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1. Introduction 

Extrusion-based Additive Manufacturing (EAM) [1] 
consists of controlling the extrusion of a viscous material 
through a nozzle. The part is built layer by layer with a nozzle 
animated of X-Y movements combined with a Z translation of 
the building plate.

The main advantages are that it allows to create complex 
geometries impossible to achieve with conventional processes 
and it needs no additional tools or dies. But it is limited for 
prototyping or for small production volumes. At the present 
time, this process is widely studied, essentially for conventional 
thermoplastic polymers like polylactic acid (PLA) or 
acrylonitrile butadiene styrene (ABS).

Like in Powder Injection Molding, a viscous material, 
loaded with solid powder, can be used as a vector for shaping 
material. Water-based slurry of metals or ceramics are 

generally used in robocasting [2], while polymer-based 
feedstock is used in 3D printing [3-5].

Powder Injection Molding (PIM) involves the use of a 
feedstock in an injection molding process followed by a 
debinding step and a sintering one [6]. The feedstock is 
obtained during the mixing stage where a thermoplastic 
polymer is combined with solid powders. During the debinding 
stage, the polymer binder is removed resulting in a porous 
material. During the sintering step, the porous material is 
densified. The common thermoplastic polymers used in 
injection molding are polypropylene, polyethylene or 
polyacetal [6]. In order to obtain homogeneous feedstocks with 
a high powder loading, some surfactants are used like acid 
stearic (SA) or paraffin wax [6]. The advantage of injection 
molding process is to obtain 3D parts with quite complex shape 
with a high-volume production. The debinding stage consists in 
eliminating the polymer by thermal degradation or chemical 
decomposition [6].
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Figure 1. Pearl® Micro 2023 powder under SEM analysis 

 Figure 2. Incremental mixing of the binder and powder. 

Increasing the powder volume rate causes an increase of the 
final stabilized torque and an increase of the final shear 
viscosity value of the developed feedstock dedicated to PIM-
like EAM process [6]. 

 
Once the maximum powder loading rate is reached, the 

torque value will increase exponentially and will no longer 
provide a homogeneous mixture with the physical properties 
required for printing [7]. In a Plastograph EC W50EHT twin-
screw mixer heated to 190°C and operating at 30 rpm, the 
incremental mixing of the binder and powder is shown in fig 2. 

 
The incremental blend shows a sudden increase to 70%vol. 

The trend line of unsaturated and saturated mixtures crosses at 
68%vol. which is the optimum powder load, Figure 2. At this 
highest powder volume rate value of the powder, the mixture 
remains homogeneous and printable. The feedstock used in this 
current work has a composition of 68%vol. of Pearl micro 2023 
powder, 28.8%vol. of PLA and 3.2%vol. of SA. 

 
A thermogravimetric analysis of the feedstock is performed 

to determine the best debinding kinetics (optimal temperature 
and debinding rate) to optimize debinding process. The 
thermogravimetric analysis is realized in a Netzsch STA 449C 
from 25 to 1000°C at 10°C*min-1. Based on the result of figure 
3, the TGA thermogram shows a peak in material weight loss 

Figure 3. Thermogravimetric analysis of the feedstock between 100°C and 
500°C 

 

Figure 4. Front view of a cylinder part printed with the reference dimensions 
with a height of 10 mm and a diameter of 8 mm 

speed at 291°C and an end of the peak at 305°C. 
 
A temperature of 300°C is chosen for the debinding step 

because at this temperature the binder is almost completely 
degraded. The remaining binder serves to maintain the shape 
of the component and is removed during solid state sintering. 

3.  Part creation 

 Fused deposit modeling 3D printing process 

Printed cylinder parts have a diameter of 8 mm on a height 
of 10 mm. They are created using an innovative, pellet-fed 
Distudio 3D extrusion head mounted on a 3D printer that 
allows for pellet-based printing instead of calibrated extruded 
filament. 3D printing nozzle has a cylindrical outlet diameter 
of 0.8mm. The nozzle is heated to 200°C and the printing bed, 
to 60°C. The geometry is up in layers of 0.3 mm. The parts are 
printed with 100% filling, and the density obtained is 97.7±1%, 
see figure 4. The crystallization of the layers is not controlled 
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Finally, the consolidation stage is realized by solid state 
diffusion with conventional [6] or innovative sintering 
processes [7]. The innovative sintering processes are performed 
by microwave assisted or spark plasma sintering. Royer et al. 
propose to employ some bio-sourced polymers as binder and 
more precisely a polylactic acid (PLA). 

 
Moreover, contrary to other process, the material is not 

melted during the process, so difficult to weld materials such as 
high carbon tool steel can be shaped. PIM is a mature process 
with a wide range of appropriate materials such as stainless 
steel, titanium, superalloy and intermetallic alloys [7]. The final 
metallic components are characterized by a high density and a 
homogeneous microstructure. The mechanical properties are 
close to those of the solid material. 

 
EAM and PIM processes can be combined to produce highly 

complex and low-cost full dense metallic or ceramic 
components [8]. This hybrid process has been recently applied 
to powder forming process with conventional metal powders 
such as 17-4 PH or 316L [9-10]. 

 
The present paper is devoted to the development of an 

innovative bio-sourced polymer binder formulation for the 
application of this hybrid process. The aim is to shape a tool-
steel alloy powder. The debinding stage is realized by thermal 
degradation [12] and the densification is obtained by natural 
sintering [13]. In section 2, the description of the binder, 
powders and feedstock elaboration is described. In section 3, 
the combined EAM and PIM processes are developed and 
investigated. A special printing equipment is used where 
polymer granules, filled with tool-steel alloy powder, are used 
in place of a classical wire.  In section 4, SEM analysis and 
physical properties, like the porosity and the surface roughness, 
are presented. In particular, their evolution, between the 3D 
printed step and the final sintered step, is from the 3D print to 
the final sintered component will be analyzed. 

 
Nomenclature 

ABS  acrylonitrile butadiene styrene 
DSC  differential scanning calorimetry 
EAM  extrusion-based additive manufacturing 
AM  additive manufacturing 
PIM  powder injection moulding 
PLA  polylactic acid 
SA  stearic acid 
SEM  scanning electron microscope 
EDX  energy dispersive X-ray 

 

2. Material used 

 Binder 

The binder is composed of a backbone polymer associated 
to a surfactant additive to ensure the wettability of the powder. 
Additionally, the surfactant lowers the shear viscosity. Melting 
temperatures are obtained by DSC analysis with 3 thermal 
cycles from 25 to 200°C at a rate of 5°C*min-1. The binder is 
composed of 90 %vol. of PLA and 10 %vol. of SA, whose 
characteristics are detailed in Table 1. 
 

 Table 1. Binder components and physical properties 

Component Role Melting 
temp. (°C) 

Density Ref 

PLA Backbone 181 ± 2 1.25 [11] 

SA Surfactant 72 ± 2 0.94 [14] 

  Powder 

The studied powder is a high carbon tool steel, whose 
designation is X 1,28 W Mo Cr V 6-5-4-3. The powder is 
obtained by gas atomization and sieved with a 45µm. Its 
commercial designation is PEARL® micro 2023. The shape of 
the powder, illustrated in Figure 1, has been obtained by SEM 
analysis, shows a spherical and smooth shape with very few 
satellites. This powder grade presents excellent mechanical 
properties and excellent corrosion resistance after all the heat 
treatments. 

 
Fusion temperature is obtained with a dilatometry analysis 

performed in a SETSYS Evolution TMA with a thermal cycle 
from 25°C to 1300°C at 25°C*min-1 under an Argon 
atmosphere. The melting temperature of the powder is the 
limiting temperature during densification, as during the 
sintering process the powder grain fuse and diffuse in a solid 
state. Melting would cause a collapse of the geometry of the 
part resulting in the loss of the printed geometry. 

Table 2. Powder characteristics. 

Component Role Melting 
temp.(°C) 

Density  d50 
(µm) 

Pearl® micro 2023 Powder 1280 ± 10 7.72 29 

 Feedstock 

The critical and maximal powder volume loading values are 
optimized with the incremental mixing method like the one 
used by Royer et al.[7]. In a heated twin screw mixer, the 
powder is added progressively to the binder. It permits to 
evaluate the optimum powder charge in the feedstock [15]. 
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Increasing the powder volume rate causes an increase of the 
final stabilized torque and an increase of the final shear 
viscosity value of the developed feedstock dedicated to PIM-
like EAM process [6]. 
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provide a homogeneous mixture with the physical properties 
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current work has a composition of 68%vol. of Pearl micro 2023 
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3, the TGA thermogram shows a peak in material weight loss 
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500°C 

 

Figure 4. Front view of a cylinder part printed with the reference dimensions 
with a height of 10 mm and a diameter of 8 mm 

speed at 291°C and an end of the peak at 305°C. 
 
A temperature of 300°C is chosen for the debinding step 

because at this temperature the binder is almost completely 
degraded. The remaining binder serves to maintain the shape 
of the component and is removed during solid state sintering. 

3.  Part creation 

 Fused deposit modeling 3D printing process 

Printed cylinder parts have a diameter of 8 mm on a height 
of 10 mm. They are created using an innovative, pellet-fed 
Distudio 3D extrusion head mounted on a 3D printer that 
allows for pellet-based printing instead of calibrated extruded 
filament. 3D printing nozzle has a cylindrical outlet diameter 
of 0.8mm. The nozzle is heated to 200°C and the printing bed, 
to 60°C. The geometry is up in layers of 0.3 mm. The parts are 
printed with 100% filling, and the density obtained is 97.7±1%, 
see figure 4. The crystallization of the layers is not controlled 
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Finally, the consolidation stage is realized by solid state 
diffusion with conventional [6] or innovative sintering 
processes [7]. The innovative sintering processes are performed 
by microwave assisted or spark plasma sintering. Royer et al. 
propose to employ some bio-sourced polymers as binder and 
more precisely a polylactic acid (PLA). 

 
Moreover, contrary to other process, the material is not 

melted during the process, so difficult to weld materials such as 
high carbon tool steel can be shaped. PIM is a mature process 
with a wide range of appropriate materials such as stainless 
steel, titanium, superalloy and intermetallic alloys [7]. The final 
metallic components are characterized by a high density and a 
homogeneous microstructure. The mechanical properties are 
close to those of the solid material. 

 
EAM and PIM processes can be combined to produce highly 

complex and low-cost full dense metallic or ceramic 
components [8]. This hybrid process has been recently applied 
to powder forming process with conventional metal powders 
such as 17-4 PH or 316L [9-10]. 

 
The present paper is devoted to the development of an 

innovative bio-sourced polymer binder formulation for the 
application of this hybrid process. The aim is to shape a tool-
steel alloy powder. The debinding stage is realized by thermal 
degradation [12] and the densification is obtained by natural 
sintering [13]. In section 2, the description of the binder, 
powders and feedstock elaboration is described. In section 3, 
the combined EAM and PIM processes are developed and 
investigated. A special printing equipment is used where 
polymer granules, filled with tool-steel alloy powder, are used 
in place of a classical wire.  In section 4, SEM analysis and 
physical properties, like the porosity and the surface roughness, 
are presented. In particular, their evolution, between the 3D 
printed step and the final sintered step, is from the 3D print to 
the final sintered component will be analyzed. 

 
Nomenclature 

ABS  acrylonitrile butadiene styrene 
DSC  differential scanning calorimetry 
EAM  extrusion-based additive manufacturing 
AM  additive manufacturing 
PIM  powder injection moulding 
PLA  polylactic acid 
SA  stearic acid 
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EDX  energy dispersive X-ray 

 

2. Material used 

 Binder 

The binder is composed of a backbone polymer associated 
to a surfactant additive to ensure the wettability of the powder. 
Additionally, the surfactant lowers the shear viscosity. Melting 
temperatures are obtained by DSC analysis with 3 thermal 
cycles from 25 to 200°C at a rate of 5°C*min-1. The binder is 
composed of 90 %vol. of PLA and 10 %vol. of SA, whose 
characteristics are detailed in Table 1. 
 

 Table 1. Binder components and physical properties 

Component Role Melting 
temp. (°C) 

Density Ref 

PLA Backbone 181 ± 2 1.25 [11] 

SA Surfactant 72 ± 2 0.94 [14] 

  Powder 

The studied powder is a high carbon tool steel, whose 
designation is X 1,28 W Mo Cr V 6-5-4-3. The powder is 
obtained by gas atomization and sieved with a 45µm. Its 
commercial designation is PEARL® micro 2023. The shape of 
the powder, illustrated in Figure 1, has been obtained by SEM 
analysis, shows a spherical and smooth shape with very few 
satellites. This powder grade presents excellent mechanical 
properties and excellent corrosion resistance after all the heat 
treatments. 

 
Fusion temperature is obtained with a dilatometry analysis 

performed in a SETSYS Evolution TMA with a thermal cycle 
from 25°C to 1300°C at 25°C*min-1 under an Argon 
atmosphere. The melting temperature of the powder is the 
limiting temperature during densification, as during the 
sintering process the powder grain fuse and diffuse in a solid 
state. Melting would cause a collapse of the geometry of the 
part resulting in the loss of the printed geometry. 

Table 2. Powder characteristics. 

Component Role Melting 
temp.(°C) 

Density  d50 
(µm) 

Pearl® micro 2023 Powder 1280 ± 10 7.72 29 

 Feedstock 

The critical and maximal powder volume loading values are 
optimized with the incremental mixing method like the one 
used by Royer et al.[7]. In a heated twin screw mixer, the 
powder is added progressively to the binder. It permits to 
evaluate the optimum powder charge in the feedstock [15]. 
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Figure 7. Surface profile for a) a printed sample, sintered sample with a time-
at-temperature of b) 0.5h and c) 5h. 

 
4.2. Surface quality 

 
The porosity of the sintered parts is measured at 2.64%, 

2.76% and 2.78% for a time-at-temperature of 0.5h, 2h and 
3.5h respectively. This value already validates all the debinding 
and densification stages that have been developed and also 
indicates a low porosity value allowing the final heat treatment 
by Hot Isostatic Pressing (HIP) process to obtain a fully dense 
final component with excellent functional properties. 
 

Sintered parts are sliced and polished to observe their micro-
structure (figures 8 and 9). While a time-at-temperature of 0.5 
h (figure 8) shows a difference between the surface and the 
center of the part, with a surface structure of 0.2 mm depth, a 
time-at-temperature of 2 h (figure 9) shows that this surface 
layer is 0.4 mm. An increase in time-at-temperature is 
correlated with an increase in the thickness of this outer layer. 

 
In addition, the microstructure is more advanced in Figure 

9, as the grains at the center are smaller with more defined and 
rounded edges. The heavier elements of the steel alloy are 
grouped in the whiter grains (molybdenum and tungsten) and 
create dendritic structure, which separate the darker, more 
ferrous central grains. Other grey grains, visible only in Figure 
9, contain a majority of the other elements (chromium, carbon, 
vanadium) and a minority of molybdenum. 

 
 

Figure 8. SEM observation of a cross-section of a sample with a time-at-
temperature of 0.5h. EDX analysis.  

Figure 9. SEM observation of a cross-section of a sample with a time-at-
temperature of 2h. a) EDX analysis and b) colorized EDX analysis with 
Tungsten in green, Molybdenum in cyan and Vanadium in pink. Other 
elements are not colorized. 

5. Conclusion 

This work on PIM-like EAM shows that the process can be 
applied using a bio-polymer binder and that the use of a high 
alloy steel powder is not a problem in this process; with the 
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as the mechanical characteristics of the created part are not used 
in this study, so delamination is not an issue [16]. 

 
The surface quality is fairly bad, even for raw additive 

manufacturing processes. 

  Debinding 

The printed parts are debinded by thermal degradation of the 
PLA and SA polymers. The thermal cycle is carried out in a 
neutral nitrogen atmosphere to avoid oxidation. It starts at 25°C 
to reach 300°C at 30°C*h-1 and is maintained at 300°C for 1h. 
The duration of the thermal debinding stage is much faster than 
the one when using polyethylene or polypropylene binders [7]. 
The debinded printed part are obtained without external defects 
and are used for the following sintering stage. 

 
An additional TGA analysis performed on debinded sample 

measures that the remaining binder is equivalent to 0.03%wt 
validating the debinding cycle. 

 Sintering 

Densification by natural sintering is performed in a SETSYS 
Evolution TMA. The critical temperature for the sintering 
process is below 1280°C, and further tests show that a sintering 
temperature of 1250 °C gives the best results. The time-at-
temperature has a tangible influence on the surface quality, as 
the restructuring of grains by capillary forces creates a 
smoother surface. The sintering cycle consists of two parts: 
first the debinding is carried out under vacuum, with a 
temperature rise to 500°C for 10min, then the sintering takes 
place at 1250°C under a neutral argon gas atmosphere, with a 
variable temperature time. The thermal kinetics is 50°C*min-1. 

4.  Results 

 Surface rugosity 

Figure 5, shows a zoom of the surface of the sintered parts 
at 1250°C with different holding times ranging from 0.5h, to 
2h and finally 3.5h for a), b) and c), respectively. An increase 
of time-at-temperature has a direct impact on the smoothness  

 
of the sintered surface. The sintered print layers are not 

visible in the cylinder component when the temperature time is 
greater than 3.5 h. 

The surface roughness measured with an ALTIMET 
Altisurf 520 longitudinally every 90° for each part is presented 
in Figure 6. The measured profiles are discretized and filtered 
with a Gaussian filter and a cut-off of 2.5 mm. It shows that the 
surface roughness is reduced by a factor of 3 when sintering for 
a time-at-temperature of 0.5 h or 2 h and by a factor of 5 when 
sintered with a time-at-temperature of 3.5 h or 5 h. 

Figure 7 (a), (b) and (c) shows a profile measured from the 
printed green component to the final sintered component for 
two time-at-temperatures at 0.5 h and 2 h. The value of the  

Figure 5. Surface Picture of the sintered parts for a time-at-temperature of:   
a) 0.5 h, b) 2 h, c) 3.5 h under an optical microscope with a x50 zoom. 

Figure 6. Measured arithmetic rugosity (Ra) versus Time-at-temperature 

surface profile obtained from the printed part to the 
densified component decreases after the sintering and 
densification steps. In addition, the best value is obtained for 
the longest sintering time of 5 h.  

 

0

10

20

30

40

50

60

70

Printed 0.5h 2h 3.5h 5h

Ra
 (µ

m
)

a)                            b)                              c) 

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.



 N. Charpentier  et al. / Procedia CIRP 108 (2022) 477–482 481
   

 

 

Figure 7. Surface profile for a) a printed sample, sintered sample with a time-
at-temperature of b) 0.5h and c) 5h. 

 
4.2. Surface quality 

 
The porosity of the sintered parts is measured at 2.64%, 

2.76% and 2.78% for a time-at-temperature of 0.5h, 2h and 
3.5h respectively. This value already validates all the debinding 
and densification stages that have been developed and also 
indicates a low porosity value allowing the final heat treatment 
by Hot Isostatic Pressing (HIP) process to obtain a fully dense 
final component with excellent functional properties. 
 

Sintered parts are sliced and polished to observe their micro-
structure (figures 8 and 9). While a time-at-temperature of 0.5 
h (figure 8) shows a difference between the surface and the 
center of the part, with a surface structure of 0.2 mm depth, a 
time-at-temperature of 2 h (figure 9) shows that this surface 
layer is 0.4 mm. An increase in time-at-temperature is 
correlated with an increase in the thickness of this outer layer. 

 
In addition, the microstructure is more advanced in Figure 

9, as the grains at the center are smaller with more defined and 
rounded edges. The heavier elements of the steel alloy are 
grouped in the whiter grains (molybdenum and tungsten) and 
create dendritic structure, which separate the darker, more 
ferrous central grains. Other grey grains, visible only in Figure 
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Figure 8. SEM observation of a cross-section of a sample with a time-at-
temperature of 0.5h. EDX analysis.  

Figure 9. SEM observation of a cross-section of a sample with a time-at-
temperature of 2h. a) EDX analysis and b) colorized EDX analysis with 
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elements are not colorized. 
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of time-at-temperature has a direct impact on the smoothness  

 
of the sintered surface. The sintered print layers are not 

visible in the cylinder component when the temperature time is 
greater than 3.5 h. 

The surface roughness measured with an ALTIMET 
Altisurf 520 longitudinally every 90° for each part is presented 
in Figure 6. The measured profiles are discretized and filtered 
with a Gaussian filter and a cut-off of 2.5 mm. It shows that the 
surface roughness is reduced by a factor of 3 when sintering for 
a time-at-temperature of 0.5 h or 2 h and by a factor of 5 when 
sintered with a time-at-temperature of 3.5 h or 5 h. 

Figure 7 (a), (b) and (c) shows a profile measured from the 
printed green component to the final sintered component for 
two time-at-temperatures at 0.5 h and 2 h. The value of the  

Figure 5. Surface Picture of the sintered parts for a time-at-temperature of:   
a) 0.5 h, b) 2 h, c) 3.5 h under an optical microscope with a x50 zoom. 

Figure 6. Measured arithmetic rugosity (Ra) versus Time-at-temperature 

surface profile obtained from the printed part to the 
densified component decreases after the sintering and 
densification steps. In addition, the best value is obtained for 
the longest sintering time of 5 h.  

 

0

10

20

30

40

50

60

70

Printed 0.5h 2h 3.5h 5h

Ra
 (µ

m
)

a)                            b)                              c) 

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.



482 N. Charpentier  et al. / Procedia CIRP 108 (2022) 477–482
 

 

developments made components having been obtained at each 
stage of the process without external defects. The thermal 
debinding and densification kinetics times that have been used 
are short and lead to a low porosity value. 

 
Time-at-temperature during sintering is critical to optimize 

the micro-structure and surface roughness. 
 
An increase of time-at-temperature leads to a smoother 

surface that overturn the initial high rugosity and a larger 
surface layer.  
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