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Doped nano alumina powders were successfully deposited as a thick film by electrophoretic deposition (EPD). A mixture 
of ethanol, cation salts of alumina dopants and iodine was used for dispersion system. Mg-Y-La- and Ce- salts add to 
ethanol and deposited with alumina powders on to substrate. The effects of suspension power loading, deposition time, 
electrode distance and applied potential simultaneously on density, pore size distribution and cell current density of alumina 
nanoparticles were examined. The weight of deposition increased with time and voltage increased and electrode distance 
decreased. In all applied voltages in higher suspension concentration, weight of deposition are sufficiently high but the 
density of the film are clearly better in low and high voltages than medium voltage. In constant suspension concentration 
with increasing in applied voltage, deposition rate increased and current decreased faster than medium voltage, which limits 
the homogeneous deposition forming and decreased density. Low applied voltages provided better pore size distribution and 
narrow and steep slope in middle of pore size distribution plot. High density samples with best pore size distribution achieved 
in lower rate deposition and assisted to better densification at sintering step in doped alumina plates.

INTRODUCTION

 Alumina ceramics have been studied most inten-
sively and are widely used in structural applications 
because of a wide variety of applications and excellent 
mechanical properties [?]. alumina use in ceramic-based 
orthodontic appliances [1], transparent ceramics [2], 
cutting tools [3], armors [4] and etc.. The usefulness 
of alumina derives from a variety of its properties. 
It has a high chemical stability leading to applications 
as biomedical implants. The hardness, strength, melting 
point (2054°C) and abrasion resistance of alumina are 
among the highest for oxides. For high density alumina 
producing, both grain size and porosity, with a narrow 
distribution of nanometric pores, have to be carefully 
controlled. To do so, two strategies were combined: 
shaping the powders by colloidal shaping methods and 
doping alumina with metal oxides (ppm range). With 
good selection of method and variables fine-grained 
materials with high density and superior properties 
achieved [5].
 Whit recently shaping methods high strength alu-
mina now is possible with grain sizes less than 1 µm at 
a relative density of more than 98.5 % and with a high 
degree of pore homogeneity which is, possibly, even more 
important [6]. However, reliability, processing and cost 

has been a challenge to producing high density alumina 
still now. high production rates and the formation of a 
homogeneous compact are generally desirable.
 During the past several years, much colloidal sha-
ping methods have been made in producing ceramics. 
There are several colloidal forming methods, such as 
slip casting, gel casting and electrophoretic deposition 
(EPD). Unfortunately, however, scale ability of these 
techniques into fully dense, bulk products has proven to 
be difficult. In the EPD method, dispersed particles in a 
water base or organic liquid are made to move toward a 
particular electrode in the presence of an electric field. 
In this colloidal processing technique, non-aqueous sus-
pensions often used in order to avoid the hydrolysis of 
water at the electrodes. EPD combining the advantages 
of the colloidal processing and the electric field assisted 
processing of ceramics [7]. Bredol et al. reported 
electrophoretic deposition and hot press sintering of 
transparent and high density alumina, yttria, yttrium 
aluminium garnet and lutetium aluminium garnet [8]. No 
sintering aids used in their suspension preparation.
 The amount of porosity in green state is dependent 
on the order of particles arrangement and rearrangement 
in deposit during EPD. Furthermore, pore size distri-
bution, that is essential for improving the density of 
sintered sample, can be influenced by EPD parameters. 
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 On the other hand, for full densification, commonly 
rare-earth and/or alkaline earth oxides are often added 
as grain growth inhibitors, in the fabrication of high 
density ceramics []. Alumina generally densified with the 
use of mono or trivalent cations, the most common being 
MgO, Y2O3, La2O3 and ZrO2. Recently Braunt et al. 
reported production of a transparent alumina by means 
of EPD and HIP [9]. They studied the influence of MgO 
and ZrO2 dopings on the densification and microstructure 
development at different dopant levels, and sintering 
aids added in crystalline structure, i.e. powder form. 
They represented 250 ppm and 450 ppm are the optimal 
doping level for MgO and ZrO2, respectively, to the 
highest density in the final sintered alumina samples. 
 Recently combination of electrophoretic deposition 
and sol gel technique used to fabricate homogeneous, 
crack-free and thicker samples. Castro et al. deposited 
a SiO2 coating from nano-particulate silica sol/gel 
suspensions [10]. Preparation of a suspension by means 
of a sol gel solvent implemented by Zhang et al. they 
electrophoretically deposited SiC and ZrO2 powders 
from sol gel base suspension to add alumina ions as an 
additive [11]. 
 Influence of electrophoretic parameters in yield or 
rate of deposition were very investigated in recent years 
[]. On the other hand density of deposition was studied 
in some researches [12–15]. Ji et al [16] found that 
the packing density of wet deposits decreases with the 
increase in the deposition voltage and time. According to 
Bernardo et al. no appreciable differences were observed 
in density in different deposition rate [12] in spite of 
Krüger et al which believing that in lower deposition 
rate the formation of a close-packed structure are more 
optimized [17]. This work is focused on α-Al2O3, and 
small amount of sintering additives (MgO, Y2O3, La2O3 
and CeO2) were used as grain growth inhibitors. These 
additives are essential to achieve a very dense sintered 
body with a fine-grained microstructure [?]. On the 
other hand effect of suspension concentration, applied 
potential, deposition time and electrode distance on 
the green body density, efficiency, weight of deposit 
and cell current are presented. As well as discussed 
above, the sintered density isn’t also dependent on the 
green body density. In order to investigate the effect of 
electrophoretic variables on the sintered density, pore 
size distribution of electrophoretic deposited samples 
was examined in selected suspensions.

EXPERIMENTAL

Suspension preparation and
deposition process

 The starting powder used is commercially available 
alpha alumina powder, with a specific surface area of 
19.95 m2∙g-1 and a mean particle size of 80 nm (Al2O3, 
alpha, 99 %, 80 nm, US3008, US-Nano, US). Impurity 
analysis by the ICP–OES method showed the major 

impurities in the powder were as follows (ppm): Mg (11) 
K (20), Ga (40), Na (10), Fe (10), Y (11), Zn (18), La (2), 
Ce (5) and Ca (40).
 Medium-solids-loading alcohol based slurries 
were prepared with the raw powder and iodine and 
as a dispersant. To dope the powder and prepare the 
suspensions for EPD, alumina powder was dispersed 
in ultra-pure ethanol (C2H5OH, Merck Millipore, 
99.6 %) before addition of the desired amounts of 
iodine (Merck Millipore, 99 %) solution as a dispersant. 
After an ultrasonic bath (UB) treatment of 15 min, 
Mg2+, Y3+, La3+ and Ce4+ ethanolic solutions  (MgCl2, 
YCl3, LaCl3 and Ce(CH3CO2)3, respectively, Sigma 
Aldrich, 99.99 %, USA) were added. The final total 
dopant level was 1050 ppm total cationic ratio. The final 
slurries with an pH around 6 to 7 were stirred and UB 
treated for another 15 min before the electrophoretic 
deposition. Iodine produce I‾ and OH‾ ions in ethanol 
as solved. The percentage of dispersant to the alumina 
powder was approximately 400 wt. % ppm, which is the 
lowest possible percentage for suspension to minimize 
sedimentation during electrophoretic deposition is 
completed. The cation dopant salts gives enough ions 
to the suspension for suspension stability and the iodine 
consolidates the powders to maintain in the suspension. 
 The alumina samples were deposited on stainless 
steel substrates  (50 mm × 40 mm × 2 mm) by immersing 
the substrate in the alumina suspensions, as contained 
in a PTFE cell (inner dimensions; 44 mm × 40 mm × 
50 mm) and applying a voltage differential between the 
substrate and the EPD cell counter (Ti-6Al-4V) using 
a regulated direct current power supply. The electrodes 
were set parallel to each other and immersed into the 
suspension kept at a constant temperature during EPD, 
and were cleaned with dipping in 1 M HNO3 acid, 
rinsed with deionized water and acetone before use. The 
stainless steel electrode, after deposition, was carefully 
removed from the colloidal suspension and the deposits 
were allowed to dry at room temperature for 24 h. The 
deposits were then weighed to determine the yield by 
Sartorius balance equipment (US).
 Wight of deposit, initial current (mA), Final current 
(mA), Current drop (mA), Density (g∙cm-3) and Efficiency 
(i.e. weight of deposit divided by weight of powder 
in suspension) (present) at two separation electrode 
distances (1 and 2 cm) was investigated by changing 
deposition voltage (50, 60 and 70 V), deposition time 
(250, 350 and 450 s) and weight of alumina in suspension 
(10, 15 and 20 g/100 ml ethanol). RSM design matrix 
was used to modelling experiment. Experiment model 
sketched in Figure 1.
 These different samples are referred to as W0-E-t-d 
as a XX_XX_XX_X number, to indicate the experiment 
condition as well as the suspension concentration (W0 = 
initial alumina powder in suspension (g), E = applied 
potential (V), t = deposition time (s) divided by 10 and 
d = electrode separation (cm); all were in three level for 
all two separation distance).
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Calcination, sintering and
characterization

 The deposited parts must be pre calcinated to achie-
ve a necessary strength for porosimetry and measuring 
density. To avoid large numbers of pores and cracks, 
the calcination process was carried out using the low 

increasing rate, 1°C∙min-1, from ambient temperature to 
800°C, and this was followed by the 60 min dwell time. 
After it, the green body densities were determined by 
Archimedes method with deionized water (three mea-
surements were made for each sample), using Sartorius 
YDK01 density determination kit (Sartorius, Germany) 
equipment (three measurements were made for each 
sample). Then, the relative density, D, is obtained using 
a theoretical volume mass of alumina of 3.987 g∙cm-3. 
The porosity distribution was evaluated by measuring 
the porosity using a high-pressure mercury intrusion 
porosimeter Micromeritics AutoPore IV 9500 (Micro-
meritics, Australia).
 Investigation of influence of pore size distribution, 
density and weight of deposit on sintered density 
followed by sintering of green bodies in 1450°C for 2 h. 
heating rate was 5°C∙min-1 and samples were cooled in 
furnace. 
 The microstructure of the fracture surface of samp-
les was observed by scanning electron microscopy 
(SEM, JSM-6510, JEOL, Japan), equipped with EDS.

RESULTS AND DISCUSSION

 Weight of deposit (g), Density (g∙cm-3), Efficiency 
(%), Initial Current (mA), Final Current (mA), and 
Current Drop (mA) were investigated in all samples 
(Table 1). All symbols elucidation and Maximum, 
minimum and average values were collected in Table 2. 

Figure 1.  Design matrix for experiments repeated in two elec-
trode distance.

Table 1.  Experimental factors and responses sort by code order. All symbols explain in Table 2.

 Code A B C D Y1 Y2 Y3 Y4 Y5 Y6

 1050351 10 50 350 1 1.6808 16.81 34 6.35 3.00 3.36
 1050352 10 50 350 2 1.5550 13.33 36 3.38 2.66 0.72
 1060251 10 60 250 1 2.7594 27.59 34 9.50 5.08 4.42
 1060252 10 60 250 2 1.2940* 13.39 34 3.34 2.83 0.51*
 1060451 10 60 450 1 3.1385 29.85 33 6.16 2.95 3.20
 1060452 10 60 450 2 2.5625 25.13 34 5.31 3.58 1.73
 1070351 10 70 350 1 2.8618 28.62 38 8.66 3.96 4.70
 1070352 10 70 350 2 2.4422 21.05 39** 6.33 4.11 2.22
 1550251 15 50 250 1 2.7333 18.22 34 5.09 2.63 2.46
 1550252 15 50 250 2 1.9426 12.95* 36 3.74 2.77 0.98
 1550451 15 50 450 1 3.8760 25.84 33 7.30 2.57 4.73
 1550452 15 50 450 2 2.8298 18.87 33 3.25* 2.11* 1.14
 1560351 15 60 350 1 4.3834 29.22 32* 12.52** 3.54 8.98**
 1560352 15 60 350 2 3.2495 21.66 36 3.69 2.81 0.88
 1570251 15 70 250 1 3.6534 24.36 33 12.31 5.77** 6.54
 1570252 15 70 250 2 2.3812 15.87 33 3.62 2.88 0.74
 1570451 15 70 450 1 5.2076 34.72** 33 11.48 4.03 7.45
 1570452 15 70 450 2 4.0918 27.28 35 4.74 2.78 1.96
 2050351 20 50 350 1 4.1268 20.63 37 5.59 3.04 2.55
 2050352 20 50 350 2 3.4129 17.06 34 4.54 2.85 1.69
 2060251 20 60 250 1 4.1930 20.97 34 9.37 4.15 5.22
 2060252 20 60 250 2 2.8791 14.40 34 4.57 3.17 1.40
 2060451 20 60 450 1 6.3585** 31.79 33 6.94 3.33 3.60
 2060452 20 60 450 2 4.8578 24.29 34 3.90 2.49 1.42
 2070351 20 70 350 1 4.0886 20.44 37 9.17 4.15 5.02
 2070352 20 70 350 2 4.6479 23.24 37 5.49 3.21 2.27
* Minimum value, ** Maximum value
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Weight, density and efficiency

 Weight of deposit had a lower, average and upper 
value of 1.2940, 3.3541 and 6.3585 g respectively 
(Table 1). If divided the values of weight of deposited 
to 4 range, more of samples were between 2.5 to 
4 g. Nineteen of samples had weight between 2.5 
to 5.5 g. These samples are between the samples had 
high deposition voltage, high concentration and low 
electrode distance (1 cm). Analysis indicated that the 
applied potential and suspension concentration have 
a high significant positive effect on the deposition 
weight, while deposition time has a moderate effect 
on the weight. According to Hamaker model weight of 
deposit had direct relationship with applied potential, 
suspension concentration and deposition time and 
reverse with electrode distance [18]. In Zhang et 
al. equation, however, weight of deposit increased 
exponentially with deposition time and applied potential. 
Although deposition weight increased with an increase 
in suspension concentration in both equation. According 
to observations of these research increase in yield was 
nonlinear with respect to this parameters. The presence 
of higher concentrations alumina powders prepared 
more particles for deposition but may prevent from the 
diffusion of particles in the suspension and deposition 
of it and thereby decreasing the deposited weight. On 
the other hand concentrated suspensions have more 
viscosity, provide lower particle mobility. Applying of 
higher electric field, although move the particles faster 
and reach more of them to deposited electrode but in 
high electric fields turbulence of suspension, can pull 
up previously deposited particles. It seems Zhang et al. 
equation in thicker deposition have better prediction 
because of considering viscosity in exponential phrase. 
Maximum yield can be achieved (i) at applied potential 
between 60 to 70 V with longer deposition times. This 
parameters have about equal effect in both electrode 
separation although in 2 cm electrode distance weight of 
deposit decreased than 1 cm distance.
 Maximum Efficiency of the process, i.e. weight of 

deposited powder divided by weight of added powder to 
suspension, was 34.72 %. Minimum and average effici-
ency also were 12.95 and 22.21 % respectively. Half of 
samples have lower efficiency than average (Figure 2). 
All of them except 1550452 deposited in 250 and 350 s. 
this indicate that deposition time can increase efficiency. 
Efficiency can be increased in higher applied potential 
and lower electrode separation in critical deposition 
time and suspension concentration. Only two sample 
have higher than 30 % efficiency, 2060451 and 1570451.
 According to Table 1 green body density of the as-
deposited alumina powders ranged from 32 to 39 % and 
average density placed at 34.6 %. 17 sample have 32 to 
34 % density and only 1 sample densified to higher than 
38 % (1070352). All samples that could densified to 37 
and higher deposited in 350 s. 

Effect of process variables on current

 In the measured responses from Table 1, initial 
current, final current and difference between them (mA) 
indicated the significance changes according to process 
parameters.

Table 2.  Independent variables and their levels in the experimental design.

 Symbol Factors 
  Levels

   Max. Ave. Min.
 A Suspension concentration (g/100 ml) 10 15 20
 B Applied potential (V) 50 60 70
 C Deposition time (s) 250 350 450
 D Electrode distance 1 – 2
 Y1 Weight of deposition (g) 1.2940 3.3541 6.3585
 Y2 Efficiency (%) 21.95 22.22 34.72
 Y3 Density (g∙cm-3) 32 34.62 39
 Y4 Initial current (mA) 3.25 6.40 12.52
 Y5 Final current (mA) 2.11 3.33 5.77
 Y6 Current drop (mA) 0.51 3.07 8.98
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 Initial current changed from 12.52 to 3.25 mA. To 
analyze initial current density it must be remove depo-
sition time from the variables. In this new conditions 
applied potential and electrode separation have a signi-
ficant effect on the initial current. In higher applied 
potential current can be increased according to ohm’s low 
in constant resistivity. Final current of the electrophoretic 
cell ranged from 5.77 to 2.11 mA. 0.51 mA to 8.98 mA 
was current drop amplitude.
 When look at corresponding samples of above 
mentioned values, first remarkable note is 1550452 
have lower initial and final current. This indicate that 
50 V applied potential in 2 cm electrode distance is 
not sufficient to deposit particles effectively in 450 s 
deposition time. In this sample only 18.87 % of alumina 
particles deposited. Another note must be mentioned is 
occurring of maximum initial current and current drop 
in one sample i.e. 1560351. When electrode distance 
fixed to 1 cm moderate applied potential and suspension 
concentration (60 V and 15 g) create sufficient forces 
and viscosity (particle mobility) for particle deposition. 
Efficiency value of 29.22 % implies that most of particles 
can deposit if sufficient time considered.

Pore size distribution analysis

 Figure 3 compares the pore size evolution of bodies 
prepared by (i) 10 g/100 ml suspension, 70 V electric field 
in 350 s and electrode distance of 2 cm, i.e. 1070352, (ii) 
15 g, 60 V, 350 s and 1 cm (1560351) (iii) 20 g, 50 V, 
350 s and 1 cm and (iv) 20 g, 70 V 350 s and 1 cm. 
In this samples, typical green densities (Table 1) were 
39 - 33 % of the theoretical value after equal calcination 
at 800°C (on beginning neck formation defined by Coble 
[19] as the initial state of solid state sintering) and with 
equal deposition time (350 s). For best comparison, this 
figure provides relative pore distributions with all curves 

running from 0 to 100 relative percents independent of 
the total absolute porosities that are given as a parameter. 
The lower bound of recorded pore sizes was 5 nm, and 
an upper bound of 1000 nm was considered as a limit 
between real pores and larger defects, which were exclu-
ded from the pore size evaluation.
 As a first result of Figure 3, pore size distribution of 
electrophoretic deposited bodies is sensitive to process 
parameters, and it is one of the consequences that a 
high density samples is rather difficult to produce (note, 
however, that with Table 1 the deposition weight is only 
slightly affected). It was be shown that the ceramics 
prepared by the three of four approaches all exhibit 
similar average pore sizes of about 130 nm, and left over 
have about 90 nm. The pore size distributions do not 
change substantially between the 1560351 and 2050351.
 Comparing the influences of processing, differen-
ces in the pore size distributions are manifested by two 
issues: the existence of larger pores and the slopes of the 
main bodies of the distributions: (1) all microstructures 
exhibit a tail of larger pores (larger than 180 nm). Lower 
suspension concentration and higher electrode distance 
eliminates these larger pores. However, the slope at the 
center of the pore size distribution is still the same as 
observed for higher concentration and lower electrode 
distances (2070351). Lower applied potential (2050351) 
does not only provide green bodies without larger pores, 
i.e. shorter tail after 180 nm, these microstructures 
also exhibit the smallest total width in the center of 
distribution plot and the slowest slope at the pore size 
distribution between 10 to 100 nm, similarly well as 
observed in 1070352. By decreasing in suspension 
concentration and increasing in applied potential than 
2050351 i.e. 1560351 tail of pore size distribution plot 
increased while overview of plot are same. 
 To summarize results between weight, efficiency, 
density and pore size, 1070352 exhibited low deposition 
weight, high density and low efficiency simultaneous 
with better pore distribution (solid line). In 2070351 
sample, although deposition weight and density have 
higher values but efficiency decreased and pore size 
distributions have wide width and sample have inhomo-
geneous particle coordination. 
 According to the mechanisms that dictate the 
packing of the particles during EPD a higher packing 
density might be expected in lower deposition rate 
which may enable the particles to arrange themshelves 
at more optimized positions for the formation of a 
close-packed structure [12, 17]. This mechanism could 
be represented for better pore size distribution. When 
deposition rate decreased, optimized deposition lead to 
better distribution in particles and simultaneously pores. 
 Homogeneity and morphology of the deposits 
was investigated by Bernardo et al. they found that, no 
appreciable differences were observed in the packing of 
the particles of the deposits with similar masses obtained 
from the different suspensions in spite of the different 
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deposition rates in PZT films [12]. In other investigation 
Farrokhi-Rad et al. showed that the wet density of titania 
nano particles increases with deposition time although 
attains a plateau at longer times [15]. Although these 
investigations are considerable but higher deposit thick-
ness in these works are 40 to 50 µm while lower thickness 
obtained here was 775 µm after calcination in 800°C 
(by SEM image measurement).

Sintering and characterization
of deposits

Homogeneity and morphology
of he deposits

 In order to study the effect of the four variables on the 
morphology and microstructure of the obtained layers, 
layers prepared from the electrodes with a different weight 

c) 1560351 conditions

e) 1060252 conditions

a) 1570251 conditions

d) 2070351 conditions

f) 2060451 conditions

b) 1070352 conditions

Figure 2.  SEM micrographs of the fracture surface of sintered layers obtained from the 1570251 (a), 1070352 (b), 1560351 (c), 
2070351 (d), 1060252 (e) and 2060451 (f) conditions. High and low magnification displayed.
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and density were selected. This means that attractive 
samples in previous investigations, were selected. 
Scanning electron micrographs of the fracture surfaces 
of sintered samples prepared under different conditions 
are shown in Figure 4. A semi homogeneous packing of 
the particles is observed for all samples. According to 
the pore size distribution and other responses discussed 

above the packing of the particles might be expected for 
the 1070352 sample due to their lower deposition rate 
and better pore size distribution. Figure 4b represented 
micrograph of this sample. For further investigation, the 
fracture cross-section surface of the 1560351 sample 
were also analyzed (Figure 4c). Because of minimum 
density and nearly high deposition rate of this sample 

c) Magnesium

e) Lanthanum

a) after sintering

d) Yttrium

f) Cerium

b) Aluminium

Figure 5.  SEM micrograph of the deposit after sintering (a), results of X-ray mapping showing the presence of Aluminium (b), 
Magnesium (c), Yttrium (d), Lanthanum (e) and Cerium (f), in the sample showing adsorption of cations in surface of deposited 
powder.
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inhomogeneous packing of the particles was observed 
after sintering. 2070351 have sufficient rate and density 
but unfavorable pore size distribution. Fracture surface 
of this sample shown in Figure 4d. inhomogeneity in 
pore and grain sizes indicated that although good green 
density, sintering step leads to inhomogeneity in sintered 
sample. Other images i.e. Figure 4a, e and f have similar 
packing density and pore size with slightly differences in 
grain size. It must be note that there is a similar packing 
density along the thickness of the different samples and 
along their lateral dimensions.

Doping and cation distribution
 SEM image of the samples with X-Ray mapping 
analysis are used to investigate the elemental composition, 
which is shown in Figure 5. The appearance of the Mg, Y, 
La and Ce confirms the presence of these cations in the 
deposition with alumina that shows absorption of these 
elements with iodine on surface of powder in suspension, 
while the low intensity of the dots is due to the small 
amount of it in suspension. No appreciable differences 
were observed among the grains and grain boundaries 
shown no segregation of these cations observed after 
sintering.

CONCLUSIONS

 The present work is among first reports on systematic 
evaluation of the important process parameters that 
simultaneously investigate density, weight and efficiency 
for electrophoretic deposition process and sintering by 
SPS. This methodology can probably be extended to 
other responses of EPD process such as current density of 
deposit cell. The following are some of the observations 
from the present work:
 In addition to weight of deposited, density and 
efficiency, pore size distribution can be affected by EPD 
variables. Best pore size distribution achieved in low 
rate deposition conditions and dilute suspension. Narrow 
pore size distribution and sharp slop in d50 produce 
high density alumina samples in 2h at 1450°C sintering 
temperature.
EPD could shape a green bodies with cation dopant to 
be used in pressure less sintering method and controlling 
the grain growth.
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