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Introduction

Transparent ceramics have attracted considerable
attention over the last few decades due to numerous
potential applications, such as optical armor and
infrared (IR) window materials, laser gain medium,
and various optical elements [1-4]. Transparent
ceramics have been fabricated using different sinter-
ing techniques such as hot pressing (HP), hot isostatic
pressing (HIP), and pressureless sintering; however,
these traditional techniques require extremely high
energy for reaching high sintering temperatures and
long sintering times [5-8]. For this reason, researchers
have extensively focused on developing novel sin-
tering techniques with higher energy efficiency
[9, 10].

Spark plasma sintering (SPS) techniques [11] are
capable of rendering a pulsed direct current passing
through a green powder compact for initiating rapid
sintering at high temperatures. Spark plasma occurs
between powder particles, and the Joule heat is
generated by the electric current passing through the
powder containing graphite molds [12-14]. Conse-
quently, this process enables the transition from low
to high temperatures (> 2000 °C) within a shorter
time compared to more traditional sintering

techniques due to the thermal factors and electric
field effects [15, 16].

Regarding the advantages of the energy efficiency
of this technology, the first is the reduction of the
sintering time. Universally, previous studies indi-
cated that fabrication of high-density ceramics
requires reactive sintering aids to enhance the diffu-
sion coefficients and mass transfer for fast densifica-
tion [17-19]. Recently, the development of flash
sintering (FS) showed that a transition at high tem-
perature from electrically insulating to electrically
conductive behavior has allowed the sintering of
ceramics in a few seconds (3-5 s) under low power
dissipation conditions [20-22].

The second advantage of the energy efficient SPS is
the scaling up capabilities. To overcome the problem
of limited volume dimensions, consolidation of large
size specimens of SiC (60 mm in diameter) can be
completed within minutes using the flash spark
plasma sintering (FSPS) [23]. Similarly, Dimirskyi
et al. demonstrated using a mold-free SPS setup
approach to produce dense SiC ceramics with a
diameter of 30 or 50 mm [24]. However, in both cases,
a high electric power supply is needed. Concerning
the fabrication of large components, the more effi-
cient high energy delivery by the power supply is the
key consideration.
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The third advantage of the energy efficient SPS is
energy saving. The commercial SPS systems’ upper
current limit is around 20-30 kA allowing to sinter
samples of about 3540 cm diameter [25]. This size
limitation is rather limited, considering the amount of
electric current involved. Therefore, to prevent the
problem of wasteful energy consumption, the overall
SPS process should be engineered to make more
efficient use of the high energy delivered by the
power supply. Optimization of the SPS tooling
design to deal with excessive heating phenomena has
enabled the avoidance of the wasted overheating
energy [26]. In a previous study [27], we showed that
the net shape FSPS method, in which the sample
exhibited a stable and ultra-rapid densification with
homogeneous microstructures, can be rendered by
concentrating the electric current and confinement of
the heat generated. Also, using an energy efficient
method where the electric current was lower than
1000 A was constrained in the graphite foil around
the sample, it was possible to fully sinter up to
40 mm diameter alumina samples [28].

In this study, three types of SPS tooling configu-
rations called “traditional sintering way (TSW)” and

(a) Traditional sintering way (TSW)
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“energy efficient 1 (EE1)” and “thermally managed
SPS (TM-SPS or EE2)” have been considered, where
EE1 and EE2 produced alumina transparent ceramics
using boron nitride spray (Fig. 1). All specimens are
compared and analyzed to check sample properties
and energy savings. In addition to experimental
verification, the feasibility of this method is tested by
the electric-thermal-mechanical finite element SPS
process simulation.

Material and methods
Consolidation by three different methods

An alumina powder ALO; (Sumitomo Chemical,
AA-3, single crystals with mean particle size 3.5 um)
was used as the starting material. To perform the
TSW experiment, 1.5 g of Al,O3 powder was poured
into a 15 mm diameter graphite die, wrapped with
graphite foils, and packed by the punch. In the EE1
configurations, the external graphite foil was coated
using a boron nitride spray and inserted inside the
die after drying for 30 min. Then 1.5 g of Al,Os
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powder was poured into the die and packed by the
punch. In the EE2 configurations, the inside walls of
the die were coated by boron nitride spray and dried
for 30 min, and 1.5 g of Al,O3; powder was poured
into a 15 mm diameter graphite die wrapped with
graphite foils and packed by the punch. Thereafter,
these dies were sintered using a spark plasma sin-
tering system (SSPS DR. SINTER Fuji Electronics
model 515, Japan). The sintering conditions were as
follows: (i) the entire process was conducted at 10 Pa
vacuum and pressure of 70 MPa; (ii) the die was
heated at 100 °C/min from room temperature to the
final sintering temperature (1300 °C) for 50 min; (iii)
after sintering, the pressure was released, and the
electric current was cut off.

Sample processing and characterization

The measurement of temperature was conducted by
a radiation thermometer (temperature range:
570-3000 °C), which was focused on the surface of
the graphite die. The temperature, pressure, current,
voltage, and vacuum conditions were recorded every
1s. And for every selected processing profile, an
additional SPS run was conducted in the absence of
powder, and the axial displacement obtained from
this idle run was subtracted from the displacement
retrieved to calculate the actual axial shrinkage of a
specimen.

The final bulk density of the specimens was mea-
sured using the Archimedes’ method following
ASTM standard C373-18; moreover, the final dimen-
sions were measured using a caliper.

In the sintered specimen, the surfaces of both sides
were polished with a 3 um diamond slurry. In-line
transmittance and absorption were measured in a
wavelength range of 300-1000 nm using a UV-Vis-
NIR spectrophotometer (Cary 50, UV-Vis Spec-
trophotometers, Varian, UK). Afterward, all samples
have been polished and thermally etched in an elec-
tric furnace at 1100 °C for 30 min in order to analyze
the average grain size by field-emission scanning
electron microscopy (SEM, Quanta-450, FEI, Czech
Republic) at acceleration voltages of 5-15 kV. The
Vickers hardness of the sintered bodies was deter-
mined after polishing using a digital macro-Vickers
hardness tester (900-398, Phase II, USA). A square-
based pyramidal diamond indenter was used by
applying a load of 1 kg for 15 s. Each group consisted
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of three samples was measured 20 times and these
measurements were averaged.

SPS Modelling

The coupling of electrical, thermal, mechanical
(stress—strain), densification, and grain growth com-
ponents involved during the three SPS process’ con-
figurations is carried out using a macro-scale model
incorporated in COMSOL™ finite element software.
The model’s framework and boundary conditions are
described below.

Models for considered physical phenomena

The model couples the following five components:
(a) electrical current’s flow, (b) Joule heating, (c) me-
chanical deformation, (d) densification, and (e) grain
growth. The first two involve the graphite tooling
and the graphite foil, considering the different con-
ductivity at their interface induced by the presence of
the boron nitride layer. The last three components are
considered for the powder compact.

(@)  Electrical Current Flow: The conservation of
electrical current is expressed as:

b)) V- 7 = 0 where the current density 7 is related
to the electric field E though the electrical
conductivity A: 7 — JE.

Considering a static problem where V x E =0 the
electric field can be defined in terms of electrostatic

potential V: E = —VV. The combination of these
relationships results in a second-order partial differ-
ential equation:

V.=V (AE) — V. |A(=VV)| = -V (VV) =0
(1)

(¢) Joule Heating and Heat Transfer: The energy
conservation defined as:

oT _
pCrap + V-4 =h 2)

presents the time dependence of the temperature in

terms of heat flux g and heat generated h by the
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electric current density in the material. In Eq. 2, the
other parameters present are the density (p) and the
heat capacity (Cp). The heat flux vector is defined as

ﬁ = —krVT, where kt is the thermal conductivity of

the material and the heat generated as h :7E
Considering all these relationships results in a sec-
ond-order partial differential equation:

oT - oT
pCp g +V -0 = pCpay + V- (<krVT)

Pot
oT

T (3)
v-tevr) =7 g]

The induced Joule heating can be described cou-
pling the relationship for the conductive media DC
expressed by Eq. 1 and the heat transfer by conduc-
tion (Eq. 2):

V-(VV) =0
pc,,%f _ V- (kyVT) = AVV] “)

(d) Densification (Sintering Model): The main consti-
tutive equation for the sintering of a nonlinear
viscous porous material can be defined as [29]:

oij = LIX/V) {qoé,-j + (np - % qo) é(s,-j] +PS; (5

where o¢j; represent the externally applied stresses,
o(W) is the effective stress, W is the equivalent strain
rate, ¢ is the shrinkage rate, &; is the strain rate
components, and J;; is the Kronecker’s delta. The
normalized shear and bulk viscosity modulus ¢ and
Y, respectively, and the effective sintering stress Pp
can be written as a function of porosity 0:

¢=(1-0) (6)
2(1-0)
V=33 ™
P =221 -0y (®)
1o

where o [J m™?] is the surface energy of the material,
and r, [m] is the average particles size.

The effective stress and the equivalent strain rate
for the case of power law creep case can be defined
as:

@ Springer
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(W) = AW™ 9)

__ 1 /2 2
W—m ©y> + e (10)

where A and m are material constants and 7 corre-
sponds to the shape change rate. In a three-dimen-
sional Cartesian coordinate system (x, y, z), the
shrinkage and shape rate change can correspond to:

é=ért+iéy+é (11)

§ = \/2<s§y +&,+ .9;2) +§ <£§ + s}z/ + ag) -3 (Exby + xbz + &y8;)
(12)

The temperature dependence of the pre-exponen-
tial factor in Eq. (9) can be defined through an
Arrhenius equation:

A= AoT"exp (Z;,%) (13)
where Aj is a power law creep factor, T is the abso-
lute temperature, R is the gas constant, and Q is the
power law creep activation energy.

The porosity 0 determines the general behavior of
the porous material. The density of the material (p)
and the porosity can be related through the
relationship:

p=pm(1-0) (14)

where pyy, is the theoretical density of the fully den-
sified material. The densification of the material can
be determined though the porosity’s evolution,
which can be defined using the continuity equation:

L:é (15)

(e) Grain Growth: The temperature dependence of
the grains’ size can be defined as [30]:

d6_ ko ( 0\ [ Qo

E:ﬁ(ewc) exp(‘ﬁ) (16)
where the materials parameters ko [m®s~'] and
Q¢ [KJ K" mol™'] are, respectively, the pre-
exponential factor and the activation energy for
the grain growth, and 0. is a critical value
which represents the transition from open to

closed porosity. The grain growth influence on
the behavior of the porous material can be
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included in Egs. (8) and (13) and modifies them

as follows:
3o 2
P =—(1- 17
=210 (17)
mQ\ [ G 2

— m =)= 18
A= AT exp(RT) <G0> (18)
where Gy [pum] is the initial average grain
size.

The material parameters used in the model are
present in Table 1.

Coupling of the multi-physics components

The electrical properties are defined as functions of
temperature to couple the thermal and electrical
problems. Furthermore, the heat capacity and ther-
mal conductivities are defined as temperature’s
functions. Similarly, electrical and thermal transfer
properties are expressed as a function of porosity.
The mechanical, thermal, porosity and grain growth
components are coupled through the equations
which define the power law creep (PLC) Egs. (9), (10),
and (18), sintering stress (17), and the grain growth
model (16).

The system of partial differential equations
described above is embedded in the finite element
software COMSOL™ which allows assigning simul-
taneously all the boundary conditions (thermal,
electrical and mechanical) enabling a multiple way
coupling of multi-physics phenomena.

To consider the difference between the three con-
figurations the electrical contact condition between
the die, the punches were changed to consider the
presence of the boron nitride layer.

Results and discussions

Output power validation and densification
behavior

Recorded data obtained by TSW, EE1 and EE2 were
investigated with regard to the consolidation effi-
ciency of Al,O; during SPS processes (Fig. 2a, b and
c). The SPS experiments were conducted under the
same sintering conditions while maintaining the
same pressure (70 MPa) from the beginning to the
end of the SPS. The differences in the electric current

| 11877
Table 1 Parameters Eqgs. 16, - -
17 and 18 ko [m’s™"] 3.0 10
0. [-] 0.08
Qc [J K1 mol™'] 490,000

o [J m™3] [30] 1.12

A [Pa s] 235107
m [-] 1

Q[ K1 mol™'] 144,000
Go [um] 3.5

value for TSW, EE1 and EE2 (TM-SPS) are obviously
related to the sintering temperature. All electric cur-
rent values are slightly reduced and plateaued, but
the differences remain constant after 1300 °C. Then,
for all SPS tooling configurations, powder specimens
were densified for 45 min at different electric current
outputs. The EE1 and EE2 configurations show a very
high efficiency of the heating with electric current
values of about 310 A and 450 A, respectively, up to
1300 °C; these configurations render lower efficien-
cies of about 43% and about 17%, respectively, than
TSW. The TSW configuration has profusely generated
high amount of electric current passing through
AlL,Oj5 at a high temperature during the SPS process.

From the obtained densification curves for TSW,
EE1 and EE2 configurations the densification behav-
iors have been calculated and plotted as shown in
Fig. 2d, e and f. The final density reached about 99%
for TSW, about 98% for EE1, and about 99% for EE2,
respectively. From the measurements of the speci-
mens’ final dimensions, a consistent diameter of
15 mm for all the produced specimens has been
determined.

In contrast to the TSW behavior, the EE1 and EE2
densification behaviors tended to accelerate densifi-
cation rate from 600 °C to 1300 °C. The configuration
of EE2 showed interesting results, achieving density
of about 83.6% at the end of the ramp up period. This
indicates that the energy efficient SPS methods are
more sensitive to the accelerated sintering kinetics,
apparently due to the heat generated from the die
inducing conduction into the inside of the specimen
due to the insulation of boron nitride [26, 28].

Transmittance of alumina samples
fabricated by different tooling setups

Figures 3 and 4 show, respectively, the images and
measurements of the in-line transmittance (2.0 mm in

@ Springer
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Figure 2 Experimental analysis of the TSW, EE1 and EE2 (TM-SPS) configurations; the temperature, electric current and samples relative

density.

Figure 3 Photographs of
transparent Al,O3 ceramics
(2.0 mm in thickness)

fabricated by different tooling
setups.

TSW

thickness) of all the polished specimens sintered by
different tooling setups. Specimens manufactured in
all configurations are transparent enough to clearly
view text directly behind samples.

However, in the alumina transparent ceramic fab-
ricated by the TSW and EE1 configurations, a dark
area exists in the center of the specimen. This implies
that the SPS tooling configurations render different
outcomes. In the case of TSW, the fabricated speci-
men has a higher transparency only near the edge
through generating a different sintering temperature
gradient between the specimen’s edge and center
during the SPS process.

On the other hand, EE1 and EE2 configurations
render specimens with higher transparency, and in

@ Springer

| SPSed transparent alumina ceramics

| SP>Sed transparent alumina ceramics

20

cera

-

EE1 EE2

the case of the TM-SPS configuration even in the
vicinity of the center which results in a uniform
specimen. This stems from the temperature unifor-
mity provided by a thermal confinement effect due to
the high resistance-generated heat shown in Fig. 4.
(The in-line transmittance of all samples showed
TSW about 13.2%, EE1 about 23.1%, and EE2 about
32.5% at 700 nm wavelengths at the center, respec-
tively.) But the specimens fabricated in EE1 configu-
ration exhibited several cracks at the edge of the
sample. It is possible that the EE1 configuration is
more sensitive to the properties of the electric con-
tacts, so that it can generate a thermal shock during
the SPS process. Contrastively, the EE2 configuration
rendered no cracks due to a more uniform
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Figure 4 Transmittance of transparent Al,O; ceramics (2.0 mm
in thickness) by different configurations.

temperature gradient than in the other methods;
despite its high ramp rate (100 °C/min) the densifi-
cation progressed in a thermodynamically
stable manner. Therefore, EE2 (TM-SPS) provides an
efficient regime to obtain high transparent alumina
ceramic samples in spite of low power consumption
(see discussion on the comparison of the

TWS

Center

Edge

EE1
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experimental and modeling results in in
Sect. “Comparison of modeling and experimental
results”).

Microstructure evolution rendered
by different SPS tooling configurations

The variations in transparency can be explained by a
descriptive analysis of the microstructure evolution
for different SPS tooling configurations (Fig. 5). Three
different regions of each sample were inspected, in
the cross-sectional area, including center and edges
after thermal etching process in order to see the effect
of the different SPS tooling setups.

The average grain size, porosity, pore size, and
morphology varied significantly for different SPS
tooling configurations. It is well-established that to
attain high transparency in alumina ceramics,
reducing the sources of light scattering and absorp-
tion, such as grain boundaries and pores, are the key
factors [29]. The fabricated samples have shown a
dense, uniform microstructure, with no abnormal
grain growth observed; however, some micro-pores
are observed at grain boundaries. In general, sinter-
ing in a vacuum or hydrogen atmosphere will result
in black discoloration in oxide ceramics, which have
been extensively reported. The oxygen vacancies and

EE2

Figure 5 SEM images of microstructure at the edge and center regions of thermal etched surface for the TSW, EE1 and EE2

configurations.

@ Springer
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color centers are the main sources of the discol-
oration, along with potential carbon contamination
from the graphite/graphite foil in the TSW tooling
configuration during the high temperature sintering
process [30]. In the sample sintered with the TSW
configuration, the average grain size was nearly the
same at the center as in the edge regions, and pores
were significantly larger than for other SPS tooling
configurations. In the EE1 configuration, a few rela-
tively large grains and elongated pores are present in
the specimen’s center, so that this sample obtained
lower relative density than the others while having
small pores formed at the edge [32]. Interestingly, in
the EE2 configuration, there was less residual
porosity and smaller size of micro-pores. Conse-
quentially, in the EE1 experiment, it was a very
important achievement that the entire sample became
transparent without other process such as annealing
to remove voids and the black color in the center.
Moreover, the grain growth rate showed noticeable
reduction from the traditional SPS tooling method
(Fig. 6). Despite the identical powder and sintering
temperature, the grain and the pore size are quite
different depending on the SPS tooling configura-
tions. In the EE1 and EE2 configurations, it can be
seen that the grain size is smaller than when the
conventional SPS tooling is used. In terms of the
average grain size, the TSW specimen had grains of
relatively large size (13.03 um), followed by the EE2
configuration (6.64 pm) and the EE1 configuration
(5.74 pm). The grain size of the alumina in TSW
tooling is about twice as large as that of the BN-
coated tooling configurations (EE1 and EE2 samples).
The smaller grain size makes the higher transmit-
tance in the presence of some residual pores [33].

i

SW  --  EEl -- EE2 --

Average grain size (um)
IS

Figure 6 Average grain size at the center and edge regions for
different SPS tooling configurations.
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In the TSW configuration, only the vicinity of the
center is intensively heated through the interface
between punch and alumina powder; therefore, the
average grain size in the center is relatively large
compared to the edge [25]. In the EE1 configuration,
it was observed that the average grain size at near the
edge is much larger because the temperature near the
edge is higher than in the center due to the insulation
by BN. Interestingly, it was observed in the EE2
configuration that the average grain size of the center
is relatively large compared to the edge, even though
this configuration also uses BN to insulate the inside
of the die. Comparing the configuration of energy
efficient methods EE1 and EE2, the average grain size
of the EE1 specimen was less uniform compared to
that of the EE2 specimen, and the presence of many
micro-pores was observed. This can lead to light
scattering and absorption; therefore, transmittance
decreases in the EE1 specimens. Thereby reducing
the residual porosity has more of an effect on trans-
parency than reducing the grain size [34]. The cause
of the low transmittance and light scattering of
specimens may be related to the presence of residual
pores [35].

Vickers hardness measurements

Figure 7 presents the Vickers hardness of the Al,O3
transparent ceramics for different SPS tooling con-
figurations. Each data point is an average of 20
indents and all the indents were created by applying
a 1kg load. Overall, the hardness values of the
samples showed a small increase with decreasing
grain size (TSW:1714.5 HV, EE1:1795.4 HV, and EE2:
1800 HV). Because of the presence of more grain
boundaries in the samples with smaller grain size,
restricting the free path of dislocations results in the

1900+

T

17004 *

1600+

Vickers Hardness (HV)

1500

TSW - EE1 - EE2
Figure 7 Vickers hardness of Al,O; transparent ceramics by the
TSW, EE1 and EE2 configurations.
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«Figure 8 Comparison between experimental data and model
results for densification and grain growth for the TSW, EE1 and
EE2 configurations.

reduction in plastic deformation [36, 37]. Besides, the
reduction of the pore contents in ceramics could
certainly improve mechanical properties and resist
the deformation effectively. Therefore, the sample
obtained by TSW has a large number of pores and
grain size should be the dominant factor, therefore
the hardness value was apparently lower for the TSW
specimens than that of the EE2 specimens.

Comparison of modeling and experimental
results

The simulation obtained using the model described
in Sect. "SPS Modelling” provided the results for the
three SPS tooling configurations (TW, EE1 and EE2).
In Fig. 8, the comparison between experimental data
and model results for the densification and grain
growth shows a satisfactory agreement.

Figure 9 displays the outputs of the finite element
modeling code in terms of the relative density and
grain size distribution in the sintered specimens and

J Mater Sci (2023) 58:11872-11885

electric current density in the tooling during the
sintering process for the three different conditions.
As can be noticed from the experimental and
modeling results (Figs. 2 and 8), the main difference
between the three SPS setup configurations is the
electric contact present between the punches/speci-
men and the die. The presence of the boron nitride
coating inhibits and/or reduces the electric conduc-
tivity between these elements. The electric current is
forced to mainly pass through the graphite paper
resulting in a localized increase in the electric current
density (Fig. 8). Consequently, avoiding dispersion of
the electric current in the external die results in a
more efficient Joule heating close to the specimen.
This new electric current pattern, which localizes heat
generation, results in a more uniform heating, as can
be noticed from the final microstructure. In the tra-
ditional setup, where the electric current is free to
flow in the die, it can be noticed how the grain size is
the greatest, with pores mainly localized in the center
of the specimens resulting in lower transparency. For
EE1 and EE2 configurations, the final grain size was
smaller and generally more uniform, which resulted
in the improved transparency of these specimens.
However, EE1 also shows non-uniform transparency
due to the presence of defects in the center, as indi-
cated in Fig. 4. Moreover, the specimens produced
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Figure 9 FEM model results for the TSW, EE1 and EE2 configurations.
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Figure 10 Boron Nitride
coating applied on a graphite
paper, b graphite tooling.

with this method show cracks localized at the lateral
surface. This edge cracking can be associated with the
sample reaching the critical thermal shock tempera-
ture due to the highly localized heating near the die
wall. In the EE2 (TM-SPS) setup, this phenomenon is
not present since the boron nitride applied directly to
the internal cavity has lower electrical resistance,
allowing it to avoid the thermal shock temperature
and maintain a small and uniform grain size in the
specimen. The lower value of the electric resistivity in
EE2, in comparison with EE1, can be explained by the
structure morphology of SPS graphite tooling, which
presents small, uniformly distributed porosity, that
can reduce the structure non-uniformity due to the
applied boron nitride layer (Fig. 10).

The BN applied to the graphite paper (Fig. 10a)
appears uniform and compact with few small defects.
On the contrary, the coating applied to the graphite
tooling appears to be less homogeneous and not
defect-free. The presence of defects in the BN coating
applied on the surface of the die cavity (Fig. 10b) in
EE2 configuration allows a small quantity of electrical
current to pass into the die and therefore avoid
reaching the thermal shock temperatures close to the
specimen’s surface.

Therefore, the model and its results indicate a more
uniform localization of the heating and the temper-
ature generated in the thermally managed SPS (EE2
configuration) to obtain uniform transparent ceram-
ics. This capability will be even more important with
the increasing of the specimens’ size to allow a
thermo-electric contact enabling the improvement of
the homogeneous temperature distribution and the
decrease in the energy consumption by the sintering
process.

The proposed model is thus a valuable tool
enabling the design of the needed “electrical path-
ways” and the needed electric resistance properties,
which allow multiple positive outcomes: (1) reduced
power consumption for heating the material, (2)
uniform microstructure and (3) improved material
transparency.

Conclusions

A comprehensive, three-dimensional fully coupled
thermo-electro-mechanical finite element framework
has been developed for modeling the SPS process of
the transparent alumina for three different tooling
setups. The difficulties arise in the determination of
the correct electrical resistance introduced by the
different locations of the boron nitride layer.

Despite the deviations, the comparison of model-
ing and experimental results shows the capability of
the model to provide good qualitative predictions of
densification and grain growth behavior.

It is shown that the EE2 SPS tooling configuration
(TM-SPS) renders the best SPS process outcomes. The
benefits of the thermally managed SPS (EE2 config-
uration) are as follows: (1) improved transmittance of
the central part of the specimen, (2) low power con-
sumption, and (3) the uniform current flow prevent-
ing cracking of the specimen. All those combined
advantages make the thermally managed SPS an
attractive route for densifying a wide range of
transparent ceramic materials with inherent energy
saving.
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