are the
stress and deformation tensors, respectively. The dissipation
energy equation for viscous flow is obtained by using Eq. 3 as
follows:

Wy =32majn&?, (4)

with the equality of dissipation energy (Eq. 4) and work of sur-
face tension (Eq. 1), a non-linear differential equation is ob-
tained:

o 2_%L cos 0sin 0(2 — cos 6)%
dt Ndo (1 +cos(9)%(1 —cos@)’

(5)

where 1 represents the viscosity.

4.2 Modified Pokluda Model for the FFF Process

During the FFF process, two adjacent filaments, A and B, are
not at the same temperature (Fig. 16). So, they will not have
the same viscosity and surface tension. This is a problem for
using the model. To solve this problem one can consider an
equivalent viscosity, 7] and an equivalent surface tension T,
for two adjacent filaments. A modified mixture law is used
(Aid et al., 2017) as follows:

_ o+ Ky,

_ 6
TR, (6)
r_ D t+Kelo (7)

1+ Kr

Tirne

Fig. 15. Schematic representation of coalescence development (Belle-
humeur et al., 2004)
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Fig. 16. Schematic of coalescence develop-
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where 1, and n, are the viscosity of adjacent filaments 1 and 2
respectively, I'} and I'; are the surface tension of adjacent fila-
ment 1 and 2 respectively, and K,, and Kr are the mixture con-
stants.

So, the Pokluda’s model may be modified by replacing the
viscosity by the equivalent viscosity and the surface tension
by the equivalent surface tension. This modified Pokluda’s
model considers equivalent properties of the two filaments in-
volved in the coalescence domain of the deposition process.

do 2,;1 cos 0sin 0(2 — cos 0)°
dt Mao (1 —l—cos@)%(l —cose).

During coalescence, as the polymers share equally the action of
neck formation, the values of K, and Kr were taken equal to
0.5. To consider the effect of temperature, the following equa-
tion was used:

N =ngexp (R—ET> )

The Arrhenius law (Fulford et al., 2002) is used to consider the
effect of temperature on viscosity, where E is the activation en-
ergy and R = 8.314 J K~! mol~!. The term of 1, is a constant.
Surface tension is given by:

11

T 9
F_Fo(l ——) ,
Tcr

Eq. 10 is an empirical relationship between surface tension and
temperature, where T, and I’ are respectively the imaginary
critical temperature and the initial surface tension (Du et al.
2007). At last, Eq. 8 is combined with the heat transfer model
(Fulford et al., 2002) for FFF:

(8)

(10)

T=T.+ (Tp - Te) exp(fm\/t% (11)
with:
/14401
m= g—aaﬁ, o= kapv and B = %, where Te,Tp,

K, p,C,,P,h, A and v represent, respectively, the envelop tem-
perature, initial temperature of each filament, thermal conductiv-
ity, density, heat capacity, perimeter of filament, thermal conduct
conductance, area of filament and feed rate. Table 6 shows the
value of some of the above parameters taken from the literature.

ment, A) first layer, B) second layer

4.3 Model Results

4.3.1 Modeling for an Isothermal Filament

In this section, the results of the Bellehumeur model (Eq. 6) are
presented. Physical-rheological properties of PLA are needed for
the model as presented in Table 7. Figure 17 shows the numerical
results of the coalescence of two PLA filaments in comparison
with the experimental coalescence data recorded at 443 K.

Viscosity (Lai, 2007)
Pas

Tension surface (Kino, 2014)
mN/m

5825.49 43

Table 7. Physical-rheological properties of PLA at 443 K
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Fig. 17. Experimental results of PLA coalescence at 443 K and com-
parison with the numerical model

Co(Nm~1) T (K) Ter(K) Mo(Pas)
0.111 (Du et al. 2007) 303 845 (Du et al. 2007) 0.00144 (Lai 2007)
K(Wm~'K™") h(Wm=2K™}) Cp(J mol ' K1) p(Kg m~2)
0.111 (Lai, 2007) 88 (Zhou et al., 2017) 1500.56 (Pyda et al., 2004) 1145.2 (Carlotta, 2001)

Table 6. Rheological and thermophysical properties used in numerical model



4.3.2 Modified Numerical Model for FFF Process

The results of the measurement of neck growth level in the first
layers and in the middle layers for each condition are presented
in Table 8. One notices that the design condition No. 5 of Ta-
ble 5 presents the highest neck growth value. For this condi-
tion, we had the highest platform temperature and the highest
feed rate. It should be noted that the value of the neck growth
for each layer is derived from the mean value of the filaments
neck growth in a layer.

Figure 18 shows the results of solving the differential equa-
tion (Eq. 6) in the MATLAB program and the plot obtained
from these results for condition No. 5 of Table 5. As can be
seen, the maximum produced coalescence in these conditions
is less than the value obtained by the SEM micrographs. Ta-
ble 8 shows the maximum value for each test condition and
model. This phenomenon can have several reasons. In the
Lumped capacity (LC) model, the properties of materials such
as heat capacity and heat transfer coefficient were considered
constant in the model, while in the semi-crystalline polymer
heat capacity changes with temperature.

The heat transfer coefficient also varies due to the difference
in the type of heat transfer in different areas and during print-
ing. The proposed model for heat transfer must be modified
and a more appropriate model presented. As can be observed,
the change in the heat transfer coefficient is significantly dif-
ferent in the level of bond between the filaments. Other reasons
are due to other factors, such as nozzle pressure on the fila-
ment, the weight entered, and the shape change caused by the
creep. The difference between the experimental and the model
values can have several causes. Materials properties such as
heat capacity and heat transfer coefficient were considered in
the model as a constant, while in a semi-crystalline polymer
heat capacity changes with temperature. This will be a field of
investigation and a new challenge to improve the model and
make the properties of the polymer change with temperature
and, therefore, with time.

The nozzle pressure on the filament causes the polymer to
change from the Newtonian to the non-Newtonian state. In this
study, the model was based on the Newtonian hypothesis. The
higher the thickness for each layer, the greater the pressure ap-
plied to the filament. Therefore, the change in thickness will
change the state of flow from Newtonian to non-Newtonian
and should be considered in future future models. Creep is a
no coalescence phenomenon, which can be one of the reasons
for the difference between the neck growth obtained from the
SEM images and the model.

0.16+

0.124

0.08+

Neck growth (x/a)

0.04 4

0.00 T T T T

Time

Fig. 18. Result of the modified numerical model for condition No. 5 of
Table 5

5 Conclusions

In this paper, the physical-rheological phenomenon (coales-
cence) of PLA during FFF process as investigated experimen-
tally and with a numerical model. The aim of this study was to
better understand the behavior of the material during the pro-
cess, especially the temperature evolution. Based on the results
of this study, the following key observations can be made:

e A high difference is observed between the temperature of
the filament and the set point.

e The analysis of the temperature of the filament shows a
cyclic evolution with different temperatures between
layers.

e The influence of process parameters such as feed rate, noz-
zle temperature and platform temperature on the neck
growth of filaments was studied. It appears that the influ-
ence of each parameter is different. The temperature of the
filament is influenced, increasingly by the print speed, the
platform temperature and finally the nozzle temperature,
for the range used.

e A coalescence test has been done to observe the neck
growth evolution with temperature and time. Some limits
appear to reproduce the same conditions as observed during
the process. The geometry of the sample, the specimen and
the temperature cycle are different. Cooling is not con-
trolled during the coalescence test.

No. 1 2 3 4 5 6 7 8
Experimental 0.5 0.45 0.39 0.35 0.58 0.40 0.52 0.34
Modeling 0.11 0.1 0.13 0.12 0.17 0.12 0.13 0.16

Table 8. Microscopy observation for each condition and comparison with modeling results of the value of neck growth (first layer)



e A predictive model of the neck growth is proposed. The
modified model for sintering had non-isothermal condi-
tions (conditions during the process). It shows a lower
amount of neck growth than the experimental data, which
can be due to consideration of constant heat capacity, heat
transfer coefficient, polymer relaxation time and pressure
of the nozzle.

For future work, we suggest to better understand the coales-

cence phenomenon under pressure. It is also recommended to

study the influence of various factors such as the size of the
piece, the selected thickness of each layer, and more parame-
ters.

The temperature of the filament does not exceed 443 K so
bonding between filaments is limited. To increase the adhesion
between each filament and layer, the temperature must be in-
creased. One way is to increase the temperature in the build
chamber.
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