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Abstract

Ultrafast High-Temperature Sintering (UHS) enables near-instantaneous densification of
ceramics but is limited by part size, wall thickness, and cracking due to thermal
inhomogeneities. This work introduces a scalable UHS approach using a modified Spark
Plasma Sintering (SPS) chamber with a large working volume (~113 cm?) and precise control,
enabling the sintering of complex ceramic parts up to 30 mm. Direct Ink Writing (DIW) is
employed to shape and debind components efficiently while preserving UHS advantages. A
parametric study identifies optimal heating rates and critical wall thicknesses (<1 mm) to
minimize thermal stress. Finite element simulations link thermal gradients to stress
development, offering predictive capability for complex geometries. The results reveal that
organic binder decomposition strongly affects grain growth and residual porosity under
ultrafast heating. This work demonstrates the feasibility of industrially scalable UHS and
provides key insights for microstructure control and simulation-guided process design.
Highlights

+ Scalable UHS-SPS enables ultra-rapid sintering of complex ceramic parts.

+ Ultrafast debinding is crucial, with control over carbo-thermal reduction.

+ Multiphysics simulations highlight the importance of radiation exposure and design.

+ A reliable model for ultrafast sintering has been developed.

Graphical Abstract
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1. Introduction

Ultrafast high-temperature sintering is a very promising technology for the production
of ceramic parts in mere seconds. In 2010, the flash sintering method renewed the interest in
ultra-rapid sintering, which had been previously dominated by the fast-firing field [1]. Flash
sintering (FS) studies have shown that many ceramics can be sintered in a few seconds if
suitable electrical properties enable an abrupt current to flow across the material, accompanied
by a temperature surge. Since then, numerous alternative methods have demonstrated that
this ultrafast sintering behavior can be applied to other ceramics, provided that the heating is
rapid and the temperature sufficiently high. Among these alternative approaches, we can cite
black light sintering [2], fast firing [3—5], flash spark plasma sintering (pressure-assisted) [6,7],
and flash microwave sintering [8,9]. Most FS studies have focused on small dog-bone-shaped
samples without practical application, while some works have also investigated pellets or bar-
shaped components [10]. In fact, the possibility of producing complex shapes and large
samples by FS remains extremely limited, although some progress has been reported [11,12].
These limitations arise directly from the unstable nature of the flash phenomenon, in which a
positive feedback loop is activated: a higher temperature induces a higher current, which in
turn further increases the local temperature.

Recently, a technique similar to fast firing but operated at higher temperatures has
emerged as particularly promising for ultrafast sintering of complex shapes [13]. This approach
applies a heating surge to a temperature higher than in a conventional cycle by using graphite
felt. This method is similar to fast firing because it involves ultrafast external heating applied
directly to the specimen. In the original study [13], several complex shapes were produced
without cracks and with a satisfactory microstructure. Since this study, which focused on
reactive precursor (salt/oxide) and also on polymer-derived ceramics, the sintering-based
method (called UHS) has been tested on numerous oxide-based powder materials [14-19], as
well as carbides [20], and borides [21]. However, the size of specimens sintered by UHS
remains small, with limited wall thickness. Attempts have been made to scale up the UHS
process using a graphite powder bed as a conductive medium (P-UHS), and centimeter-scale
complex shapes have been obtained [22].

In lower heating rate processes (~100°C/min), Pressureless Spark Plasma Sintering
(P-SPS) [23] has been used to rapidly sinter metals [24,25], oxides [26,27], and carbides
[28,29]. P-SPS is an interesting alternative, as it allows for rapid heating controlled by the SPS
PID (proportional—-integral—-derivative) regulator. In 2022, Hofer et al, [30] showed that the P-
SPS configuration can reach heating rates of up to 450 °C /min and is stable enough to sinter
a large, intricate alumina impeller. In that study, the impeller was produced by vat

photopolymerization, which requires a very long debinding phase. Nonetheless, this work
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demonstrates that very rapid heating can be applied to a large, complex-shaped sample if it is
thin enough to withstand thermal stresses. To overcome the issue of long debinding, coupling
P-SPS with aqueous-based extrusion methods like DIW (Direct Ink Writing) is particularly
promising. In such methods, the water can be evaporated, limiting the organic additive content
to a few wt%, which can be rapidly debound [31,32]. The combination of DIW with P-SPS has
been used for boron carbide [33] and, more recently, for barium titanate [34]. In the latter, DIW
was also successfully combined with UHS. A similar coupling showed that fused filament
fabrication (FDM) can also be used to produce gyroid zirconia ceramics [35], and it even
demonstrated that partial debinding helps protect the sample from cracking during the UHS
process.

Despite the interesting aspects of UHS, the challenge of scalability remains largely

unresolved, as the process is still limited to small samples with thin walls [36]. Still, little is
known about the relationship between the heating rate and the maximum wall thickness that
can be processed without defects. Moreover, the ‘traditional’ UHS configuration is primarily
heated from the upper and lower felt, which induces thermal gradients across different regions
of the sample, particularly at the edges (near aperture) where convective heat losses are
greater [35]. An improvement to the standard configuration was proposed by Zuo et al., who
performed UHS in a graphite powder bed [22], however, this approach significantly increases
the thermal mass of the heating element. In addition, their work employed a long thermal
debinding cycle prior to UHS sintering.
Transitioning to real object fabrication by UHS requires addressing three main challenges: (i)
the fabrication of a large demonstrator to heat large parts under UHS conditions, (ii) the
identification of the critical heating rate to treat increasing wall thickness samples and (iii) the
homogeneity of the UHS heating on highly complex geometries.

In this study, DIW was used to print alumina shapes with low organic content, varying
in dimensions, geometry, and wall thickness. Different rapid debinding cycles were tested for
each wall thickness to avoid undermining the advantages of UHS through excessively long
debinding. The pressureless SPS concept was adapted to a large UHS working space into
which the printed specimens could be inserted. The critical wall thickness/heating rate of
printed tubes was tested under rapid (50 °C/min), ultra-rapid (1000 °C/min), and extreme UHS
conditions (~3500 °C/min). Complex shapes were then tested using the fastest heating rate
tolerated by each wall thickness. This study aims to provide stable heating and sintering

conditions for the production of larger parts with thicker walls using UHS or ultra-rapid P-SPS.



2. Experiment and method
2.1. DIW formulations materials and printing

The direct ink writing (DIW) suspension was prepared in a single step using a planetary

ball milling. The formulation comprised 47.0 vol% BMA15 alumina powder (specific surface
area of 16.0 m?/g, dso = 0.12 pm, dioo = 0.40 pm, and a chemical purity of 99.99 %,
Baikowski, France) 48.9 vol% water, and 4.04 vol% organic additives, which included 3.12
vol% of the dispersant dolapix CE64 (Zschimmer & Schwarz, Germany), 0.92 vol%
carboxymethylcellulose (CMC, Sigma-Aldrich-Merck, Germany), and 0.48 vol% potassium
hydroxide (KOH).
The TG/DSC analysis of the organic additives in argon atmosphere is presented in Figure 1.
The dolapix CE64 decomposes up to 400 °C with two endothermic peaks. The decomposition
of CMC is mainly concentrated between 250 °C and 350 °C, showing weakly exothermic
peaks. The results reveal that both additives leave a carbon residue after pyrolysis. Dolapix
CE64 shows a relatively low carbon residue of about 12 wt%, whereas CMC retains a
significantly higher fraction (41 wt%). This higher residue in CMC is attributed to the presence
of stable carbon chains, in particular aromatic cycles within the polymer structure, which favor
carbon formation under inert atmosphere, leaving a black coloration on the pieces, as will be
shown later. In summary, in the green bodies, the total volatile fraction (water and organics)
amounted to ~53 vol%. TG/DSC analysis confirmed that the organic components decompose
mainly between 250—400 °C, leaving limited carbon residues (=12 wt% for Dolapix CE64 and
=41 wt% for CMC). This quantification ensures a well-defined volatile content prior to sintering,
which is critical for the UHS/UHS-SPS process
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Figure 1: TG/DSC analysis of the organic additives: Dolapix CE64 and
carboxymethylcellulose (CMC)

The addition of KOH to the DIW slurry formulation is intended to increase the pH of the
suspension, creating a basic environment that stabilizes alumina in aqueous media [37]. This
prevents particle agglomeration and ensures a homogeneous and stable slurry suitable for
direct ink writing. The mixing was conducted using a Pulverisette 6 planetary mono mill grinder
(Fritsch, Germany) for 1 hour and 45 minutes at a rotational speed of 350 rpm. Figure 2
presents the rheological properties of the formulated ink. The shear-thinning behavior, shown
in red (viscosity as a function of the shear rate), is evidenced by a decrease in viscosity with
increasing shear rate. This indicates that the ink flows more easily under higher shear, a
desirable property for extrusion-based printing processes. In blue, the viscoelastic behavior is
shown (complex moduli G' and G" as functions of oscillatory stress). The elastic component
(G") dominates the viscous component (G"), indicating a predominantly solid-like behavior.
Notably, this solid-like nature remains stable under increasing oscillatory stress, confirming the
presence of a broad Linear Viscoelastic Region (LVR). The transition from solid-like to liquid-
like behavior, typically observed when G" approaches or exceeds G', is not seen here.
However, a slight drop in modulus is observed near the rheometer’s operational limit,
suggesting that the ink does not exhibit a well-defined yield stress and maintains its solid-like
behavior up to relatively high stress levels. Although the G" and G" profiles are not typical of

conventional DIW inks, the use of CMC imparts a specific viscoelastic response that has



already proven effective for reproducible printing and shape retention, making the formulation
suitable for this study [38].

After preparation, the suspension was carefully loaded into a syringe for printing. The printing
process was carried out using an Eazao Bio (Eazao, China) robocasting printer equipped with
a pneumatic dispensing system regulated by a manometer. The geometries of the printed parts
were designed using FreeCAD software, and the printing strategy was configured in the Cura
Ultimaker slicer. The paste was extruded through nozzles with diameters ranging from 0.4 mm
to 0.8 mm at a printing speed of 20 mm/s. Consequently, bars and cylinders of 10 mm height
with two different wall thicknesses namely 1.3 mm and 2.4 mm were printed, along with two
distinct types of impeller models. Finally, small lattice structures were fabricated to compare

the UHS process with the alternative UHS-SPS process.
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Figure 2: Rheological properties of the formulated ink: viscosity (red curve), the elastic
component G’ (blue curve), the viscous component G" (blue dashed curve).



2.2. Method

The objective of this study is to validate the capability of the UHS-SPS system to sinter
larger parts compared to conventional UHS systems. This study is divided in five main steps.
(i) First, a comparison was conducted between the traditional UHS and our UHS-SPS systems
using small lattice parts. The objective was to identify the potential differences between these
two systems. Secondly, a parametric study was carried out to investigate the scalability of parts
produced with the UHS-SPS system (Figure 3.a).

(i) The next step consists of identifying the fastest crack-free P-SPS sintering conditions for
thicknesses ranging from 1.3 mm called “thin” and 2.4 mm, “thick”. At this stage, the extreme
UHS-SPS conditions are not yet applied. Instead, a rapid sintering profile with a 20 min dwell
and varying heating rates is used. The explored heating rates ranged are from rapid (50°C/min)
to ultra-rapid (1000°C/min) (Figure 3.b). The sintering temperature of this fast process must be
higher than the conventional sintering temperature. It is set to 1600°C, as the conventional
sintering temperature is close to 1400-1500°C for this powder [38]. The selected printed
shapes are cylinders of 20 mm in diameter and 10 mm in height, with different wall thickness.
The P-SPS uses the same configuration as the UHS-SPS. Temperature is measured by the
top pyrometer, which is aimed directly inside the heated chamber. Since the pyrometer is
calibrated for graphite, it is directed toward the inner support felt located inside the cylindrical
hole. In this configuration, the surface of the felt responds quickly to heating while not being
directly exposed to the radiation from the heating element. To compare the debinding impact,
certain samples were debound in air at 600 °C using a fast heating and cooling rate of
10°C/min.

(i) Once promising, thicknesses and heating rates are identified, extreme UHS-SPS
conditions with a 3 min dwell time are tested on zigzag-shaped small lattices samples and then
on complex shapes impeller to test the scalability of the UHS-SPS process (Figure 3.c).

(iv) Then, the samples with the most promising conditions were simulated by an electro-
thermal-mechanical-microstructural simulation to assess the maximum developed thermal
gradients and stress fields of each part. This helps relate the critical heating rate to a
guantifiable temperature and stress field.

(v) Finally, the microstructure and mechanical properties are assessed.



a) UHS-conventional vs UHS-spark plasma sintering

Power supply
-l

v

Graphite felt

Sample
Steel electrodes

7

Scalability ? >

Pyrometer (PID control)

b) Critical heating rate explorations

1800
1600
%) 1400
< 1200
o
5 1000

.
)
2
[}
IS
S
2
=N
o
of
o
—

Pyrometer measurement
at the felt surface ‘e’ near
the sample, the upper felt
fibers are highly reactive to
heating, making them
perfectly suited to
withstand ultra-fast heating

4

—UHS
——1000 °C/min
—400 °C/min
—200 °C/min
—50 °C/min

400
Time (s)

800

1000

increasing shapes complexity explorations

Figure 3: (a) Scheme of conventional UHS and UHS-SPS configurations exploration of (b)

critical heating rate assessment study, (c) increasing shape complexity study.



2.3. Conventional UHS and UHS-SPS configurations and explorations

Conventional UHS experiments were conducted using a custom-built furnace in an argon
atmosphere. A carbon felt (SGL Carbon Co., Germany) with dimensions of 24x70x6 mm?
(nominally 5 mm, measured thickness = 6 mm) was clamped between two steel electrodes,
resulting in an electrode span (felt part distance between electrodes) of 30 mm with a cross-
section of 24x6 mm? (Figure 3.a). The green complex-shaped bodies were inserted into the
center of the carbon felt through a small hole, which was made using a spatula by piercing
through from one side to the other. Before each experiment in an inert atmosphere (Ar), the
chamber was evacuated twice to remove oxygen. An electric current was applied to the felt
using a DC power supply (Agilent Technologies, model 6674A, Santa Clara, CA, USA), and
the power source was always set to current control mode. Currents ranging from 32 Ato 34 A
were applied for 200 seconds.

The UHS-SPS prototype is designed to mimic the conventional UHS ultra-rapid heating
response at a larger scale within SPS. Different strategies exist in the literature, like replacing
the graphite felt with graphite powder [22] or bigger felt [39]. Here, we chose to replace the
graphite felt of UHS configuration by a thin graphite cylindrical heating element (50x70x3) in
red figure 3.a, which is externally thermally insulated, by a cylinder of graphite felt. The
advantage of this configuration is that the heating element is reusable, highly responsive and
resistant to thermal shock because it is 3 mm thick. This graphite element thickness was
selected for its combination of reusability, thermal shock resistance, and performance, as it is
generally considered too thin to withstand the applied contact pressure in SPS. To the best of
our knowledge, has not been previously reported for pressureless UHS-SPS setups. The
reduced thickness also makes the system more energy-efficient and more tolerant to small
deformations. In addition, the temperature is PID-regulated directly in the chamber by a top
pyrometer near the sample. Finally, this configuration enables a 113 cm?3 graphite chamber
working space where large parts printed by DIW can be inserted. As seen in Figure 3.a,
complex parts were centrally placed within the chamber and slightly shifted downward to lower
the mid-chamber height, allowing thermal irradiation to occur both radial and coming from the
upper part. This homogenizes the heating, favoring external and internal heating.

The exploration of critical heating rate and wall thickness was conducted as follows. All
cylinders used in the ultra-rapid P-SPS explorations were subjected to a sintering cycle of
1600°C for 20 minutes with a heating rate of 200 °C /min. Based on the outcomes, such as the
presence or absence of deformations or cracks, the heating rate was adjusted accordingly. For

each set of conditions, a critical heating rate was identified (i.e., the maximum heating rate



without cracks). Finally, the optimal UHS-SPS conditions were tested on the different complex

parts with different sizes.

2.4. Characterizations

The polished microstructures of the sintered parts were observed by SEM (JSM-7200F,
JEOL, Japan). Energy Dispersive Spectroscopy (EDS) (X-Flash 6-60, Bruker, Germany) was
used to map the chemical elements present. The hardness was characterized by Vickers
micro-indentation (MMT-X7B, Matsuzawa, Japan) using a 1 kgf load. Approximately nine
hardness measurements were taken at the core of the parts for each sintering temperature.
The grain sizes of the various parts were measured by image analysis using open-source
image processing software (Image J - National Institute of Mental Health, USA). The average
grain size was assessed using the linear intercept method with a stereological factor of 1.56
[40]. The crystalline phases present in the sintered parts were analyzed by X-ray diffraction
(D8 Advance Vario 1, Bruker), using Cu Ka (A = 1.5406 A) with a Johansson-type Ge(111)
monochromator and a LynxEye detector. The measurement parameters were set to a 20 range
of 10° to 90°, with an angular step of 0.01°. The crystalline phases were identified by comparing
the diffractograms with those reported in the X’Pert HighScore Plus software database.

2.5. FEM ETMM simulation of UHS_SPS

The Finite Element Method (FEM) simulations were conducted on the software
COMSOL Multiphysics® using the heat transfer module to implement the Joule heating of the
graphite parts and the surface-to-surface thermal radiation of the inner and outer surfaces.
This electro-thermal model (ET) is coupled with a sintering model including the mechanical
aspects of densification and grain growth. This sintering approach is then classified as
mechanical or microstructural (MM). The whole simulation, coupling the heating (ET) and
sintering (MM), is called “ETMM”. The electro-thermal properties of the Mersen® 2333 graphite
grade used for the spacer and the heating element have been uses in numerous spark plasma
sintering simulations they can be found in ref [41]. The graphite felt used to confine the heating
in the P-SPS prototype uses the thermal properties detailed in the UHS simulation in ref [35].
For the conventional UHS test, it was used to compare the UHS-SPS microstructures. The
same experimental and simulation conditions of ref [35] were used. The simulated temperature
curves were obtained by simulating the UHS test heating. The electro-thermal equations,
boundary conditions, and key thermal and physical parameters of the materials and heating

elements are provided in the Appendix.
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From the simulated temperatures of the sample, the sintering model is simulated the
densification and grain growth. The Skorohod-Olevsky model [42] is described in the appendix
section with the identification equations. The conventional sintering model was first identified;
subsequently, this model parameter was corrected to better reproduce the ultra-fast and UHS-
SPS sintering behavior, which is modified by carbon contamination and the high heating rate.

3. Results and discussions

3.1. Conventional UHS vs SPS UHS on small specimen

To scale up the UHS process, a UHS-like SPS configuration has been developed.
However, it is important to make sure the thermal history of this large volume configuration
behaves similarly to conventional UHS. Consequently, both configurations were tested on 10
mm lattice printed samples. These specimens can be easily inserted into the felt aperture of
the conventional UHS. As it was demonstrated experimentally [35] and confirmed later in this
study, undebound specimens are preferred as they are less sensitive to cracks. This can
primarily be attributed to the endothermic nature of binder decomposition in an inert
atmosphere, which acts as a negative feedback on temperature and thus makes the
temperature distribution more homogeneous. These preliminary tests then used undebound
printed specimens. In the UHS-SPS configuration, heating is controlled by a PID system using
a pyrometer aimed at the felt a few mm near to the sample. The choice of this pyrometer spot
is motivated by the high heating responsiveness of the inner felt surfaces exposed to furnace
radiation. Since this particular test involves a small grid, the spot may also overlap with the
alumina grid; however, the emissivities of alumina and graphite are similar. Moreover, because
the alumina sample is very thin, its heating response is also rapid. A dwell at 1600 °C is
programmed for 200 seconds. As conventional UHS is monitored by imposed current, we
explored 32 to 34 A during 200 s, as our calibrated simulation of the same conventional UHS
configuration indicates this range corresponds to 1600°C [35].

The obtained results are reported in Figure 4.a. All sintered materials exhibited well-
densified microstructures, with densities generally exceeding 98% of the theoretical value.
When increasing the conventional UHS current, there is an obvious grain coarsening resulting
from a higher sintering temperature. In general, the sample sintered under 32 A possesses the
microstructure closest to the UHS-SPS (Figure 4.b), both in terms of relative density and grain
size. Further increasing the UHS current causes grain growth but also a loss in terms of
density, which is very clear at 34 A. Actually, this could be explained in terms of the carbo-
thermal decomposition of alumina, resulting in the formation of new pores [43]. In the latter,
evidence of carbon contamination and the appearance of porosity under high current were

reported. Here, the same type of defect occurs, exhibiting a similar microstructure. The density
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evolution is mimicked by the mechanical properties like hardness. One can, for instance, notice
that when increasing the conventional UHS current, the density loss is coupled with a decrease
of the microhardness. Furthermore, we can spot that besides conventional 32 A UHS samples
possessing a density larger than UHS-SPS, their hardness is slightly lower, probably as a
result of a coarser microstructure.

It is interesting to note that the UHS-SPS sample is not cracked, while conventional UHS
shows a broken part on the edge because the 10 mm sample corresponds to the critical size
limit of this configuration. It suggests the large SPS chamber provides a more homogeneous
irradiation to the sample, which is encouraging for producing larger and complex parts. This
could also be explained also considering the perfect axial symmetry of the SPS heating
element compared with the conventional UHS. Actually, in conventional UHS, the sample is
introduced through a hole present on the lateral side of the felt itself. This facilitates the
radiative heat losses on the region of the sample facing the hole thus introducing thermal
gradients. In addition, PID control results in a slightly lower heating rate compared to the abrupt
application of a high current. However, the appearance of cracks at the edges supports the

explanation of configuration heterogeneity.
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3.2. From rapid to ultra-rapid pressureless SPS

This section is dedicated to exploring the sintering behavior of larger samples, their
brittle nature, modeling parameters, and microstructural characteristics under rapid to ultra-
rapid heating conditions. Based on these observations, the most favorable UHS conditions
identified here will be used for further optimization and analysis in ongoing work.

3.2.1. Stability zones

To successfully sinter large and complex parts using our UHS-SPS configuration, it is
crucial to determine the critical wall thickness and heating rate. Large printed tubes are tested,
as this geometry presents a moderate level of difficulty and offers a representative radiation
exposure that differs between the inner and outer surfaces. These parameters have been
analyzed and summarized in figure 5. The table presents the sintering outcome (defect-free or
cracked) of tubes with a 20 mm diameter and 10 mm height as a function of their debinding
condition (debound or undebound), wall thickness (thin or thick), and applied heating rate.

First, we observed that slightly thicker walls significantly reduce the maximum
achievable heating rate. The highest heating rate recorded was 200°C/min for thick-walled
samples, whereas thin-walled samples could withstand heating rates up to 1000°C/min. This
limitation in thick-walled samples is likely due to increased thermal gradients and internal
stresses.

Second, debound samples exhibited cracking at lower heating rates compared to
undebound samples, regardless of wall thickness. This can be attributed to the nature of the
consolidation process. The debinding at 600°C involves particles neck formation by surface
diffusion consolidation. This interconnected porous network is a very brittle structure compared
to loose powder. For the undebound case, the absence of heat treatment and the presence of
organic binder is a more resistant structure to thermal shock. In addition, the in situ
decomposition of the binders can delay the surface diffusion to higher temperature under ultra-
fast heating condition, which shifts the brittle behavior to higher temperatures. To conclude,
our findings suggest that it may be possible to sinter large and complex undebound parts under
UHS conditions. Further investigations will be necessary to confirm these results for complex

shapes and for extreme UHS conditions.
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Figure 5. Determination of critical heating rate depending on the debinding method and the
thickness of tube shape samples.

3.2.2. Microstructural characterization

The SEM images of parts produced at 400 °C/min are reported in Figure 6.a for the
debound and undebound cases. This clearly points out that debinding at 600°C in air favors a
clean and fully dense microstructure. The undebound case exhibits 3.6% of dark zones that
are porosity and carbon traces, as it will be characterized later. This porosity can be related to
the carbo-thermal reduction in UHS [43]. The other difference is the grain size, which is
significantly larger for the undebound case, which implies a decrease in hardness. This effect
seems to favor coarsening rather than densification.

The SEM microstructures of the parts sintered at their critical heating rates (crackfree)
are shown in Figure 6.b along with the histogram of their main properties. The same
phenomenon of porosity and larger grains is present between the debound and undebound
cases. For the debound cases where the grain growth is slow, there is almost no difference in
microstructure and hardness between the 50 and 400°C/min. For the undebound case, where
the grain growth is faster, the 1000°C/min case has less sintering time, and lower densification
and grain size than the 200°C/min case. This indicates that debound powders are less
sensitive to the rapid cycle differences while undebound can exhibit clear microstructure
differences. The undebound samples have gray appearance and are clearly polluted by carbon
originating from the decomposition of the organic additives used for the 3D printing (see
figure 1). There are two main origins to explain this higher coarsening impact for the
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undebound case. It can be an effect of the carbon contamination, itself causing second-phase
segregation and grain growth pinning, or a reduction effect which disturbs the diffusion by
vacancy concentration disturbance. The last effect is coherent with the skin effect reported in
Figure 6.c. In the latter, both debound and undebound samples (whether single or double—
thickness) present significantly larger grain size near the surfaces in contact with the vacuum
of the SPS chamber. It is well known the vacuum can cause reduction of oxide at high
temperatures [44] and the grain aspects in the skin look like the microstructure coarsening in
the undebound sample (except for the porosity, which is carbon originated). This observation
suggests the carbon contamination implies a carbo-thermal reduction at high temperatures,
and this reduction causes significant grain coarsening in the core of the undebound samples.
It is known that a reducing atmosphere can accelerate coarsening over densification [45].
Mechanisms of non-equilibrium grain boundaries have recently been discussed as
accelerating mechanism [46] that could also be impacted by carbon contamination. It is also
worth noting that the rapid grain growth is not associated with pore detachment, suggesting

that these large pores (where carbon appears to be present) have a high migration rate.
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Figure 6. SEM microstructures: (a) microstructure comparison between debound and
undebound parts, (b) microstructure and properties comparison at critical heating rate and (c)
edge skin effect.
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3.2.3. EDS and XRD analysis

In the undebound samples, the presence of residual carbon can potentially lead to the
formation of graphite or carbide phases. To investigate this possibility, the microstructure of an
undebound sample sintered at a heating rate of 1000 °C/min was analyzed using EDS
mapping, as shown in Figure 7.a. As expected, both oxygen and aluminum were detected,
indicating the presence of intergranular porosity. However, the most notable observation is the
presence of carbon-rich regions near large pores. Carbon is also detected within some closed
grains. At this stage, it is not possible to determine whether these carbon-rich zones consist of
elemental carbon or carbide phases. Some regions appear to be graphite, particularly when
isolated within pores. In contrast, other areas where carbon and aluminum coexist were further
examined by XRD phase identification.

Figure 7.b presents the XRD results, which do not reveal any carbon-related phases
such as graphite or carbides. Only a-alumina was identified. This suggests that the carbon-
rich regions are of low volume fraction and fall below the detection threshold of XRD. The
results indicate that carbon contamination is limited, likely due to the carbo-thermal reduction
effects occurring during sintering. Following the sintering step, which was performed under

vacuum, only trace amounts of carbon remain near large pores.
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Figure 7: Carbon contamination analyses, (a) EDS map, (b) XRD of the powder and

undebound sintered specimen at 1000°C/min.
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3.2.4. Ultra-rapid sintering model assessment

The conventional sintering model is first assessed by dilatometry on the printed
debound specimen. As the sintering is performed on graphite support and in vacuum, the
sintering dilatometry is conducted in similar conditions using graphite support and an inert
atmosphere (Ar) instead of vacuum. The analysis of the conventional dilatometry is reported
in figure 8.a. The first graph indicates isotropic sintering as the linear shrinkage in the building
direction (axis z) and in the radial direction (axis r) are strictly identical. Based on this, the
porosity curve is calculated. Using the experimental sintering bulk modulus (@) of BMA15
alumina [47], it is possible to use directly the regression equation (12) to assess the activation
energy Q and pre-exponent viscosity constant n,. An activation energy of 482 kJ/mol is found
which aligns well with the expected value for alumina [48]. Then, the grain size curves are
predicted by equation (16) and using the already identified parameters (n,, Q, y), the
Skorohod'’s sintering stress expression (P)) [42] and the final stage porosity curve. The two
grain size curves are reported in Figure 8.a. As these curves accuracy strongly depends on
the final stage sintering curve densification, the end of the curve is often very noisy as the
densification is very low at the end. However, analyzing the trend of the curve with the final
grain size measured, an m=2 (lattice diffusion mechanism) is clearly more suited for this
powder. As this predicted curve is very noisy, it is modeled by a grain growth model that
reproduces a similar grain size curve. This grain growth model is adjusted to the pressureless
sintering and P-SPS conditions from an SPS grain growth model of the same powder with the
fixed values of Qg=200 kJ/mol, p=2 [49]. The ko constant (initially of 1E-16 m®/s for SPS) is
modified to fit the grain size curve. As the grain size curve is not very logarithmic in porosity
zone, a porosity function [50,51] is used to better adjust the model to the expected grain growth
curve. The parameters of this grain growth model are reported in Table 1 with in green the
grain size curve in figure 5.a. The final densification model reported in figure 8.b shows the
experimental porosity curve is well reproduced by the model with grain growth (green curve)
while the model without grain growth (black curve) does not reproduce the final stage
porosities.

This conventional sintering behavior does not perfectly reproduce the ultra-rapid
sintering behavior of the debound (400 °C/min) and undebound (1000 °C/min) sample as can
be seen in figure 8.b (dashed curves). The ceramic has mutual porosity and grain growth. For
the undebound specimens, significant carbon contamination disturbs the grain growth [52,53]
and which in turn disturbs the densification. The adjusted parameters require a careful
adjustment of the grain growth porosity dependence and of the grain size sensitivity (m) which
is 2 for conventional, reduced 1.5 for deboud 400 °C/min and 1 for undebound 1000 °C/min.

The model has then been modified to better reproduce these ultra-rapid conditions
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(continuous curves, see Figure 8). For UHS-SPS the effect of densification limitation is less
present and the model was also adjusted. The modified grain growth parameters are
summarized in Table 1. The grain growth is highly sensitive the carbo-thermal reduction and

the model needs to be adjusted for each heating rate and debinding conditions.

Table 1 Grain growth model parameters for the conventional and ultra-rapid sintering.

Conventional Dedound model Undeboud model Undebound UHS-SPS

Parameter

model 400°C/min 1000°C/min 3600°C/min
n 3 3 3 6
B¢ 0.05 0.05 0.02 0.002
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Figure 8 Assessment of the different sintering behavior, (a) conventional debound sample
behavior with the dilatometry curves, the sintering model linear regression, the final stage
grain growth assessment and the model verification, (b) adaptation of the conventional model
parameters “CONV” to “ultra-fast” sintering conditions; “EXP” refers to experimental point

and “SIM” to simulation curves.
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3.2.5. ETMM simulations or ultra-rapid sintering

Now that the sintering model is identified and adapted to the different ultra-rapid
sintering conditions, these parameters can be inserted into the FEM simulation. The ETMM
simulation includes the Joule heating of the SPS graphite furnace, the surface-to-surface
radiation and the sintering of the sample that is located in the furnace. The simulation of the
1000 °C/min experiment is presented first as it is the fastest-regulated heating test besides
UHS. In Figure 9.a, the simulated heating of the SPS furnace is shown, and a zoom inset is
made to represent the sample. In the latter, the simulated sintering shrinkage is shown with
the initial shape represented by the black lines. Different virtual temperature probes are used
to measure the maximum temperature of the heating element which has the highest
temperature of the whole SPS column, and the specimen’s minimum, maximum, and average
temperature. The specimen’s min-max temperature difference is also calculated. All these
probe temperatures are plotted in Figure 9.b. It shows that at the end of the heating, the
furnace heating element is at a maximum temperature close to 2000°C. The set sample
temperature of 1600°C is well respected with 30 s overshot at the beginning of the dwell. The
sample temperature difference in the dwell is low and of about 40 °C. The maximum sample
temperature difference is during the heating with 150 °C. It is the most critical moment where
the developed stress can overcome the strength of the specimen creating cracks and failure
of the sample. As shown, the heating of the sample from the side makes the upper part of the
sample the hottest. The relative density, grain size curves and the corresponding simulated
specimen fields are reported in Figure 9.f,c and d. This shows the upper part of the sample
with the higher temperature as higher relative density and grain size. The maximum porosity
difference is 3% and the grain size difference is 2 um. This small difference can be explained
by the short sintering time and the low-temperature difference in the sample. The temperature
gradients cause dissimilar densification rates and significant stress development in the part.
The ETMM simulation also helps visualize the developed stress within the sample. In
figure 9.e, the von Mises stress field of the sample is represented at the end of the heating
where the sample deformation is maximum (where the part is most likely to break). This shows
that at this time, the sintering has a slight advance on the top of the specimen where the

heating is higher.
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In Figure 10, the ETMM simulation of the fastest heating-rate tests without cracks are
compared with in Figure 10.a the 400 °C/min test for the debound sample and in Figure 10.b
the 1000 °C/min test corresponding to undebound specimen. For each of these tests, the
simulated specimen fields of the temperature, relative density, and grain size at the end of
sintering are presented. The von Mises stress field is also presented at the end of the heating
to visualize the specimen at highest deformation. For the 400 °C/min debound test, less
deformation, lower porosity and a smaller grain size are observed. The fact that the grain size
is smaller despite the lower heating rate and porosity for debound case suggests the organics
and the in situ debinding enhance the grain growth while maintaining a certain level of porosity
by the carbo-thermal reduction [43]. The other aspect is the recorded curve of the maximum
von Mises stress in specimens. As expected, it shows the highest values during the heating
and a rapid decrease and stabilization during the dwell. The highest von Mises stress occurs
above 1000 °C. In Figure 1, the residual carbon is fully formed at 450 °C; however, given the
extreme heating rate, it is possible that the decomposition is shifted toward the maximum von
Mises temperature. Since Dolapix CE64 is endothermic, it can compensate for the surface
overheating caused by radiation. A shift in the decomposition of organics may also induce a
slight shrinkage, which helps relax internal stresses during this critical heating stage. It is
interesting to note that the highest value is close to a few MPa. As these two tests are crack-
free critical heating rate, this suggests that stress values up to 2 MPa do not involve failure of
the specimen. If the simulated stress under certain conditions is above this value, it can be

considered a potential failure condition.
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debound sample and (b) 1000)C/min undebound sample
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3.2.6. Stress analysis and critical heating rate and wall thickness criteria

The histogram (Figure 11) compares the maximum simulated von Mises stress
developed in the sample during the cycle with each critical crack-free heating rate (50 °C/min,
200 °C/min, 400 °C/min, and 1000 °C/min). One key observation is that debound specimens
exhibit lower stress levels than undebound ones. This suggests that the porous skeleton in
undebound samples, despite their inherent fragility, can tolerate higher stresses than the
debound parts. As previously discussed, debinding at 600 °C appears to promote particle
consolidation, which in turn increases the fragility of the debound parts. Consequently,
undebound samples demonstrate behavior that is more tolerant during ultra-fast heating and
can withstand stresses of up to 3 MPa, enabling crack-free sintering under the extreme heating
rates of UHS.

Part geometry and wall thickness also play a critical role in heating homogeneity and
the resulting stress distribution. Thicker samples experience greater thermal gradients, which
lead to higher internal stresses and limit the maximum achievable heating rate. At extreme
heating rates, such as those used in UHS, only undebound samples with low wall thickness
(~1 mm) can be sintered without cracking. Therefore, sample geometry is a crucial factor for
successful UHS sintering. For example, hollow cylinders benefit from highly favorable radiation
exposure. In the following section, various complex shapes with unfavorable radiation
conditions are examined to evaluate the UHS-SPS process's ability to sinter intricate

geometries.
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Figure 11: Histogram and simulation of maximum von Mises stress for the critical heating
rate (above which cracks appear)
3.3. UHS-SPS of complex shapes

In this experimental section, UHS-SPS is applied to different large-sized complex
shapes to test the feasibility of scalable UHS-SPS on different shapes. As suggested by the
heating rate study, only undebound and thin-walled thickness samples were tested to focus
the investigation on the impact of geometry on the success of UHS-SPS. Two impeller
geometries are tested one with 5 blades which has the largest diameter of 30 mm. A more
complex impeller with 7 blades, a 10° building angle and a conical base is also tested to
investigate a more challenging radiation exposure. Both samples have a 5 mm height and are
first tested in 1000 °C/min (ultra-rapid conditions) and for the extreme UHS-SPS conditions
which have an average heating rate close to 3600°C (with local maximum heating rate of
>10 000°C/min). The results are reported in figure 12. All the shapes have been successfully
sintered from ultra-rapid to UHS-SPS conditions without cracks. The initial shape is well
preserved; the 5-blade impeller shows only a slight warping at the base. For the 7-blade
impeller, we observe only a small detachment of the printing beads from the blades. The latter
are already partially detached in the printed part (see green section), but this effect seems
slightly more pronounced for UHS-SPS. This suggests a temperature difference between the

external layers, which are more exposed to thermal radiation, and the internal layers.

a) Ultra-rapid P-SPS

100(%/min
—

Figure 12. (a) Ultra-rapid P-SPS 1000°C/min sintering and (b) UHS-SPS 3600°C/min sintering
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The previous impeller was large but with only 5 mm height which makes it relatively
favorable for homogeneous thermal radiation from the heating element. Figure 13 shows the
case of a 10 mm height 7 blades shapes in UHS-SPS. This tall impeller version is a more
sensitive configuration for thermal radiation. The simulation tool is particularly well suited here
to investigate this case where failure happens in one half of the sample. In figure 13.a, we first
observe the green impeller and the results after the UHS-SPS process. As indicated by the
red arrows, cracks appear on the conical base and propagate between the blades; a slight
deformation of the parts is noticeable. The heating simulation, represented in the SPS column,
shows that the heat is most concentrated in the heating element (at mid-height) and radiates
onto the sample. However, the zoomed-in view of the sample reveals that the temperature
distribution is not homogeneous, with the highest temperature observed at the tips of the
blades that are more exposed to radiation. The sample also appears to be primarily heated
from above by the heating element. The final impeller shrinkage simulated has limited warping
but this simulation assumes no cracks. In order to investigate the cause of the specimen failure,
we must determine the most probable moment of crack appearance time and examine the
physical fields at this precise time.

Figure 13.b explores the thermomechanical behavior at the critical sintering stage
where cracks are expected to happen to occur. In order to detect the time at which the
developed thermal gradients and stress generate cracks, a graph is plotted with the curves of
PID regulated temperature, sample’s maximum temperature difference (AT) and maximum
von Mises stress. A significant peak around 20 seconds is observed in both the temperature
gradient and von Mises stress. The von Mises stress in this area reaches a value of 100 MPa,
which is well above the 3 MPa determined during the sintering of cylinder parts at 1000 °C/min.
At that time, different physical parameters are compared. To analyze the primary origin of the
failure, the surface-to-surface radiation exchanges are analyzed. The radiosity (J) of the
chamber is reported to detect the maximum emitting area, which is here the mid-height of the
graphite-heating element. The impeller surface discloses the incoming irradiated flux (G). This
shown that the cone base and the interior surfaces of the impeller blades are nearly not
exposed to radiation compared to the tip of the blades. This is confirmed by the temperature
distribution in the impeller that has a 500 °C temperature difference between the cone (less
heated) and the blades tip. This difference generates high stress inside the impeller. The
developed stress is very high in the internal part of the cone. A notable variation in relative
density is also observed between the inner cone surface (58%) and the blade tip (97%). If we
observe the main crack in Figure 13.a, it seems to start from the cone which as the stress
above the 3 MPa previously determined and propagate into the adjacent blades. This case
shows the link between radiation exposure heterogeneities and the resulting gradients that can

lead to part failure, which is not solely dependent on scale.
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a) Large and high height impeller shape: heating
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4. Conclusion

This work provides new insights into the potential for developing a scalable ultrafast-
high-temperature-sintering (UHS) process. UHS has shown great promise for sintering small,
thin-walled, and complex-shaped parts in a few seconds. The P-SPS configuration employed
in this study, operating under UHS conditions with a heating rate of 3600 °C/min, was validated
by comparing the microstructure of a 10 mm lattice structure with the one obtained using
conventional UHS methods. The similarity of the resulting microstructures and micro-harness
confirms that UHS-SPS does not degrade the properties compared to the original method,
which is difficult to scale. An initial scalability study was conducted by determining the critical
wall thickness and optimal heating rate for large printed tubes in the UHS-SPS configuration.
It was demonstrated that 10 mm-height tubes with a 20 mm diameter and a wall thickness of
1.3mm could be sintered without cracks at a heating rate of 1000 °C/min if they are
undebound.

The true scalability challenge arises in the UHS-SPS sintering of more complex parts,
such as a 30 mm diameter complex impeller with five blades and a more intricate impeller
featuring seven angled blades. Both were successfully sintered without cracks at heating rates
of 1000 °C/min and 3600 °C/min, demonstrating the robustness and versatility of the UHS-SPS
configuration. Only the tall, intricate impeller failed due to parts being less exposed to thermal
radiation.

The study also incorporated sintering modeling of the UHS-SPS. It showed that
dilatometry-based conventional models can reproduce the ultrafast densification rate.
However, adjustments are necessary to accurately capture the final stage sintering and grain
growth behavior, which is significantly influenced by carbothermal reduction originating from
the carbon contamination. Additionally, finite element method (FEM) simulations were
employed to assess the effects of thermal radiation exposure on complex parts, resulting
gradients, and the outcome on the sintering. These simulations revealed that homogeneous
radiation is difficult to achieve in intricate geometries, resulting in pronounced thermal
gradients. Such gradients contribute to the development of internal stresses, which in turn
promote deformation and cracking.

This case shows the high impact of shape complexity on radiation exposure
heterogeneity, which has an impact as significant as the shape’s dimensions. The
thermomechanical simulation tool can be highly valuable for redesigning the shape or
optimizing the heating configuration. These results evidence the feasibility of UHS scalability
and pave the way for new ultrafast production processes coupling 3D printing and ultrafast

sintering.

31



5. Nomenclature

6 Porosity

6 Porosity elimination rate (s™)

o Stress tensor (N.m)

£ Strain rate tensor (s?)

£.q Equivalent strain rate (s™)

n Viscosity (Pa.s)

no Viscosity pre-exponential factor (Pa.s)

m Creep law grain size sensibility exponent
Q Sintering activation energy (J.mol?)

R Gas constant 8.314 (J.mol*.K)

T Temperature (K)

¢ Shear modulus

1 Bulk modulus

P\ Sintering stress (Pa)

i Identity tensor

G Grain growth rate (m.s™)

G Grain size (m)

G, Initial grain size (m)

1o Initial particle size (m)

p Grain growth equation grain size exponent
n Grain growth porosity function exponent
k, Grain growth pre-exponential factor (m*?.s?)
Q. Grain growth activation energy (J.mol?)
6. Grain growth porosity function critical porosity
J Electric current density (A m)

E Electric field (V m)

J Electric current density norm (A m?)

E Electric field norm (V m?)

0.1 Electric conductivity (S m?)

p Volumetric mass (kg m3)

C, Heat capacity (J kg™* K1)

T Temperature (K)

k Thermal conductivity (W m™? K1)

.5 Convective heat flux (W-m)
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o, Stefan Boltzmann constant (5.67.x108 W-m2K*)
€ Emissivity

Twater Water cooling temperature (K)

h;» Surface conductivity (W-m=2-K1)

J Surface radiosity (W-m)

G Irradiation flux (W-m2)

n Refractive index

e, (T) Surface radiation produced (W-m?)

pr Reflectivity

¢rss Net inward radiative heat flux (W-m2)

UHS Ultrafast High temperature Sintering

SPS Spark Plasma Sintering

P-SPS Pressureless-SPS

ETMM Electro-Thermal-Mechanical-Microstructural
FEM Finite Element Method
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6. Appendix: FEM simulation of the P-SPS, thermomechanical aspect of sintering.

6.1. Electro-Thermal-Mechanical-Microstructural model (ETMM)
6.1.1. Electro-thermal model

The ETMM simulation of pressureless-spark-plasma-sintering gathers a Joule
heating/radiative model coupled to a sintering model. The Joule heating part has two main
equations for the charge conservation and heat transfer.

V.] =V.(GpecE) =0 1)

V. (—KVT) + pC, % = JE )
Where the term JE is the volumetric electrical power dissipated.

Concerning the SPS water cooling boundary condition, it is modeled by a convective boundary
conditions below, with, h;,, the convective coefficient of 600 W-m2-K1, Tyaer=300 K.

Pesw = hiw(Twater —T) (3)
For the internal solid/vacuum interfaces surface-to-surface thermal radiation is modeled with
the radiosity (J) equation below that relates incoming thermal irradiation (G) and the emitted
radiation (e, (T)).

] = p,G + ee,(T) = p,G + en?c,T* (4)
With the relationship the reflectivity and emissivity:

e=1-p, ®)
the net inward radiative heat flux ¢,.s; can be calculated as:

Prss = €(G — ep(T)) (6).

In the simulations the emissivity of graphite and alumina is 0.8 and 0.65 for the steel electrode.
The evolution of the alumina thermal properties with the porosity have been taken into account
by multiply the volumetric mass by the relative density and by using the effective medium
approximation corrective factor (1-1.56) for the thermal conductivity. The graphite electro-

thermal properties are detailed in ref [54]

6.1.2. Pressureless sintering model

The sintering part utilizes the continuum theory of sintering which is based here on the
Skorohod-Olevsky model [42]. The first part is the momentum equation.

V.o=0 )
The Skorohod-Olevsky model behavior of sintering relates the strain rate and stress tensors

and sintering behavior which is as below for the case of pressureless sintering.
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o =2n(pé+(w—30)tr(e)) + Pl (8)
The shear ¢ and bulk 1 moduli are porosity functions that have been previously determined

for the BMA15 alumina. Their expressions are below.
6 \39
0=(1-5) ©

Y= 087% (10)

The diffusional viscosity expression and their grain size sensitivity is expressed as below.

21 = (£)" neTexp(2) (11)

With m=3 for grain-boundary-diffusion creep and m=2 for lattice-diffusion creep.

The activation energy Q and viscosity pre-exponent constant n, are determined by sintering

dilatometry using the next regression equation.

Y =In (%;3}3) =in(1)+2 (12)

The mass conservation equation is used to relate the volume change rate and the porosity
elimination rate.

6
(1-9)

=&+ €,+E, (13)
The grain growth with porosity influence is modeled by the following equation.

S ko ec n -Q¢

C=2% (9+9C) exp (F) (14)
During the final stage of sintering, grain growth becomes particularly pronounced and can
significantly affect the densification kinetics. Using the pressureless sintering model, the

evolution of grain size can be inferred from the porosity data at this stage through the
following relationship.

1

saG(T)"eX -Q m+1
- P(R7) (1-6)3
G =< no kT (1-6) ) (15).

oT N

This equation should be applied only after determining the relevant sintering parameters. Since
the specific sintering mechanism and its associated grain growth exponent ‘m’ are not yet
identified, multiple grain size trajectories can be generated depending on the assumed
mechanism. Agglomeration often maintains a constant initial particle radius (r,), the equation

can then be reformulated as follows.

1

T ”

b70" 2T exp ()W
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6.2. Key thermal and physical properties of materials and heating elements

Table A: Temperature dependent material properties of graphite, electrodes [54], graphite felt
[35] and alumina [55] (with ‘0’ for the alumina porosity).

Materials Expression
Graphite 34.3+2.72.T-9.6E-4.T?
Electrode Cp 446.5+0.162.T
Graphite felt  (J.kgt.K?) 343+272T —9.6 107*T?
Alumina 850
Graphite 123-6.99E-2.T+1.55E-5.T2
Electrode K 9.99+0.0175.T
Graphite felt (W.m1.K1) 0.019 000157
Alumina (39500.7-1:%6),(1-1.50)
Graphite 1904-0.0141.T
Electrode ol 7900
Graphite felt  (kg.m3) 200
Alumina (3899).(1- 8)
Graphite 1/[1.70E-5-1.87E-8.T+1.26E-11.T%-2.46E-15.T3]
Electrode Oetec 1/[(50.2+0.0838.T-1.76E-5.T2).1E-8]
Graphite felt (S/m) 415 In(T) — 2367
Alumina (1/(8.7E19T482)).(1-1.50)
Graphite 0.8
Electrode 0.6
Graphite felt ¢ 0.9
Alumina 0.8
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