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Abstract

In recent years, additive manufacturing (AM) of ceramics has significantly advanced
in terms of the range of equipment available, printing resolution and productivity. Most
techniques involve the use of ceramic powders embedded in an organic binder which

is typically removed through a slow thermal debinding process.

Herein, we prove for the first time that ultra-rapid debinding and sintering are possible
for complex 3YSZ components produced using material extrusion technology. The
printed components were first chemically debinded in acetone thus removing about
one-half of the binder, and then thermally debinded and sintered by ultrafast high-
temperature sintering (UHS) in a single-step process (30 to 120s). Fully dense
components were obtained with tailored microstructure and nanometric grain size. The

sintered artefacts were crack-free even at the microscopic level.

This approach paves the way for rapid processing (debinding and sintering) of
additively manufactured ceramics with reduced energy consumption and carbon

footprint.
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1. Introduction

Powder shaping and sintering is one of the most successful processes
developed by mankind over the centuries [1]. The first sintered artefacts date back to
25,000 BCE; however, high-temperature firing is still the fundamental process in
ceramic technology and, nowadays, it is applied to wider classes of materials including

metals, cermets, metallic glasses, and preceramic polymers.

Concerning powder shaping technologies, traditional processes (slip casting
[1], tape-casting [2], extrusion, pressing, and injection molding [3]) are currently
challenged by new shaping procedures. Among them, revolutions in numerical control
and process automation have allowed the development of additive manufacturing
(AM) technologies. These techniques have the potential to overcome some limitations
related to traditional shaping, especially when considering complex geometries [4]. In
fact, AM enables the production of complex structures with high accuracy and reduced
labor costs. As a result, AM has attracted widespread scientific and technical interest

since its inception in the 1980s [5].

In the past few years, there has been considerable development and growth of
AM technologies related to metallic and polymeric components. On the contrary, the
implementation of AM technologies in the field of ceramics has been sluggish [6]. This
technological delay is related to the complexity of ceramics processing and not to a
lack of technological interest. It could be argued that the shaping of ceramics would
benefit more from AM than any other material family. Indeed, ceramics can be hardly
machined by subtractive technologies, making it not straightforward to fabricate the
complex shapes that could easily be realised in metallic components.

Although additive manufacturing of ceramics is still not yet common at the
industrial level, a variety of technologies are being developed and adapted, including
stereolithography (SLA), binder jetting (BJ), direct ink writing (DIW), etc. [6]. All of the
aforementioned technologies usually require either expensive equipment (compared
to that employed for polymers) or expert tuning of the feedstock. On the other hand,

fused filament fabrication (FFF) of ceramics-loaded filaments employs relatively
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inexpensive equipment meant for polymeric materials, with little adaptation of the
process parameters, potentially enabling a broader diffusion of AM ceramic

components [7,8].

Green components can be produced very quickly by FFF technology, but they
still require long and accurate debinding and sintering treatments to obtain the final
ceramic components [7,9,10]. Thus, there is a real need to develop routes involving

both innovative shaping and sintering routes to decrease the overall processing time.

In the past couple of years, the ultrafast high-temperature sintering (UHS)
technique has been developed and used [11] to densify several ceramics in a few
seconds [12-24]. In a typical UHS setup, the green body is sandwiched between
carbon felts that are connected to an electrical power source [25]. As the power supply
is turned on, the heat produced by the Joule effect in the felts is transferred to the
green body, allowing ultrafast heating and cooling (=104-10° °C min't) and causing

densification in a few seconds-minutes [26].

Proofs-of-concept for rapid sintering of printed components have already been
reported [11,27,28]; nevertheless, the bottleneck of the process is still represented by
the thermal debinding step, which is typically carried out at heating rates of
approximately 0.1 - 0.3 °C min?, thus impacting on the productivity, the energy
demand, and carbon footprint [9,29]. To date, the fundamental question “Is it possible
to achieve rapid thermal debinding and sintering of fused filament fabricated (FFF)

ceramics in a single step?” lacks an answer.

On these bases, herein, we studied the UHS of 3 mol% yttria-stabilized zirconia
(YSZ) components printed via FFF as a model ceramic system. Moreover, the
optimization of preliminary chemical debinding and the optimal UHS conditions allow
a single-step thermal debinding/sintering process to occur in the order of tens of

seconds were identified.

2. Experimental procedure and method
2.1. Starting material and sample preparation

A commercial YSZ white zirconia filament from Zetamix (Nanoe, France) was
used as feedstock to print the green bodies; the filament had a diameter of 1.75 mm
3



and contained 50 vol% YSZ powder (doz = 0.1 pm, dso = 0.3 um, dgg = 2 pm) embedded
in an organic binder system [30]. [26]The true density of the powder (extracted from
the filament by thermally degrading the binder at 600°C), as measured by a helium
gas pycnometer (Ultrapyc 3000, Anton Paar) was found to be 5.995 +0.008 g cm.

In order to validate the rapid debinding and sintering of the AMed ceramic
components, a complex and intricate geometry was required which cannot be
traditionally shaped by conventional fabrication techniques. The gyroidal pattern, i.e.,
a triply periodic minimal surface (TPMS) cellular structure, is often chosen as a proof
of concept for AMed components with high complexity. Such geometry possesses a
high strength-to-weight ratio, making it useful in applications including structural weight
reduction, biomedical, and aerospace, and a high porosity and surface accessibility
essential for applications such as heat exchangers, and catalyst carriers. While no
specific application is sought in this work, we thought that this specific infill pattern
would provide for a meaningful proof-of-concept. Disk-shaped components (diameter
= 10.1 mm; thickness = 3.1 mm) were designed with a gyroidal infill pattern with 25%
density; they were then fabricated using a fused filament printer (Raise 3D Pro) with a
0.4 mm diameter nozzle. An optical picture of the printed green body along with the

optimized printing/slicing parameters used for this particular study is shown in Fig. S1.

Three different materials were subjected to UHS: (i) as-printed; (ii) partially chemically
debinded and (iii) partially chemically debinded and pre-sintered (950°C for 1 h). The
printed samples were soaked in acetone (Sigma Aldrich, purity 99.5%) at 40 °C for
increasing times (up to 4 h, as per the technical datasheet) to carry out the chemical
debinding. After 1 h, the chemical debinding process allows the removal of a little more
than 50% of the organic binder (i.e., the soluble binder fraction), with modest variations
being recorded for longer soaking times. Since as-printed samples during UHS did not
retain the shape and the pre-sintered ones showed extensive cracking, we focused
most of the analysis on partially chemically debinded green bodies (1 h of debinding

in acetone).
2.2. Ultra-fast high-temperature sintering (UHS)

UHS was carried out using a graphite felt (SGL carbon Co., Germany) clamped
between two steel plates and connected to a DC power source (Agilent 6674A). The

sample was introduced in the center of the felt by producing a small horizontal cut on
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the felt. The felt cross section was 24x6 mm? and the span between the steel
electrodes was 30 mm. The small opening made in the graphite felt was closed with a
piece of the felt to minimize heat losses. The felt containing the sample was introduced
into a borosilicate glass flask (Fig. S2) which was evacuated and subsequently filled
with Ar; a vigorous Ar flux was maintained throughout the experiment. UHS was
carried out by applying (in a single step) different currents for different holding times
to induce Joule heating in the felt, as reported in Table S1. The electric data was
acquired with a digital multimeter (Keithley 2100) at 1 Hz.

For comparison, conventional sintering experiments were carried out in air and
Ar atmosphere at 1475 °C with a dwell time of 2 h. The comparison of a typical
sintering profile for 3D printed parts produced from zirconia filaments and that

recorded upon UHS is shown in Fig. S3.
2.3. Finite Element Modelling (FEM) of the UHS heating

UHS involves different physics, comprising the Joule heating of the graphite
felt, radiative/convective heat fluxes, debinding/sintering of the printed specimen, and
grain growth.

In this study, the heating of the felt and 3D-printed specimen was simulated.
The estimated felt temperature was calibrated with the melting point of high-purity
metals (Cu, Ni, and Pt). To avoid a time-consuming fluid dynamic simulation [31,32],
convective heat losses were modeled by convective fluxes also calibrated
experimentally. The surface-to-surface radiation was applied in the inner felt zones to
simulate the heat exchanges between the felt and the sample, and also inside the
complex gyroid structure. The thermal properties assigned to porous zirconia, together
with the physics and boundary conditions equations, are detailed elsewhere [33]. The
calibrated electro-thermal properties of the graphite felt and the steel electrode

properties are reported in Table 1.



Table 1: Steel and graphite felt electro-thermal properties; the steel properties
and graphite felt specific heat were taken from [34]; the felt thermal properties

were taken from [35], only the felt electrical conductivity was calibrated.

Materials
Material
properties Graphite felt Steel electrode
Thermal
conductivity 0.019 000157 9.99 + 0.0175T
(W m? K1)
Specific heat 34.3+272T
( kag_l ) Mt 4465+ 0.162 T
Electrical 1
conductivit 415 In(T) — 2367
s m.‘i) VI n(T) (50.17 + 0.0838 T — 1.75 10-5 T2)10-5

The electro-thermal simulations of the UHS tests were carried out using
Comsol® and include the steel electrode, the graphite felt and the 3D-printed zirconia
gyroid sample. Because this sample is centimetric in size, it is difficult to evaluate the
contact and closure quality. Consequently, two simulations were performed. One is
called “full contact” which assumes that the external surfaces of the specimen are in
full contact with the felt and there is no aperture for convection losses. The other
assumes that the sample external surfaces are not in contact with the felt and
convection fluxes similar to those observed with the calibration tests are present due
to the aperture in the felt (chimney effect). Inner convection losses were mandatory
for the calibration tests (similar conditions of the contactless configuration); it gives the

following convection coefficient formula for the sample and inner felt surfaces:
h; = —1.392107°T? + 0.02961 T — 0.6227 (W m~2 K1)

The scheme of the two simulation configurations is reported in Fig. 1. The real

specimen temperature is expected to be between these two borderline cases.



(a) Full contact simulation configuration
Imposed current

density / Ground

External convection
coeff heye=5 WI(m?K)

€=0.9
Graphite felt #
Steel electrode _ g=to
3D printed sample
zirconia surface to surface radiation €=0.7

(b) Full contactless simulation configuration

Inner convection
coeff h; (W/(m?3K))

-

Graphite felt

Figure 1: Schematics of the two simulation configurations assuming (a) “full

contact” of the felt with the sample and (b) “full contactless” configuration with

the presence of inner convective thermal losses.

2.4. Characterization

Thermo-gravimetric analysis (TGA) of the filament was carried out in Ar
atmosphere with a heating rate of 20 °C min* (Netzsch STA 409 thermobalance). The
Fourier transform infrared (FT-IR) spectra (Jasco FT/IR-4200) of as-printed, partially
chemically debided and UHSed samples were acquired in attenuated total reflection
(ATR) mode with a resolution of 4 cm™*. Differential scanning calorimetry (DSC) tests
were performed using a Mettler DSC30 calorimeter with a heating—cooling—heating
cycle in the range 0 — 300 °C at £10 °C'min™ flushing nitrogen at 100 mL'mint. The
temperature and enthalpy of the endothermal and exothermal peaks were analysed
by the Mettler Toledo Star software system.

Raman spectra were recorded with a microscope using a 532 nm laser
(ThermoFisher DXR Raman). Phase composition was investigated by X-ray
diffractometry (Bruker D8 Advance) in the 26-range 10-80° (A(26) = 0.02° with a scan
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time of 1 s step?) using Cu Ka radiation (A=1.5418 A). The X-ray source operated at
40 kV and 40 mA. The dilatometry of the chemically debinded samples was performed
using a horizontal alumina dilatometer (Linseis L75) in an atmosphere of Ar (to
simulate the UHS conditions) with a heating and cooling rate of 20 °C min?. The
density of the sintered specimens was measured by Archimedes’ principle using water
as a buoyant medium, and the volume and size of the pores were assessed by
mercury intrusion porosimetry (MIP) (Carlo Erba). The sintered samples were polished
with diamond pastes and thermally etched for 1 h in Ar at 170 °C lower than the
simulated UHS temperature to reveal the grain boundaries. The investigation of the
microstructure of the polished samples was carried out using a scanning electron
microscope (FIB-FE-SEM, Tescan SOLARIS) after sputter coating with a thin layer of
graphite. The evolution of grain size in sintered samples was assessed from
measurements of at least 100 grains with the help of ImageJ software [28]. The Vickers
microhardness of the sintered samples was measured in 5 different regions on the
polished cross-section using a Shimadzu micro hardness tester with a load of 300 gf
for 15 s.

3. Results

The weight loss recorded during the chemical debinding of the AMed
components is reported in Fig. 2(a). A rapid decrease in weight was observed with
increasing soaking time. The final weight loss after 4 h was about 8 wt.%, but the
system is substantially stable after only 1 h of soaking time in acetone, when a weight
loss of 7.7 wt.% was already recorded. Therefore, 1 h of chemical debinding was set
as the optimized debinding time, and these samples were used for most of the UHS
experiments. To validate the weight loss measurements, thermogravimetric analyses
were performed on the samples chemically debinded for 1 h (Fig. 2(b)) both in air (to
resemble conventional sintering) and in Ar (same atmosphere employed in the UHS
experiments). The results show that the decomposition of the unsoluble binder
component occurs between 280 °C — 520 °C, with a final weight loss of =6.6 wt.% in
both atmospheres, thus suggesting that when processing in Ar the amount of residual
carbon is very limited. On the other hand, the weight loss of the as-received filament
was =14 wt.% (inset in Fig. 2(b)); hence we can infer that the chemical debinding
allowed for the removal of just about half (=53 wt.%) of the starting binder in the AMed
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component. These results are perfectly consistent with the weight loss measured

during chemical debinding.

FTIR spectra of the as-printed material evidence the presence of paraffin and
vinyl-acetate which are declared components of the filament in the reference patent
[36] (Figure 2(c)). Furthermore, amidic groups have been detected. Chemical
debinding induces the progressive reduction of peaks at 1710 and 1270 cm™, resulting
after 60 min in a spectrum with the main peaks of amidic group —NH-CO- (at 3297 cm"
1 N-H stretching; at 1636 and 1543 cm : >C=0 stretching). The other peaks at 2915
and 2848 cm are attributed to the C-H stretching. Therefore, we can infer that the

main unsoluble binder fraction is made up of amidic compounds.

In addition, DSC analysis clearly shows the modification of the composition
before and after debinding in acetone. Melting peaks are present at 50 °C (5.1 J g})
and at 85-130 °C (1.1 J g?) for the as-printed sample, while only a single large melting
peak 110-150°C (2.6 J g!) can be detected for the sample chemically debinded for 1
h (Fig. 2(d)). The cooling and the second heating scan (Fig. S4) evidenced exothermal
and endothermal peaks, attributed to the crystallization and melting of the organic
binder (in particular. the second heating scan confirmed the same melting temperature
and enthalpy of the first scan for both samples). As a result, we can conclude that the
chemical debinding method has completely removed the low-melting-point organic

components.
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Figure 2: (a) Weight loss of the as-printed sample as a function of the soaking
time in acetone at 40 °C up to 4 h. (b) TGA analysis of the chemically debinded
samples in acetone at 40 °C for 1 h in air and Ar (the inset shows the
decomposition behavior of the as-received filament). (c) Fourier Transform
Infrared Spectroscopy (FTIR) analysis of the as-printed samples at different
soaking times (0, 2, 5, 15, 60 min) in acetone at 40 °C. (d) Differential Scanning
calorimetry (DSC) curves (first heating scan) for the as-printed sample and the

one after 60 mins in acetone.

Figure 3 reports the cumulative pore volume for the different starting samples
(as printed, chemically debinded for different soaking times in acetone and presintered
at 950 °C) and confirms the removal of the organic phase at different stages. The
graph shows a significant increase in micro- and meso-porosity as a result of chemical
debinding, which indeed increases with the soaking time in acetone. After presintering,

macropores appear as the result of the polymer decomposition.
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Figure 3: Mercury intrusion porosimetry (MIP) results of the samples subjected

to varying chemical debinding duration in acetone at 40 °C (0, 2, 5, 15, 60 min)

and pre-sintering (950 °C for 1h) treatment.

The dilatometric analysis of the chemically debinded samples (Fig. 4) reveals
that densification starts at =1000 °C; a similar shrinkage behavior was recorded in the
axial and radial direction, although a small deviation can be observed at high
temperatures. Directional shrinkage is a typical outcome for AM components and
arises from the layer buildup. Starting from 1300 °C — 1350 °C, the densification rate
decreases and the shrinkage curve tends to flatten at 1500 °C, indicating almost
complete densification. Accordingly, the samples after dilatometry were 96% dense.
The volumetric shrinkage is reported in the inset and is about 50 vol.%, in agreement

with the starting content of ceramic powder in the filament (=50 vol.%).
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Figure 4. Dilatometric radial and axial shrinkage curve of the chemically

debinded sample in Ar. The inset reports the calculated volumetric shrinkage.
Chemical debinding time = 1h.

The effect of ultra-fast high-temperature sintering (26 A for 120 s) was
evaluated on three different groups of samples: (i) as printed; (ii) partially chemically
debinded for different times and (iii) pre-sintered (950 °C for 1 h). The as-printed (O
min, Fig. 5(a)), and pre-sintered (Fig. 5(b)) samples could not survive the ultra-fast
heating. In the case of as-printed YSZ, the samples did not retain their shape, likely
because of the relatively high amount of binder generating excessive decomposition
gases upon heating. The samples pre-sintered at 950 °C retained their shape;
however, although they did not show any sign of damage after the pre-treatment, they
were severely cracked after UHS. Conversely, the chemically debinded samples with
soaking times greater than 15 mins were not damaged by the ultrafast heating, thus
retaining their shape, not producing any cracks (even at the microscopic level) and
showing promising sintering shrinkage (Fig. 5(a) and Fig. 6(a)). It is worth stressing
that the sample chemically-debinded for 5 min already showed quite good results in
terms of absence of defects and shape retentions, however, it was partially distorted
after UHS. On these bases, 15 min is the minimum chemical debinding time
recommended for the geometry of the present sample.
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As printed

Figure 5: Optical image of the UHSed (a) chemically debinded samples at
different soaking times in acetone at 40 °C. (b) pre-sintered sample. UHS

experiments was carried out at 26A for 120s.

A summary of the different UHS experimental results, collected on different
sample types and using different currents and dwelling times, is available in Table 2
and Figure 6(a). The variation in relative density after UHS of the chemically debinded
samples (1 h) is illustrated as a function of time and current in Fig. 6(b) and 6(c),
respectively. There is substantially no densification with a holding time of 10 sor 15 s
even at the maximum UHS current. Current (generating the the Joule heat and the
temperature needed for densification) and holding time are the most important factors
that influence densification. By increasing either or both of them, the specimen density
increases and almost full densification is observed for currents higher than 30 A with
a dwell time of 60 s or more.

To investigate the origin of crack formation upon UHS of pre-sintered samples,
some experiments were performed where pre-sintering was carried out in UHS under
modest currents (18 A for 120 s; the results summary is in Table 2), to reach a
temperature similar to the conventional pre-sintering one. Similar to pre-sintering in
conventional furnaces, no damage was observed after pre-sintering in UHS and
cooling down. However, when the UHS-pre-sintered sample was afterward subjected
to a sintering step under 28 A, it was severely damaged. On the other hand, if no
cooling was introduced between the 18 A and 28 A steps, the sample did not present
any defects. To shed some light on the moment when cracks start to form, the UHS-
pre-sintered sample (18 A, 120 s) was subjected to a second treatment at 18 A (120
s). In this case, no sintering occurred in the second UHS step (due to the low
temperature reached), but some small cracks were produced. Finally, if the UHS-pre-
sintered sample was subjected to a second treatment at 20 A, rather than 18 A, the
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sample cracked, even though it was still in the very early sintering stage (see the

density results for UHSed samples under 20 A in Fig. 6(c)).

Table 2: A summary of the different UHS conditions used in this research study

with or without chemical debinding of 1 h in acetone at 40 °C

UHS Conditions
o . . = .
Sample 1°' sintering Cooling 2"% sintering Result
Current | Hold time Time Current | Hold time
(A) (s) (s) (A) (s)
As printed 20 - 34 120 - - - Shape not retained
Shape retained, no
Chemially cracks, sintering
_ 20-34 | 10-120 - - -
debinded dependent on the
current and time
Chemically
debinded and _
_ 26-34 120 - - - Heavily cracked
pre-sintered
at 950°C
_ Shape retained, no
Chemically
_ 18 120 - 28 120 cracks, well
debinded .
sintered
Chemically .
_ 18 120 60 28 120 Heavily cracked
debinded
Small cracks
Chemically (detectable with
_ 18 120 60 18 120 _
debinded OM),substantially
not sintered
Small cracks
Chemically (detectable with
_ 18 120 60 20 120
debinded OM), early
sintering stage
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Figure 6: (a) Optical images of the chemically debinded (1 h) UHS-ed sample at
the maximum current of 34 A for different holding times (R.D = relative density
of the samples). Relative density evolution of the chemically debinded and

sintered samples as a function of (b) the pre-set current and (c) time.

To model the temperature evolution by finite element modelling (FEM), the felt
temperature was firstly calibrated without any sample. Figures 7(a) and 7(b) show the
variation of the power dissipated through the carbon felt as a function of time and
current. The electric power and voltage (Fig. S5) under constant current decrease at
the beginning of the process as a result of the electric heating of the felt (negative
temperature coefficient for electric resistivity). The electrical parameters stabilize
within =5 s, suggesting that the thermal equilibrium is virtually achieved. To calibrate
the equilibrium felt temperature, the power needed to melt =10-20 mg of some high-
purity metals (Fig. 7(c)) was measured. It is worth pointing out that the melting point
of Ni was assumed to be 1326 °C, corresponding to the Ni-C eutectic, because SEM
observations after melting always showed evidence of reactions between Ni and C.
Therefore, it was possible to model the felt temperature as a function of the applied
current (Fig. 7(d)), as an increasing function from about 1100 °C at 18 A to more than

1800 °C under 34 A.
15
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Figure 7: (a) Variation of the electric power of the felt as a function of time. (b)
Maximum electrical power dissipated in the carbon felt as a function of the pre-
set current (measured experimental values and fitting curve). (c) Equilibrium felt
temperature as a function of power dissipated in the felt; fitting was performed
on the experimental values identified with the help of pure metals having defined
Tm; for Ni, the Ni-C eutectic point at 1326 °C was selected as opposed to its
melting temperature of 1455 °C. (d) Equilibrium felt temperature as a function of

the applied electric current.

The results in Fig. 7 were used to calibrate the electric conductivity of the felt
and the convection fluxes on the surfaces used in FEM. These heating parameters
were adjusted to fit the voltage curves and Cu, Ni, and Pt sample melting temperatures
(the result is reported in Fig. S6).

Figure 8 shows the models of the UHS set-up in full contactless and full contact

configurations (a and b, respectively) developed for the FEM analysis. A probe
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positioned in proximity to the sample (as shown in the figure), indicates the location at

which the simulated felt temperature was recorded.

Felt probe location

Figure 8: UHS set-up with the probe location where the temperature was

recorded for the (a) full contactless and (b) full contact configurations.

After calibration and verification of the models, the heating of the approximated
3D printed zirconia specimen geometry was simulated assuming zirconia powder
properties at 50% relative density (i.e., a debinded yet not sintered sample). It should
be noted that, while the endothermic effect associated to the binder decomposition
would possibly cause a delay in the heating process, there are no legitimate grounds
to expect any discrepancy in the simulated temperature during the steady state;
furthermore, the sole potential error could anyway be an overestimation of the sample
temperature by FEM. Thus, when comparing the FEM UHS temperature with that of
conventional sintering, a conservative approach is ensured: in the event of an error,
the actual sample temperature in UHS would be even lower than the one calculated
by FEM.

FEM analysis points out that, albeit some thermal gradients exist in the UHS
equipment, the equilibrium temperature distribution in the proximity of the sample is
quite homogeneous in both full contactless and full contact UHS configuration (Fig.
9(a) and 10(a), respectively). The simulated temperature evolution for the felt and the
sample shows that, regardless of the current, the average sample temperature is
always lower than that of the felt because of the radiative heat losses (as well as for
the chimney effect in the full contactless configuration) (Fig.9(c) and 10(c)).

In the contactless configuration, some temperature gradients can be identified

within the sample (Fig. 9(b) for 30 A at 120 s); however, in the steady state of UHS (at
17



the equilibrium) they appear quite modest, in a range of 80-110 °C depending on the
current (Fig. 9(d)). Nevertheless, in the first =10-15 s of the process both the felt and
the (pre-sintered) sample still have not reached a stable temperature and the
(simulated) temperature difference in the sample peaks at =300 °C under the

maximum tested current of 34 A.

In the full contact configuration, such gradients increase significantly: the
simulated temperature difference reaches peaks of almost 800 °C in the first seconds
of the process (at the maximum tested current of 34 A). It decreases thereafter, when
equilibrium is reached, but it still stabilizes in a range of 390-460 °C depending on the
current. The contactless configuration heating is slightly more stable because the
sample is heated essentially by thermal radiation from the felt and both the felt inner
surfaces and the samples surfaces are cooled by convection. These conditions make
the heating less sensitive to the felt gradients and the felt thickness variation like for

the full-contact configuration.

Figure 11 compares the density evolution obtained from the dilatometric tests
(Fig. 3) with that of the chemically debinded samples subjected to UHS for 120 s, as
a function of the equilibrium average sample temperature (from FEM). One can
observe that in both FEM configurations densification upon UHS is remarkably
accelerated when compared with the conventional heating process in the dilatometer
(20 °C min'l). To make this statement more clear, let us take this example. The
conventional dilatometry curve reveals that the samples are only 90% dense at
1400°C, on the other hand, at similar temperatures (30A for both the UHS
configurations), the sample reaches near-full density. This means that even though
the samples experience similar sintering temperatures, the densification in UHS is

faster as compared to the traditional sintering process.
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Figure 9: Simulation results of the temperature distribution in the full
contactless configuration: (a) UHS set-up (with focus on the carbon felt) and (b)
debinded sample under 30 A current for 120 s. (c) Results from FEM simulation
of UHS at different maximum pre-set currents, showing the temperature
evolution of the carbon felt (probe location at the inner surface) and the sintered
sample (averaged throughout the 3D sample). (d) Simulated temperature
gradient developed in the samples upon UHS with an applied current of 26 A
and 34 A. The simulation does not include the endothermic effect associated
with thermal debinding, it is therefore representative of pre-sintered samples.

The heating process of chemically debinded samples is expected to be delayed.
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Figure 10: Simulation results of the temperature distribution in the full contact
configuration (a) UHS set-up (with focus on the carbon felt) and (b) debinded
sample under 30 A current for 120 s. (c) Results from FEM simulation of UHS at
different maximum pre-set currents, showing the temperature evolution of the
carbon felt (probe location at the inner surface) and the sintered sample
(averaged throughout the 3D sample). (d) Simulated temperature gradient
developed in the samples upon UHS with an applied current of 26 A and 34 A.
The simulation does not include the endothermic effect associated with thermal
debinding, it is therefore representative of pre-sintered samples. The heating

process of chemically debinded samples is expected to be delayed.
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Figure 11: Densification plot measured by dilatometry and simulated for
contactless and full contact UHS configuration as a function of temperature. The
UHS temperature corresponds to the highest value achieved by the average
sample temperature (averaged over the sample volume) in a 120 s treatment
under different currents (from FEM simulations). The data refers to samples

chemically debinded for 1h in acetone before UHS.

To confirm the complete removal of organics from UHSed samples, FTIR
spectroscopy was carried out on a sample subjected to 34 A for different holding times
(Fig. 12(a)). The spectra of the chemical debinded sample reveal the presence of two
main peaks at 2850 cm™ and 2920 cm, which are attributed to the symmetric and
anti-symmetric stretching of C-H bonds, respectively [37], and the other peaks (not
shown) are in agreement with those reported in Figure 1(c). The peaks completely
disappeared for treatments longer than 30 s. Micro-Raman analysis (Fig. 12(b))
revealed the presence of two distinctive features of the D-band and G-band at 1340
cm? at 1598 cm, respectively, whose relative intensity and positions indicate the
presence of turbostratic carbon originated from polymer decomposition [38,39]. As the
UHS time increases, the relative intensity of the D and G peaks decreases,
disappearing after 30 s. The spectra also reveal the presence of both monoclinic and
tetragonal zirconia in the initial powder, whereas UHS samples treated for more than
10 s under 34 A contain only the tetragonal phase. These findings are consistent with

the results of the X-ray diffraction analysis (Fig. 12(c)).
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After UHS, the samples show a dark coloration (Fig. 5(a) and 6(a)). YSZ
darkening is also observed in samples not showing any D/G features in Raman
spectra, where it cannot be therefore attributed to the presence of carbon. To verify
the presence of a possible reduction of YSZ under UHS, TGA analysis was carried out
in air on a sample that was treated under 26 A for 120 s; the results are reported in
Fig. 12(d) and show a limited but detectable mass increase (=0.38%) between 800 °C
and 1200 °C. If the blackening was due to residual carbon from the binder, a weight
loss at around 600 °C would have been expected upon heating in air, and such a

feature was not observed.

The microstructures of highly dense samples as a function of holding time and
current are shown in Fig. 12(e). The average grain size increases with current and
holding time, as confirmed by previous findings [18]. The sample sintered at 30 A for
30 s shows a very fine microstructure with a mean grain size equal to 212+71 nm,;
these grains are =20% finer than those of the same material sintered conventionally
(Fig. S7). Nevertheless, isolated pores can be detected at the triple junctions that
disappeared at higher currents; samples sintered at 34 A for 30 s approach full density
with limited grain growth (mean grain size = 412 nm, similar to that of samples sintered
conventionally in Ar). The microstructure appears homogeneous throughout the
sample despite the temperature gradients predicted by the FEM analysis, as shown in
Fig. 13. This suggests that the very short dwell time does not allow for the development
of significant differences in grain growth. Further, by increasing the holding time to 120

S, grain growth becomes more evident, as the mean grain size reaches =644 nm.
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Figure 12: (a) Fourier Transform Infrared Spectroscopy (FTIR), (b) Raman, (c) X-
ray diffraction (XRD) spectra of chemically debinded sample (1h in acetone)
subjected to UHS under 34 A for different dwell times; the peaks of tetragonal
and monoclinic zirconia are indexed as t and m, respectively. (d) TGA analysis
of a UHS sample (26 A, 120 s) in air; (e) SEM micrographs showing the evolution
of the microstructure with current and holding time.
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UH-RESOLUTION

Figure 13: Microstructural analysis (after UHS at 34 A for 30 s) of different
regions on the sample surface. The microstructures refer to samples chemically
debinded for 1h in acetone before UHS.
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The Vickers hardness of some UHSed and conventionally sintered samples is
reported in Fig. 14. The hardness of the sample UHSed at 34 A for 30 s was
comparable to that of the conventional samples (about 16 GPa). Furthermore, on
decreasing the UHS current (30 A) or increasing the holding time (120 s), the hardness

tends to decrease.
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Figure 14: Vickers hardness of chemically debinded (1h in acetone) samples

sintered in conventional and UHS conditions.

4. Discussion

The main outcome of the present work is that ultra-rapid debinding and sintering
of 3D printed components are possible in a single step by UHS, when samples
previously (partially) chemically debinded (residual organic content =6.6 wt%) are
considered. Therefore, complex-shaped 3YSZ components with high density and no
defects can be obtained in less than 2 min, including both thermal debinding and
sintering. The UHSed materials completely consist of tetragonal zirconia (Fig. 12(c)),
which makes them attractive for structural applications. The promising mechanical

properties are confirmed by preliminary mechanical characterization by hardness test

25



(Fig. 14) showing that optimized UHS cycles lead to properties absolutely comparable

to those of conventionally debinded and sintered materials.

The UHSed samples, different from those conventionally sintered in air, appear
dark. This could be attributed to the presence of residual graphitic carbon traces only
for samples subjected to short UHS treatments (<15 s at 34 A according to Raman
spectra); in fact, Raman spectra point out that graphitic carbon disappears for longer
UHS treatments (Fig. 12(b)). This suggests that C reacts with YSZ, which becomes
partially reduced under severe UHS conditions. The partial reduction is confirmed by
the small but detectable weight gain recorded by TGA in air (Fig. 12(d)). The weight
gain in the TGA measurement can therefore be attributed to the oxidation of partially
reduced zirconia, and actually, the sample after TGA in air turns white. The absence
of residual carbon is further confirmed by the absence of any weight loss in the 600-

700 °C range, where graphitic carbon is expected to oxidize.

The chemical debinding step is crucial to obtain good results; the as-printed samples
do not retain their shape if subjected directly to UHS. It should be noted that similar
behavior can also be observed when as-printed (not chemically debinded) bodies are
directly sintered in a conventional furnace. This can be attributed to the melting of the
binder (range 50-110 °C) as well as to the substantial absence of interconnected pores
in the as-printed materials (Fig. 3) which is pivotal for evacuating the gasses produced
upon polymer pyrolysis. Although optimized chemical debinding requires up to 60 min
of soaking in acetone at 40°C, good results can already be obtained after 15 min (Fig.
5(a)). The formation of sufficient and continuous percolative channels of pores and the
removal of the lower-molecular weight compounds during the chemical debinding
certainly facilitate the evacuation of the gasses produced during the pyrolysis. As a
result, the samples with a sufficient amount of interconnected open porosity (> 15 min
of soaking time in acetone) could be rapidly sintered without any visible distortions or
defects (Fig.5(a)). It should also be noted that chemically debinding can be
successfully applied only to 3D printed samples obtained by FFF and not to samples
obtained by other AM technologies, such as Digital Light Processing, as in the latter

case no soluble thermoplastic polymer is present after photo-crosslinking.

It is less straightforward to understand why several cracks are generated upon
sintering in the pre-sintered samples, whereas no defects are present in the chemically
debinded ones. One could argue that the formation of carbon residues from the
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polymer decomposition during UHS (confirmed by Raman spectra, Fig. 12(b)),
facilitates heat diffusion and reduces thermal gradients while heating. However, this
hypothesis is discredited by the fact that pre-sintering in UHS followed by a second
UHS densification step (Table 2) leads to defects (although some carbon is indeed

formed during UHS-pre-sintering).

The results summarized in Table 2 point out that the crucial step for crack
formation in pre-sintered materials is associated with the absence of binder at the very
initial sintering stages in UHS. As a matter of fact, both a “conventional” pre-sintered
sample and samples pre-sintered in UHS at low current (18 A) already show some
defects when UHSed in mild conditions (20 A), where only marginal densification
occurs (Fig. 6(b)). Moreover, FEM simulations demonstrate that large thermal
gradients exist in the initial part of the UHS cycle (Fig. 9(d), 10(d)) where the sample
is thought to enter the initial sintering stages. A possible explanation for the absence

of cracks in chemically debinded materials includes therefore the following aspects:

0] The polymer decomposition (endothermic) moderates the heating schedule
in the initial part of UHS when the largest thermal gradient is expected to
develop according to Fig. 9(d) and Fig. 10(d). This is confirmed by the fact
that chemically-debinded samples under 34 A show only modest
densification in the first 15 s. In the absence of the binder, the simulated
temperature would approach =1600 °C, thus leading to substantial sintering
(Fig. 9(c), 10(c)) which is not observed. Therefore, we can infer that the
presence of some residual binder after chemical debinding has some
beneficial effects in terms of reducing the heating rates of the sample in the
initial part of the UHS, where most of the thermal gradients (and therefore
stresses) develop.

(i) Chemically-debinded materials might be more resistant to thermal shock
compared with pre-sintered ones. In fact, it is reasonable to assume that
their elastic modulus is lower due to the presence of pores and the presence
of an inter-particle polymer phase, and this polymeric matrix affords a higher
mechanical strength than that displayed by a pre-sintered sample in which
particle necking is still extremely limited. Interestingly, FT-IR analyses

reveal the existence of some very residual organic binder (C-H bonds) after
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15 s at 34 A (Fig. 12(a)) when the sample enters the initial sintering stages

(proven to be critical for crack formation).

While the binder was removed, only negligible densification was observed at
short holding times (10 or 15 s) regardless of the applied current (Fig. 6(b) and (c)).
This implies that the thermal inertia of the setup does not allow the sample to heat up
to a sufficiently high temperature necessary for sintering. Nevertheless, as soon as
the target temperature is reached (i.e. for sufficient current and holding time), the

samples were sintered to almost full density.

Finally, we can observe that UHS allows for an exceptional reduction of the
actual sintering temperature (even more than 200 °C) while in parallel reducing also
the sintering time when compared to conventional heating (Fig. 11). This conclusion
relies on the sample temperatures obtained by FEM in either full contact or full
contactless configuration, which can be considered the two limit conditions for the UHS
treatment. FEM still provides the most credible measure of the local sample
temperature, as the inner part of the felt is not accessible for measurement with a
pyrometer in our experimental configuration (the felt is closed to reduce thermal
gradients). On the other hand, thermocouples do not provide a credible measure of
the felt temperature due to the presence of a metal shield (good thermal conductor)
on the thermocouple tip causing a local drop in temperature. The mismatch between
thermocouple temperature and actual sample temperature detected based on phase
transitions has been already observed in a previous work [40].

Although the reduction of the sintering temperature in UHS might seem
extraordinary, the result is credible as it matches the data obtained by other rapid
sintering approaches such as flash sintering [41-43] and others [44]. The origin of
such a huge effect of heating rates on sintering is still partially debated, but it already
has strong theoretical and experimental bases: these includes reduced grain
coarsening, formation of out-of-equilibrium grain boundaries, reduced pore

coordination, reduced pore-grain boundary separation under fast heating [42—44].

In general, the results prove that additively manufactured porous components
are really suitable for rapid heating approaches, since the reduced size of the struts

and the presence of macropores enable a fast and homogeneous heat exchange by
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radiation which produces dense microstructures with fine grains at relatively modest

temperatures.

5. Conclusion

The feasibility of combining additive manufacturing and ultra-fast high-
temperature sintering to print, debind, and sinter defect-free dense ceramic
components with complex geometries was demonstrated in the present work. In fact,
this approach of shaping and sintering complex-shaped ceramics has the potential to
provide an energy-efficient alternative to conventional techniqgues such as
pressureless sintering, hot pressing, etc., hence representing a small step in the
direction of addressing the current energy crisis. Such a flexible, economically viable
approach could be extended to a wide range of complex geometries and compositions.

Very remarkably, UHS allows for the combination of thermal debinding and
sintering in a single step that takes only a few tens of seconds; while an appropriate
chemical debinding step was shown to be indispensable to obtain a crack-free,
undistorted ceramic body upon UHS, its duration can also be reduced down to few
minutes. The sintered samples did not show any traces of residual carbon/binder; their
black color results from partial oxide reduction. The final density and microstructure
evolution can be tailored by controlling the UHS current and time. Optimized UHS
conditions lead to fully-dense and homogeneous microstructures with sub-micrometric
grains, absolutely comparable to those obtained by longer (®5000 min) conventional
debinding and sintering. UHS, therefore, enables a ground-breaking downshift of the
heat treatment time (debinding/sintering) for fused filament fabricated ceramic

components, which is reduced by even more than 99%.
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