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Abstract

Extending the fused filament fabrication process to highly filled thermoplastics

in metallic powder used in metal injection molding is a promising method to

produce small series. However, the lack of adhesion between deposited fila-

ments can cause ruptures during the fabrication or debinding process. We

designed a simple device to measure the shear strength required to tear off a

filament deposited on a substrate. This device makes it possible to quickly

determine the processing window for a good welding of filaments. We devel-

oped a 2D thermal simulation using the finite difference method while inte-

grating the enthalpy of fusion and crystallization kinetics of the material. We

then fitted it to the thermal measurements at depths of 0.45 and 0.75 mm

under the substrate surface using small-diameter thermocouples. Simulation

results highlight the key role of the thermal contact resistance between the fil-

ament and the substrate in the evolution of the interface temperature. This

provides essential information to explain the process window that can be

determined experimentally. The characteristic time of macromolecule diffu-

sion was determined by rheological measurements and was found to be too

small to play a role in filament bonding for the simulated cooling rates for the

studied material. The methodology introduced in this work was used to

improve highly filled polymers interlayer adhesion, but it can be used to

improve other filled or unfilled polymers.
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1 | INTRODUCTION

Metal injection molding (MIM) is a process for molding
highly filled polymers with metallic powder in the same
way as thermoplastic injection molding with the aim to
produce small metal components. The high content of

fine metal powder is mixed with a thermoplastic binder
to create a material known as “feedstock.” The feedstock
is injected to produce the so-called green part.[1] After the
injection molding, the polymer in the green part is
removed by solvent dissolution or pyrolysis at intermedi-
ate temperatures: this step is referred to as debinding.
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The parts are then sintered and densified at high temper-
atures close to the fusion temperature of the metal to
obtain the metallic parts. This process allows the produc-
tion of small complex metal parts with fine geometric
details.[2]

Due to the high costs and production times of injec-
tion tools, the additive manufacturing of green parts
using the fused filament fabrication (FFF) process is par-
ticularly suitable for prototyping or small series.[3,4] FFF
is an additive manufacturing process used to produce
parts with a complex geometry by the layer deposition of
melted thermoplastic filaments. The printer machine
makes the part frequently by moving a toolhead, which
extrudes a melted material out of a calibrated nozzle.
As the material comes out of the nozzle, it bonds with
the previous layer, cools, and then solidifies. Finally,
the green part thus obtained with a feedstock filament
follows the same debinding and sintering process to
obtain the metallic part. However, the choice of FFF to
process thermoplastics at an industrial level presents sev-
eral challenges.[5] The first challenge is to reduce the
deformation and warpage of the printed parts. As differ-
ent sections of the parts solidify at different times, they
shrink at different times, thus creating internal stresses.[6]

The second challenge is to reduce the porosity level in
the parts. In the case of printed feedstock, these defects
can increase part shrinkage during sintering.[7] The third
challenge is to increase the adhesion between the printed
filaments. As a filament is extruded, it should bond
tightly to the previously printed filaments. The bonding
quality in FFF is a key factor in determining the integrity
and mechanical properties of the printed part.[8] This
article deals with this last physical and technical issue.

Some authors have experimentally determined the
influence of the process parameters on filament adhesion.
In the absence of standards for the characterization of addi-
tive manufactured parts, FFF-printed specimens have been
tested in several ways. Several authors used tensile
tests,[9,10] while Ravi et al.[11] used three-point bending,
which are common methods to assess the bond interface
quality. Levenhagen and Dadmun[12] used a T-peel method
to evaluate the bonding quality of polylactide acid, while
Davis et al.[13] determined the fracture toughness of a single
weld through a mode III fracture test experiment. However,
the literature demonstrated the existence of a direct link
between the mechanical properties of printed parts and the
printing conditions.[8] Moreover, due to the possible porosi-
ties between deposited filaments, raw data from mechanical
tests should be corrected for the actual cross-section to
obtain the normalized interlayer bond quality for the depos-
ited material.

The adhesion between two polymer interfaces is mainly
governed by two key phenomena: intimate contact and

interdiffusion of polymer chains across the interface.[14] As
commonly found in thermoplastic welding, intimate con-
tact is the first step in forming a bond between two thermo-
plastic surfaces brought together under both heat and
pressure.[15] Regardless of the elaboration technique, sur-
faces always presents a certain roughness. Modeling can be
based on a fine description of the surface roughness and a
squeezing flow. Nevertheless, the underlying assumptions
of the approaches are generally very restrictive (e.g., 2D
model, Newtonian squeeze flow),[16] and further improve-
ments are still necessary. Moreover, experimental measure-
ments of the time necessary to obtain the intimate contact
are still ineffective, even though the times may be assessed
using thermal measurements.[17]

After establishing the local intimate contact between
layers, the interdiffusion of macromolecular chains at the
interface occurs as long as the matrix is melted, that is,
before the temperature reaches the glass transition for
amorphous matrices or before the crystallization quenches
the long-range chain motions for semicrystalline polymers.
The chain motion in the melt can be modeled using the
reptation theory introduced by De Gennes[18] and Doi and
Edwards.[19] Following a so-called reptation time, the chain
completely loses its initial configuration and moves over a
distance equal to its end-to-end distance. In the framework
of a welding experiment, this time corresponds to the mini-
mal time necessary for macromolecules to cross the inter-
face. Therefore, the reptation time is the time beyond
which the interfacial zone becomes indistinguishable from
the bulk polymer; only then can the interface be considered
perfectly healed. In other words, the time spent above the
melting temperature must be greater than the reptation
time. The reptation time can be assessed from rheological
experiments by determining the terminal relaxation
time.[14] As these processes are generally highly ani-
sothermal, the dependence of the terminal relaxation
time on temperature should be determined; a welding
criteria can be used for this purpose.[20] Therefore, to pre-
dict and optimize the adhesion between filaments, the
temperature history at the interface needs to be known.

The literature has shown the evolution of the non-
isothermal profile of the deposited material using infrared
thermography,[21] a pyrometer,[22] or thermocouples.[23]

Some studies used both thermocouples and infrared ther-
mography.[24] However, measuring the interface tempera-
ture with thermocouples can be a laborious task, as
positioning them precisely between the deposited material
and the substrate is very difficult.[25] To improve the ther-
mocouple positioning, Deshpande et al.[26] heated substrates
to soften them and then applied pressure on the thermo-
couples to insert them into the substrate using a laboratory
press and a specific aluminum tool. However, no matter
how small the thermocouples are, it is difficult to confirm



that the measured temperature corresponds precisely to the
temperature in the interface.

A thermal modeling of the process is an alternative way
to determine the evolution of the interface temperature. As
the heat transfer is mainly normal to filament deposition
direction, the development of simple 1D models began
in the 1990s for the fused deposition of feedstock filled
with ceramic to assess the thermal suitability of different
binders.[27] As the width of deposited filaments is not infi-
nite, the use of 2D models brought greater precision by con-
sidering the thermal gradient according to the width. Thus,
Thomas and Rodriguez[28] studied the fracture strength of
parts printed with acrylonitrile butadiene styrene (ABS) on
a Stratasys FDM1600. They developed a simple 2D transient
heat transfer model, as the deposited filament shape was
assumed to be rectangular. They showed that doubling the
road size had the greatest effect on thermal history while
incidentally demonstrating the value of 2D models. How-
ever, their 2D model neglects the potentially poor thermal
contact between the filament and the substrate. Later, Costa
et al.[29] integrated heat contact resistance into their thermal
models. They also highlighted how the temperature field in
the filament cross-section is relatively uniform except when
the heat contact between the filament and the substrate is
considered perfect. Following this work, Costa et al.[30]

determined the low value of heat contact resistance of
250 W/m2 during the deposition of an ABS-melted filament
on a solidified filament and 50 W/m2 between adjacent fila-
ments using an original experimental setup that included
thermography and an analytical solution of the transient
heat conduction. 3D models were also developed to predict
the temperature field in FFF,[25] although a perfect contact
was assumed between the polymer filaments and the sub-
strate in this 3D study.

This article first aims to introduce an experimental
methodology to determine a process window that ensures a
good adhesion between feedstock filaments in the FFF pro-
cess. Then, a 2D numerical thermal simulation, which con-
siders the heat contact resistance between the filament and
the substrate, is developed to both validate the experimental
results and understand the effects of the thermal processing
conditions (nozzle, substrate, and build chamber tempera-
tures) on the bond quality between the filaments.

2 | EXPERIMENTAL AND
METHODS

2.1 | The feedstock material

The feedstock material used in this study is composed of a
multicomponent thermoplastic binder system mixed with
17-4 PH stainless steel powder. The powder has a particle

size distribution D90 equal to 22 μm. The powder was man-
ufactured using a gas atomization tower including a cyclone
removing all particles finer than 1 μm. The volume fraction
of the powder is 65% and the green state density equal to
5530 kg/m3. The polymer matrix, which plays the role of
binder, is mainly composed of polyoxymethylene (POM).

The specific heat Cp (Figure 1) was determined from
measurements made on a DCS 1 Mettler Toledo calorim-
eter according to ISO 11357 in heating mode at 20 K/min
and cooling mode at �10 K/min. Cp was measured from
feedstock granules after a first melting/recrystallization
cycle according to ISO 11357-4 method. This equivalent
Cp measurement confirms the melting temperature peak
at around 165�C and a crystallization peak around 140�C
at 10�C/min. These two peaks are related to POM proper-
ties. The binder also contains a small amount of polypro-
pylene (PP) for which the crystallization is visible at
around 115�C (Figure 1). The fusion peak of PP is over-
laid with that of POM. In this studied feedstock, PP helps
the cohesion of metallic powders during debinding.

Thermal conductivity was measured using the line
source method according to ASTM D5930 09 from a K-
system II of Advanced CAE Technology Inc. at atmospheric
pressure in cooling mode. A relative constant value of
1.89 W/(m.K) was found in the solid state between 100 and
150�C, close to the theoretical value of 1.85 W/(m.K) based
on the Maxwell homogenization method.[31]

This highly filled material was extruded on a single
screw extruder to obtain a 1.75 mm diameter filament,
which was stored on a spool to dispense the FFF machine.

2.2 | Additive manufacturing machine

The deposition of feedstock material was performed on a
high-temperature FFF machine manufactured by

FIGURE 1 Specific heat of feedstock measured in heating and

cooling modes



Intamsys®. This printer includes a forced air convection
system that can keep the temperature of the build cham-
ber stable until 90�C, a build plate that can reach 160�C,
and a printing nozzle that can reach 450�C. The extrusion
head moves in the horizontal x–y plane over the metallic
build plate while moving along the vertical z-axis. Nozzle
displacements and temperature control were computed
by G-codes and uploaded to the printer with Simplify3D
software.

In this study, the distance between the extrusion noz-
zle and the feedstock substrate corresponds to the layer
height and was chosen equal to 0.4 mm. A stainless-steel
nozzle with a diameter of 0.6 mm was used. While print-
ing, feedstock substrates were fixed on the build plate,
whose temperature was regulated and monitored using
several K-type thermocouples connected to a multiplex
temperature recorder. The printhead speed was set at a
constant value of 20 mm/s, and the temperature of the
build chamber was kept constant at 90�C.

2.3 | Adhesion characterization tests

A shear device was specifically designed to test the adhe-
sion between the deposited filaments on a plane substrate
(Figure 2). The device, composed of two separate parts
linked by two screws, should be mounted on a standard
tensile machine. The distance between the two parts
should be slightly larger than the substrate thickness. To
better control the clearance, calibrated plane spacers may
be added between the two parts. Finally, this setting
induces a negligible friction between the tool and the
substrate. Tests were performed on an electromechanical
Instron 5966 machine operating in tension mode at an
ambient temperature with a 10kN load cell. A crosshead
speed of 10 mm/min was used. For each processing

condition, the welding quality was measured at least
15 times.

As the bond area is clearly visible on the substrate
regardless of the processing conditions, the surfaces of fil-
aments in contact with the substrate were determined
after the tests using image analysis with ImageJ software.
The bond area images were obtained by scanning the top
surface of the substrate with a 2D scanner (CanoScan
Lide 400) running at 4800DPI. Higher DPI values were
tested without any measurement changes.

2.4 | Measurement of the temperature
evolution in the substrate

The thermal history of the interface was determined
using an indirect method. A 2D numerical model was
built using Matlab® code and calibrated with the ther-
mocouple measurements. To perform these measure-
ments, a feedstock plate (2.5 � 13.5 � 92 mm3) was
injection-molded on a ARBURG injection molding
machine. The holes with a diameter of 0.3 mm were pre-
cisely drilled with a computer numerical control (CNC)
milling machine beneath the deposition surface at
depths of 0.45 and 0.75 mm. Inside these holes, 0.25-
mm-diameter thermocouples supplied by TC Direct
were inserted with a small amount of thermal com-
pound to ensure a good thermal conductivity between
the feedstock and thermocouples. The temperature his-
tory was recorded at a frequency of 1 kHz by a multiplex
temperature recorder connected to K-type thermocou-
ples, while the feedstock material was deposited. The
thermocouples were calibrated with the fixed point
method[32] using the phase changes of water. The time
constants of the used thermocouples, defined as the
time required to respond to 63.2% of an instantaneous

FIGURE 2 (A) Schematics

and experimental setup.

(B) Standard testing configuration

of a single substrate where the

material was deposited. (C) Close-

up of a sample with key length

scales



temperature change, were measured for 0.014 s in boil-
ing water, considering that full temperature detection is
reached after nearly 0.04 s.

2.5 | Thermal modeling

A numerical model using the finite difference method
with an explicit scheme (Figure 3) was developed using
Matlab® code. The code aimed to compute the thermal
field evolution at the interface between a deposited fila-
ment and the substrate. Considering the negligible ther-
mal exchanges in the deposition direction compared to
the two other directions, a 2D modeling was used to

reduce the calculation time. The hypotheses of the model
and the thermal phenomena considered therein are
depicted in Figure 4. The section of the deposited fila-
ment was modeled as a rectangle with a width of 0.6 mm
and a height of 0.4 mm according to the settings used
during the experiments.

The substrate and the filament were considered to be
the same homogenous material with a constant thermal
conductivity λ. At heating, the enthalpy of fusion was
modeled as an equivalent specific heat (Figure 1), and at
cooling, crystallization kinetics were identified. Inside
the substrate and the filament, only conduction occurred.
The thermal balance on the volume element (Figure 3)
can be simply written as follows:

FIGURE 3 Mesh and dimensions used in the 2D model

FIGURE 4 2D thermal modeling

with the position of thermocouples in

the substrate



VρCp
dT
dt

¼ Sl qwþqeð ÞþS qnþqsð ÞþVρqc ð1Þ

where V is the volume of the element, Sl the lateral sur-
faces of the element, S the upper or lower surface of the
element, qi the thermal flux on these surfaces, and qc
the exothermic flux of crystallization. Then, at location
i, j, temperature Tnþ1,i,j of a volume element at time nþ1
can be easily determined in an explicit scheme using the
following discretized formulation (without crystalliza-
tion flux):

lxlyρCp Tnþ1,i,j�Tn,i,j
� �¼Δtλ ly

Tn,i�1,jþTn,iþ1,j�2Tn,i,j

lx

� ��

þlx
Tn,i,j�1þTn,i,jþ1�2Tn,i,j

ly

� �
� ð2Þ

where lx and ly are the dimensions of the volume element
respectively in x and y direction (Figure 3).

2.5.1 | Boundary conditions

Adiabatic conditions are considered on the two lateral
sides of the substrate. Its width was set at 5 mm. This
dimension did not impact the thermal results and was
considered sufficiently large in relation to the observed
domain and the duration of the calculation (6 s after the
deposition).

During the experiments, as we waited at least
15 min before beginning any experiments to ensure
thermal equilibrium, we could consider that the
heating of the build plate compensated the lost thermal
flux exchanged by convection without creating a signif-
icant thermal gradient in the conductive feedstock.
Moreover, any significant thermal shift in the stabi-
lized regime was observed between thermocouple mea-
surements performed in the substrate at 0.45 and
0.75 mm. Therefore, simulations were performed with-
out applying convections to the substrate top surface
and without heating the power on the lower surface of
the feedstock surface.

The thermal contact resistance between the filament
and the substrate was initially set at 3 � 10�4 m2K/W to
fit the start of the substrate cooling measured by the ther-
mocouples. This value is consistent with the value deter-
mined between polymers in contact with a metallic
injection mold.[33] This value then decreases proportion-
ally with the fusion ratio of the substrate to a much lower
value of 4 � 10�5 m2K/W.

Volume elements located at the top and lateral sides
of the deposited material have heat exchanges by

convection with the hot air from the heated chamber.
The additional flux convection was defined as:

qconvection ¼ hs Tsubstrate�Tairð Þ ð3Þ

where h is the heat exchange coefficient. Different values of
h can be found in the literature. Bellehumeur et al.[34]

assumed that h may vary in the range 50–100W/(m2K) in
the FFF process between ABS and air. Rodriguez et al.[35]

used a heat exchange coefficient equal to 62W/(m2K)
compared to between 8 and 13W/(m2K) for Pigeonneau
et al.[25] Lepoivre et al.[24] used a heat exchange coeffi-
cient equal to 30W/(m2.K) to simulate the deposition of
ABS and PEKK filaments.

In this study, the forced convection heating system
generates significant air circulation to homogenize the
build chamber. This high level of air circulation
prompted us to increase the value of the heat transfer
coefficient to 80 W/m2K [Equation (3)]. This value is
consistent with values used in previous studies, which
are mainly between 50 and 100 W/m2K.

2.5.2 | Crystallization kinetics

The crystallization kinetics were modeled as the over-
all crystallization kinetics using the Ozawa-Avrami
model. The kinetic constant Kozawa and the Avrami
exponent n were identified using the DSC measure-
ments at constant cooling rates Φ from 5 to 30 K/min
on TA Instruments DSC Q10 by linearizing the follow-
ing equation:

α Tð Þ¼ 1�exp
�Kosawa Tð Þ

Φn

� �
ð4Þ

where α is the relative crystallinity. The kinetic constant
of Avrami K was determined based on that of Ozawa:

K Tð Þ¼ � d
dT

Kosawa Tð Þ1n
� �� 	n

ð5Þ

To extrapolate the Avrami kinetic constant over a
large temperature range, we used the Hoffman–Lauritzen
theory. For an isotropic growing in 3D crystalline enti-
ties, the kinetic constant of Avrami can be written as
follows[36]:

K Tð Þ¼AG Tð Þ3 ð6Þ

where G is the linear growth of crystalline entities. The
prefactor A may also depend on the temperature because



it contains the nuclei concentration. Nevertheless, this
dependence is much less important than this of the
growth rate, which is to the power 3, thus the prefactor A
was considered as constant. Finally, it can be
deduced that:

K ¼K0exp � 3Kg

T Tm0�Tð Þ
� �

exp � 3U
R T�T∞ð Þ

� �
ð7Þ

where values T∞ and U are generally taken, respectively,
at Tg – 30�C and 6000 J/mol for semi-crystalline polymers

like POM. Values of glass transition temperature and the
fusion temperature at equilibrium Tm0 for POM were
found in Reference [37].

Finally, n, Kg, and K0 were adjusted to fit the experi-
mental data (Figure 5). The gap between the measured
and predicted relative crystallinity at the end of the
cooling shows a secondary crystallization phenomenon,
which was not modeled. The best fit for Avrami exponent
was equal to 2.4. Its deviation to the value of 3, which
models an instantaneous nucleation, can be explained by
the significant secondary crystallization.

Crystallization kinetics were introduced into the
thermal numerical modeling thanks to the differential
form of the Nakamura model proposed by Refer-
ence [38]:

qc ¼ΔH
dα
dt

¼ΔHnK Tð Þ1n �ln 1�α tð Þð Þð Þn�1
n 1�α tð Þð Þ ð8Þ

where ΔH is the crystallization enthalpy.

3 | RESULTS AND DISCUSSION

3.1 | Mechanical tests

In the first series of tests, the substrate temperature var-
ied from 60 to 140�C with a constant nozzle temperature
of 210�C. Shear strength was found to increase almost
linearly with the increase in the build plate temperature
(Figure 6A), and then reach an asymptote at about
10 MPa when the substrate reached a temperature of
120�C/130�C.

FIGURE 5 Evolution of the crystallinity rate with a

comparison between simulation and experimental data

FIGURE 6 Influence of (A) nozzle and (B) substrate temperatures (errors bars show the measured standard deviation)



In the second series (Figure 6B), the nozzle tempera-
ture varied between 170 and 230�C for a substrate tem-
perature equal to 130�C. The shear strength was found to
increase almost linearly with the nozzle temperature
until reaching 210�C.

The profile of the fracture surface was also investigated
(Figure 7). The analyses of the fracture surfaces revealed a
radical change in the mode of failure depending on the pro-
cess conditions. For a nozzle temperature equal to 210�C,
the rupture mode is clearly adhesive for a substrate heated
below 100�C. When the substrate is heated to 110�C, the
start of cohesive rupture can be observed at some locations.
When the substrate is heated to 130�C, the rupture is
undoubtedly always cohesive. These observations are con-
sistent with the results of the mechanical tests.

These simple devices and experiments allow us to deter-
mine the process temperatures leading to cohesive rupture:
210�C for the nozzle and at least 120�C for the substrate.
The following discussion aims to understand and physically
interpret these results. First, how long does the studied ther-
moplastic binder need to fully diffuse at the interface?

3.2 | Characterization of molecular
diffusion at interface

Considering the size of the metal particles contained in the
feedstock, we considered that the molecular mobility at the
macromolecular scale was not modified by these particles;
in other words, this composite was not considered as a
nanocomposite. Thus, the macromolecular diffusion time
was measured on the matrix of the composite, more pre-
cisely on the main component of this matrix (the POM) that
we were able to obtain. The measurement of the terminal
relaxation time, which can be assimilated with the macro-
molecular diffusion time, was determined from dynamic
frequency sweep tests[14] from 0.1 to 100 rad/s on an Ares
Rheometer using parallel plates with a diameter of 25 mm.
Depending on the temperature that varied from 170 to
210�C, the strain amplitude shifted from 15% to 30% to

remain in the linear viscoelasticity domain and above the
minimum measured torque. The method of crossing tan-
gents of log G0 and log G00 with slopes tending to 2 and
1, respectively, when ω tends to 0 was used to assess this
terminal relaxation time (Supporting Information).

The variation of the terminal relaxation time was
determined following the Arrhenius law with an activa-
tion energy of 17 kJ/mol (Figure 8). As the diffusion time
should be proportional to the viscosity,[18] this result is
consistent with the variation of viscosity with tempera-
ture, which has an activation energy of 15 kJ/mol.

These measurements (Figure 8) show that the termi-
nal relaxation time is noticeably short and does not
exceed 16 ms even for a low interface temperature of
150�C for the studied material.

3.3 | Temperature measurements in the
substrate

Thermal measurements were performed in the substrates
using the methodology described in Section 2.3 above.
Figure 9 shows the temperature evolution in the

FIGURE 7 Influence of

substrate temperature on

fracture mode

FIGURE 8 Arrhenius dependence of relaxation time and

viscosity with temperature



substrate at depths of 0.45 and 0.75 mm with the sub-
strates heated to 100 and 130�C, while the material is
deposited with the nozzle at 210�C.

When the substrate is heated to 100�C, a sudden tem-
perature increase at depths of 0.45 mm and 0.75 mm was
found equal to about 8 and 7�C, respectively. For the sub-
strate heated to 130�C, the temperature increases were
around 7 and 5�C, respectively. This temperature rise log-
ically increases as the substrate temperature decreases
and more energy is transferred to the substrate. The cali-
bration of the thermal model, which is introduced in the
next section, was performed using these four temperature
evolutions.

3.4 | Prediction of the interface
temperature

Based on the previously introduced thermocouple mea-
surements in the substrate, the contact resistance was set
to 3 � 10�4 m2.K/W to fit the beginning of the substrate
cooling measured using the thermocouples. This value

then decreases proportionally to the decreasing crystallin-
ity on account of the progressive fusion of the substrate
interface at the low value of 4 � 10�5 m2K/W when the
interface is fully melted on both sides.

Figure 10 compares the measured temperature
rises at the two depths in the substrate and those
computed using the thermal model while the sub-
strate is regulated at 100 and 130�C. We observed a
good agreement between the experimental measure-
ments and the simulated temperatures at depths of
0.45 mm and 0.75 mm despite some discrepancies.
Indeed, the depth of the thermocouples is assumed to
be perfect. However, this position may change slightly
during machining or when inserting the thermocou-
ples into the holes.

For the welding between the filaments and the sub-
strate, it is necessary that the deposited material first
melts the substrate at the interface and that the interface
then remains melted for a certain time to allow the mac-
romolecular interdiffusion though the interface to heal
it. If the binder was amorphous at the solid state, then
immediately after the contact between the filament and

FIGURE 9 Evolution of

the substrate temperature at

depths of 0.45 mm depth (left)

and 0.75 mm depth (right)

while the material is deposited

at 210�C. Measurements are

shown in black, with the

average of six measurements

in red



the substrate, the interface temperature Ti would be
equal to:

Ti ¼ bfilamentTfilamentþbsubstrateTsubstrate

bfilamentþbsubstrate
ð9Þ

where b is the material effusivity, which is equal toffiffiffiffiffiffiffiffiffiffiffiffi
ρλCp:

p
In terms of an amorphous solid polymer and a

melted polymer, the difference between their
effusivities is small. Therefore, the interface tempera-
ture would be close to the average of the initial temper-
atures of the two respective media. However, as the
binder is semi-crystalline, the enthalpy of fusion mod-
ifies the initial interface temperature and then its evo-
lution.[33] For this reason, crystallization kinetics is
considered in the simulation.

As the fusion temperature is linked to the thicknesses
of crystalline lamellae, which have a large distribution in
the material and vary according to the Gibbs–Thomson
equation,[39] the enthalpy of fusion is potentially not
delivered instantaneously, thus making it easier to
compute.

The interface temperature was determined by simula-
tion for the two studied substrate temperatures
(Figure 11). The massive influence of the thermal contact
resistance indicates a large temperature discontinuity just
after the contact. For a substrate at 100�C (Figure 11A),
the deposition of the filament at 210�C increases the sub-
strate temperature at the interface until 130�C and does
not melt the substrate or only very partially. This explains
why these conditions only lead to adhesive contact
(Figure 7). The deceleration of the cooling of the filament
interface, which lasts for a few tens of seconds, results
from the crystallization occurring in the filament at the
interface and the progressive release of heat enthalpy.
Consequently, the cooling of the substrate at the interface
slows down. For a substrate at 130�C (Figure 11B), the
temperature at the interface reaches nearly 153�C. At this
temperature, a significant amount of feedstock is melted,
which explains the cohesive behavior between the fila-
ment and the substrate.

Figure 12. depicts the evolution of the shear strength
and the temperature peak reached by the substrate inter-
face for a nozzle heated to 210�C and for the substrates

FIGURE 10 Influence of

thermocouple depth and

substrate temperature on the

predicted temperature rise in

the substrate for a nozzle set at

210�C. The black line

corresponds to the predicted

temperature and the red lines

to the average



heated between 80 and 140�C. A correlation between the
thermal history of the interface and the mechanical prop-
erties thus clearly emerges. A significant amount of feed-
stock at the substrate interface should be remelted to
induce a good cohesion between the substrate and fila-
ment, the remaining question is: which amount? Any-
way, for a nozzle at 210�C, the substrate should be
heated to at least 120�C.

For this material, the macromolecular interdiffusion
time is very low, being less than 20 ms close to the crys-
tallization temperature domain. However, the tempera-
ture at the substrate interface remains at its simulated
maximum for much longer than the interdiffusion time.
Thus, the interdiffusion time of the studied material
does not play a role and can be considered negligible.
For polymers or binders with a higher molecular
weight, a criteria based on Yang and Pitchumani

model[20,29] which can be updated at each time step in
the thermal simulation, can give the final degree of
interface healing.

4 | CONCLUSION

Printing feedstock using an FFF machine is a promis-
ing new process for producing metallic prototypes and
small series. One scientific and technical obstacle is to
ensure a good cohesion between layers and adjacent
filaments.

To study experimentally the influence of the process
conditions on the quality of welding, a simple methodol-
ogy based on the measurement of the shear strength that
induces the tear-off of a deposited filament on a substrate
gives quantitative and reliable values. The shear strength

FIGURE 11 Influence of

the substrate temperature on

the predicted interface

temperature of the substrate

heated to (A) 100�C and

(B) 130�C

FIGURE 12 Influence of substrate

temperature on the shear strength and

interface temperature for a nozzle heated

to 210�C



level is correlated to adhesive or cohesive bonds, which
can be clearly identified on optical micrographs. For the
studied feedstock, an extrusion temperature of 210�C
combined to a substrate heated above 120�C ensures a
cohesive bond.

As the binder in the feedstock material is a thermo-
plastic material, the welding quality is dependent on the
macromolecule diffusion at the interface. To quantify this
physical phenomenon, the terminal relaxation time of
the feedstock was determined by rheological measure-
ments, and a small value of less than 20 ms was observed
close to the crystallization temperature. Given that this
phenomenon is governed by the evolution of the inter-
face temperature, which is difficult to measure, a 2D
thermal modeling using the finite difference method with
an explicit scheme was developed to better understand
and explain the welding quality. To validate the thermal
simulation, a thermal contact resistance between the fila-
ment and the substrate and a thermal exchange coeffi-
cient at feedstock interface were fitted on the
temperature measurements under the substrate surface
at depths of 0.45 mm and 0.75 mm thanks to small-
diameter thermocouples.

The simulation results confirm that thermal contact
resistance plays a major role and that the substrate must
be remelted by the filament deposition to ensure good
welding. This condition cannot be easily predicted with-
out a thermal simulation.

These results were obtained with a 0.6 mm nozzle.
Nevertheless, using a smaller nozzle diameter or a thin-
ner layer height will lead to higher cooling rates for
which the interdiffusion phenomenon could play a role,
especially if the binder has a higher molecular mass.

Since this work was focused on determining a process
window enhancing interlayer bonding, the next steps
would be to validate that the optimized process parame-
ters lead to a defect-free metal part after debinding and
sintering.

Finally, the whole methodology can be applied to
other filled or unfilled polymers to ensure adhesion
between deposited layers during FFF process.
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