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a b s t r a c t

Graphite creep has high importance for applications using high pressures (100 MPa) and temperatures
close to 2000 �C. In particular, the new flash spark plasma sintering process (FSPS) is highly sensitive to
graphite creep when applied to ultra-high temperature materials such as silicon carbide. In this flash
process taking only a few seconds, the graphite tooling reaches temperatures higher than 2000 �C
resulting in its irreversible deformation. The graphite tooling creep prevents the flash spark plasma
sintering process from progressing further. In this study, a finite element model is used to determine
FSPS tooling temperatures. In this context, we explore the graphite creep onset for temperatures above
2000 �C and for high pressures. Knowing the graphite high temperature limit, we modify the FSPS
process so that the sintering occurs outside the graphite creep range of temperatures/pressures. 95%
dense silicon carbide compacts are obtained in about 30 s using the optimized FSPS.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

High strength graphite is a material which resists high pressures
(~150 MPa), high temperatures (sublimation occurs at 3650 �C) [1]
allowing it to serve as a tooling for the pressure assisted sintering of
various materials including Ultra-High Temperatures Ceramics
(UHTC) [2,3]. UHTC have melting points over 3000 �C, they are
resistant to thermal shock, and have high level of refractoriness,
chemical inertness, electrical/thermal conductivity and mechanical
properties (even at high temperatures). In addition, UHTCmaterials
have strong covalent bonds and low self-diffusion which makes
their sintering very difficult [4]. Graphite tools at the maximum
allowable pressure and temperature are traditionally employed to
sinter these materials via processes like Hot Pressing (HP). How-
ever, HP cycles are usually long (and conducted under high tem-
peratures) which implies high grain growth and residual intragrain
porosity [5,6]. Among all existing approaches, Spark Plasma
tory, College of Engineering;
n Diego, CA, 92182-1323, USA
ani�ere).
Sintering (SPS) [7] uses high strength graphite in combinationwith
pulsed electrical current to sinter powdered materials under high
pressure and temperature. This process has a very fast heating
regime enabling the sintering of nanomaterials [8] (by reducing the
grain growth), metals, semiconductors and dielectrics [9e12]. For
UHTC, the SPS process represents a very viable technology. The
highly responsive heating and shorter sintering cycle of SPS make it
suitable to process UHTC materials such as TaC [13], ZrB2 [14], TiB2
[15], etc. Silicon Carbide (SiC) has a melting point below 3000 �C
but its sintering is as challenging as of UHTCmaterials. Pure SiC can
be sintered by SPS [16,17]. However, sintering additives such as BeC
[18], Al3BC3 [19], Al2O3 [20] are traditionally used to help the
densification of this material. Different pressureless sintering ap-
proaches exist to sinter SiC via liquid phase, with additives or re-
action bounded sintering but they often suffer from impurities,
porosity and large grains [21e23].

In order to sinter the above-mentioned materials without sin-
tering aids, a new SPS approach was developed. High electric cur-
rent SPS has shown high potential for the densification of SiC (with
alumina additive) [24]. At the same time, flash sintering has shown
very promising results for the sintering of UHTC and similar high
temperature materials [25e27]. Flash sintering is a process which
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implies an abrupt release of energy in a green specimen and sin-
tering times of few seconds (1e60 s) [28e30]. Since its discovery
[31,32], flash sintering has been adapted to different techniques like
microwave sintering [33] and, in particular, SPS [26,34]. Flash Spark
Plasma Sintering (FSPS) has been adapted first in sinter-forging
configuration where a pre-sintered specimen was placed in free
compression and surrounded by a sacrificial copper bushing (sus-
ceptor) to initiate the specimen heating [34]. Using various sacri-
ficial susceptors like copper bushing, graphite felt/foil, FSPS has
been employed for consolidation of SiC [34e36], zirconia [37], ZrB2
[27], etc. The sinter-forging configuration is very efficient to elim-
inate the porosity. However, for controlling the specimen shape, an
electrically insulated die can be added to this initial configuration
[38]. It was shown that imposing an abrupt electrical current in this
die compression flash process, it was possible to flash sinter almost
all materials (regardless of their electrical conductivity) from di-
electrics to metals [39]. This process has a very stable heating
regime due to the combination of the highly concentrated electrical
current, the thermal confinement due to the thermal contact
resistance [40], and the hybrid heating nature of this sintering
approach where the lateral graphite foil dissipates heat.

The latter flash approach is very stable and is studied in the
present work to flash spark plasma sinter a pure SiC powder. This
method requires very high pressure and temperature (50e100 MPa
and 2000e2500 �C) close to the mechanical resistance of graphite.
Under these extreme conditions graphite creep occurs impeding
the flash spark plasma sintering process. Graphite creep negation is
a mandatory step to allow the FSPS of SiC. In this work, we have
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Fig. 1. Temperatures, displacement, electrical current and voltage experimental curves for th
of this figure can be viewed online.)
conducted in situ high temperature tests to determine the graphite
creep onset temperatures for different pressures. Knowing this
information, we studied different approaches to reduce the tooling
temperatures while preserving the conditions required to flash
spark plasma sinter SiC. The finite element simulation was
employed to assist this exploratory work.

2. Experiment and method

All the FSPS experiments where carried out using Spark Plasma
Sintering system SPSS DR.SINTER Fuji Electronics model 5015. A
45e65 nm SiC nano-size powder (beta, > 99%, US Research
Nanomaterials, Inc., Houston, TX) was used for this study. The
graphite punches, spacers and dieweremade from EDM4 graphite
(Poco Graphite, Inc., Texas, USA) which among all grades has the
best mechanical performances. The die surface temperature was
measured by a pyrometer (Chino, IR-AHS2). We also measured the
punch temperature by a sacrificial K type thermocouple which
indicated the temperature profile of the punch at the onset of the
flash phenomena before its destruction at ~1400 �C. The FSPS
configuration is similar to our previous work [39] and uses 10 mm
punches and a BN electrically insulated graphite dies which
concentrate the electrical current flux in the powder and the
surrounding graphite foil. A constant 90 MPa pressure was
applied. FSPS is imposed by an electrical current profile where the
specimen is preheated essentially by the graphite foil to raise its
electrical conductivity; after that, an abrupt current peak is ach-
ieved up to the stabilization of the punch displacement indicating
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Fig. 2. Photograph of the deformed punches after the flash spark plasma sintering
tests. (A colour version of this figure can be viewed online.)
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the end of the sintering. The well-grinded and polished samples
were etched for 23 min with the Murakami’s reagent (Solution of
200 mL DI water, 10 g KOH and 10 g K3Fe(CN)6) which was located
in the glass beaker in the boiling water. The etched specimens
were analyzed by the scanning electron microscopy (FEI Quanta
450, USA).

In this study, the FSPS of SiC is first analyzed in vacuum and
argon atmosphere. This shows the sintering response of SiC and the
impact of cooling fluxes by convection/radiation on the graphite
tooling creep. The improvement of the FSPS of the SiC specimen
was tested using a high temperature forging experiment.

The real temperature field during the FSPS is difficult to obtain
experimentally. A finite element simulation is investigated to es-
timate the FSPS temperatures. This simulation takes into account
the Joule heating and the cooling fluxes by surface to surface
thermal radiation and by convection (for FSPS experiment in argon
atmosphere). The problem formulation and boundary conditions of
the Joule heating and thermal radiation fluxes can be found in our
previous work [40e42]. The formulation of the natural convection
during the FSPS experiment in argon atmosphere uses Navier-
Stokes equations, and the formulation of the convective problem
can be found in our previous work [43]. After the estimation of the
tooling temperatures, the onset of the graphite creep is determined
using 10 mm punches via a pyrometer measurement at the
maximum temperature point and for different applied pressures
(from 50 to 100MPa). For these tests, a 100 K/min ramp is forced up
to the detection of graphite creep in the displacement curves under
constant pressure. When the graphite creep onset temperatures
and pressure are known, the alternative FSPS routines of SiC were
investigated: onewith two pressure steps and another with smaller
punches, these experiments aimed to avoid the graphite tooling
creep in order to achieve a full densification of SiC.

3. Results and discussions

3.1. Flash spark plasma sintering under vacuum and argon
atmospheres

The results of the FSPS of SiC in argon and vacuum atmospheres
are reported in Fig. 1. Fig. 1 shows the abrupt electric current profile
imposed on the specimen and the temperature/displacement
response. Like in the FSPS method we previously developed [39],
the flash sintering phenomena are imposed by an electrical current
slowly increasing (preheating) in the beginning and rapidly
increasing when the material displacement is detected. This tran-
sition is detected via the displacement curve at the breakup of the
thermal expansion (see the downward blue and red arrows in
Fig. 1). The electric current/voltage peak (at flash) generates an
abrupt thermal response in the punches (measured via a sacrificial
thermocouple) and the die (measured by the pyrometer) with
heating rates close to 4000 K/min in the punch and 300 K/min in
the die. Compared to the die (electrically insulated), the punch has
a high heating reactivity [44] because of the high electrical current
concentration. Sintering times of 20 s and 35 s were obtained for
“argon” and “vacuum” experiments, respectively. The main differ-
ences in the temperatures curves are noticeable for the punches,
where the onset of the abrupt temperatures profile appears at
900 �C in argon and at 1200 �C in vacuum. The obtained results
seem to indicate higher cooling fluxes at the punch surface for the
FSPS experiments in argon atmosphere. This may be explained by
the convectionmotion in the cavity which is not present in vacuum.
The finite element simulation helps understand this phenomenon.
Finally, the displacement curves seem to indicate a different sin-
tering profile for argon atmosphere and vacuum tests. However, the
final sintered relative densities of the obtained pellets are close to
88% and are not improved by holding at high temperatures. The
difference in displacement curves is explained by the graphite
creep occurring under high temperatures. Fig. 2 indicates that the
graphite punches experience a significant amount of creep during
the flash process. The diameter of the punches increases up to the
point when they discontinue the sliding displacement relative the
die which stops the sintering of SiC at about 88% of relative density.

3.2. Finite element simulation of the flash spark plasma sintering
process

In the previous section, a significant creep deformation is
observed in the punches (Fig. 2). It is difficult to estimate the
temperature of the punches as the K-type thermocouple located in
the creep zone is quickly destroyed by the high temperatures of
FSPS. The finite element simulation of both FSPS processes has been
investigated to estimate the temperatures in the tooling and the
specimen.

Fig. 3 shows the simulated temperature curves (and fields) for
the FSPS experiments in argon and in vacuum. The temperature
curves in Fig. 3a show the abrupt profile of FSPS with a high heating
response in the SiC specimen, the punches and a delayed heating
response in the die. The thermal contact resistance [40] and the
absence of electrical currents in the die explains this heating delay.
The curves for argon and vacuum experiments are close even
though the punch ending temperature in argon is decreased from
2400 �C to 2000 �C due to the presence of cooling fluxes by con-
vection in the cavity. The convective motion implies high gas ve-
locities (0.4 m/s in Fig. 3b) which together with thermal radiation
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Fig. 3. Simulated flash spark plasma sintering tests in argon and vacuum, a) average punch, die and specimen temperature curves, b) temperature field and electric current lines at
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represent an important source of the heat removal in the tooling (as
high as during microwave heating [45]).

As shown in the simulated temperatures field in Fig. 3b, the SiC
specimen temperatures are higher in the center due to a cooling of
the die at the specimen edge. The simulations predict that, during
few seconds, SiC temperatures are as high as 2600 �C, a tempera-
ture level high enough for the densification of the powder under
pressure. However, the punches outside the die have temperatures
around 2000 �C, which in combination with the pressure (90 MPa)
implies creep.

3.3. High temperature forging of flash sintered specimens

In this section, we describe our attempt to fully densify the 88%
FSPS SiC specimen by adding a high temperature forging step. The
10 mm specimenwas placed in a 15 mm inner diameter die and we
manually increased the heating up to achieving the temperatures
close to 2000 �C and the pressures up to the detection of the creep
displacement. Fig. 4 shows temperatures, displacement, electrical
current, pressure curves, the configuration scheme and the pho-
tographs of the heating and cooling specimens.

The photograph of the forging configuration during the heating
indicates that the specimen has an electrical conductivity allowing
a preferential heating in the sample rather than in the graphite die
(not electrically insulated in this configuration). The breakdown in
the temperature curves (in red) corresponds to the photograph
taken during the heating cycle in front of the pyrometer (which
temporarily stops the temperatures measurement). After the
detection of creep, the pressure was increased to a value close to
100 MPa and the samples were cooled. Despite the high tempera-
ture and pressure, the specimen densification was not improved
and the punches were deformed. The densification of SiC at high
temperature is therefore very challenging and requires avoiding the
conditions favoring the graphite tooling creep.

3.4. Determination of high temperature graphite creep onset

There are no well-defined data on the onset temperature/
pressure conditions for high strength graphite creep at high tem-
peratures. This information is essential to determine optimal sin-
tering conditions for SiC or UHTC materials which do not implicate
any damage of the graphite tooling. To investigate the temperature/
pressure limit of EDM4 graphite, we imposed a 100 K/min heating
on a 10 mm diameter graphite punch up to the creep detection and
for the constant pressures of 50, 75 and 100 MPa. The results are
reported in Fig. 5. The deformed punches are shown in the lower
photograph. The barrel shape indicates that the maximum tem-
perature is located in the center of the specimen where the py-
rometer measurement is made. The onset creep data correspond
then to the punches’ maximum temperatures. The displacement
curves indicate a linear decrease during the heating ramp corre-
sponding to the thermal expansion of graphite. The creep starts
when a rupture is observed in this linear decrease. The displace-
ment curve at 100 MPa indicates that there are two creep onsets:
one corresponds to a small creep displacement at 1600 �C and
another one corresponds to a severe creep at 2050 �C. For 75 MPa
the first creep onset is at 1900 �C and the second is at 2200 �C. For
50 MPa, it is 2300 �C and 2500 �C, respectively. The temperature/
pressure stability diagram of the graphite is represented in Fig. 5b.
This diagram can be used for any application requiring SPS of ma-
terials at temperatures close or above 2000 �C. For ultra-high
temperature materials, the diagram directly represents the tem-
perature/pressure curve (just below the creep onset) where the
optimal sintering conditions resulting in no tooling damages can be
identified. These data can be used to avoid the FSPS graphite tooling
creep. Since creep causes irreversible deformation, even a week
creep temperatures/pressures range should be avoided. Indeed, the
week creep of the FSPS toolingmay allow sintering because of small
tooling deformations but repetitive experiments would quickly
damage the graphite tools and deteriorate the FSPS experimental
reproducibility. Therefore all creep areas in Fig. 5b are considered to
be a “no-go zone” (gray area in the diagram).

3.5. Improved flash spark plasma sintering experiments

In order to carry out the FSPS of SiC without graphite tooling
creep, the new tests locate the pyrometer temperature measure-
ment on the punches (in the area where graphite creep was
detected, see Fig. 2). In this way, it is possible to reduce the pressure
or stop the heating when the measured temperature and the cor-
responding pressure reach the “no-go zone”. Two strategies were
used to avoid the “no-go zone” of graphite creep (Fig. 5b). One
decreases the pressurewhen the temperature approaches the onset
creep temperature (“2 step pressure”). The other consists of using
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smaller punches to decrease the punches’ temperatures by
increasing the cooling of the spacer (“small punches”). Indeed, the
profile of the graphite creep in Fig. 2 shows that the area of the
punches in contact with the spacer is not deformed because they
are cooled by the spacer. The “small punches” approach intends to
extend this area thereby reducing the punch temperatures and the
creep phenomenon. The results are reported in Fig. 6.

For the “2-step pressure” approach, one can see that the initial
Center Edge
2step pressurea)

1 m 1 m

Fig. 7. Polished and etched microstructures obtained for the flash spark plasma sintered spe
of this figure can be viewed online.)
pressure (bleu curve) of 100 MPa was decreased to 50 MPa when
the punch temperature started approaching the creep onset tem-
perature of 1600 �C (see Fig. 5b). For both approaches, the sintering
displacement amplitude is larger than in the previous tests (Fig. 1)
and value of SiC densification exceeds 90% (93% for “2-step pres-
sure” and 95% for “small punches”). The microstructures obtained
in the center and the edge of the sample are reported in Fig. 7. For
the “2 step pressure” FSPS approach the microstructure is relatively
Center lower

EdgeCenter upper
Small punchesb)

2 m 2 m

2 m

cimens in a) “2-step pressure” and b) “small punches” configurations. (A colour version
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uniform in the pellet even if larger grains are observed in the center
indicating a higher temperature in this area. For the “small
punches” FSPS configuration, even higher temperatures seem to be
present in the center of the specimen. Larger grains are observed
and in the upper central area; the hot spot seems to have generated
larger grains with an inter-grain liquid silicon rich phase (Si 69.65%
and C 30.35% by EDX). Similar phenomena of SiC dissociation are
reported for high temperatures (2550 �C) [46]. This confirms the
possible presence of a hot spot common for the Negative Temper-
ature Coefficient resistivity (NTC) materials where higher temper-
atures amplify the local dissipation and the electric current
concentration in these areas [47]. The overall specimen has a higher
densification than after using the “2-Step pressure” approach
mainly due to a well-densified area at the edge of the specimen.

4. Conclusion

Flash spark plasma sintering of silicon carbide is a very chal-
lenging processing technique requiring very high temperatures
(~2000 �C) and pressures. Furthermore, the abrupt nature of this
“flash” process favors the appearance of significant peaks of tem-
peratures which can activate the creep of the graphite tools and
prevent the full densification of silicon carbide (even after addi-
tional forging treatment). A finite element simulation reveals that
the tooling temperatures can easily exceed 2000 �C. Identifying the
temperature and pressure limits of high strength graphite is a key
issue for this SiC flash processing. To achieve this objective, we have
determined the graphite tooling creep onset for different pressures
and temperatures. A diagram showing the stable temperature/
pressure conditions for graphite enabling an easy determination of
the processing range the graphite tooling can sustain. These data
were used to optimize the flash spark plasma sintering by intro-
ducing a new processing method which approaches the graphite
resistance limit allowing the FSPS of SiC that can achieve 95%
relative density during processing time of about 30e40 s. A similar
method (using the graphite diagram) can be applied to all sintering
approaches requiring temperatures close to 2000 �C.

The developed process still needs the improvement of the ho-
mogeneity of the obtained microstructures which seem to indicate
higher temperatures in the center of the specimens. Higher grain
sizes and the presence of silicon rich inter-grain phase was
observed in the small punch experiment. This suggests the pres-
ence of a high local temperature (hot spot) explaining the graphite
dissociation phenomena that should be mitigated to make this
process suitable for practical applications.
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