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A B S T R A C T   

Spark plasma sintering (SPS) is one of the most promising technologies for producing polycrystalline transparent 
ceramics. However, it has limitations regarding the complexity of the geometries that can be produced. This 
study addresses these limitations by combining additive manufacturing techniques with spark plasma sintering. 
Additionally, a Multiphysics sintering model based on the continuum theory of sintering is employed to predict 
the outcomes of the SPS process, particularly the microstructure of the densified parts. As a result, the 
geometrically complex Al2O3 transparent parts manufactured in this study exhibit a uniform microstructure, high 
density (~99 %), and a linear transmittance of 16 % at 490 μm.   

1. Introduction 

The need for transparent materials has been growing in many tech
nological areas and applications, such as medical devices, cars, laser 
lenses, infrared (IR) windows/domes, composite armors, optoelectrical 
components, and screens for smartphones. Conventional transparent 
materials (e.g., glasses, polymers) have low mechanical and chemical 
properties. Some inorganic materials can be optically transparent as 
single crystals; however, the fabrication or growth of single crystals is a 
slow and costly process [1–3]. Moreover, obtaining large single crystals 
of oxide materials with high melting temperatures results in challenges 
due to the difficulties in controlling the process. 

Consequently, the interest in transparent ceramics as substitutes for 
single-crystal materials has grown in the last decade due to outstanding 
their advantages such as low cost, large-scale production, and high 
mechanical and chemical properties [4–6]. Within transparent ceramics, 
alumina is highly investigated due to its outstanding properties, which 
make it an interesting material for optical applications in corrosive and 
hot environments [7]. 

Conventionally sintered alumina is opaque, since its microstructure 
is characterized by the presence of elements such as pores, grain 
boundaries, and structural defects which cause light scattering. There
fore, to achieve optical transparency, one should be able to remove or 

limit the concentration and size of such microstructural features. 
To attain transparent alumina ceramics, different approaches have 

been developed to decrease the sources of light scattering. One strategy 
is to sinter at high temperatures up to 1900 ◦C for a long time, to pro
mote grain growth and, consequently, reduce the area of grain bound
aries. The grain size obtained with this method was around tens of 
micrometers producing approximately only 10 % of in-line trans
mittance [8]. The transmittance can be increased up to 15–20 % using a 
higher sintering temperature which results in grain sizes around hun
dreds of micrometers but, on the other hand, reduces the mechanical 
properties. To alleviate this issue, sintering aids are used to improve the 
transparency attained at lower sintering temperatures with the reduc
tion of the porosity and inhibition of the grain growth [9,10]. 

A second approach to manufacture transparent Al2O3 ceramics 
consists of the use of pressure-assisted sintering technology such as the 
Hot Isostatic Pressing (HIP) [11–15]. Using this technology, the in-line 
transmittance obtained was up to 85 % at 640 nm [15]. 

More advanced processes to attain transparent ceramics are repre
sented by field-assisted sintering technologies such as Microwave Sin
tering (MW) and Spark Plasma Sintering (SPS). 

In microwave sintering, the consolidation process is activated 
through a direct and volumetric heating of the material [16–18], which 
is induced by the adsorption of the microwave energy. Therefore, this 
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technology, compared with conventional heating, is faster, and capable 
of reducing the needed temperature for the sintering process [19–23], 
allowing the improved mechanical properties of the sintered parts. 
Thanks to these advantages, this technology has been investigated for 
the production of transparent alumina ceramics [24–27], obtaining 
in-line transmittance up to 76.5 % at 400 nm [27]. Despite the advan
tages, MW technology is known for being difficult to control and to 
obtain consistent results due to the inherent instability problems [28, 
29]. In literature, there are some known attempts to improve the sta
bility of the process through the application of pressure to the sample 
during the process called microwave pressing [30,31]. 

Spark Plasma Sintering technology allows achieving fast heating (up 
to 100C◦/min) and is largely used to densify alumina with fine grain in a 
short time. The fast heating, together with the application of pressure, 
allows even the retention of nano-grains [32–35]. Due to these advan
tages, SPS has attained great interest for the manufacturing of trans
parent aluminates [36–44] reaching in-line transmittance of up to 70 % 
at 645 nm [44]. Despite great capabilities of SPS, this technology is 
limited to the production of simple shapes, such as cylindrical compo
nents. This limitation, which is common for the net shape technologies 
which involve pressure applications, results in the difficulty to attain a 
homogeneous microstructure and densification when processing a 
complex geometry that contains different thicknesses. Sections with 
large thickness variations result in non-homogeneous densification 
because the high thickness areas require a larger shrinkage than the 
overall specimen’s volume [45]. In literature, there are different known 
approaches to overcome this issue, such as multiple punches approaches 
[46,47], or, in more recent works, the use of a sacrificial material [48] or 
deformable interfaces [49–51]. These last two approaches have shown 
their capability to densify complex parts made from different materials 
and to even obtain internal features such as channels [52]. 

In the present work, solvent jetting, an additive manufacturing (AM) 
technology, has been combined with the SPS process, allowing to take 
advantage of AM and SPS strengths for the production of complex shapes 

(AM’s strength), and the fast densification of high temperature materials 
(SPS’ strength.) This study addresses the challenges involved in the 
manufacture of complex transparent alumina parts. Involving a porous 
sacrificial interface produced using AM, transparent conical parts with 
16 % of in-line transmittance at 500 nm were obtained. A comprehen
sive electro-thermal-mechanical simulation of the process has been 
conducted to study the complex behavior of the porous assembly during 
the SPS process. 

2. Materials and methods 

2.1. Porous sacrificial mold and assembly fabrication 

In the present study porous sacrificial molds made by graphite 
powder have been manufactured using a custom-made solvent jetting 
printer. In the present work, the mold was designed to obtain a conic 
transparent part. The printed powder was prepared by mixing in a 
conventional dry mixer (Turbula®, WAB-Group, Switzerland) for 60 
min of the graphite powder (Atlantic Equipment Engineers, 325 mesh) 
with sugar and maltodextrin. The printing mixture includes up to 75 wt 
% of graphite, and the remaining 25 wt% contain the mixture of 
powdered sugar (Wholesome) and maltodextrin (Pure Organic), which 
were used as binders (12.5 % sugar and 12.5 % maltodextrin). Alumina 
powder (Sumitomo Chemical, AA-3, single crystals with mean particle 
size 3.5 μm) was used as the powder to produce the transparent 
component. The particle morphology and particle size of each powder 
are shown in Fig. 1. 

The solvent used in the present work was contained in HP 45 Inkjet 
cartridges and was composed of 8.3%Vol. of Isopropyl alcohol, 8.3%Vol. 
of diethylene glycol and 83.4%Vol. of DI water. In Fig. 2 the schematic of 
the different process steps is reported. In the custom-made solvent 
jetting printer, the preparation layers were spread, then the inkjet car
tridge sprayed water-based ink in the designated areas as dictated by the 
CAD model. This process was repeated layer by layer until the printed 

Fig. 1. Powders involved in the present research: a) sugar, b) maltodextrin, c) graphite and d) alumina.  
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object was completed. Subsequently, the printed samples were cured in 
a vacuum oven (AccuTemp-0.9, Across International, USA) at 80 ◦C for 
30 min to ensure the samples were dried before using pressurized air to 
remove loose powder. The mold was subject to partial debinding in 
vacuum for 1 h at 750 ◦C to reduce the pollution of the SPS chamber and 
the contamination of the alumina powder, which could result in 
decreased transparency prior to sintering. Then, as additional protection 
against carbon diffusion during the sintering process, a layer of boron 
nitride was sprayed on the surface of the mold’s internal cavity. Once the 
boron nitride was dried, the mold was filled with a fixed amount of 
alumina powder. Subsequently, the filled sacrificial mold has been 
inserted in the graphite die. Since the base diameter of the external 
surface of the conical interface corresponded to the diameter of the die, 
it was possible to insert the sacrificial mold in it without causing tilting. 
Once the interface with the powder was in the die, a graphite foil and 
punch were inserted to seal the cone’s base, and allowing to add a fixed 
amount of alumina in the surrounding area (sacrificial), obtaining in this 
way the assembly shown in the schematic presented in Fig. 2. 

2.2. Sample consolidation and characterization 

The densification was carried out using an SPS device (SPSS Dr. 
Sinter 515, Fuji Electronics, Japan). An 18 mm diameter graphite die 
was used as tooling in which the porous assembly was inserted. The 
assembly has been heated up to 1400 ◦C with a dwell time of 50 min 
(Fig. 3); a pressure of 100 MPa was applied during the entire process. At 
the end of the dwell time, the sample has been allowed to cool down to 
ambient temperature naturally. Finally, the assembly has been extracted 
from the tooling, and the consolidated component has been removed 
from the sacrificial mold. 

Density measurements of all components in the sintering cycle 

(alumina powder and graphite mold) were necessary as input parame
ters for the finite element model described in the following section. The 
theoretical density of the printed mold was determined using a helium 
gas pycnometer (Ultrapyc 5000, Anton Paar, Austria). The relative 
densities of printed porous molds and tap densities of the alumina 
powder, in both manufactured part and sacrificial area, were then 
determined via the geometrical measurement method, knowing the 
amount of powder which was present in the different sections and the 
volume of the respective area. The bulk densities of the sintered parts 
were estimated using Archimedes’ immersion method following ASTM 
Standard C373-18. To measure the transparency of the part, the tip of 
the cone had to be flattened to avoid disturbance of the measurements 
(Fig. 4). 

The transparency in the range of light wavelength between 200 nm 
and 2500 nm has been measured using UV–Visible analyzer (V-770, 
Jasco, Japan). 

The specimens were sectioned and analyzed using a Scanning Elec
tron Microscopy (FEI Quanta 450, FEI, USA) on polished and etched 
surfaces, to assess qualitatively and quantitively the material micro
structure, with a focus on grain size and porosity. To highlight the 
grains, the samples were thermally etched at 1000 ◦C for 20 min. 

The hardness in the different samples’ locations was measured using 
a Vickers microhardness tester (402MVD, Wilson Instruments, USA) 
applying 1 kgf (~9.81 N) load for 10 s. 

3. Model 

In the present work, a Multiphysics model incorporated in COM
SOLTM finite element software has been involved in predicting the 
behavior of the porous assembly during the SPS process. 

The model framework developed couples the electrical, thermal, 

Fig. 2. Schematic of the process, from the manufacturing of the sacrificial mold using solvent jetting to the production of the transparent ceramic cone through the 
SPS process. 

Fig. 3. Experimental data of the SPS process (a) Temperature, (b) Voltage and Current.  
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mechanical (stress-strain), densification, and grain growth components 
involved during the SPS. The model’s framework and boundary condi
tions are described below. 

The model incorporates the following five components: a) electrical 
current’s flow, b) Joule heating, c) mechanical deformation, d) densi
fication (sintering model and cold compaction), and e) grain growth. 
The first two involve the graphite tooling, foil, and porous interface, 
considering the different conductivity at their contacts. Moreover, the 
porosity evolution in the porous assembly has been considered to eval
uate its influence on the thermal and electrical conductivity. 

The last three components are considered for the porous assembly 
(sintering part and porous interface).  

a) Electrical Current Flow: The conservation of electrical current is 
defined as: 

∇ • J
⇀

= 0 (1)  

where the current density J
⇀ 

[A m−2] is related to the electric field E
⇀ 

[V 

m−1] though the electrical conductivity λ [S m−1] (J
⇀

= λE
⇀

). Consid

ering a static problem where ∇ × E
⇀

= 0, the electric field can be defined 

in terms of electrostatic potential V [V] (E
⇀

= − ∇V). The combination 
of these relationships results in a second-order partial differential 
equation: 

∇ • J
⇀

= ∇ •
(

λE
⇀)

= ∇ • |λ(−∇V)| = −∇ • (λ∇V) = 0 (2)    

b) Joule Heating and Heat Transfer: defining the energy conservation as: 

ρCP
∂T
∂t

+ ∇ • q⇀ = h (3)  

presents the time dependence of the temperature in terms of heat flux q⇀ 

[W m−2] and heat generated h [W m−3] (h = J
⇀

• E
⇀

) by the electric 
current density in the material. In Eq. (3) other parameters are present, 
such as density (ρ) [kg m−3] and heat capacity (CP) [J K−1]. The heat 
flux vector is defined as q⇀ = − kT∇T, where kT [W m−1⋅K] is the thermal 
conductivity of the material. 

All these relationships lead to the second-order partial differential 
equation: 

ρCP
∂T
∂t

+ ∇ • q⇀ = ρCp
∂T
∂t

+ ∇ • (−kT∇T) = ρCP
∂T
∂t

− ∇ • (kT∇T) =

⃒
⃒
⃒J

⇀⃒
⃒
⃒

⃒
⃒
⃒E

⇀⃒
⃒
⃒

(4) 

Coupling the relationship for the conductive media DC described in 
Eq. (2) and the heat transfer by conduction defined in Eq. (3) allows 
defining the induced Joule heating as: 
⎧
⎨

⎩

∇ • (λ∇V) = 0

ρCP
∂T
∂t

− ∇ • (kT∇T) = λ|∇V|
2

(5) 

To take into account the effect of porosity on the temperature- 
dependent electrothermal properties used in the model the following 
relationships based on the effective medium approximation [53,54] are 
utilized: 

λporous = λ(T) •

(

1 −
3
2

θ
)

(6)  

kT porous = kT(T) •

(

1 −
3
2

θ
)

(7)  

ρporous = ρ(T) • (1 − θ) (8)  

CP porous = CP(T) • (1 − θ) (9)  

In Table 1 the electrothermal materials’ properties used for Equations 
(1)–(9) are reported. 

Since the sacrificial interface is surrounded by alumina powder, 
which has low electrical conductivity, the conductivity value for boron 
nitride is considered to be only a function of temperature (10 ˆ[ −

0.012T + 23]) [55]. This assumption has been used due to the challenge 
represented by determining the influence of the boron nitride layer 
applied on the porous graphite interface on the electro-resistivity and 
the respective negligible error that should not affect the calculation 
results.  

c) Sintering Model: The main constitutive equation for the sintering of a 
nonlinear viscous porous material can be defined as [59]: 

σij =
σlc(W)

W

[

φε̇ij +

(

ψ −
1
3

φ
)

ėδij

]

+ PLδij (10)  

where σij [MPa] represent the externally applied stresses, σlc(W) the 
effective stress [MPa], W [s−1] the equivalent strain rate, ė [s−1] the 
shrinkage rate, ε̇ij the strain rate components [s−1], and δij the Kro
necker’s delta. The normalized shear and bulk viscosity moduli φ and ψ, 
respectively, and the effective sintering stress PL [MPa] can be written as 
functions of porosity θ: 

Fig. 4. Cone specimen prepared for the transparency measurements. Red circle 
highlights the polished surface prepared for the measurements. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Table 1 
Electrothermal parameters used in Eqs. (1) - 9)  

Parameter Material Expression 

λ(T) [S m−1] Electrode 1/[(50.2 + 0.0838‧T−1.76 × 10−5‧T2)‧1 × 10−8] 
Graphite 1/[(1.70 × 10−5−1.87 × 10−8)‧T+(1.26 × 10−11)‧ 

T2−(2.46 × 10−15)‧T3] 
Alumina 1/[(8.7 × 1019)‧T−4.82] 

Cp(T) [J kg−1 

K−1] 
Electrode 446.5 + 0.162‧T 
Graphite 34.3 + 2.72‧T−(9.6 × 10−4)‧T2 

Alumina 850 

kT(T) [Wm−1 

K−1] 
Electrode 9.99 + 0.0175‧T 
Graphite 123−(6.99 × 10−2)‧T+(1.55 × 10−5)‧T2 

Alumina 39,500‧T−1.26 

ρ(T) [kg m−3] Electrode 7900 
Graphite 1904 − 0.0141‧T 
Alumina 3899  
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φ = (1 − θ)
2 (11)  

ψ =
2
3

(1 − θ)
3

θ
(12)  

PL =
3α
r0

(1 − θ)
2 (13)  

where α [J m−2] is the surface energy of the material, and ro [m] is the 
average particle size. 

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

σlc(W) = AWmlc (14)  

W =
1

̅̅̅̅̅̅̅̅̅̅̅
1 − θ

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

φγ̇2 + ψ ė2
√

(15)  

where A and mlc are material constants, and γ̇ [s−1] corresponds to the 
shape change rate. In a three-dimensional Cartesian coordinate system 
(x − y − z), the shrinkage and shape rate change correspond to: 

ė = ε̇x + ε̇y + ε̇z (16)  

γ̇ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2
(

ε̇2
xy + ε̇2

xz + ε̇2
yz

)
+

2
3

(
ε̇2

x + ε̇2
y + ε̇2

z

)
−

2
3

(
ε̇xε̇y + ε̇xε̇z + ε̇y ε̇z

)
√

(17) 

The temperature dependence of the pre-exponential factor in Eq. 
(10) can be defined through Arrhenius equation: 

A = A0Tmlc exp
(

mlcQlc

RT

)

(18)  

where A0 is a power law creep factor, T [K] the absolute temperature, R 
[J⋅K−1⋅mol−1] the gas constant, and Qlc [J K−1 mol−1] the power law 
creep activation energy. 

To determine the value of mlc, A0 and, Qlc the experimental method 
described in the work of Manière et al. [45] was followed, the obtained 
results are shown in Table 2. 

The porosity θ determines the general behavior of the porous ma
terial. The densification of the material can be determined though the 
porosity’s evolution, which can be defined using the continuity 
equation: 

θ̇
1 − θ

= ė (19)   

d) Cold Compaction: The porous graphite interface during the SPS pro
cess densified due the effect of the compaction, therefore the main 
constitutive equation (Eq. 10) has to be modified as (assuming a 
negligible value of the effective sintering stress): 

σij =
σc(W)

W

[

φε̇ij +

(

ψ −
1
3

φ
)

ėδij

]

(20) 

The effective stress for the cold compaction process becomes [52, 
59]: 

σc(W) = σYWmc (21)  

where σY [MPa] is the yield strength of the material subjected to the 
compaction and the creep parameter mc ~0. To determine the value of 
σY and mc, the graphite powder was subjected to multi-step pressure 
dilatometry [60,61].  

e) Grain Growth: The temperature dependence of the grains’ size can be 
defined as [30,56]: 

dG
dt

=
k0

3G2

(
θcr

θ + θcr

)3
2

exp
(

−
QG

RT

)

(22)  

where the materials parameters k0 [m3 s−1] and QG [kJ K−1mol−1] are 
respectively the pre-exponential factor and the activation energy for the 
grain growth, and θcr is a critical value which represents the transition 
from open to closed porosity. The value of the material’s parameters k0 
and QG were experimentally determined [62], showing values close to 
those already reported in literature for the grain growth of alumina [63, 
64]. 

The grain growth influence on the behavior of the sintering porous 
material can be included in Eqs. (13) and (18) and modifies them as 
follows: 

PL =
3α
G

(1 − θ)
2 (23)  

A = A0Tmlc exp
(

mlcQlc

RT

)(
G
G0

)2

(24)  

where G0 [μm] is the initial average grain size. 
The material parameters used in the model for the alumina powder, 

which composes the sintered transparent cone, and the graphite, which 
composes the porous interface, are present in Table 2. 

4. Results and discussion 

Additive manufacturing technologies, such as binder jetting and 
solvent jetting, allow the production of sacrificial porous interfaces 
which enable the manufacturing of complex shaped components with 
homogeneous microstructure. The developed SPS model embedded in 
the finite element software COMSOL® was used to simulate the sintering 
behavior of the porous assembly and the results were compared with the 
corresponding experiments. The experimental results allowed the vali
dation of the model’s capability to predict the sintering process outcome 
and the methodology of manufacturing transparent complex shaped 
components through the combination of additive manufacturing and 
spark plasma sintering. In the sections below the results of the charac
terization of the conical transparent parts and the electro-thermo- 
mechanical model for the SPS are shown and compared. 

4.1. Transmittance of complex shape sample 

The manufactured cone shown in Fig. 4 is transparent enough to 
allow to observe the image directly beneath the sample. To quantify the 
transparency of the sintered specimens through the in-line transmittance 
measurements the tip of the cone has been removed and the obtained 
flat surface has been carefully prepared to conduct the measurements. 

Fig. 5 shows the in-line transmittance measured, where the highest 
transmittance measured was in the visible light range: 16 % at 490 nm of 
wavelength. 

The obtained measurements can be correlated with the microstruc
ture observed in the part (described in the next section) and can also be 
affected by the sample’s geometry and thickness. In other works [65] 

Table 2 
Parameters used in Eqs.(10) - 24)  

k0 [m3s−1] 1.8 10−5 

θcr [−] [57] 0.08 
QG [J K−1mol−1] 464,000 
α [J m−2] [58] 1.12 
A0 [Pa s] 2.5 10−3 

mlc [−] 1 
Qlc [J K−1mol−1] 179,000 
mc [−] 0 
σY [MPa] 60 
G0 [μm] 3.5  
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have been shown how either the geometry and the dimension of the 
specimens can induce some disturbance of the passing light used to 
conduct the in-line transmittance measurements resulting in values 
slightly smaller from those previously obtained from simple shaped 
specimens [57]. 

4.2. Microstructure and mechanical properties 

The transparent complex-shaped parts show a density of 3.90 g 
cm−3, which corresponds to 98.7 % of relative density. This achieved 
high density together with a uniform microstructure, as demonstrated 
by the measurements of grain size and microhardness, which are shown 
below, is fundamental for the transparency, since the presence of pores 
induces the light diffraction phenomenon [66,67]. The microstructure 
observation, grain size, and hardness measurements were conducted on 
different areas of the samples (Fig. 6); the locations analyzed are indi
cated as A close to the top surface, B close to the bottom surface, C in the 
center of the cross-section. 

The value of the transparency measured can be explained by 
observing the microstructure (Fig. 6). The thermal etching allowed to 
highlight the grain boundary and, consequently, to measure the grain 
size obtained at the end of the SPS process in the different specimen 
regions: top surface (A), bottom surface (B) and, in the core (C). 

The microstructure obtained is homogeneous in the different regions 
as can be noticed in the micrograph reported in Fig. 6. The collected 
images were analyzed using the image analysis software ImageJ® 
following the planimetric procedure described by ASTM E112-13 [68] to 

calculate the grain size in all the observed areas. The average grain size 
measured is: 6.96 ±0.65 μm at A, 7.28 ±0.63 μm in the region B, and 
6.90±0.54 μm in the region C, confirming the qualitative analysis and 
showing how the microstructure obtained is homogeneous. Also, the 
residual porosity is homogeneously distributed, an important factor in 
obtaining a transparent component [65]. Hardness is another parameter 
that can be used to evaluate the homogeneity of the microstructure in 
terms of grain size since these two material parameters are correlated by 
the Hall-Petch relationship [69,70]. 

In Fig. 7 the hardness measurements of the different regions of the 
transparent Al2O3 samples are shown, and the homogeneity of the 
microstructure can be noticed by looking at the obtained values: the 
highest hardness value was measured at the bottom surface (1862 ± 245 
HV) and the lowest at the top surface (1634 ± 311 HV). 

The hardness values are in agreement with similar values obtained in 
a previous work [57] for the same alumina grain size measured at the 
different areas. 

A homogeneous microstructure with a grain size below a certain 
dimension is very important for transparency since a larger grain size 
leads to stronger scattering [60,71]. 

4.3. Model 

The model described in section 3, which had as input the process 
parameters utilized in the real experiments, was employed to run 
simulation which allowed obtaining from the current pathway (Fig. 8 
(a)) the current density distribution in the tooling during the sintering 
process (Fig. 8(b)), which renders the corresponding thermal distribu
tion (Fig. 8(c)). 

Fig. 5. In-line transmittance measurements, the green area represents the 
visible light range, the red arrow shows the highest value of transmittance. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 6. Location of the different areas where the microstructure observations, measurements of grain size and hardness were conducted and the respective 
microstructures. 

Fig. 7. Hardness values measured at the different locations: (A) top surfaces, 
(B) bottom surfaces and (C) center. 
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It is possible to notice a higher current density distribution in the 
vicinity of the contacts with the graphite punches where the electric 
current lines are tighter. Therefore, the electric current density achieved 
in these areas is greater, and consequently, the higher temperature is 
generated in the vicinity of the die, where the heat dissipation is limited 
thanks to the external graphite felt. 

The temperature distribution determined by the electro-thermal part 
of the FEM code allows the mechanical part of the FEM code to deter
mine the density and grain size distribution in the powder component, as 
shown in Fig. 9 (a),(b),(c). 

As possible to notice, the calculated density and grain size distribu
tion are homogeneous in all the component volumes. There are smaller 
variations of the values only in the proximity of the cone surface, which 
was in contact with the printed porous graphitic interface (Fig. 9(a)); 
this can be explained by the continuity of the FEM model’s elements 
since the interface subjected only to cold compaction has lower relative 
density in the vicinity of the surface of the sintered component. 

Moreover, it is possible to notice how the modeling results are in 
agreement with the average values obtained with the experimental re
sults (Fig. 10). 

The model is capable of calculating the average grain size in the 
different locations, and it can also approximate the relative density, the 
measured value obtained by the model is 99 %. 

The model results enable the optimization of the design of the 
sacrificial porous interface and the sintering process based on the 
desired component geometry and microstructure through “virtual” ex
periments, substantially reducing the experimental campaign needed to 
determine the optimal process parameters. This result is fundamental in 
the case of lenses in which the dimension (e.g., curvature, thickness) and 
the grain structure are fundamental parameters determining the optical 
properties. 

5. Conclusions 

The integration of additive manufacturing and spark plasma 

sintering has been successfully utilized to produce complex-shape 
transparent ceramics. A porous deformable interface that defines the 
geometry of the component has been produced using a solvent-jetting 
printer. After the sintering of the porous assembly composed of the 
interface and the loose Al2O3 powder, the transparent complex shape 
alumina part has been obtained. 

A comprehensive, three-dimensional fully coupled thermo-electro- 
mechanical finite element framework has been developed for 
modeling the SPS process of the porous assembly, which can help in 
optimization of the complex-shape transparent alumina part. The diffi
culties arise in the determination of the correct electrical resistance 
introduced by the presence of the boron nitride layer on the porous 
interface. Despite the simplification introduced by the assumption of the 
electroconductivity being only function of temperature and not 
considering some changes during the sintering process, which could 
have affected the boron nitride layer, the model has shown its capability 
to adequately describe the densification and the microstructural 

Fig. 8. FEM model result (a) current lines, (b) electrical current density (A/m2), (c) Temperature (K).  

Fig. 9. FEM model result: (a) porous assembly, (b) component relative density and, (c) grain size (μm).  

Fig. 10. Grain size FEM model and experiment comparison.  
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evolution of the alumina component. 
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