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bstract

lumina windows transparent in IR range and translucent in UV range were obtained by high vacuum sintering (∼10–6 mbar). To determine the
nfluence of the atmosphere on grain growth, a sintering kinetics and intragranular porosity studies have been performed for samples sintered in
ir and in high vacuum atmospheres. It has been established that by using high vacuum sintering instead of the conventional one in air, alumina
ompacts with lower grain size, less impurities in grain boundaries and less quantity of intragranular pores were obtained. It has been proven that
igh vacuum sintering allows to reach high densities (>99%th) without exaggerated grain growth (d < 1 �m). Finally, strong correlation between
50

icrostructure and light transparency has been found and consequently it can be concluded that vacuum sintering clearly enhances the optical
roperties of alumina.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Translucent and transparent aluminas are being investigated
ue to their superb mechanical properties suitable to be used
or high adding value applications, such as airborne optics, win-
ows for corrosive and hot environments and generally speaking
ransparent media in hostile environments.1 However, the most
elevant characteristic of transparent ceramics is the possibility
o conform complex shapes avoiding expensive fabrication pro-
edures such as single crystal growth, and machining, especially
n the cases where devices with large dimensions are required.2

On the other hand, conventionally sintered ceramics are
paque as a consequence of the presence of different structural
efects. Therefore, light scattering can be minimized or even
uppressed when ceramic heterogeneities are removed or limited
n concentration and size. Thus, for applications in the visible
pectral range (λ  ∼  500 nm) ceramics heterogeneities must be
t least smaller than 50 nm but preferably shorter than 10 nm,
hereas for far infrared (λ  ∼  5 �m) inhomogeneities of the order
f 1 �m are even tolerable.
From an electromagnetic point of view, a defect can be
efined as a region with a discontinuity on the refraction index,
nd accordingly, the larger the difference or the extension, the
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arger the scattering is. In isotropic ceramic materials, the most
elevant optical defects are the pores. The scattering behaviour
f these defects is fully described by the Mie equation,3 how-
ver, when the pore size is small enough, the simplest Rayleigh
pproximation is fair enough to fully describe the scattering
echanism.4 Light scattering in alumina is somehow a more

omplex question. Due to its anisotropic character, grain scat-
ering must also be considered. Alumina single crystals present

 small difference in the refractive indices along the z  direction
nd the xy  plane, being its degree of birefringence, �n = 0.008
r �n/n  = 4.5 ×  10−3 (no = 1.7638 and ne = 1.7556 at 700 nm).

The first theoretical model applied to transparent or translu-
ent aluminas was introduced by Apetz and van Bruggen.5

his model is basically a phenomenological modification of
he Rayleigh–Gans–Debye approximation originally developed
or isotropic spheres. Afterwards, a rigorous model has been
eveloped by Pecharroman et al.6 This model, which includes
he effect of texturing in the translucency, states that light
bsorbance of translucent aluminas follows a λ−2 law and it
lso linearly depends on the crystallite size and on the ceramic
nisotropy. This model satisfactorily reproduces the optical
ransmittance of some near-free porosity alumina samples pre-
ented in the literature.5,7–16

According to the theoretical models, in order to pro-

uce transparent aluminas porosity must be reduced to the
inimum but keeping the grain size as small as possible.
hus, all transparent alumina ceramics are prepared following

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.039
mailto:cpg@icmm.csic.es
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pecifically designed processing routes to keep porosity below
.1% and maximum pore size below 50 nm. Consequently, it
s mandatory to use no agglomerated nanometer sized alumina
owders as starting material. From these powders, a green com-
act with a high coordination number between particles as well
s a high density (>60%th), must be obtained.13,17,18 Addition-
lly, sintering processes must be carried out in such a manner
hat exaggerated grain growth will be limited to the maxi-

um extend. Therefore, the best results for transparent alumina
btained up to now in the literature are either by spark plasma
intering (SPS)19,20 or through wet casting, sinter in air until
6% density and subsequent HIP till all pores are eliminated.5,21

ollowing these routes a RIT value of 50–60% at 650 nm can be
chieved.18

In all the reported processing routes, a mandatory require-
ent is to keep the grain size as small as possible during

intering stages. Vacuum sintering is practically an unexplored
echnique in the literature.22,23 While most of previous works
bout vacuum sintering22,23 were performed at relatively low
acuum level (10−2/10−3 mbar), in the present investigation,
igh vacuum sintering (10−6 mbar) have been performed to
btain transparent �-alumina ceramics. Although it is known
hat low vacuum (∼10−3 mbar) induces a positive sintering pres-
ure due to the removal of air and other absorbents from the
ores,24 the role of a high vacuum environment during sinter-
ng is a yet an unknown subject.25 Under such conditions, it is
xpected that oxygen diffusion inside the grains of the green
ody may be altered as well as the level of impurities will be
rastically reduced.

.  Experimental

High purity �-alumina (99.99%) (TM-DAR, Taimei Chemi-
als Co., Ltd.), with an average particle size of d50 = 0.2 �m, a
ET specific surface area of 14.5 m2/g and the following chem-

cal analysis (ppm): Si (10), Fe (8), Na (8), K (3), Ca (3), Mg
2), Cu (1), Cr (<1), Mn (<1), U (<0.004), Th (<0.005) has been
sed as starting powder.

Powder suspensions of 60 wt% solid content were prepared
sing distilled water as liquid media and a 0.5 wt% addition
f an alkali-free organic polyelectrolyte as surfactant (Dolapix
E-64). The pH of the obtained suspension was found to be
.8 ±  0.1. The suspensions were homogenised by milling with
lumina balls, 99.9% purity, in polyethylene containers at 150
.p.m. for 24 h. After homogenized, the mixtures were de-aired
hile stirring for 1 h. The slip casting process to obtain green
lates (10 ×  10 ×  1 mm) was performed in a pure porous alu-
ina mould and under slight vacuum (∼150 mbar) in order to

liminate bubbles.
To determine the sintering window, different dilatometric

ests were done in a Bahr dilatometer with a heating rate of
◦C/min till 1600 ◦C, in air and vacuum (10−6 mbar) environ-
ents.

◦
The samples were sintered in an electrical controlled (±1 C)
ubular alumina (99.7% purity) furnace. This furnace has an
ttached vacuum system (rotatory and turbo pump) which allows
o sinter to 1600 ◦C at 10−6 mbar. All the cast green plates were

a
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reviously burn out at 800 ◦C for 24 h in air atmosphere to avoid
he presence of organic residues and to eliminate the finest grains
hat might induce local densification, obtaining in this man-
er, an homogeneous microstructure.26 Afterwards, the samples
ere sintered at 1350 ◦C, 1400 ◦C, 1450 ◦C and 1500 ◦C to a

heoretical densities larger than 98%th. In the same way, dif-
erent sintering times were employed, but, in order to simplify
he exposition, only the results corresponding to the shortest
2 h)23,27 and largest (50 h) periods will be discussed.

Sample microstructure were studied after a thermal etching
15% less than sintered temperature for one hour) on polished
urfaces down to 1 �m by SEM (Hitachi, model S3000N). The
rain size of the alumina was determined using the linear inter-
ept method.28

Samples were prepared for analysis in a transmission elec-
ron microscope TEM (JEOL JEM 3000F) using the ion milling
echnique (Fischione 1010).

Sample density was measured (when applicable) by
rchimedes method in distilled water.
To eliminate surface light scattering, all the sintered plates

ere polished on both sides. The transmittance spectra were
easured using three different spectrophotometers to cover the
idest possible spectral range: Nicolet 20 SXC FTIR spec-

rophotometer from 7 to 2.5 �m, Bruker IFS 66V FTIR from
.5 to 0.8 �m, and finally a Jasco V660 dispersive spectropho-
ometer for the visible range (0.8–0.3 �m).

Bending strength, σf, was determined by three-point bending
est and was conducted in loading direction parallel to the slip
ast direction. The tests were performed at room temperature
sing a universal testing machine (Instron Model 4411). The
pecimens were loaded to failure with a cross-head speed of
.5 mm/min and a span of 20 mm. The hardness was obtained
y the Vickers indentation with a hardness indentation tester
Buehler model Micromet 5103).

. Results

.1.  Microstructure

As can be observed in Fig. 1, all the green bodies obtained
y the herewith used slip-casting procedure are constituted by a
ense packing of alumina grains (with an estimated coordination
umber around 10, which roughly means a theoretical density
n the green body of 60%) free of larges pores. The maximum
ize of the observed pores was found to be ∼100 nm.

The shrinkage results from the dilatometer, Fig. 2a, showed
hat (�L/L0) at the end of the sintering process is higher in the
ase of vacuum than air sintering although the linear shrinkage
ate (d(�L/L0)/dt) reaches a maximum at higher temperature for
acuum (1330 ◦C) than in the case of air sintering (1298 ◦C). In
ig. 2b, the theoretical densities of the alumina samples, mea-
ured by the Archimedes method, have been plotted. It should
e stated that, according a simple error analysis, the estimated

ccuracy of this experimental procedure (∼0.5%) is not enough
or a precise characterization of these samples. From this plot,
t can be inferred that a higher final density is obtained for air
intered samples during 2 h but, conversely, samples sintered in
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Fig. 2. (a) Dilatometer experiments performed with different atmospheres. Dash
lines correspond to d(�L/L0)/dt, red in air and black in vacuum. Solid lines
correspond to �L/L0, red in air and black in vacuum. (b) Archimedes density vs.
sintering temperature where black stars are 2 h vacuum sintering, green squares
are 2 h air sintering, blue triangles are 50 h vacuum sintering, red dots are 50 h
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ig. 1. SEM micrograph of the green compact presintered at 800 ◦C for 24 h in
ir.

acuum during 50 h seem to have a slightly higher density. As
xpected, as long as the holding time of sintering is, as higher
he density of the samples is.

According to Fig. 3a and b, the microstructures of vacuum
intered samples at 1400 ◦C for 2 h present a smaller average
rain size than the ones sintered in air atmosphere. This ten-
ency can be extended to most of the sintering conditions, as it
ppears in Fig. 3c. It is worth to note that this trend is even more
ronounced for the higher sintering temperatures.

TEM micrographs corresponding to samples sintered at
350 ◦C, in air and in vacuum for 50 h, are shown in Fig. 4.
he most striking feature of vacuum sintering samples is the

attice matching between grains (HRTEM Fig. 4c) resembling
he images of an epitaxial growth structures. In the case of air
intered samples, grain interface does not look to have some
ind of lattice correspondence (Fig. 4d). Instead, a kind of crys-
alline disordered region seems to extend along the interfaces.
dditionally, triple points corresponding to air sintered samples
resent a more rounded shape (Fig. 4a and b).

.2. Mechanical  properties

The Vickers hardness as a function of the grain size is plotted
n Fig. 5. It can be observed that for dense samples (densities
arger than 99%th) the hardness decreases with the grain size,
ollowing a Hall–Petch behaviour.29 For samples with densities
elow 99%th. Vickers hardness is much smaller and dependant
n porosity

The bending strength has been measured only in the sample
ith the highest hardness value, sintered at 1350 ◦C, 50 h in
acuum and the result was found to be σf = 700 ±  50 MPa.

.3. Optical  properties
In Fig. 6a the transmittance of two alumina ceramics has
een plotted. In order to illustrate the effect of high vacuum on

p
a
p

ir sintering. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

intering, we have chosen the most transparent sample which
as obtained at 1350 ◦C for 50 h in high vacuum conditions and

ts counterpart processed under the same conditions but in air.
he vacuum sintered sample presents a spectral window which
pproximately extends from 6500 to 700 nm. The air sintered
ample displays a poor transmittance, smaller than a half of the
acuum sample. Additionally, the spectral window of this later
s narrower, especially in the visible range.

. Discussion

It has been previously reported that sintering under low
acuum (∼10−3 mbar) conditions induces a positive sintering
ressure due to the removal of air and other absorbents from the

ores.22 However, according to our experiments we did not find
ny noticeable effect of low vacuum on transparent aluminas,
robably due to the high density of the studied samples. Instead,
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ig. 3. (a) SEM image of sample sintered at 1400 C for 2 h in air. (b) SEM ima
emperature where black stars are 2 h vacuum sintering, green down triangles a
intering. (For interpretation of the references to color in this figure legend, the

igh vacuum sintering (∼10−6 mbar) revealed to have a strong
ffect in the optical quality of resulting ceramics.

One of the most determinant factors which determine the
rain growth mechanism is the presence of impurities in the
reen body during the sintering process. It is well known traces
f Si, Ca, K, Mg. etc., could be incorporated during the pow-
er processing stages or volatilized from the furnace during
intering. It should be noted, that in order to avoid sample con-
amination, the slip-casting was performed in a semi-clean room
sing an alumina mould instead of the classical plaster one
nd the tubular furnace was a monolithic piece of high purity
lumina.

In the case of air sintered samples there are two impuri-
ies sources: the first are some traces from the tubular alumina

urnace and the second is the water vapour present in the atmo-
phere. In the case of high vacuum sintering (high vacuum
10−6 mbar) the continuous pumping remove all the atomic

a
s
s

 sample sintered at 1400 C for 2 h in vacuum. (c) Grain size (d50) vs. sintering
 air sintering, blue up triangles are 50 h vacuum sintering, red dots are 50 h air
r is referred to the web version of the article.)

pecies from the oven so that contamination of the samples is
ractically avoided.

However the observed effect on the grain growth of the
intering atmosphere is not the expected one according to the
heoretical predictions.30 It is commonly found that impurities
educe the mobility of the grain boundary, acting as solute or
recipitating at the grain boundaries causing a pinning effect.
n our case, air sintered samples (richer in impurities) present

 bigger grain size than the vacuum sintered ones. In fact, the
EM micrograph, Fig. 4c and d, show a clean grain boundary

n the vacuum sintered sample and an amorphous grain bound-
ry in the air sintered. This amorphous grain boundary has been
bserved previously by different authors.31,32

In our particular case, several factors can explain the smaller

verage grain size of vacuum sintered samples versus the air
intered ones. In the first place, a very low oxygen partial pres-
ure, (pO2) could depletes the oxygen diffusion through the
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Fig. 4. (a) TEM image of sample sintered at 1350 ◦C for 50 h in vacuum. (b) TEM 

sintered at 1350 ◦C for 50 h in vacuum. (d) TEM image of sample sintered at 1350 ◦C

Fig. 5. Vickers hardness vs. grain size of representative samples.
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image of sample sintered at 1350 ◦C for 50 h in air. (c) TEM image of sample
 for 50 h in air.

rain boundary limiting its mobility. According to Bennison
nd Harmer33 the intrinsic motion of a grain boundary in a pure
ystem (as it is our case) is determined by the diffusional trans-
er of matter from the contracting grain to the expanded grain.
hat is, the mobility of the grain boundary is proportional to

he diffusion coefficient. This diffusion coefficient is depleted
t very low pO2. On the other hand, Wei and Rhodes34 and
hinelatto and Tomasi25 have reported that water vapour affects

he mass transport and consequently increases the sintering and
rain growth, in air atmosphere. This is in perfect agreement
ith our experimental results. However for a fully understand-

ng of the operating diffusions mechanisms more research has
o be done.

Referring to the optical properties, as a consequence of the
igher grain side of the air sintered samples, entrapment of pores
ave taking place as can be deduced from microstructural obser-
ation (Fig. 3a and b) and from the dilatometric curve (Fig. 2a)

here the final shrinkage is about 0.6% higher in vacuum than in

ir. Furthermore the linear shrinkage rate (d(�L/L0)/dt) is maxi-
al for lower temperatures in air than in vacuum (Fig. 2a). Thus,
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ig. 6. (a) External aspect of the samples sintered at 1350 C for 50 h in vacuum 

f samples sintered at 1350 ◦C for 50 h in vacuum blue dash dot line and in air 

he reader is referred to the web version of the article.)

or lower sintering times (2 h), the obtained density is smaller
n vacuum than in air (Fig. 3c), after longer periods (50 h), the
bserved density is the opposite (Fig. 3c).

Because vacuum samples require longer times to totally
emove the porosity, it is easier to determine the optimal con-
itions (temperature and sintering time) for achieving a near
00%th density while keeping a homogeneous grain size dis-
ribution. Therefore, best results were obtained for long times
50 h) at a sintering temperature close to the one of maximum
hrinkage rate.

One of the main conclusions we can drawn from the
icrostructural analysis of different transparent ceramics is the

xtreme level of perfection they exhibit. Moreover, the practi-
al total absence of porosity and the high degree of stability of
rain interfaces in high vacuum sintered aluminas complicates
ven more a precise microstructural analysis. In this regard we
ant to point out that a simple analysis of the absorbance curves

llows determining which the main source of scattering is. This
nformation is crucial, because once the most relevant defect is
ound several strategies can be implemented in order to avoid it
n the next fabrication batch.

Optical properties are strongly determined by the pore and
rain size distribution. In both cases, two scattering mechanisms
hould be applied.

.I.T.  =
[

1 −  2

(
n  −  1

n  +  1

)2
]

e−κd =  T0e
−A (1)

here A  is the total absorbance, n  the refractive index of the

ample, d  its thickness and κ  the linear absorption coefficient.
he absorbance has three relevant terms:

 =  Ap +  Ag +  Ada (2)

t
a
i

e and in air bottom side. (b) Experimental optical transmittance vs. wavelength,
ed dash line. (For interpretation of the references to color in this figure legend,

Ap, Ag and Ada stand for pore, grain and anomalous scattering
erms. Absorbance can be calculated through this relationship
hich relates it with the efficiency scattering factor Qext.

 = 3

4
fQextd (3)

here f is the volume defect concentration.
As it has been previously stated, the pore scattering mecha-

ism can be approximated by the Rayleigh model. The analytical
fficiency scattering factor and absorbance expression is given
y:

Rayleigh = 128

3
π4 〈a4

p〉
λ4

∣∣∣∣∣ 1 −  〈n〉2

1 +  2〈n〉2

∣∣∣∣∣
2

(4)

p =  32π4fp

〈a3
p〉

λ4

∣∣∣∣∣ 1 −  〈n〉2

1 +  2〈n〉2

∣∣∣∣∣
2

d  (5)

This is a very interesting expression, because it states that
orosity (fp) and medium pore size 〈a3

p〉  will be keep as small as
ossible. In fact, the absorbance for slightly porous aluminas is
ainly determined by the coefficient 〈a3

p〉fp/λ4. Therefore, only

amples with small values of 〈a3
p〉fp will present appreciable

ransmittances at visible wavelengths. It should be noted, that
ecause of the definition of 〈a3

p〉

a3
p〉 =

∑
i

a3
i fp,i =

∑
ia

6
i∑

ia
3
i

(6)

3 3 3
It is easy to show that 〈ap〉 >  〈ap〉 . In fact, 〈ap〉  is closer
o the maximum detected pore radius, so that in a very good
pproximation, this average value can be substituted by the max-
mum pore size found. In this sense it is clear the need of a very
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Fig. 7. Logarithm of transmittance (absorbance) vs. the inverse of the wave-
length square of samples sintered at 1350 ◦C for 50 h in vacuum blue dash dot
line and in air 50 h red dash line. Straight lines represent the linear fitting in
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ood processing and sintering that avoids the presence of large
orosity, even if they are scarce.

In case that pore size is much larger than the incident wave-
ength, efficiency scattering section reaches a constant value of

ext = 2, so that the absorbance is given by:

p = 3

2

fpd

〈ap〉 if λ  �  〈ap〉 (7)

Grain and pore light scattering can have a similar weight in
he case of transparent alumina ceramics in the visible range.
he grain scattering model uses the Rayleigh–Gans–Debye
pproximation. This is valid for small scatters with a refractive
ndex very similar to that of the environment (|m  −  1|  �  1 and
π|m − 1|ag/λ  �  1), where m  is the quotient between the refrac-
ive index of the scatter and that of the surrounding medium, ag

he grain radius and λ  the incident wavelength. The model states
hat transmittance of dense alumina ceramics basically depends
ot only on the maximum grain size but also on the preferential
rientation of their c-axis, or texture. This model predicts an
bsorbance law following:

g =  −6π2〈ag〉
λ2

(
�n

〈n〉
)2

α(ξ)d (8)

here �n  is the difference between the refraction index in the
ifferent axis and equals to 0.008 for �-alumina and d  is the
hickness of the sample. Thus, if the samples are near-free poros-
ty, the slope of the line is proportional to the values of the texture
unction α(ξ), where ξ  is the effective angle of the optical axis of

 singular crystallite with the sample surface normal and 〈ag〉,
he average grain radius value corresponding to a volume grain
istribution, defined by:

ag〉  =
∑

i

ag,ifg,i =
∑

ia
4
g,i∑

ia
3
g,i

(9)

As it happens in the case of the pore size distribution, it can
e stated, that with a good degree of approximation, for hetero-
eneous grain size distribution, 〈ag〉 can be considered similar
o the maximum value of grain radius experimentally found.

The anomalous diffraction term4 appears when grain size is
arger than wavelength but keeping contrast small. In fact, this
erm can be seen as the upper limit of the grain scattering. In a
imilar way as it happens with pore scattering, in case of large
article size, the scattering efficiency factor tends to Qg = 24 so
hat the absorptions can be approximately written as:

ad
∼= 3d

2〈ag〉 if λ  �  〈ag〉 (10)

Therefore, in case of aluminas with moderate to low porosity
nd grain size, the transmittance is given by

 =  −  log(T0) +  Ap +  Ag (11)⎧⎪⎪⎪⎨ 32f π4

∣∣∣n2 −  1
∣∣∣2 〈a3

p〉
d  if λ  >  〈a 〉
p = ⎪⎪⎪⎩
p ∣n2 +  2 ∣ λ4 p

3

2

d

〈ap〉fp if �  〈ap〉
(12)

d
d
p
a

he low wavelength region. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of the article.)

g =

⎧⎪⎪⎨
⎪⎪⎩

6π2�n2α(ξ)
〈ag〉
λ2 d if λ  >  〈ag〉

3

2

d

〈ag〉 if λ �  〈ag〉
(13)

These expressions state that depending on the scattering
efect, the absorbance curve presents different characteristics.
n the case of pore-free transparent aluminas, absorbance (or
log(T)) follows a 1/λ2 behaviour in a broad range of wave-

engths. For pore free with large grain ceramics, the former
traight line saturates for shorter wavelengths as a consequence
f anomalous diffraction. Finally, if dense alumina presents low
orosity and small grain size, the linear behaviour of absorbance
s. 1/λ2 transforms into a parabolic profile for short wavelengths.

This simple rule has been applied to determine the main
ource of scattering of alumina ceramics.6,12,35 In the case of the
ample sintered at 1350 ◦C for 50 h in vacuum (Fig. 7), a linear
egime can be found for longer wavelengths, to saturate around
ptical wavelengths. It clearly indicates that alumina grains have
rown enough to scatter following the anomalous diffraction
egime. If we focus on the linear regime, the absorbance data can
e fitted to nearly isotropic alumina, i.e. α(ξ) = 0.356 resulting

 maximum grain size of ag = 1830 nm, in good agreement with
he experimental results. It should be noted that although this
rain size induces a large grain scattering, the limiting nature of
nomalous diffraction makes possible that this sample presents
n acceptable level of transparency even to 500 nm (Fig. 6).

In the case of air sintered sample, one can suppose at first
ight that this sample presents a similar behaviour as the previ-
us one. i.e. 1/λ2 regime for longest wavelengths followed by

 saturation for wavelengths shorter than 900 nm. However a
etailed analysis of the air sintered sample curve reveals that it

oes not cross the coordinate axis at −log(T0) for 1/λ2 = 0 as it
redicts the theory. It should be reminded that the former model
lways assumes that the scattering efficiency is low. In the case
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Fig. 8. Absorbance model of polycrystalline alumina with grain radius
ag = 1000 nm, thickness 1 mm and porosity fp = 5 × 10−3 for different pore
radius (ap = 5, 12.5, 31.5, 79.2, 200 and 500 nm are black solid, red dash, blue
dot, magenta dash dot, dash dot dot and short dashed respectively). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
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nium oxide-anatase thin films. J Appl Phys 2003;93(8):4634–45.
he web version of the article.)

f large porosity, approximations are no longer valid, so that
ull Mie calculations should be carried out to fully describe the
ransmittance curves. Fig. 8 simulates the absorption curves vs.
/λ2 for 1 �m alumina grains ceramic containing pores with dif-
erent size. For very small porosity (ap < 15 nm), defects have no
ffect on absorbance. For moderate pore size (15 < ap < 200 nm)
bsorbance curve presents a parabolic shape, as it corresponds
o the Rayleigh regime. Finally if pore size is large enough
ap > 200 nm) the pore contribution to absorbance appear as con-
tant value (wavelength independent) that shifts up the whole
urve. As a result, the extrapolation of the linear regime does
ot crosses at −log(T0) for 1/λ2 = 0 as it appears in Fig. 7 for the
ir sintered sample. Therefore, it can be concluded that sample
intered in air contains large pores (∼200 nm). This agrees with
he observed result that the grain microstructure obtained by
acuum sintering is more homogeneous than the one prepared
n air atmosphere. Therefore, the role of vacuum sintering is to
nhibit the exaggerated grain growth. It could indicate a poorer
egree of sintering for short times. However, for larger times,
his limited growth rate allows a controlled way to remove the
reen body porosity.

In summary, it can be stated that vacuum sintering at very low
ressures (∼10−6 mbar) slows down the sintering rate, hinder-
ng both, exaggerated grain growth and intragranular porosity.
hus, alumina compacts with very low and small porosity and
rain size can be simultaneously obtained by sintering for long
eriods of time (50 h) at the temperature of maximum shrink-
ge rate. Vacuum sintered samples present high transmittances
ver a wide spectral window. Besides, a simple analysis of the
bsorbance curve vs. for 1/λ2 allows to determine the most rel-

vant scattering mechanism: (i) small grain scattering (straight
ine); (ii) small porosity (parabolic curve); (iii) large grain scat-
ering (constant or saturation of absorbance); (iv) large porosity

2
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curve does not extrapolate at −log(T0) for 1/λ2 = 0). It is worth
o remark that the same ceramic properties that make transpar-
nt samples, are the ones required for high hardness and bending
trength values. Particularly, hardness of HV = 21 ±  1 GPa and
ending strength of σf = 700 ±  50 MPa has been measured in the
ost transparent sample (1350 ◦C, 50 h in vacuum).
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