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ARTICLE INFO ABSTRACT
Keywords: The aim of the paper is to propose the development of a MEX feedstock composed of a bio-sourced binder and a
Material Extrusion Additive Manufacturing tool steel powder to be printed with a pellet printer.

Bio-based feedstock
PolyLactic acid

Tool steel powder

Fused granulate fabrication

A bio-based feedstock with the highest powder load is made using different powder sizes. It is shaped into test
samples with Fused Granulate Fabrication process, from where the polymer binder is then eliminated by thermal
degradation. The resulting powder skeleton is densified by conventional sintering, to achieve a maximal density.
The densified samples are examined by X-ray tomography for the evaluation of their internal porosity. The
developed method permits to get, from optimised stages, final components with a high density of 97%, equiv-
alent to that obtained using conventional PIM processes, with a dimensional shrinkage of 13%. The physico-
chemical composition of the densified components obtained is in line with the literature.
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Glossary

3D Three-dimensional

3 DP 3 D Printing

ABS Acrylonitrile Butadiene Styrene
AM Additive Manufacturing

BET Brunauer-Emmett-Teller

CAD Computer-Aided Design
DBP DiButyl Phtalate
DOE Design Of Experiments

DSC Differential Scanning Calorimetry
EVA Ethylene-Vinyl Acetate copolymer
FFF Fused Filament Fabrication

FTP Failure to print

HIP Hot Isostatic Pressing

MEX Material Extrusion

MFI Melt Flow Index

MVD Mass Variation Derivative

PA Palmitic Acid

PE PolyEthylene

PEG PE Glycol

PHBV Poly(3-HydroxyButyrate-co-3-HydroxyValerate)
PIM Powder Injection Moulding

PLA PolyLactic Acid

PMMA  PolyMethyl MethAcrylate
PP PolyPropylene
PPC PolyPropylene Carbonate

PSD Particle Size Distribution

PW Paraffin Wax

SA Stearic Acid

scCO2  supercritical CO2

SEM Scanning Electron Microscope

SS Stainless Steel

TGA ThermoGravimetric Analysis

Notation

Ss Specific surface m?%/g

Cu Coefficient of uniformity

Fag Agglomeration factor

Sw Distribution slope parameter

u Viscosity in Pa-s

y Shear rate in s~*

K Consistency index of the Power law in Pa-s®
n Flow behaviour index of the Power law
T Temperature in Kelvin

B Factor of the Arrhenius law in Pa-s?

E, Activation energy in J-mol !

R Constant of perfect gasses in J-mol *-K~*
Tg Glass transition temperature in K

Tc Crystallization temperature in K

Tm Melting temperature in K

R? Coefficient of determination

Sc Surfactant concentration in mg-m ™2

1. Introduction

In the past decade, 3D Printing (3 DP) has experienced a rising
popularity, both for industrial and domestic use. Its ease of use, adapt-
ability and relative low cost make it the main method for prototyping.
But 3 DP is limited by the primary material. Usually, polymer filaments
are used because their fusion temperature is relatively low (200 to
250 °C) and polymers are not brittle. In the 2000 s, where 3 DP was
protected with patents, researchers have experimented the use of new
primary materials, to get final parts with better functional characteris-
tics. Among these new materials, Powder Injection Moulding (PIM)-like
feedstocks have been explored, where a polymer is used as binder to
shape components from piezoelectric materials for example [1].

In the 70s, similar developments had been led in the field of polymer
injection where polymers loaded with ceramic or metallic powders were
employed as a vector for shaping ceramic or metallic parts with injection
moulding press. This advanced process known as PIM has proved its
industrial viability and is nowadays largely used for mass production of
complex metallic or ceramic components. A detailed presentation of the
PIM processes is done in [2], while [3] presents the application of PIM
for manufacturing medical ceramic-based components.

The PIM-like Material Extrusion (MEX) is a process, which uses
feedstock like the PIM process, but where components are shaped with
3DP process; the shaping step must be followed by debinding and sin-
tering stages to obtain, like for PIM, dense parts. This allows the fabri-
cation of quite functional parts with low-cost machines; the main
drawback is the resulting important surface roughness. MEX process is
more attractive in terms of design freedom; moreover, it does not require
a metal mould compare to PIM process. As part of the work carried out
by S.I. Roshchupkin in [4], an extruder is specially designed for the
manufacture of metal-polymer filament for additive technologies, where
the filament can be wound directly at the extruder outlet, even for highly
powdered mixtures. In addition, the analyses of C. Suwanpreecha in [5]
concluded that this process can manufacture end-use metallic compo-
nents. According to their study, there are still major gaps to be filled at

every stage of the MEX process. Many aspects, such as homogeneity,
mechanical properties, geometrical precision and production rates, still
need to be improved. Despite technological advances, it still needs
further work to fine-tune the process or to produce a filament with the
right extrusion properties.

Moreover, MEX process allows the use of a wide range of materials.
Other Additive Manufacturing techniques based on powder bed (such as
Selective Laser Melting or Electron Beam Melting), or the Direct Energy
Deposition processes, can shape metals, but they need the use of an
adapted binder for shaping ceramics as it is described by Wang et al. in
[6]. MEX can be used with PIM-like feedstock, but also with other
extruded materials. MEX regroups processes such as robocasting [7] or
binder-deposition [8], where the part is shaped using a carrier fluid,
followed by additional steps for its densification. Rane and Strano
describe extensively the different MEX processes in [9] and start an in-
ventory of the different studied feedstock and powders, while in [10] an
extensive review of MEX applied for metals is proposed. In [11], Gon-
zalez et al. focus on MEX methods for metals and ceramics. In the work
of Vetter et al. in [12], the development of a material extrusion process
for a tool steel involving Fused Filament Fabrication (FFF) printing is
carried out and leads to 3 D-shaped components with excellent me-
chanical properties. The work carried out by Lu et al. in [13] concerns
the development of an FFF printing process based on a binder formu-
lation based on PLA charged with bronze powders. Their control of the
technological developments permits them to get oxidation-free micro-
structures for the printed components; moreover, the resulting me-
chanical properties were very satisfying. In addition, MEX sintered parts
can present a higher density, as a controlled conventional sintering
generally creates shrinkage in the part when removing voids.

In recent years, MEX has stimulated a great research interest using
available PIM feedstock or producing new blends adapted for this pro-
cess, where the binders generally use derivatives from the PIM industry,
with a high prevalence of oil-based polymers. Traditional formulations
use PolyPropylene (PP) [14], PolyEthylene (PE) or PE Glycol (PEG) [15]
and Paraffin Wax (PW), which are all synthetized from petroleum
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products. Recent developments in polymer research make possible the
synthesis of petroleum-free PE [16], but the commercial Bio-PE unfor-
tunately tends to include some petroleum-based PE. FFF is already well
optimised to be used with PolyLactic Acid (PLA) which is a biobased
polymer already used in PIM processes, with PEG [17] or with Poly-
Methyl MethAcrylate (PMMA) [18]. Feedstocks based on PLA for in-
dustrial application are not currently available, and they are not so
much used in academic research, whereas it would be a way to reduce
the ecological footprint of such processes.

Powder plays only a weak role during the printing step, as its char-
acteristics are revealed during the densification stage. During the
printing stage, only the granulometry is important as it influences the
maximal volume loading and then, the resulting shear viscosity behav-
iour of the feedstock.

Apart from being printable, the other optimised parameter is the
porosity of the final part. Porosity presents an important influence on the
mechanical characteristics of the resulting structural material; thus, it is
a limiting parameter for the MEX process.

Based on the results of Clemens et al. in [19], it is recommended to
investigate the quality of the filament, with rheological studies, before
printing ceramic components; in their work, the flow study permits to
adjust printing parameters, to avoid printing problems like filament
buckling or abrasion. To avoid the need of a calibrated filament, a Fused
Granular Fabrication (FGF) printing process is chosen. Wick-Joliat et al.
in [20] lead works on FGF printing process coupled with debinding and
sintering steps, where pellets based on thermoplastic binder with a high
quantity of ceramic powder are used; they were able to manufacture
heat-temperature element components composed of an electrical
conductive and a non-conductive support structure. In Lieberwirth
et al.,’s preliminary study in [21], the quality of green printed samples
produced by the FGF process with a specially developed extruder is
similar to the ones obtained with the typical FFF process, in terms of
shape and shrinkage after the final sintering process for metal powders.
Their results open up the possibility of exploiting a large variety of
powders and higher particle sizes. In this case, 3D printing based on the
extrusion of pellets is selected. Singh et al. in [22] [23] studied the MEX
printing process with FGF for copper powders using PolyMIM pellets.
They obtained fully dense copper components after optimizing the ki-
netics for debinding and the sintering parameters.

FGF 3D printing technology using a feedstock, which is directly
inserted into the print head, represents a cost-saving solution. This is this
technological solution, which is chosen in the present study, where a
specific pellet print extruder for highly powder-filled materials is
implemented. The aim of the paper is to propose the development of a
Material Extrusion feedstock composed of a bio-sourced binder and a
tool steel powder to be printed with a pellet printer. In addition, the
influence of powder granulometry on the overall process is also ana-
lysed. The final composition and properties of densified printed com-
ponents is also studied. In the first part, the method to design an original
feedstock suitable for the MEX process is described. To do that, different
polymer grades and various powder sizes are studied. The choice of the
powder and of the binder components is described, along their respec-
tive characterisations. In a second part, the created feedstocks are
modelled as rheological behaviour law and the optimal parameters of
printing are chosen by conducting a Design of Experiment. Debinded
samples and final sintered components are characterized in order to
study the shrinkage, porosity, roughness, microstructure, and to quan-
tify the influence of the powder size on the final porosity and the
geometrical shrinkage.

2. Methods and materials
2.1. Powder characterization

The powders used in this study are ASP2023 steel-tool alloy powders.
They are produced by gas atomization and supplied by Auber & Duval
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company [24]. The atomised powders are sieved with different meshes
resulting in different powders named by the mesh size. For example, the
powder named 0-60 pm corresponds to a powder material sieved with a
60 pm mesh screen.

Powders are characterized with a Particle Size Distribution (PSD)
usually described in percentiles named dy; if dy =y, it means that x % of
the particles of powder is finer than y pm. There is its counterpart in
volume, written dv,, which measures with the same method, the
percentile in volume. For the present powders, four parameters are used:
dj0, dso, dgp and dgp, which permit to evaluate other powder charac-
teristics such as those presented in the following.

The Specific Surface (Ss) of a powder corresponds to its real surface
area. Two grains may have the same size but very different Specific
Surfaces, depending if their surface is smooth or coarse. A powder
having a large Specific Surface is very reactive; so, powders with very
different Ss present very different behaviours. The Specific Surface of a
powder can be measured with a Krypton retention test where gas
adsorption is measured when the powder is submerged in Krypton gas
[25]. The Krypton is naturally adsorbed at the surface, is stabilized by
reducing the sample temperature and the excess gas is then vacuumed.
The remaining Krypton adsorbed at the surface is released by increasing
the temperature; the quantity of remaining gas is used to evaluate the
Specific Surface by using the Brunauer - Emmett - Teller (BET) Eq. [25].
This test is done in a Micromeritics Specific Surface Analyser.

The coefficient of uniformity, noted Cu, characterizes whether the
powder distribution is uniform (if Cu < 6) or not (if Cu > 6). Cu is
calculated with the following equation:

_do

Cu=
dio

@

Another important powder parameter is the Agglomeration factor
written Fag. It represents the size of the agglomerate in the powder
against the mean size of the single particles. When a powder does not
contain agglomerate, its Fag parameter tends to 1. It is calculated with
the Eq. (2):

d

Fag =2 @

dBET

where dvsg is the cumulative percentile size at 50% by volume of the
powder, and dpgr the average diameter from the specific area mea-
surement. dpgr is calculated with Eq. (3):
6
peSs

3

dBET =

where p is the density of the material, measured with a Micromeritics
AccuPyc Pycnometer.

The distribution slope parameter noted S, is the last significant
characteristic, used to quantify the flow behaviour of the powder in a
feedstock. S,, is calculated with Eq. (4) below:

2.56

log <%)

A distribution slope parameter S,, below 2 indicates that the powder
has a large distribution, and will have a fluid flow inside the feedstock. A
Sw >4 indicates that the powder has a reduced distribution; its flow
would be more viscous and could cause issues when used in a feedstock.

Finally, SEM analysis with ASTM E2142-08 standard is used to
observe powder shape details.

S, = ()]

2.2. Feedstock development

The feedstock development for MEX follows the same method than
for PIM. It consists in optimizing the feedstock parameters such as the
specific shear rate (from 100 to 1000 s~1) and the proportion of powder;
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Fig. 1. Incremental mixing of a PP/PEG/SA + MoSi, feedstock starting at 46%vol. at 180 °C with 30 rpm. In red the mean torque, in black the min and max torque.
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Fig. 2. Analysis curve of the incremental mixing of Fig. 1.
Table 1
: Different feedstock materials, their respective debinding methods and kinetic time cycles.
Binder system Powder Debinding procedure Total Ref
Primary binder Backbone binder Surfactant Other Solvent 5cCO, Thermal
PW PP SA - Al,O3 X 40h [36]
Carnauba Wax MIM-4605 X X 18h [37]
DBP 710, X X 19h [38]
PE SA - Al,03 X 17.9h [39]
X X 13.7h
Al,03, ZrO, X X 27.2h [40]
NdFeB X X 15h [41]
68.3h [42]
36 h [43]
DBP 7r0y X X 19h [38]
PE + EVA SA - NdFeB X X 15h [41]
EVA SA - Al,03 X 150 h [44]
DBP 7r0, X X 19h [38]
PEG PP SA - IN718 X X 52.5h [17]
X X 75h [45]
PMMA SA - IN718 X X 18.6 h [46]
PMMA + PPC SA - CP-Ti X X 21h [471
PLA SA - IN718 X X 52h [17]
X X 7.2h [45]
PHBV SA - IN718 X X 6.8h [45]
PolyMIM PolyMIM PolyMIM SS17-4 PH X X 23h [15]
that last one should bg as large as. possible to m1n1m1.se the porosity and, Table 2
consequently the shrinkage which can occur during the subsequent : Polymer and Surfactant characteristics from supplier Natureplast.
debinding and sintering stages. - - -
h 1 . . . by the i 1 mixi Material Name Type Density MFI (g / Tm (°C) D-
The powder loading rate is determined by the incremental mixing 10 min) isomer
method, which is described in [26] [27] along other critical loading at 190 °C (%)
1dent1ﬁca't10n tests. It presents the advantage of rapidity by using a twin- PLA PLI3  Amorphous  1.24 5 185 15
screw mixer Plastograph EC WS50EHT, composed of two counter- PLA PLI5 PLLA 1.25 25-35 170-180 0.5
rotating screws in a thermo-regulated mixing chamber of 50 cm®. The PLA PLE5  PLLA 1.25 7 170-180 0.2
test is conducted by mixing the selected polymer binder at a specific PLA PLE Amorphous  1.24 3 155 34
temperature of 190 °C and a specific turning speed, in which a powder is SA
SA N/A N/A 0.845 68-70 na
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Fig. 3. DSC analysis of the binder components.
Table 3 powder. The analysis of the example of Fig. 1 is presented in Fig. 2.
Measured Polymer and Surfactant characteristics by DSC. Once the composition of the feedstock is optimised for both polymer
Name Type Tg C°C) Tc (°C) Tm (°C) composition and powder loading rate, the material can be manufactured
in large quantities. The feedstock is processed using a Thermofisher
PLI3 Amorphous 62+ 1 110+ 1 171+ 1 . . .
PLIS PLLA 62+ 1 108 4 1 178 £1 Rheomex PTW16 co-rotating twin screws extruder which can generate
SA na 7241 the optimised raw material on a continuous flow.

gradually added. The torque needed for the screw to turn at 30 rpm is
continuously measured. A screw speed of 30 rpm is an optimal value
during mixing process with the twin screw mixer for MIM pellets elab-
oration in order to obtain homogeneous feedstock without segregation
defects [28]. An example of an incremental mixing method is presented
in Fig. 1. First, the powder is added to represent 50% of the feedstock
volume. The feedstock is homogenized by the mixing action, and when
the torque is stabilized, additional powder is introduced in the mixture,
in increments of 2% in volume, until a new stabilization of the torque.
When the torque dramatically increases and stays at a high level, it
means that the quantity of powder is excessive for the chosen binder and
that a homogenization is impossible.

From the measures done during the test, a graph, representing the
stabilized torque (i.e. the torque when the mix is homogeneous) versus
the powder load expressed as a percentage, is built. It shows two trend
lines whose intersection corresponds to the optimal loading rate in

2.3. Feedstock characterization

The elaborated material is characterized by its physical and thermal
properties, both of which are important for the optimisation of the
printing and debinding steps.

The relevant physical properties are the change in shear viscosity
with temperature, and the shear rate. A Bohlin Instrument RH2000
capillary rheometer is used to measure these characteristics. With this
type of device, the shear viscosity of a given polymer and high loaded
materials at a given temperature, is measured as a function of a given
shear rate. The combination of the two rheometers available in the lab.
Allows to measure a full range of shear rates: from 107> to 10 s ! for the
rotational viscometer, and from 100 to 10° s7! for the capillary
rheometer.

Each experimental curve is used to build a model for the viscosity
versus shear rate. The model follows a power law expressed as follows:

Table 4

Chemical composition in % mass (elements with <0.01% mass are not mentioned, Fe is the balance) of the different studied powders.
Powder C Si P v Cr Mn Co Ni Cu Mo w
0-106 pm 1.29 0.64 0.023 2.96 3.90 0.26 0.67 0.16 0.097 4.81 6.11
0-63 pm 1.27 0.66 0.022 3.01 3.99 0.26 0.79 0.19 0.110 4.85 6.03
0-45 pm 1.29 0.64 0.023 2.96 3.90 0.26 0.67 0.16 0.097 4.81 6.11
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Fig. 4. a) Powder granulometry, b) Cumulative powder granulometry.
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Table 5

Shape characteristics of the powders.
Name Ss (m>g™1) dpgr (pm)
0-106 pm 0.0317 23.6
0-63 pm 0.0401 18.6
0-45 pm 0.0491 15.2

Table 6

Powder rheological parameters.
Name Cu Fag Sw
0-106 pm 1.119 2.66 4.409
0-63 pm 1.141 2.47 3.962
0-45 pm 1.097 1.77 5.908

p(ip) =Koy )

where 4 is the viscosity in Pa.s, j is the shear rate in s_*. K the consis-
tency index in Pa-s? and n is the flow behaviour index are the factors of
the law. Pseudo-plastic fluids are also referred to as shear-thinning fluids
characterized by n < 1.

Viscosity according to the temperature is modelled with the Arrhe-
nius law [29] given in Eq. (6):

u(T) = Beexp (R'i“T) ©

where T is the temperature in Kelvin, B is a factor, E, is the activation

energy in J-mol ! and R is the constant of perfect gasses in J-mol 1.K1,
The combination of these models allows the viscosity to be modelled

as a function of temperature and shear rate like in the Eq. (7) below:

i) =Ko eexp (R'i:“ > @

In the work of Strano et al. in [30] the theoretical window of the
optimal parameters for extrusion is determined for 316 L Metal MEX as a
function of temperature, shear rate and powder loading using a capillary
rheometer and analytical approaches and physical observations. The
methodology to determine the shear rate during process and some
extrusion printing parameter optimisations have been developed for a
pure polymer binder [31] and for MIM pellets [30].

To control the behaviour of the raw material during the shaping
process, its thermal characterization is necessary. For that, a DSC 31 evo
SETARAM is used to perform a thermodifferential analysis named Dif-
ferential Scanning Calorimetry (DSC) analysis. DSC analysis highlights
the temperature at which specific phenomena happen in the feedstock.
Each test is performed on a 0.04 to 0.8 g sample, in a temperature range
of 20 to 250 °C, scanned three times, with a heating rate of 3 °C/min.

The DSC analysis reveals temperature peaks corresponding to
different binder-related phenomena, such as melting, crystallization or
degradation temperatures.

2.4. 3D printing

The different parts are designed by Computer-Aided Design (CAD)
and then, imported in a 3D printing control software. The RepeiterHost
software is chosen and is coupled with the open source slicer Slic3r. The
control software permits to select the printing parameters, such as the
nozzle and bed temperatures, the printing and infill strategies. The
control software slices the part and converts it into a machine GCODE
file, which is transferred to the 3D printer.

The conventional Fused Filament Fabrication (FFF) printers are
mature and commercially available; their base materials are a calibrated
filament with rigorous mechanical properties. A fused Granular Fabri-
cation printer based on a Distudio3D provider with extrusion head is

Powder Technology 438 (2024) 119591
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Fig. 5. SEM capture for a) 0-45 pm powder size, b) 0-63 pm powder size and c)
0-106 pm powder size.

preferred, as characteristics of granular media are less demanding. The
equipment is a screw-based pellet extruder controlled by the screw
rotation provided by Direct3D especially studied for MIM feedstock and
high loaded polymers. It is a relatively simple design and no feedback
ensures the stability of the printing process. The melted feedstock is
extruded through a nozzle, which diameter has a significant impact on
the shear rate and thus, on the viscosity during the printing stage. The
printing speed corresponds to the speed at which the extruder's head is
moving; it imposes a necessary extrusion flow. The extrusion speed on
the pellet extrusion nozzle is adjusted by means of a multiplying coef-
ficient, called the flow ratio, which is set, in our case, to a value of 125%
to obtain a constant flow rate. The molten composite is then extruded
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Table 7
Surfactant to powder surface.
Ss (m2g™ 1) SA proportion (%w) Sc (mg-m~?)
0-106 pm 0.0317 0.4797 162
0-63 pm 0.0401 0.4797 128
0-45 pm 0.0491 0.4797 105

and deposited, layer by layer, on a printing plate, by moving the
extrusion head at printing speed to elaborate printed components.

All the parameters need to be optimised as nozzle diameter and
printing speed for each granulate material to produce dense parts. To do
that, a Design of Experiment (DoE) is carried out. The layer height is
chosen such as its maximal value corresponds to between Y and % of the
nozzle diameter, leading to a value of 0.3 mm for the height [32]. The
selected nozzle presents a diameter of 0.8 mm corresponding to a
printing depth of 0.3 mm. Printing speeds range from 10 to 40 mm.s ..
The maximum speed is suitable for biomaterials with a low plant fibber
content, while for PLA grades with a high powder content, conventional
printing speeds are rather low (i.e. between 10 and 20 mm/s), see Benie
etal. in [33]. Using the same equipment as N'dri et al.in [34], a variety of
highly-filled magnetocaloric powder composite parts were printed
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without any problems and with a high degree of homogeneity. Finally,
the possible maximal volume of fabrication is a 350 x 250 x 250 mm®
prism.

2.5. Thermal debinding

In the literature, for thermal debinding, the mean time is of 69 h with
a lowest time of 18 h. In case of solvent debinding, where the creation of
porosities networks is observed, it is mandatory to combine it with
thermal debinding to complete the removal of the binder. In this case,
the combination of the two methods (thermal and solvent) will result in
a shorter kinetic time cycle than pure thermal debinding. The mean time
is of 28 h with the lowest of 15 h; in Table 11, several studies with a
debinding time of around 19 h was observed. In the case where the
supercritical CO, method is employed, debinding time is really shorter
with a duration of about 8 h. The debinding time resulting from our
study is of 16.5 h, which is quite short compared to the duration pre-
sented in Table 1.

Table 1 lists different feedstocks used in PIM and their respective
debinding time cycles. Table 1 collects some data presented in an article
of Rolere, Soupremanien et al. [35] completed with others. We focussed
only on experimental results where the debinding protocol was
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Fig. 7. Viscosity vs shear rate at 190 °C, 200 °C and 210 °C for the PLI5 feedstocks for the powder with a granulometry of 0-45 pm.

Table 8
Identified parameters of the power law according to the temperature for the different feedstocks referenced by their granulometry.
Temperature 190 °C 200 °C 210°C
Parameters K n K n K n
0-45 pm 521 0.770 153 0.823 125 0.757
0-63 pm 520 0.714 428 0.725 35 0.865
0-106 pm 344 0.832 738 0.617 339 0.458
6 _
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=
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Fig. 8. The logarithmic viscosity vs. the inverse of the temperature for of the feedstock 0-45 pm.
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Table 9
Parameters of the Arrhenius law.
Name B E, (kJ-mol™1)
0-45 pm 1.63-10712 135
0-63 pm 8.66-107Y 161
0-106 pm 2.06-1077 157

completely documented.

The debinding parameters are measured with the STA 449C Jupiter
Thermo-scale by the Netzsch company, where the thermo-scale is used
as a coupled thermogravimetric analysis (TGA) and DSC. TGA measures
the mass variation during the heating of the sample. The onset tem-
perature of the binder degradation (Tdo) happens at the same time
where the mass loss starts. The temporal derivative of this mass loss
presents a peak corresponding the optimal degradation temperature
(Tdp).

The selected temperature for the debinding stage is slightly higher
than the Tdp and is limited by the equipment. Additionally, the debinded
samples are analysed by TGA to validate the complete binder
degradation.

A France Etuve XU27 oven is employed for debinding the various
printed components. Its maximum temperature is 300 °C, and the tem-
perature cycle is carried out in a neutral Argon atmosphere to avoid
oxidation. The debinding cycles are defined according to the optimal
temperature, the component size and the binder composition.

2.6. Densification

The densification is realized by natural sintering. The sintering
characteristics are measured with a dilatometer Setsys from SETARAM.
The dilatometer measures the shrinkage during the thermal cycle as a
function of the chosen kinetics and the selected atmosphere. The ther-
mal cycle is performed on debinded samples, heated to 1100 °C with a
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Fig. 10. Ongoing printing of a batch of cylinders.

50 °C-min~! temperature rise rate, and then to 1300 °C with a
25 °C-min"! heating rate. The result is a graph representing the sensor
position versus the temperature, from which its derivative with respect
to time reveals the range of the sintering temperature. However, this
range of temperature does not necessary assure to get a partial fusion for
joining powder grains together and to maintain the required part

Powder
grain

det | mag R ;ND
20.00kV 50 pA Standard ETD 500x 12.3mm 0.0°

. HV curr use case

tilt

FEMTO-ST

Fig. 9. SEM capture of a 0-63 pm PLI5 feedstock granulate.
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Table 10

Powder Technology 438 (2024) 119591

Presentation of the DoE for all three feedstocks (0-45 pm, 0-63 pm and 0-106 pm) used to optimize the set of parameters (nozzle temperature and printing speed) of
the printing stage, together with the results obtained in terms of density and dimensional accuracy (nozzle diameter is 0.8 mm, printing depth is 0.3 mm).

Set of parameters N° 1 2 3 4 5 6
Nozzle Temperature (°C) 190 190 200 200 210 210
Printing Speed (mm~s’1) 10 20 10 20 10 20
0-45 pm Density (g-cm ) FTP FTP 4.323 4.125 4.134 4.194
Dimensional variation (%) 5.6 6.2 7.7 9.6
0-63 pm Density (g-cm ™) 3.883 4.089 4.118 4.125 4.228 4.157
Dimensional variation (%) 3.6 5.0 6.9 10.3 14.6 7.3
0-106 pm Density (g-cm ™) FTP FTP 3.916 4.206 4.312 4.145
Dimensional variation (%) 4.6 9.5 15.0 19.4

o

5 mm

Fig. 11. Parts printed with 0-106 pm feedstock material with a) set parameters
no. 4 giving a suitable cylindrical geometric shape and b) set parameters no. 2
giving a print failure.

geometry by avoiding melting. Once the ideal temperature is obtained,
further tests are run to define the optimal sintering temperature and
holding time; longer holding times generally lead to higher final den-
sities and allows the pore elimination and microstructure rearrangement
[48].

2.7. Specimen characterization

At this stage, it is important to examine the porosity. It is a very
influential parameter for the component's mechanical specifications.
Moreover, it is essential to ensure that all the opened porosity has been
well eliminated (usually lower than 5%) in order to apply a Hot Isostatic
Pressing (HIP) post-treatment to produce a fully dense part. Several
methods permit such measurement.

The density measurement with hydrostatic double weighting is the
easiest way to evaluate the porosity. The sample is first weighed in the
air, and plunged into ethanol. The buoyancy of the sample in ethanol
creates a difference of weight that is used to calculate the part volu-
metric mass. The comparison of this volumetric mass to the volumetric
mass of the powder material gives a difference, which is caused by the

—_—
1000pm

inside porosity. It is the most accurate method for density measurement.

Another method consists of cutting the samples and observing, after
polishing, the pores with an optical microscope. By coupling the mi-
croscope with an image analysis software (like the Keyence suit, used in
the present work), it is possible to calculate the sample's porosity;
moreover, it can qualify the pore size distributions and their localisation.
The main drawback of this measure is its destructive nature and its local
validity. Moreover, microstructural and morphological characteriza-
tions of powders and sintered parts are performed by scanning electron
microscopy (SEM - JEOL 7610 F SEM-FEG) in secondary and back-
scattered electrons imaging. Qualitative chemical compositions of the
phases are identified by energy dispersive X-ray spectrometry (EDS).

The last method is tomography. The part is submitted to X-rays with
multiple angles and an analyser permits to get different slices of the part.
With the help of a reconstruction software, a 3 D model of the compo-
nent, describing its exterior and interior, is obtained revealing the in-
ternal voids. It is an expensive analysis, but it is non-destructive and it
gives a complete representation of the pores size and localisation. To-
mography analyses are done on an Easytom RX Solution tomograph of
the MIFHYSTO mutual technical centre. The reconstruction is analysed
to determine the pore distribution. In addition, to evaluate the surface
quality of sintered specimens, the longitudinal roughness is measured
with an ALTIMET Altisurf 520 every 90° for each part. The measured
profiles are discretized, and filtered with a Gaussian filter considering a
cut-off of 2.5 mm.

2.8. Polymer

In FFF, the two main polymers used for printing are Acrylonitrile
Butadiene Styrene (ABS) and PLA. While ABS is based on petroleum,
PLA is a bio-sourced polymer, obtained from corn starch; the starch is
eaten by bacteria creating lactic acid, which is polymerized in a further
process. So, PLA is chosen as it is commercially available, well suitable
for 3D printing and has been already studied in the lab [13].

PLA is a stereoisomeric polymer which can have a cis/trans orien-
tation, depending on the isomer used for the synthesis: either (L)-lactic
acid or (D)-lactic acid can be polymerized into Poly-L-Lactic-Acid
(PLLA) and Poly-D-Lactic-Acid (PDLA) respectively, when they are

St X200

Fig. 12. Cross section of a debinded cylinder for a) PLI5 and b) PLI3 based feedstock.
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Fig. 14. Infrared spectroscopy of gas during the TGA test, from 20 to 800 °C with a 10 °C-min " kinetic.

pure; in case of a mix of the cis- and trans-lactic acid, one gets a Poly-DL-
Lactic-Acid (PDLLA).

PLA in its pure form (PLLA or PDLA) presents a semi-crystalline
behaviour for its a form, with a glass transition temperature (Tg) of
60 °C and a melting temperature (Tm) of 175 °C. PLLA can also crys-
tallize in a B structure; in that case, its fusion temperature raises up to
185 °C.

For its part, the PDLLA follows an amorphous behaviour.
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PLA is commercially available from Natureplast company, which
proposes different grades listed in Table 2.

PLA is the backbone for the development of the bio-sourced binder,
but its low powder load capacity and its high viscous behaviour do not
permit to use it alone. A wetting agent is necessary, whose role is assured
by a large variety of components. The saturated fatty acid family is
usually used, where saturated fat such as Stearic Acid (SA) or Palmitic
Acid (PA) are extracted from alimentary oils; for example, cocoa butter
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Table 11
Porosity evolution.

Low porosity Controlled porosity

(Fig. 16 a) (Fig. 16 b)
Printed part porosity (% vol.) 0.03+1 0.88 +1
Debinded part macro-porosity (% vol.) 4.97 +1 0.52+1

contains 35% of SA and 27% of PA, palm oil contains 5% of SA and 44%
of PA. These components are refined and are composed from a single
molecule. SA is a reference wettability bio-sourced agent [49]; it is
chosen in the present development and comes from Merck KGaA.

The DSC analysis presented in Fig. 3 shows the behaviour of the
different binder components vs the temperature. An increase in heat
flow corresponds to an exothermic reaction, while a decrease corre-
sponds to an endothermic one. For a polymer, an endothermic increase
to a plateau corresponds to a glass transition temperature (Tg), an
exothermic peak corresponds to a crystallization temperature (Tc) and
an endothermic peak corresponds to a melting temperature (Tm). For
other materials, an endothermic peak corresponds to a melting tem-
perature (Tm). The feedstock binders are composed of two materials and
multiple characteristic temperatures are observed. Fig. 3 presents the
normalized heat flow for the selected binder's components.

The measured characteristics are quite different from the one given
in the supplier datasheet; the melting temperature of the PLA is found to
be lower than the one announced. The characteristic temperatures of the
mix PLA-surfactant are lower than the ones of the two separate com-
ponents. Table 3 shows the measured characteristics of the components,
averaged with 3 cycles.

The DSC analysis of the binder components shows the endothermic
peaks, at 72 °C corresponding to the SA melting temperature and at
171 °C and 178 °C corresponding to the PLA melting temperature;
exothermic peaks corresponding to the PLA crystallization temperature
is observed at 80 °C for the PLI5 and 108 °C for the PLI3. The binder
presents different characteristics; with a mix of the backbone PLA and
the surfactant SA, the temperatures are lowered, with a melting of the SA
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at 67 °C, a crystallization of the PLA at 80 °C and a melting of the PLA at
165 °C.

2.9. Metallic powder

The core material of the powder used in this study is a tool steel
named ASP2023, which can be found under the name AISI M3-2 and is
designated as EN - X128 WMoCrV6-5-4-3. The powder comes from three
different atomization batches; each batch is passed through different
sieves. They are referenced by the sieve's mesh size: 0-45 pm, 0-63 pm
and 0-106 pm.

As each powder comes from different atomization batches, their
chemical composition presents some variations as revealed by the fig-
ures in Table 4, measured according to the ASTM-E1019 standard.

The measured volumetric mass is 8.04 g.cm™>.

3. Results and discussions
3.1. Powder characteristics

In order to study the influence of the powder particle size on each
stage of the process, three particle size classes were prepared by sieving.
The different analyses of these powders are presented in Fig. 4.

The Fig. 4 a) reveals that the three powders present a single-mode
distribution, centred around a size of 24, 36 and 58 pum respectively.
However, only the 0-63 pm powders present a non-symmetrical distri-
bution in size due to a larger number of small particles. Nevertheless, our
selection seems to be pertinent as shown Fig. 4 b) to evaluate the in-
fluence of the particle size on the fabrication of parts from the powder to
the massive.

The particle size distribution (PSD) is obtained from Fig. 4 b); the
PSD can be directly read on the graph, as the intersection between a
straight line at X% and the observed cumulative powder line, giving a d,
which corresponds to the powder size on the abscissa.

The shape parameters of the different powders are given in Table 5.
The specific surface is measured from a powder sample of 11.9t0 13.6 g,
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Fig. 16. Tomographic reconstruction part before and after debinding for a) a low porosity sample before debinding, b) and the low porosity sample after debinding;
¢) for a controlled porosity sample before debinding and d) for a controlled porosity sample after debinding.

with a preliminary desorption cycle of 4 h at 250C.

The nominal specific surface area of a uniform powder with a
diameter equal to ds is smaller for the three studied powders; this is due
to the asymmetry in the grain size distribution, where ds is not centred
at the top of the Gaussian curve.

The coefficient of uniformity (Cu), the agglomeration factor (Fag)
and the distribution slope parameter (S,,) have been calculated with Egs.
(1), (2), (3) and (4) respectively, for the three batches named 0-106 pm,
0-63 pm and 0-45 pm. The data are grouped in Table 6.

With a C, <6 and a Fag just slightly above 1, it results that the chosen
powders present a uniform distribution and do not contain
agglomerates.

Finally, as Sy, > 4, the studied powders display a reduced distribution
which could compromise their flow [50].

Finally, SEM analyses (Fig. 5) according to the ASTM E2142-08
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standard permit the observation of the shapes of the powder grains. For
the three powder batches, the grains are mostly spherical, even if some
oblong grains can be observed. Some satellites are present, and their
surface is smooth despite some peeling texture. Visibly, the powder
distribution appears to be as wide as measured by laser diffraction, with
grains ranging from 5 to 30 pm in diameter in Fig. 5 a), from 5 to 50 pm
in diameter in Fig. 5 b) and from 5 to 100 pm in diameter in Fig. 5 c).

3.2. Feedstock development

The binder is composed of PLA as backbone, and SA as wettability
agent, in a 90 to 10% vol. ratio. This high SA content is chosen to ensure
an excess of SA in reference to the article [51], where it is shown that a
5% of SA in the binder guarantee an optimal feedstock of a 17-4PH
powder with PW-based binder.
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Fig. 18. Samples after sintering at 1250 °C during 2 h of a) 0-45 pm, b) 0-63 pm and c) 0-106 pm powders.

The starting feedstock based on this binder is developed using the
incremental mixing method presented in section 1.2, whose analysis is
presented in Fig. 6 a) and b), for a binder based on the PLI 3 and PLI 5
grades, respectively. The Fig. 6 shows that the powder size does not have
a specific impact on either the critical loading rate or the torque. The
critical loading rate is 68%vol for each powder size and binder.

So, feedstock has been produced with the following composition:
PLA (PLI3 or PLI5) 28.8% vol., SA 3.2% vol., Powder 68% vol. This high
loading rate is interesting, as it will produce a low shrinkage during the
sintering stage.

3.3. Feedstock characteristics

The surfactant plays the role of a wetting agent between the powder
and the backbone polymer, and a minimal quantity is needed to
encapsulate fully the powder grain. The surfactant concentration in the
feedstock can be evaluated from the knowledge of the powder specific
surface and the imposed loading rate. The resulting surfactant concen-
trations (Sc) are presented in Table 7.

As described in Table 7, the Sc in SA range from 105 to 162 mg-m™2.
Comparing this concentration to the work of T. Hanemann and R. Hel-
dele in [49] with a PE-PW binder, the created feedstock includes an
important quantity of surfactant, while a concentration higher than 2.2
mg-m™2 has little if any effect on the feedstock viscosity. Auscher et al. in
[52] found that for a feedstock based on a PE Low Density, the optimal
SA concentration is of 1.9 mg-m~2 only. That means that, even if PLA-
based feedstock needs higher surfactant concentration, the SA propor-
tion in the present feedstock could be reduced by a factor 50 without
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changing its effect; an excess of surfactant is still insured.

Fig. 7 presents the feedstock viscosity measured for different shear
rates at different temperatures. As the typical shear rate in printing
process is of 100 s™%, five values between 10 and 1000 s~! have been
explored. The considered temperatures are 190 °C, 200 °C and 210 °C
with granulometry (0-45 pm) in Fig. 7. These temperatures are above
the melting point and below the degradation temperature. Measure-
ments are done using a 2 mm diameter by a 16 mm height die. Only the
PLI5 based feedstock is measured as the PLI3 based feedstock is not
qualified for the debinding stage (see 2.5).

All measurements are used to calculate the parameters of the power
law and the Arrhenius law. Fig. 7 permits the extraction of the param-
eters of the power law, grouped in Table 8. For the three feedstocks and
the selected temperatures, the n factor is inferior to 1, indicating that the
feedstocks possess a pseudo-plastic behaviour.

The Arrhenius law is determined by extracting its parameters ac-
cording to the temperature; the graph in Fig. 8 shows the different
powder viscosity according to the temperature.

The study of the evolution of logarithmic viscosity as a function of
the inverse of temperature leads to the determination of the value of the
activation energy. In fact, this value is obtained by multiplying the slope
of Fig. 8 by the value of the perfect gas constant. The parameters of the
Arrhenius law are given in Table 9 for the three feedstocks. The acti-
vation energy increases from the 0-45 pm feedstock to the 0-63 pm
feedstock, but shows no significant change between the 0-63 pm feed-
stock and the 0-106 pm one. This can be observed in Fig. 8 where the
viscosity is affected uniformly according to the temperature. It takes
more energy (an increase from 190 °C to 210 °C) to affect the feedstock,
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Fig. 19. Tomographic reconstruction of a sintered part from 0 to 63 pm powder with a controlled porosity during printing stage. a) Isometric view, with the
tomographic analysis after debinding in medallion, b) face view and c) top view.

Table 12
Evolution of the porosity and Z-shrinkage after a sintering at 1250 °C during 2 h
for all powders.

Characteristic / Powder 0-45 pm 0-63 pm 0-106 pm
Porosity (%) 2.76 4.54 6.20
Z shrinkage (%) 13.35 13.44 13.91

as the activation energy is higher for those feedstocks.

The model described in Eq. (6), with the parameters given in Table 9,
is presented in Fig. 8, and compared to the measures. Additionally, the
coefficient of determination R? is calculated. The correlation between
model and measurement, expressed by R?, shows a high correlation
between experimental data and the analytical model for the 0-45 pm
feedstock with a R > 0.92. For the 0-63 um feedstock, the correlation is

16

lower for 200 °C and 210 °C, with a R?> > 0.87. For the 0-106 pm
feedstock, the 200 °C temperature presents the lowest correlation with a
R? of 0.81, while the other two temperatures present correlations su-
perior to 0.93.

Microscopic observations in Fig. 9 show that the powder grains are
well wrapped with the binder. The feedstock appears to be saturated,
with no segregation phenomena i.e. no large pockets of polymer or
unwrapped powder particles. The photography for the 0-63 pm PLI5
feedstock presented in Fig. 9 is representative of the different feedstock
used in the present study.

3.4. Printing

Printed samples consist of a cylinder of 8 mm-diameter by 8 mm-
height. These small cylinders are used for the determination of the
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Fig. 20. SEM observation of a cross-section of a sample with a dwell time of 2 h. In red the area presented in Fig. 21.

optimal printing parameters, and also, for the optimisation of the
debinding and densification steps. A photograph of the ongoing printing
process is given in Fig. 10.

The printing strategy defines the path the print head follows in order
to generate the desired geometry. The high geometric accuracy is
generally ensured by a two-step printing strategy: first, the outline of the
part is created, then the interior of the part is swept by the print head.
The part contour can be realized with one or more paths; two paths are
chosen in the present work. The part's filling is done with 0 / 90° paths.

The printing temperature has an important influence on the shaping
stage, but it is limited by the melting and degradation temperatures of
the polymer. Thus, for the considered polymer, the temperature ranges
from 185 °C to 220 °C.

Controlling the porosity during the printing stage is essential as it
influences the following steps (see part 2.6).

Many parameters have to be considered for the optimisation of the
printing stage, like the nozzle and bed temperatures, the nozzle diam-
eter, the printing speed, the layer height. Nozzle temperature and
printing speed are the most important parameters. The others present
less influence, and their values can be fixed. Concerning nozzle tem-
perature, it has a direct influence on the feedstock viscosity. For the bed
temperature, it is chosen according to the general specification of the
PLA supplier for MEX, which indicates a bed temperature of 60 °C,
higher than the binder's Tg, which insures the maximal adhesion force
[53].

These parameters are optimised with a DoE method where the con-
ditions of the necessary tests are given in Table 10, as well as the results
according to the density of the parts and their respect to the imposed
geometrical dimensions. At 190 °C the printing process results in failure
to print (FTP) for the 0-45 pm feedstock.

Components printed with feedstock 0-106 pm are illustrated for two
sets of parameters (set number 2 and 4) in Fig. 11. The first set (number
2) leads to a printed component with defects and the second set (number
4) leads to a printed component with a suitable geometrical shape
without the presence of external defects.

The DoE shows that a single set of parameters results in differences
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for each feedstock. For the 0-45 pm and 0-63 pm feedstock, the results
are the best with a nozzle temperature of 200 °C and a printing speed of
10 mm-s L. For the 0-106 pm feedstock, a nozzle temperature of 200 °C
and a printing speed of 20 mm-s ™! define the best conditions.

3.5. Thermal debinding

Preliminary tests have been led on printed parts to observe the
behaviour of the parts during the debinding stage. They show that PLI3
grade is too fluid for retaining the part shape during the debinding stage,
even if the debinding operation is conducted in an alumina powder bed
to help retaining the shape, the final geometry was not satisfying. In
Fig. 12, the cross section of printed and debinded cylinders with a PLI5
and PLI3 based feedstock are compared showing an important deterio-
rated internal structure where the PLI3 filler is used; internal macro-
pores can be observed in Fig. 12 (b). Lowering the debinding kinetics
has no effect on the deterioration of the internal structure of the PLI3-
based feedstock.

In order to optimize the debinding process, a TGA is performed to
identify the optimum debinding temperature. From a sample of 584 mg
of printed material, the result shown in Fig. 13 is obtained.

The material degradation is done in two steps. A first degradation
starts at 190 °C and ends at 460 °C, with a loss of 7.26%w; a peak of
degradation is observed at 292 °C, corresponding to the degradation of
the majority of the polymer. Another component is decomposed be-
tween 560 and 630 °C, with a loss of 0.05%w; it could be an additive in
the material or any lubricant present in the device.

From this TGA, it can be concluded that 87% of the degradation is
completed at 300 °C. This temperature is then selected for the debinding
step. The debinding starts with a quick heating to 150 °C in 0.5 h as the
binder does not melt yet, followed by a slow increase up to 300 °C with a
thermal kinetic of 10 °C-h™! and a holding time fixed at 1 h. The
debinding cycle time (without cooling) is of 16.5 h. Additional TGA tests
are performed on debinded samples to check if the thermal degradation
is sufficient, as it is shown in Fig. 15 .

The infrared spectroscopy presented in Fig. 14 shows in solid line the
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Fig. 21. EDS-SEM mapping in the sample sintered with a dwell time of 2 h, by EDX.

-7.13 %

Fig. 22. Shrinkage as a function of manufacturing steps, from 3D printing to
final sintering for a thick prismatic component.

gas emission of the printed sample in terms of spectral absorbance, and
in dotted line the absorbance for the binder only. The absorbance has no
unity, and comparisons are pertinent only if they are done on a single
test. While the emissions of CO and CO» are similar, with just a lower
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intensity between the printed sample and the reference one, the CyHy0,
components in the sample present a dramatic increase in intensity in
absorbance between 200 and 700 °C. This increase can be explained by
either a chemical reaction between the polymer and the powder, or a
modification of the powder's chemical composition during the printing
stage. This latter hypothesis is corroborated as the printing stage is
conducted at a temperature higher than 190 °C, where the TGA graph
(Fig. 13) reveals the beginning of the material degradation.

The thermogravimetric analysis of a debinded sample in Fig. 15
shows that mass difference is anecdotal after the debinding cycle; a gain
of 0.03%w proves that the debinding cycle has fully degraded the
polymer.

Table 11 illustrates the evolution of the porosity for the debinding
step according to a starting porosity. After debinding, the measured
porosity does not include the porosity between the powder grains, which
are too small to be measured by tomography. Only the macro-porosity is
evaluated as only pores >5 pm> can be measured. A minimal porosity
after printing is not the optimal parameter to ensure a minimal porosity
after debinding, instead a controlled porosity allows the degraded
polymer gas to escape without creating macro-pores or without
delaminating the part.

Fig. 16 represents the 3D reconstruction of the debinded part thanks
to the RX tomography. The part volume is in light grey where coloured
spots represent the pores; the different colours correspond to the
different volume sizes of pores. In Fig. 16 a), where a weak porosity
exists in the printed part, the pores create a vertical dotted line, corre-
sponding to the start point of the printing trajectory. Effectively, half of
the layers starts the deposition on the left of this line, the other half of
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layers is oriented at 90° of the first line. The beginning of the printing
trajectory does not cover its ending point, leading to the creation of a
discontinuous vertical line of pores as represented in Fig. 16 a). After
debinding (Fig. 16 b)), the part is dotted with pores created by the
degradation phenomenon, where the gases move away the molten
binder and powder grains generating bubbles. The exterior pores (in
deep blue and green) are located between seams of the outline paths,
and the internal pores (in light blue) are randomly located.

In Fig. 16 c), vertical lines of pores can also be observed, where the
additional vertical line corresponds to the filling printing trajectory. The
print strategy is also visible, as space in between seams is not totally
covered by the print. This creates a network of pores, which forms
almost a continuous network of all the porosity in the form of horizontal
lines. This network allows the gas created during binder degradation to
escape, even if it's at the heart of the part, thus preventing bubbles or
delamination. After debinding, the network is still visible, but no addi-
tional pores have been created, as shown in Fig. 16 d).

3.6. Densification

Dilatometry is selected to determine the best sintering temperature
as described in part 1.6. The resulting dilatometry analysis is illustrated
in Fig. 17 where the range of the sintering temperature is defined by the
domain where the derivative of the height curve is negative. This
shrinkage curve can be divided into four domains in which different
phenomena take place. If the domains 1 and 2 are associated to the
thermal expansion of powders and the granular rearrangement respec-
tively, the domain 3 consists of the sintering at the solid state whereas
the domain 4 is led to the presence of liquid phase before the melting of
steel. Consequently, the sintering temperature will be chosen between
1100 °C and 1260 °C. Indeed, at 1225 °C, the sintering rate increases
significantly meaning that sintering at the solid state is taking place. For
temperatures higher than 1260 °C, the sintering rate becomes irregular
caused by the local melting phenomena (such as eutectic, transus, ...).

Finally, a natural sintering at 1250 °C during 2 h follows by a cooling
down with a rate of 50 °C/min is selected. Nevertheless, to limit all
overshoot, two heating rates were applied, one at 50 °C/min up to
1150 °C then a second at 25 °C/min to 1250 °C.

Various samples, starting from each granulometry class, have been
sintered according to this thermal cycle to produce the parts shown in
Fig. 18. These three samples are representative and have been chosen
randomly. They present some small differences. On the 0-45 pm sample
(Fig. 19 a)), the print layers are quite invisible, whereas they are
distinguishable on the 0-63 pm (Fig. 19 b)) and 0-106 pm samples
(Fig. 19 ¢)). As all the samples have undergone the same sintering pro-
cess, and as only their specific surface parameters are different, it can be
concluded that these differences are due to the particle powder size.
With a larger specific surface, the smaller powder presents a larger area
for interaction and thus leads to a better sintering [54].

When the densification step takes place at a temperature higher than
1250 °C, regardless of the temperature holding time, geometric defects
appear. Table 12 presents the results of the sintering in terms of porosity
and height variation for a sintering at 1250 °C during 2 h, respectively
for the 0-45 pm, 0-63 pm and 0-106 pm powders.

The tomography presented in Fig. 19 is relative to the powder 0-63
pm, it shows that the porosity evolves during the densification stage; the
micropores created between the powder particles during debinding
stage merge to form the larger pores. Consequently, porosity increases
from 0.52% to 0.97% during that step (with a + 1% uncertainty).

The sintering of the printed/debinded specimens depend largely on
the size of initial particle powders. Indeed, a small powder granulometry
presents a better “sinterability”, and thus produces a lower internal
porosity. The powder 0-45 pm was selected for further studies, as it is
the only powder capable of producing a final porosity inferior to 3%. For
this reason, only the sintered specimen with a porosity inferior to 3%,
prepared from O to 45 pm powders will be discussed below.

19

Powder Technology 438 (2024) 119591

Firstly, the surface quality was evaluated by a measurement of the
arithmetic roughness Ra. Usually, dwell time during the sintering step is
critical to optimize the microstructure and the surface roughness. A
higher dwell time creates a smoother surface, as the metallic grains
reorganize and optimize the surface tension. An increase of dwell time
leads to a smoother surface that overturn the initial high roughness and
a larger surface layer. A Ra of 18 pm can be obtained with a dwell time
equal to 2 h.

Secondly, sintered parts are sliced and polished to observe their
microstructure using SEM-FEG microscope. The Fig. 20 shows that it
exists a microstructure gradient between the surface and the centre of
the part. Indeed, a surface structure of 500 pm depth is observed. An
increase in dwell time is correlated with an increase in the thickness of
this surface layer. In this figure, a coarse microstructure and some larger
pores (size close 10 to 30 pm, in dark due to the presence of resin) are
observed at the surface. The surface structure can be explained by a
difference in terms of temperature between the surface and the inside of
the part. With a long dwell time, the gradient is lowered, and the
affected area is larger, and with a longer dwell time, the metal grains
have more time to reorganize.

On this figure, the backscattered electrons give different information
on the chemical composition, as the grey level difference is caused by
the atomic weight of each element. The heavier elements of the steel
alloy are grouped in the whiter grains (Mo and W) and create eutectic
structure, which separate the darker zones containing Fe. Other grey
grains contain a majority of the other elements (Cr, C and V), and a
minority of Mo. A better description of this chemical repartition is given
on the Fig. 21 where EDS-SEM mappings are presented for each major
element constituting this alloy.

This segregation of the addition elements is explained by the fact that
a liquid phase of the surface layer takes place. Some elements as iron
melt due to a higher temperature allowing a dissolution of others ele-
ments and solidify during the cooling. Indeed, the difference in terms of
solubility between the solid and liquid phases allows to concentrate
heavy elements into the eutectic [55] and, thus to create grains
composed of W, Mo and Si [56]. In addition, other elements as Cr and V,
in presence of carbon, leads to the formation of carbides.

Finally, the microstructure of these specimens is in line with what is
observed in the literature. However, to obtain fully dense parts, the
alternative solution is to combine our printing technique with hot
pressing such as SPS or HIP.

3.7. Shrinkage and mechanical properties

The influence of powder particle size in terms of final porosity and
shrinkage is compared with the Table 12. The 0-45 pm powder filler can
be sintered to a porosity of <3%, while the other fillers cannot be sin-
tered to a porosity of <4%, and the shrinkage is around 13.35%. This
particle size could be further reduced to a conventional PIM process
particle size with an average diameter of 16 to 22 pm.

To illustrate the use of optimum printing parameters, as well as
optimal debinding and densification kinetics for the finest particle size
powder (0-45 pm), a thick prismatic component has been printed.
Observation of the printed, debinded and sintered prism illustrates the
geometric and surface quality obtained after the FGF process and the
debinding and sintering steps, see Fig. 22. The evolution of shrinkage as
a function of manufacturing stages, from 3D printing to final sintering, is
also illustrated on the same figure.

4. Conclusion

This work shows that a bio-based binder is suitable for MEX process.
The binder is a simple mix of Polylactic Acid and Stearic Acid, a back-
bone plus a surfactant. It is debinded within a single thermal step. It
allows a quick debinding cycle compared to most of the solvent plus
thermal debinding binders.
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The binder was mixed with an ASP2023 steel tool alloy powder with
three different granulometries. The resulting feedstocks are loaded up to
68%vol. with powder. They have been fully measured and modelled,
and proved to be homogeneous and printable. The powder granulometry
has an influence on the rheology, especially when changing from a 0-45
pm powder to another. The 0-63 pm and 0-106 pm powders present no
significant differences. The surfactant proportion is set at 0.48% wt. of
the feedstock in the formulation of the optimised binder, i.e. a concen-
tration varying from 105 to 162 mg-m~2 for the powder. This surfactant
concentration is considerable comparatively to the literature, and its
variation should not affect the feedstock viscosity.

The print stage proves to be crucial. A low controlled porosity is
favourable to a thermal degradation. By opposition, a fully dense printed
part results in delamination and pores creation during the sintering
stage.

The density can reach up to 97.45% with a conventional sintering
process, leading to functional parts. They can undergo further sintering
to lower the porosity if necessary. The proposed sintering process pro-
duces a significantly denser part when using the 0-45 pm powder
compared to the other two powders. However, obtaining a dense ma-
terial with a controlled microstructure will require mastering all the
mechanisms associated with the printing and debinding stages in order
to better control the natural sintering stage and, thus, consider a
densification stage by HIP (Hot Isostatic Pressing) coupled with the
conduct of heat treatments to achieve improved mechanical properties.
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