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bstract

tarting from a commercial slurry of high purity �-Al2O3, freeze-dried powders, cast, filter-pressed or cold isostatically pressed samples were
roduced. Resulting powders or green bodies showing different particles packing were densified by spark plasma sintering (SPS) to obtain transparent
olycrystalline �-Al2O3. Microstructure and real in-line transmittance (RIT) after SPS were dependent on the particles packing quality. Avoiding
arge agglomerates, narrowing the pore size distribution, reducing the most-frequent pore size (Dmode) and avoiding macroscopic heterogeneities
ithin the green bodies enabled high RIT values to be achieved in the visible and near-infrared spectrum. However, a limit was achieved in the

reparation of green bodies for which reducing the Dmode had no more influence on the optical behaviour of samples sintered by SPS. Finally,
ure �-Al2O3 samples presenting a high RIT640 nm value of 53% were produced from all the green bodies obtained by the following techniques:
lter-pressing, slip casting and cold isostatic pressing.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Obtaining transparent polycrystalline ceramics became an
mportant technological challenge over the last decade.1–14

heir high mechanical properties combined with a high trans-
arency and a reasonable price could lead to the replacement
f glasses or sapphire monocrystals in optical applications
windows, armours, discharge lamps envelopes, and jewellery).
evertheless, to obtain high light transmission, the microstruc-

ure has to be carefully controlled and all the sources of light
cattering have to be avoided (inclusions, second phases, poros-
ty). Pure polycrystalline alumina (PCA) possesses mechanical
roperties (hardness, fracture toughness, flexural strength)
mong the highest for oxide compounds explaining why PCA
s one of the most studied materials regarding these applica-
ions. However, because of PCA’s birefringent nature, a good

ransparency is more difficult to obtain than for cubic materi-
ls. Indeed, light is not only scattered by porosity but also by
rain boundaries. The real in-line transmittance (RIT) of PCA
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s generally characterised by a model developed by Apetz and
an Bruggen1 based on the Rayleigh–Gans–Debye approxima-
ion but other models have been developed. Pecharroman et al.2

uggested characterising grain boundary scattering as a function
f a textural angle, which corresponds to the grain orientation
rganisation of the ceramic. As the two models are equivalent
or a textural angle of 41◦, which is not too far from a random
rientation (45◦), it was decided to compare our own results with
petz’s model (Eqs. (1) and (2)).

IT = I2

I1
=  (1 −  RS)exp(−γtotD) (1)

tot =  γG +  γp = 3π2r�n2

λ0
2 = p

(4/3)π  ·  r3
p

·  Csca,p (2)

ith I1 and I2 the light beam intensities before and after travel-
ing through a sample having a thickness D; Rs the total normal
urface reflectance (=0.14 for PCA); γ tot the total scattering
oefficient; γG the light scattering coefficient by grain bound-
ries; γp the light scattering coefficient by porosities; r  the

verage grain radius; �n  the average refractive index change
etween two adjacent grains (=0.005 for PCA), λ0 the wave-
ength of incident light beam in vacuum; p  the total porosity, rp

he average pore radius and Csca,p the scattering cross section of

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.041
mailto:lucile.lallemant@insa-lyon.fr
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ig. 1. Influence of grain size and porosity (pore diameter 100 nm – λ  = 640 nm)
ccording to the optical model (Eq. (1)) on the RIT of PCA.

ne spherical pore. In Figs. 1 and 2, showing respectively, the
IT of PCA as a function of grain size and porosity size, it can
e seen that to obtain a high value of RIT, PCA should possess
fter sintering, grains as small as possible and a porosity closed
o 0.00% with the smallest pores possible. To obtain such kind of

icrostructure, different strategies can be used from the compo-
ition of the starting powder to the sintering technique. The use
f doping elements (Mg, Y, La, Zr.  . .) has been shown to reduce
rain size and recently Stuer et al.3 and Roussel et al.4 succeeded
n improving the RIT of PCA at values close to 50% at 640 nm
or a sample thickness of 0.88 mm by adding doping elements to
he powder (respectively, 54.7% by tri-doping the powder with

g, Y and La and 48.1% by doping the powder with La). In both
ases, the spark plasma sintering technique was used as it gives
ully dense ceramics at low temperature for short hold times,
llowing to maintain a small grain size. Nevertheless, this tech-
ique requires a careful control of sintering parameters.15 Kim
t al.5,6 have shown that for low applied pressure (below 80 MPa
hich is the highest pressure supported by the graphite die), the
eating rate has to be low in order to remove the last few pores.
hey were able to obtain a RIT of 47% on a pure alumina sam-
le after sintering with a heating rate of 8 ◦C/min. By increasing
he applied pressure up to 500 MPa, Grasso et al.7 produced a
ighly transparent pure alumina sample (64% at 645 nm) at low
emperature (around 1000 ◦C). As this high pressure cannot be

chieved with regular graphite die, a specific WC matrix had
een designed for this experiment. Nevertheless, in all the pre-
iously mentioned studies, the powder was directly put into the

ig. 2. Influence of porosity size and porosity (grain size 500 nm –
 = 640–2000 nm) according to the optical model (Eq. (1)) on the RIT of PCA.

(

(
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ie without improving the processing technique. However, it is
ell known that this step can significantly help the densification

tep. Some authors8–10,13,16–18 have shown that narrowing pore
ize distribution and reducing pore size in the green compact
ives an increase of the green body’s density leading to samples
ith high sintered densities at lower temperatures with minimal
rain growth. By using respectively filter pressing or slip cast-
ng method, Petit et al.8 and Krell et al.9 were able to improve
he transparency of PCA naturally sintered and HIPed (hot iso-
tatic pressing) up to 72% for Krell et al. Aman et al.10 recently
tudied the influence of green shaping on spark plasma sintered
CA. The used sintering cycle prevented them from obtaining

ransparent samples but they showed that samples with homoge-
eous green compacts and small most-frequent pore size (Dmode)
an favour densification and lead to higher sintered density also
ith SPS technique. In the present study, we will combine the
eneficial effects of controlled green shaping and spark plasma
intering to obtain pure transparent PCA with regular graphite
ie (i.e. at low pressure).

.  Material  and  methods

The starting material was a commercial (BA15psh,
aïkowski) high purity �-Al2O3 aqueous slurry (solid content
3.5 wt.%) with a median particle size Dv

50 of 150 nm (mea-
ured by laser diffraction). The total impurity amount was less
han 0.01 wt.% (14 ppm Na, 60 ppm K, 7.1 ppm Fe, 13 ppm Si,

 ppm Ca) as reported by the manufacturer.
Four different processing techniques were used to obtain well

ispersed powder or green bodies from the commercial slurry
pH 3.5 without any additives):

1) Freeze-drying (FD samples): the slurry was frozen in liquid
nitrogen and freeze-dried for approximately 48 h (−40 ◦C,
0.1 mbar, Alpha2-4, Christ) to obtain a powder. The powder
was then sieved at 500 �m.

2) Slip casting of two different slurries. The slip casting abil-
ity of the slurries was measured by determining the stress
threshold (τH) (Viscotester VT500/501, Haake, Karlsruhe,
Germany). (C1 samples): the slurry (τH = 1.18 Pa) was
directly cast onto 20 mm diameter porous alumina moulds
in order to avoid contamination of the green bodies by impu-
rity diffusion. After 4 h, the samples were removed from the
moulds and put in a desiccator for 24 h. (C2 samples): a sec-
ond batch of the BA15psh slurry, more difficult to cast than
the first one because of a higher shear stress (τH = 3.48 Pa),
was also slip cast.

3) Slip casting followed by cold isostatic pressing (CIP sam-
ples): cold isostatic pressing was performed on C1 cast
samples under a pressure of 3600bars (ACB, Nantes,
France).

4) Filter pressing (FP samples): The slurry was directly cast

onto a polyester filter (pore diameter = 0.2 �m). After push-
ing the liquid across the filter using a pressure of 35 bar,
green bodies were removed from the 20 mm diameter mould
and dried at 70 ◦C for 12 h.
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from FP samples to CIP samples – 40 nm for FP samples, 32 nm
for C1 samples and 25 nm for CIP samples, respectively (Fig. 5).
These results are in good agreement with some authors10,20 who
L. Lallemant et al. / Journal of the Euro

All the green bodies were then manually polished to obtain 2 g
ylindrical samples. Pore size distributions in green bodies were
etermined by mercury infiltration (Autopore III, Micromerit-
cs Instrument Corp., Norcross, GA). The highest pressure
eached by this apparatus is 414 MPa, which enables a mini-
um pore entrance diameter of 3 nm. Considering cylindrical

ores of diameter d and a pressure (P) of intruded mercury, the
aplace–Washburn equation gives a d  = A/P  relationship with A

 constant containing the contact angle between the alumina and
he mercury. A 130◦ angle was used in our calculations.

Densification of FD powder and C1, C2, CIP and FP green
odies was carried out by SPS (HP D 25/1, FCT Systeme, Rauen-
tein, Germany) using the following sintering cycle: applied
niaxial pressure of 80 MPa throughout the cycle, rapid heating
p to 800 ◦C, heating rate of 10 ◦C/min from 800 ◦C to 1100 ◦C
ollowed by a slower heating (1 ◦C/min) up to the final sintering
emperature (Tf) in order to remove the residual porosity.4–6,19

he final sintering temperature was in the 1130–1230 ◦C range
nd was optimised for each green body’s processing route. A
apid cooling ended the cycle, interrupted by a 10 min dwell
t 1000 ◦C to release the residual stresses.4–6 Then, the samples
ere carefully mirror-polished on both sides using diamond slur-

ies (to 1 �m) and the transparency in the centre of the pellet (spot
ize = 5 mm ×  2 mm) was evaluated by a real in-line transmit-
ance (RIT) measurement (Jasco V-670), because it only takes
nto account the unscattered light through the sample (i.e. the real
ransmitted light) as explained by Apetz and van Bruggen.1 All
he RIT values given in this paper are evaluated for λ  = 640 nm
nd Eq. (3) is used to obtain the RIT at the same thickness of
2 = 0.88 mm in order to be able to compare the results:

IT(t2) =  (1 −  RS)

(
RIT(t1)

1 −  RS

)t2/t1

(3)

here RS is the total normal surface reflectance (=0.14 for PCA)
nd RIT (ti) is the RIT for a sample thickness ti.

SEM ZEISS Supra55 was used to investigate the microstruc-
ure of the samples. Grain sizes were evaluated on thermally
tched surfaces (at a temperature 50 ◦C lower than Tf for 1 h and

 heating rate of 10 ◦C/min) and a factor of 1.56 was applied to
btain a revised grain size21 using the intercept method.

. Results  and  discussion

.1.  Green  body’s  characterisation

The commercial high purity �-alumina slurry was either
reeze-dried and uniaxially pressed (50 MPa) or colloidally
ormed by different techniques (slip casting, slip casting fol-
owed by CIP or filter pressing) to obtain green bodies with
ifferent degrees of particle packing. Geometrical bulk density
easurements were performed and compared to the theoretical

ensity (TD) of alumina (3.987 g cm−3). Green densities were
valuated on several samples for each green body’s processing

oute to ensure reproducibility. They show an increase of density
rom FD pressed samples to CIP samples (52%TD for FD sam-
les, 54%TD for FP and C2 samples, 56%TD for C1 samples
nd 58%TD for CIP samples). C2 samples present a lower bulk

F
m

ig. 3. Absolute cumulative pore size distributions of each investigated
icrostructures.

ensity compared to C1 samples, which can be explained by
ts viscous behaviour: agglomeration of particles had probably
ccurred leading to a less dense particles packing. The poros-
ty distribution was evaluated by mercury infiltration on several
amples for each green body and a very good reproducibility was
bserved. Fig. 3 displays the absolute  pore distributions in which

 decrease of the pore volume is observed as expected from the
eometrical bulk densities evaluated above (from FD pressed
amples presenting the highest pore volume and therefore the
owest bulk density to CIP samples presenting the lowest pore
olume and consequently the highest bulk density). In order to
ompare microstructures with different total absolute pore vol-
me, Fig. 4 provides the relative  pore volume distributions10,16

hereas Fig. 5 displays the incremental pore volume distribu-
ions. All Figs. 3–5 tend to show that FD pressed samples present

 larger pore size distribution as porosities in the 50 nm −  1 �m
ange are present. These porosities are attributed to large residual
nter-granular porosities from the freeze-dried powder that the
ressing step was not able to remove. They give evidence of the
resence of large agglomerates formed during the drying step.4

ther samples present finer pore size distributions but a closer
ook on small porosities (<100 nm) is necessary to evaluate the
ifference between the samples (Fig. 5). Samples prepared with
he same slurry (i.e. FP, C1 and CIP samples) present a similar
ore distribution with a steep slope at the centre of the distribu-
ion (Fig. 4). The main difference is the Dmode which decreases
ig. 4. Relative cumulative pore size distributions of each investigated
icrostructures (total porosity is taken as a parameter).
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ig. 5. Incremental pore size distribution of each investigated microstructures: (

ound a relationship between the Dmode and the green compacts
ensities: the finer the Dmode is, the higher the green density is.
2 samples present a main pore size close to 35 nm, which is
ot so far from the one of C1 samples (32 nm). Nevertheless,
he distribution of pore is larger (10–55 nm) than the other sam-
les – respectively (20–48 nm) for FP samples, (14–40 nm) for
1 samples and (10–32 nm) for CIP samples (Fig. 5) and the

lope at the centre of the distribution is gentler (Fig. 4). Com-
lementary porosity distribution measurements were performed
n C1 and C2 20 mm diameter samples to compare the cen-
re and the edges of the samples. If the porosity distribution is
he same all over the C1 sample, the edges of the C2 sample
resent more larger pores than the centre (Fig. 6) resulting in a
acroscopic more heterogeneous particle packing. All these dif-

erences (larger pore distribution with higher amount of smaller
ores, gentler slope at the centre of the pore distribution, macro-
copic heterogeneous distribution of pore within the sample) are
ttributed to drying issues in samples cast from the most viscous
lurry.

Finally, we were able to prepare samples with different par-
icles packing:
A) Pressed samples (FD) of a freeze-dried powder present the
lowest green body’s density, a larger pore size distribution
with large porosities coming from large agglomerates.

ig. 6. Comparison of the incremental pore size distribution on the centre and
he edges of cast samples (C1 and C2).

R
p
S

F
d

0.5 �m] diameter range, and (b) [0–80 nm] diameter range without FD samples.

B) Cast samples from a viscous slurry (C2) present a larger
pore size distribution compared to other wet-processed
samples and a heterogeneous macroscopic particle packing
within the sample.

C) Three wet-processed samples (FP, C1 and CIP) present a
narrower pore size distribution and a homogeneous macro-
scopic particle packing but increasing green body density
with decreasing Dmode.

.2. Sintering  behaviour  and  optical  properties

The freeze-dried powder was put directly into the graphite
ie and then sintered by SPS at different final temperatures (Tf)
o optimise the RIT at the centre of the pellets. Indeed, RIT of
CA is known to strongly depend on both porosity and grain
ize. Temperature is then a key parameter as a too low tempera-
ure will leave porosity while a too high temperature will induce
rain growth.4 In the present study, an increase of grain size is
oticed from 0.52 ±  0.11 �m at 1180 ◦C to 1.93 ±  0.35 �m at
280 ◦C. RIT measurements of samples sintered at different Tf
ere performed on visible and near IR spectrum (300–2500 nm)

nd are presented in Fig. 7. For Tf above 1230 ◦C, a decrease of

IT is observed all over the spectrum when increasing the tem-
erature. This decrease is attributed to grain growth (Fig. 1).
amples sintered at Tf below 1230 ◦C present equivalent or

ig. 7. RIT measurements on 300–2500 nm wavelength range of pure freeze-
ried alumina powders sintered by SPS at different Tf.
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Table 1
Samples characteristics after sintering at an optimised Tf.

Sample Optimised Tf

(◦C)
RIT640 nm (%) Average grain size

after SPS (�m)

FD powder 1230 30.5 1.17 ± 0.20
FP samples 1130 52.0 0.48 ± 0.15
C1 samples 1130 53.1 0.44 ± 0.09
C2 samples 1150 45.6 0.48 ±  0.13
C
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IP samples 1130 52.9 0.43 ±  0.12

ven higher RIT values in the visible range compared to the
ther samples. However, RIT values are clearly inferior in the
R wavelengths. It can be explained by large pores, which are
ore critical on optical properties in the IR wavelengths than in

he visible range (Fig. 2). Densification is not optimum below
230 ◦C, which is consequently the preferred Tf to sinter FD
owders by SPS in this study. As all the densities are up to 99.9%,
he Archimedes’s method is not precise enough to support these

easurements.
Wet-processed green body’s pellets (FP, C1, C2 and CIP)

ere also sintered at different Tf to optimise the RIT. Higher
IT640 nm values were obtained at a lower optimised Tf (around
00 ◦C) compared to the freeze-dried powder (see Table 1). At
igher temperatures, wet-processed samples become less trans-
arent due to grain growth (1.85 ±  0.44 �m for C1 samples
intered at 1230 ◦C).

The freeze-dried powder contains some large agglomerates
see Section 3.1) formed during the drying step. According to
ange,22 during conventional sintering, shrinkage will begin
ithin these agglomerates, increasing the size and coordina-

ion number of the inter-agglomerate pores. Those pores will be
ore stable and shrink at higher temperature leading to grain

rowth. This differential shrinkage occurs during SPS sintering
f the freeze-dried powder explaining the higher optimised Tf.
he resulting grain size (around 2.5 times higher than for other
amples) explains the low RIT all over the visible and near IR
pectrum (Fig. 8). The wet-processed samples have all a sim-
lar grain size around 0.45 �m after sintering due to a lower
f. Aman et al.19 and Santanach et al.23 also obtained densi-
cation without grain growth at low temperature (<1200 ◦C).

owever, C2 samples present a lower RIT640 nm value at slightly
igher temperature compared to the other samples. FP, C1 and
IP samples present a similar microstructure with small pores

ig. 8. RIT measurements on 300–2500 nm wavelength range of pure alumina
rocessed by different shaping techniques and sintered by SPS at optimised Tf.
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<50 nm) whereas 100 nm size pores are found on C2 samples
Fig. 9). If these large porosities are critical in the visible range
nd can explain the lower RIT640 nm value of C2 samples, they
ave nearly no influence on the IR wavelengths explaining the
ame behaviour of all the wet-processed samples (including C2)
n the near IR wavelengths (Fig. 2). The macroscopic heteroge-
eous particle packing of C2 green samples probably leads to
ifferential shrinkage between the centre and the edges of the
amples, explaining the higher Tf and the microstructure differ-
nces. Some authors (Roosen and Bowen,20 Krell et al.13,16 and
man et al.10) have demonstrated that if a small Dmode within

he green body (i.e. high green body density) is necessary to
chieve high density at lower temperatures for both natural or
PS sintering, the homogeneity within this green compact is
lso a key point. A narrow pore size distribution with small
ores will impede the onset of grain growth during the interme-
iate stage of SPS sintering10 and favour densification by grain
liding and rearrangement explaining the high sintered density
t lower temperature. To obtain transparency, the last hundredth
f a percent of porosity have to be eliminated and HIP is gen-
rally used after natural sintering.8–9,11–13,16–17 In our study,
he very low heating rate (1 ◦C/min) ending the cycle enables
o achieve transparency by delaying the pore/boundary separa-
ion at high sintered temperatures.19 Nevertheless, C2 samples
robably get lower density all over the cycle due to the macro-
copic heterogeneity of this particle packing and especially at
100 ◦C, just before starting the low heating rate of 1 ◦C/min.
rom this lower density and because of the presence of larger
ores, those are not eliminated at the end of the cycle even at a
igher Tf.

The homogeneous wet-processed green bodies (FP, C1 and
IP) present different Dmode (see Section 3.1) but have sim-

lar optical behaviours after sintering at the same Tf (Fig. 8).
ccording to literature for natural sintering on spinel followed
y HIP,17 we would expect to get higher transparency for the
reen sample presenting the narrowest pore size distribution
ith the lowest Dmode. In the present study, a limit seems to be

eached for which decreasing the Dmode in the green body will
lso tend to a limit of the optical properties even if the green body
s macroscopically homogeneous. This difference of behaviour
etween this study and the literature can be linked either to the
tarting slurry quality (particle size and morphology, particle
urfaces) or to the sintering technique. Indeed spinel is not a
irefringent material, which means that an increase of RIT is
inked to a decrease in the pore size and/or amount. The higher
ressure (200 MPa) and the fact that this pressure is isostatic
y HIP help to close the finest pores that the small pressure of
0 MPa used in the present study cannot close. This is consis-
ent with Grasso’s study7 which shows that a high RIT645 nm
alue of 64% could be obtained on PCA by increasing the
PS pressure up to 500 MPa.Furthermore, this pressure also
nables to sinter at a lower temperature and therefore to limit
he grain growth. Finally, the same best RIT640 nm value of 53%

s reached for all the prepared samples whatever the preparation
echnique provided that those samples present a macroscopic
omogeneous particles packing with a Dmode inferior to 40 nm
Fig. 10).
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Fig. 9. SEM pictures (20,000×) of pure alumina processed by different shaping tec
and (c) C2 samples.

Fig. 10. 20 mm diameter FP sample sintered by SPS at Tf = 1130 ◦C (th = 1.4 mm
– RIT640 nm = 52.0% – average grain size = 0.48 ± 0.15 �m).

4

g

(

(

(

hniques and sintered by SPS at optimised Tf: (a) FP samples, (b) C1 samples,

.  Conclusions

Obtaining transparent PCA requires a careful control of the
reen body’s processing:

1) Large agglomerates have to be avoided because they lead
to differential shrinkage. Stable pores shrinking at high
temperature will be created and grain growth will occur
decreasing the RIT values in the visible and near-IR spec-
trum.

2) Particle’s packing has to be as homogeneous as possible in
term of pore size (narrowest distribution). Moreover, this
particle’s packing has also to be macroscopically homo-
geneous to prevent differential shrinkage within the green
body. Pores possessing a critical size (∼100 nm) will then
be created and the RIT value will decrease in the visible
range.

3) Green density has to be high which implies a close particle
spacing (a small Dmode). This primary particle arrangement
will need less energy to sinter as less particle rearrangement
will be necessary during SPS sintering. High densities will
be obtained at lower temperatures. However, a limit exists in
the preparation of green bodies for which reducing the Dmode
in a green body (fulfilling the two previous requirements)

has no more influence on the optical behaviour of the sample
after SPS sintering. This limit was not noticed for samples
densified by natural sintering followed by HIP.
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Finally, green bodies having all these characteristics (no
arge agglomerates, narrow pore size distribution with small

mode, macroscopically homogeneous) were produced by filter-
ressing, slip casting and cold isostatic pressing. They all lead
o pure �-Al2O3 samples presenting a high RIT640 nm value of
3% after densification by SPS.
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