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Abstract

In this paper, we propose a modified material jetting technology based on a piezoelectric-driven powder deposition, hence
direct powder deposition (DPD), combined with pressure-assisted rapid sintering. This is a new approach toward the rapid
production of metal and ceramic materials with complex geometries. The combined deposition of two loose powders within
the same container, layer by layer, allows realizing complex shapes without the use of any binder or dispersing medium.
The resulting green sample is then sintered by field assisted sintering (FAST) or spark plasma sintering (SPS) operating in
a pseudo-isostatic mode. This combination of DPD and FAST/SPS allows great versatility, as it can be extended to a wide
range of materials and composites without any significant modification of the setup. Moreover, the use of FAST/SPS den-

sification allows the realization of fully sintered samples in less than one hour.

Keywords Additive manufacturing - Direct powder deposition - Spark plasma sintering - Powder rheology

1 Introduction

Additive manufacturing is receiving wide attention as an
alternative to traditional powder technology for the rapid
production of metal components with reduced costs and
environmental impact.

Over the past two decades, powder bed fusion (PBF) has
become the de facto industry standard for additive metal pro-
duction. However, PBF technologies still suffer from con-
siderable limitations. Despite their widespread use, printers
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are still expensive and difficult to operate. Moreover, they
present limited versatility, as the transition from one material
to another is generally complex and time-consuming [1-7].
Furthermore, the rapid heating and cooling cycles typical
of these techniques can introduce significant differences
between the characteristics of materials produced through
this route and the same materials obtained using conven-
tional manufacturing techniques [8—10]. Some attempts
have been made to address these problems [11, 12], but the
impact of these solutions is still limited. Alternative additive
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manufacturing approaches have been proposed in the last
two decades, all requiring a medium to disperse the solid
powder to be printed. Examples are the polymeric binders
used in the material extrusion (MEX) [13] or the photopo-
lymerizing or thermal binders used in binder jetting (BJT),
material jetting (MJT) and vat photopolymerization (VPP)
technologies [14, 15]. All these methods require a binder
removal (debinding) at the end of the printing process, fol-
lowed by a sintering step. Typically performed in an oven,
these processes might take a considerable time and some-
times require a preliminary chemical attack involving the use
of organic solvents or other chemical moieties.

Here, we present an innovative and versatile material
jetting technology that is based on the deposition of loose
powders using a piezoelectric-driven dispenser. Hence, the
name direct powder deposition (DPD).

The combined deposition of two powders, layer by layer,
allows realizing the shape of the final object without the
addition of any dispersing medium. This technology can
be combined with both classical densification procedures
(such as cold pressing and/or conventional sintering) or with
more advanced sintering techniques. In this work, the direct
powder deposition is combined with pressure-assisted field
assisted sintering (FAST) or spark plasma sintering (SPS)
[16, 17], performed in a pseudo-isostatic mode. The absence
of elements outside the powder of interest guarantees the
compositional purity of the final objects. In addition, FAST/
SPS sintering opens the possibility of achieving very high
final density values and obtaining finished objects in just a
few minutes.

2 Materials and methods
2.1 Powders characterization

Two types of powders have been used in this work. One for
the realization of the required object and one for containment
and pressure transfer. The first material was an AISI 316L
powder (15 to 45 pm grain size) supplied by Mimete s.r.1.
(MARS 316L cat. n. 1220078G014). The second powder
was coarse Al,O; with a grain size ranging between 50 and
150 um, supplied by Sigma-Aldrich (cat. n. 06300). Before
printing, this last powder was sieved (FRITSCH 80 um mesh
No. 30.5640.03) to remove the fraction above 80 pm.

The powder morphology has been characterized by
SEM using a microscope Tescan MIRA operated at 20 kV.
The particle size distribution (PSD) was measured by laser
diffraction methods (Malvern Mastersizer 3000), and the
rheological properties were assessed either by traditional
funnel standardized tests [18-20] or by shear cell methods
with a theometer (Freeman Technology FT4). The Hall
funnel was employed to characterize flowability for both
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materials. The same volume of loose powders (10 mm3)
was employed for steel and alumina. For the rheological
characterization, the standard built-in testing programs
were employed to characterize the flowability parameters
of the bulk, the dynamic flow, and the shear properties (in
accordance with ASTM D7981). Three repetitions were
performed per each testing procedure.

Compressibility testing procedure: using a glass drum
of 50 mm diameter and 85 mL volume, the powder was
stirred initially for uniform distribution with a 48 mm
blade. Controlled normal stresses were then applied via
an exhaust piston featuring a stainless-steel woven mesh
surface. This design ensures even release of entrapped air
from the powder bed’s surface. Each stress level, ranging
from 0.5 to 15.0 kPa, was applied until equilibrium was
achieved, measured by piston displacement. Compressibil-
ity was automatically quantified as a percentage of volume
change using the vessel’s known volume. This approach
facilitates the calculation of powder compressibility den-
sity under varying normal phase pressures.

Shear test method: employing a glass cylinder of 50 mm
diameter and 85 mL volume, the measurement process
involves a rotary unit module containing powder samples
and a shearing head. The shearing head generates both
vertical and rotary stress by descending into the powder.
As it contacts the powder surface, normal stress is created.
Upon reaching the target normal stress of 3, 6, or 9 kPa,
the shearing head initiates slow rotation, inducing shear
stress just beneath the blade ends.

Wall friction: this assessment incorporates a con-
tainer holding powder samples and a specialized wall
friction head, designed to induce vertical and rotational
stresses. Utilizing a glass cylinder with a 50 mm diam-
eter and an 85 mL volume as the vessel, the wall friction
head descends onto the powder surface, initiating normal
stress upon breaking contact with the top powder layer. Its
downward movement continues until the prescribed nor-
mal stress level is attained. Within our experiments, we
maintain normal stresses of 3, 6, and 9 kPa.

Subsequently, while keeping the normal stress con-
stant, controlled rotation of the wall friction head begins,
generating shear stress and forming a distinct shear plane
between the disk and the powder surface. The torque
needed to counter the resistance of the powder bed against
the wall friction head’s rotation progressively rises until
it overcomes the resistance entirely, marking the point of
maximum torque. The friction head maintains a steady
rotational speed for a predefined period. The measurement
of the torque required to sustain this rotation enables the
calculation of “steady-state” shear stress. This shear stress
is linked to the normal stress to deduce the wall friction
angle between the powder and the wall friction head.
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Stability and flow rate testing: the standard stability
assessment combines adjustment and test cycles to gauge
potential powder alterations due to flow dynamics. This
evaluation was conducted within a 50 mm diameter glass
cylinder with a 160 mL volume. Initial stirring with a 48 mm
blade tracked energy fluctuations during the process. Seven
test cycles, all executed at a 100 mm/s tip speed, compose
the stability test. The powder’s stability is evident in energy
changes across these cycles—stable powder retains consist-
ent energy shifts, while unstable powder demonstrates pro-
nounced variations.

The stabilized energy from the seventh test cycle serves
as the baseline flowability energy (BFE), defining the energy
required to induce a specific flow pattern through the con-
ditioned powder bed in downstream testing. This pattern
involves a downward anti-clockwise blade motion, generat-
ing a relatively high-stress compressive flow mode within
the powder. The ratio of the sixth and seventh cycle’s aver-
age energy to the sample mass quantifies the specific energy
(SE), a measure of powder flow in unconstrained or low-
stress environments. SE characterizes the unconstrained or
low-stress flow state, predominantly reflecting interparticle
bonding forces.

The PSD of the steel powders were characterized as
received, due to their acceptable flowability, while alumina
powders were characterized both as received and after siev-
ing to remove the fraction of powders larger than 80 um.

2.2 Printing setup

The deposition of the two powders was realized using a
modified CNC platform (Openbuild QueenBee PRO Kkit).
In this configuration, a graphite die was connected, with
its lower plunger inserted, to a head that moves in the XY
plane (Fig. 1a). This movement controls the spatial distri-
bution of the two powders on each layer. The Z movement,
required to move from one layer to the following, is obtained
by lowering the plunger within the die. Two powder dis-
pensers are fixed on the frame of the CNC, hovering just
above the higher edge of the die. With this configuration, the
deposition plane remains fixed in its Z position, aligned with
the upper edge of the die and always at the same distance
from the powder dispensers. Once a layer is completed, the
plunger is lowered by an amount corresponding to the thick-
ness of one layer and the deposition process is repeated.

Components movements were controlled by a Duet 2
Wi-Fi board which also controlled the 3D movements. The
open-source software Ultimaker Cura Slicer has been used
to generate g.codes from CAD models and to regulate the
printing parameters.

The printing speed for the two types of powders (33.5 mm
s~! for AISI 316L and 20 mm s~! for alumina) was adjusted
to equalize the volume of powders dispensed in the unit

time. The layer height was set to 0.28 mm and the line width
to 0.4 mm for both materials.

The powder dispensers (Fig. lc, d) were realized using
two syringes (Nordson EFD) with a conical needle pre-
senting an aperture of 0.400 mm (Nordson Optimum®
SmoothFlow" 7,018,298). The vibration of the piezoelectric
actuators (PICMA® piezo actuator P-882.11) is transferred
to a nut in which the needle tip rests in. Vibrations cause an
elastic deformation of the tip on the needle and force the
powders to flow through the aperture.

In the rest position, when piezoelectric actuators are off,
there is no powder flow. Additional photos of the printer
and a video of the machine operating can be found in Online
Resources 1-2. The vibrations of the piezoelectric actuators
have been controlled using a wave generator (Analog Dis-
covery 2 by Digilent) connected to an in-house built ampli-
fier to boost the amplitude of the generated signal.

2.3 Heat treatments (FAST/SPS sintering)

The sintering process was performed using a custom-made
FAST/SPS machine. A schematic of the setup is reported
in Fig. 2. The graphite die containing the deposited pow-
ders was placed between two hydraulic rams also acting as
electrodes. Sintering routine to obtain maximum density
is based on our previous work [21]. A pressure of 25 MPa
was applied at this stage. The sintering cycle was conducted
under a dynamic vacuum of 10 Pa. A linear heating ramp
from room temperature to 1150 °C, with a rate of 100 °C
min~!, was realized through an electric current flowing
directly through the die. When the temperature reached
1150 °C the applied pressure was increased to 50 MPa. After
5 min the pressure was released, and the setup allowed to
cool freely. In total, the sintering cycle lasts for less than
1 h. At the end of the process, the sample was removed
from the graphite die. The thermal cycle allowed only for
the sintering of the AISI 316L powder. The coarse alumina
powder resulted unaffected, acting only as a pressure transfer
medium and could be easily removed. To completely remove
the alumina powder residue, the metallic sintered object was
then sandblasted.

3 Result and discussion
3.1 Powders characterization

The morphology of the two powders used in this study is
shown in the SEM images of Fig. 3. The AISI 316L powder
is obtained by gas atomization and presents mostly spherical
grains. The Al,O; powder, on the other end, presents grains
with a more irregular shape that appear to be agglomerates
of smaller faceted crystals.
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Fig.1 a Diagram of the printhead, the moving carriage moves the
graphite plunger inside the fixed graphite die. b Cross-section of the
situation of the two powders deposited in the graphite assembly (die

Powder rheology plays a key role in determining pow-
der flowability, a complex parameter that depends on the
properties of the powder itself (particle size distribu-
tion, morphology, density, and surface interaction) and
on several external factors (humidity, temperature, and
atmosphere) [22]. To obtain good control of the deposi-
tion process, powders must exhibit interparticle forces
slightly greater than the gravitational force to create a sta-
ble dome at the needle tip when the system is at rest but
being small enough to not clog the nozzle. In this respect,
the needle aperture is a key parameter. Our preliminary
observations have shown that to form a stable dome, the
powders must present a grain size 5 to 8 times smaller than
the needle aperture. In this way, powder grain can still
smoothly flow when vibrated. For this reason, the alumina
powder (Fig. 3c, d) was sieved to largely reduce particles
larger than 80 pm in diameter. When the piezo-vibrator
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with plunger) during printing operation. ¢ Close-up of the piezo-actu-
ated syringe with all main components labeled and d geometry of the
conical nozzle

is activated, the stable but fragile inter-particle structure
breaks down, forcing the powder to fall.

The grain size distribution of the two powders is reported
in Fig. 4. The amount of large particles present in the alu-
mina powder decreases after sieving, as shown by the PSD
and by the granulometric indicators reported in Table 1.
However, a significant amount of powders larger than 80 pm
is still present even in the sieved alumina sample. The span
value represents the PSD shape. The larger the span, the
higher the asymmetricity of the PSD curve. Despite sieving,
the span of the alumina decreases only from 1.4 to 1.2 due
to the high-volume fraction of very fine particles (Fig. 4).
As metal powders are regarded, a span lower than 1.5 is
generally considered as an indicator of good flowability
[23]. Such indication is confirmed for the powders analyzed,
with 316L powders having a low span and the highest Hall
flowability. Considering the D, descriptor (see Table 1)
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Fig.2 SPS vacuum chamber (0) set to work in pseudo-isostatic mode.
A hydraulic system produces the uniaxial pressure required during
the densification. The two hydraulic pistons (1-1") act as electrodes
to supply current first to graphite pistons (2-2’) and so to graphite
plungers (3-3"). The current flux is generated by a high-power trans-
former that produces a maximum current of 5000 A at 6 V. The two
powders (4, 5) are confined into the graphite die (6). The temperature
is controlled by a K-type thermocouple inserted in the lateral wall of
the graphite die

for the unsolved alumina powders, a value close to half the
nozzle aperture diameter (400 um) was detected. Such large
particles can clog the dosing syringe resulting in an inter-
mittent deposition or, at worse, stopping the powder flow
completely.

From the standard flowability descriptors (Table 2), a
difference between steel and alumina arises, indicating a
slightly higher flowability of steel. Apart from the metal-
lic nature of the powders themselves, the spherical shape
reduces the occurrence of interlockings while more angular
and faceted particles, such as the one presented by alumina,
are more prone to interlocking when flowing.

Despite these small differences, the two powders are com-
parable in terms of flowability if standard descriptors are
considered. Furthermore, comparable results were observed
for alumina powders tested with the same rheometer when
considering comparable particle size distributions [24, 25].

Based on the Hausner Ratio (HR), all three powders’
behavior falls in group A, describing free-flowing or easily
fluidizable powders [26, 27].

Another important parameter is represented by the
density achieved by the powders when deposited with
our setup. Surprisingly, the density of the deposited pow-
ders is close to the tap density and is significantly higher
than the apparent density of loose powders. Probably our
process allows the deposition of a thin layer of randomly

distributed and well-packed particles. This result improves
the final relative density attainable using this method [28,
29].

Some systematic differences between the two powders
arise from the rheological characterization carried out with
the shear cell rheometer (Fig. 5). The higher flow energies,
expressed in mJ, for steel (Fig. 5a) are related to its higher
bulk density as more energy is required for the rheometer
blade to travel inside the powder sample.

The two powders show a different trend under vari-
able flow rate testing, with alumina being less sensitive
to a decrease in tip speed. The most interesting finding
concerns the alumina powder compressibility (CPS%)
reported in Fig. 5b. The numerous gaps in the unsieved
powders allow higher packing, reducing its flowabil-
ity. The CPS% value is comparable between the three
powders; however, the different nature of the powders
(ceramic vs metallic), the different morphology (irregular
vs spherical), and the different PSD must be considered.
These factors increase the metallic powder flowability
despite comparable compressibility values. In addition,
the metallic powder can be deformed and thus increase its
compressibility.

As the applied pressure increases, ceramic powder is
rather insensitive to normal stress, while metallic powder
tends to compress more as the applied stress increases.

SEM imaging reveals that the only constant factor before
and after sieving the alumina powders is the surface rough-
ness and topology, which play a key role in the formation
of bridges and interlocking. This observation is further sup-
ported by studies in the literature, which have demonstrated
that irregular morphology leads to more surface contacts,
generating frictional forces that impede flow [30, 31]. This
behavior is confirmed by a rheological indicator, the angle
of internal friction (AIF) depicted in Fig. 5d, which is higher
for alumina powders. This indicator is directly associated
with the movement of powders as they flow through the Hall
funnel or the direct powder deposition nozzle.

During the direct powder deposition process, the metallic
and ceramic powders are dispensed through a conical noz-
zle that must prevent powders from flowing freely, if not
intended. The conical nozzle is a tiny axisymmetric poly-
ethylene hopper with a geometry similar to the one reported
in Fig. 1d. By employing the method described in [32], the
hopper half angle (a) preventing powders from free-flow-
ing was calculated from experimental data for each powder
using Eq. (1)

_l(l—sinsiné)_ﬂ 0

z
2 2\ 2sinsiné

where ¢ is the effective angle of internal friction (AIF),
calculated experimentally by shear cell testing, and f is a
parameter calculated after Eq. (2)
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Fig.3 SEM images of the AISI 316L (a, b) and the pristine Al,0; powders (c, d) used in this work
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Fig.4 Powder granulometry as a cumulative PSD and b general PSD
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Table 1 Particle size descriptors

for the extended PSD curve Dio [hm] Dso [um] Dso (um] Mode [um] Span Dioo hm]
316L 24.7 35.8 51.2 35.0 0.7 73.7
Al,O4 359 89.6 162.6 103.9 1.4 253.6
Al,Oj; sieved 259 55.0 93.2 60.9 1.2 140.7

Table 2 Densities and flowability descriptors for the steel and alu-
mina powder tested under different conditions

Density (g cm™) AISI316L Alumina<80 um Alumina Al,O;

Bulk material 7.99 3.95 3.95

Apparent density 4.01 0.92 0.95

Tap density 4.80 1.11 1.01

Deposited powders ~ 4.89 1.08 -

Hausner ratio (HR)  1.19 1.20 1.06

Hall flowability [s] 14.01 18.73 18.54

1 sinsin @
ﬂ=§{¢+sinsin5} )

where @ is the wall friction angle, calculated experimentally
using the wall friction module of the rheometer with poly-
ethylene disks (Ra=0.01 pm) simulating the nozzle walls.
This value relates the shear stress at the hopper wall to the
corresponding normal stress applied.

All the tested powders do not freely flow when packed
inside the nozzle. From the shear properties of the powders,
the angle (a) and the orifice diameter (D) to have a mass-
flow regime have been calculated and reported in Table 3.
Interestingly, alumina powders show a lower major consoli-
dating stress (o) than steel but higher unconfined compres-
sive strength (o) and wall friction (¢) against polyethylene.
With the adopted design that is constituted by a nozzle with
an angle of 5° and an aperture of 0.400 mm the powders
do not freely flow. This is in accordance with the shear cell
measurements. Such a small orifice is needed to confine the
powder flow to maximize the deposition accuracy. The noz-
zle angle of 5° strongly favors powders to flow freely, being
significantly lower than the minimum calculated value of ~
48°, but the second condition for mass flow is not respected
in static conditions because the nozzle orifice is two orders
in magnitude lower than the calculated one (0.400 mm vs
40 mm).

However, when the piezo-vibration is activated, all three
powders flow despite different regimes. Specifically, con-
tinuous flow is observed for steel and sieved alumina, while
discontinuous for unsieved alumina powder. Such behavior
is supposed to be related to the interlockings between the
particles clogging the nozzle.

Describing the rheological properties of vibrated pow-
ders is a non-trivial topic currently being investigated in the

literature [33, 34]. To the author’s best knowledge, a robust
and general model correlating vibration frequency, hopper
geometry, and powder characteristics to the flow regime has
not been developed yet and is out of this work’s scope. Two
different experimental methods to characterize the inter-
nal stresses in vibrated powders are presented in [35, 36],
but systematic correlation with particle characteristics has
not been presented. Vibrations induced on the nozzle can
decrease both the yield strength of powders by up to 25%
and the wall friction between powders and the hopper gen-
erating flows at much smaller outlet diameters than static
conditions would permit [37].

3.2 Powder deposition process

We performed a characterization of the powder flow that
can be obtained with the piezoelectric-driven device used
in this work, to identify its optimal operational conditions.
The parameters controlling the deposition process were: the
vibrating frequency of the nozzle, its waveform (square or
sinusoidal), and its amplitude, defined by the voltage applied
to the piezoelectric actuator. We also characterized the time
stability of the powder flow. Three to four repetitions were
performed for each testing condition.

First of all, in accordance with the literature [38, 39],
we observed that a more reliable powder micro-feeding was
always obtained using a square waveform. The influence of
its frequency has been investigated by analyzing the mass
deposition rate during frequency sweeps performed between
2 and 35 kHz at a constant voltage of 7.8 V and for a fixed
10 s of extrusion time (Fig. 6a, b). The figure shows how the
mass of deposited powder remains roughly constant within
the explored range of frequencies, with the exception of
some notable peaks. In particular, one sharp increase for
the deposition of the AISI 316L centered at 22 kHz and
two spikes for alumina centered at 12 and 25 kHz respec-
tively, can be observed. We believe that these values cor-
respond to the natural resonance frequency [11, 39] of the
depositing nozzle for that specific material. This conclu-
sion is supported by the analysis of slow-motion videos of
the powder flowing through the nozzle recorded at 240 fps.
These images show that choosing a frequency away from
the main peaks (i.e., 5 kHz for AISI 316L and 20 kHz for
Al,03) (see Online Resource 3, 4), is possible to achieve a
narrow and stable stream of powders flowing through the
nozzle in response to the activation and deactivation path of
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Table 3 Geometric parameters for hopper characterization and nota-
ble rheological characteristics for the powders

AISI316L  Alumina<80 um Alumina Al,O;

a 47.7 47.74 479

D [m] 0.03 0.04 0.08
o, [kPa] 0.49 0.15 0.26
o,c [kPa] 5.02 18.2 12.65
¢ 9.6 12.65 12.23
Flow factor (0,/6,c) 2.46 2.73 3.29
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the piezoelectric device. But excitation at frequencies cor-
responding to the peaks at 22 kHz for AISI 316L (Online
Resource 5) and 25 kHz for Al,0; (Online Resource 6)
induces a “water-sprinkler” shape of the jetted powders,
increasing the amount of deposited mass, but reducing the
resolution of the deposition process.

Moreover, in six out of fifteen frequencies, we observed
an unreliable deposition process. At these frequencies the



Progress in Additive Manufacturing

AISI 316L
(a)

0.700
0.600
__ 0500 |
L=
o 0400
)]
©
= 0.300 F
0.200
0.100 ' ' : ‘ ' : '
0 5 10 15 20 25 30 35
Frequency (kHz)
(C) 0.350
0.300
@ 0.250
7
s 0.200
=
0150  ——5KHz -4+-10kHz -#-15kHz
0.100 . : ! ' ! '
2 4 6 8 10 12 14 16
Voltage (V)
(e)
1.600
o5 KHz y= 0.02322: : 0.0076
1.200 | —»-10kHz
@ -a--15 kHz
» 0.800 [
2 i
s y =0.0202x + 0.0481
0400 L _ R? = 0.9935
~"  y=10.0208x + 0.0082
R?:1
0.000 ! : ; ! ! '
0 10 20 30 40 50 60
Time (s)

Fig.6 Extrusion test for both AISI 316L and alumina powders. a, b
Frequency sweep at a constant voltage of 7.8 V ¢, d amplitude sweep
at three constant frequencies and e, f time sweep at constant voltage

powder flow does not stop immediately following the piezo-
deactivation (Online Resource 7), resulting in an unpredict-
able over-extrusion of material. The occurrence of this
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of 7.8 V and frequencies reported in the figure to assess the linearity
of the deposition process. For a—d the extrusion time was set at 10 s

phenomenon is indicated by the isolated orange triangles
in Fig. 6b.
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The vibration amplitude, defined by the maximum volt-
age applied to the piezoelectric actuator, seems to play a
minor role in controlling the mass of the material extruded
and overall, in the deposition process (Fig. 6¢c, d). It is worth
noticing that for alumina, increasing the voltage can lead to
an over-extrusion phenomenon, as indicated by the points in
Fig. 6d where the standard deviation increase.

To characterize the stability of the deposition process in
the chosen conditions (5 kHz for AISI 316L and 20 kHz for
alumina) we controlled the linearity in the amount of depos-
ited powders over 60 s, estimated as the longest possible
time of uninterrupted powder deposition during any typical
printing process (Fig. 6e, f). Both AISI 316L and alumina
show good linear behavior over this time.

This result suggests that the nozzle vibration does not
produce progressive powder compaction during the deposi-
tion process.

3.3 Characterization of the final products

The overall process developed in this study is summarized
in Fig. 7. It involves two steps: the deposition of the two
powders forming the object of interest within a graphite die
and the subsequent sintering of the deposited powder using
the FAST/SPS method. Figure 7a shows the setup used for
printing, with the two dispensers containing the powders
used in the process. Figure 7b shows the structure produced
by the printing process at an intermediate stage. The image
shows the two powders deposited on each layer: the darker
squared region is composed of the AISI 316L powder, which
is surrounded by white alumina powder. Both powders are
contained within the graphite die. The sintering process
in the FAST/SPS machine is shown in Fig. 7c. Here the

STEP 1: Direct powder deposition (DPD)

graphite die is partially wrapped by graphite felt to reduce
the radiation heat losses during the process. The square aper-
ture in the radiation shield allows the insertion of a K-type
thermocouple in the lateral wall of the die. The final product,
after the removal of the alumina powder surrounding it, is
shown in Fig. 7d.

Some examples of simple geometries realized using the
DPD-FAST approach are shown in Fig. 8.

The geometry shown in (Fig. 8b) allows evaluating the
deformations that the geometry undergoes during the sin-
tering process. The original CAD model was, in this case,
a symmetric cube. However, at the end of the process, a
contraction of about 40 to 45% is observed in the direction
parallel to the applied uniaxial load. No significant change in
the other two directions was observed. This result suggests
that the alumina powders surrounding the metallic geom-
etry did not behave as an ideal fluid and did not produce
a uniform distribution of the applied load. As a result, the
process can be considered as “quasi-isostatic”. On the other
hand, the extent of this deformation is quite reproducible,
and it can be easily compensated by modifying the starting
geometry accordingly.

One interesting characteristic of the DPD-FAST approach
is represented by its ability to produce geometries presenting
unsupported hanging elements. In fact, the alumina powder
deposited all around the primary geometry behave as support
for elements emerging from the bulk of the object. An exam-
ple is represented by the handlebar-shaped object shown in
Fig. 8d. This geometry was originally printed with the two
end disks oriented perpendicularly to the direction of the
applied load and parallel to the surface of the die punches.
Despite that, no bending or warping of the two face disks
can be observed.

STEP 2: Sintering to get final components

Fig.7 Schematic of the entire process. a Printing stage, b powder distribution inside the graphite die after deposition, ¢ graphite die during the

SPS/FAST sintering, and d final sintered component
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Fig.8 (a) Collection of some of the samples produced using the DPD-FAST approach. (b) Simple square geometry, (c) H-like geometry and (d)

handlebar-like geometry

The final relative density for all samples we produced
using the DPD-FAST approach was around 96 + 2%, meas-
ured with the Archimedes method. The microstructure of
the sintered samples is shown in the cross-section images
reported in Fig. 9. Despite the very short sintering time
(5 min), only a residual microporosity can be observed. The
grains of the original powder are only slightly visible. It
must be noted that the microstructure, and the corresponding
relative density, is influenced by the layer height used during
the printing process. Figure 9a, b shows the microstructure
of a sample printed with a layer height of 0.28 mm, while in
the case of the sample shown in Fig. 9c, d the layer height
was set to 0.40 mm. In this last case, the micro-porosity
around each original metallic grain is more evident, and the
relative density is reduced to 90%. The use of different layer
heights influences the packing of the particles during the
deposition process hence the green density of the printed
object.

4 Conclusion

The proposed direct powder deposition (DPD) method,
combined with the FAST/SPS sintering approach, proved
to be a fast and viable route for the realization of complex
geometries, avoiding the use of any chemical in combi-
nation with the powders of the required material. As a
result, no debinding process is required, while the FAST/
SPS sintering allows to completion of the densification of
the printed powders in less than 1 h. The implementation
of additional printheads opens the possibility of creating
a multi-material object. As shown in deposition tests, the
process is robust and reliable. The ability to maintain the
shape of the primary powder is guaranteed thanks to the
containment provided by the support powder. Great care
must be taken when choosing the appropriate powders
for this type of application. The study of rheological and
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500 um

¢

- 90 um 1

Fig.9 SEM images of a cross-section of AISI 316L sintered object. a, b Sample printed with a layer height of 0.28 mm, presenting a final den-
sity of 96%. ¢, d Sample printed with a layer height of 0.40 mm, presenting a final density of 90%

morphologic properties is essential to avoid clogging or
irregularity in the powder dispensing process.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40964-023-00552-2.
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