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bstract

l2O3–CeO2 ceramics were found to be transparent in the IR range and high-traslucent in the visible range. The surface of nanometric �-alumina
articles was modified by deposition–precipitation of small fractions of ceria nanoparticles. The powders were sintered using Spark Plasma
intering. Values of Real In-line Transmittance up to 70% in the IR-Vis range have been measured. Transparency enhancement has been attributed

o Cerium oxide nanoparticles located at the grain boundaries and triple points. These particles are hindering alumina grain growth during SPS at
◦

 temperature as high as 1430 C. This effect is found to be effective under SPS low vacuum conditions and short dwell times. The optimum ceria
ontent was found to be 0.7 wt.%. Diffusion in Al2O3–CeO2 as a function of the atmosphere has been studied in diffusion couples. The results
btained by the proposed route are discussed considering the data reported in the literature for SPSed transparent alumina.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

The combination of high transparency and excellent mechan-
cal properties such as hardness or chemical stability, makes
olycrystalline transparent alumina (PTA) an interesting option
n industrial and military applications such as armour parts, dis-
harge lamps, airborne infrared sensors and laser.1 However,
btaining large or complex shaped PTAs samples is still a chal-
enge. The achievement of transparency in this material needs the
ccomplishment of mainly two requirements. Firstly, the resid-
al porosity in the material has to be lower than 0.05 vol.%.2

econdly, the grain size has to be as small as possible in order
o minimize the effect of the birrefringent character of alumina.
n this context, the key factor to achieve these goals seems to be
he control of the grain growth in order to decrease the flaw size

<100 nm) and, therefore, the volume of porosity.

The effect of the addition of small percentages of dopants
uch as Mg, Ti, Ca,3–5 Zr, Y or Ln in the optical properties of
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lumina has been widely studied in further investigations. High
ransparency has been achieved using both sinter-HIP6 and SPS7

ith MgO dopants. Despite the fact that these compounds mod-
fy the grain growth rate in alumina, it is not evident to achieve
ransparency due to the anisotropic character of the alumina
rains. In this regard, alumina/ceria is a promising system due
o its ability to change its oxidation state with oxygen partial
ressure,8 as well as the grain growth inhibition,6 which per-
its to use the sintering atmosphere to control the grain growth

nstead of the restrictive heating rates in SPS. In the present work,
he influence of CeOx doping on the transparency of SPSed alu-

ina compacts is investigated (CeOx is a mixture of Ce2O3 and
eO2 (according to XPS analysis approximately in a proportion
f 50%), as reported in our previous work,9 where the oxida-
ion state of cerium has been determined for SPSed samples in
acuum by means of XPS analyses.

. Materials  and  methods
Pure �-alumina (Taimei  TM-DAR, average particle size:
70 nm, Taimicrons, Japan) and a ceria precursor (Cerium (III)
cetate hydrated, Sigma  Aldrich) have been used to prepare

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.037
mailto:i.alvarez@cinn.es
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.037
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Table 1
Ceria content and grain sizes of the different SPSed samples.

Sample wt.% CeO2 Alumina grain
size (�m)

Maximum calculated grain
diameter Al2O3 (�m)

Maximum measured grain
diameter Al2O3 (�m)

A 0 2.8 ±  0.1 6 5.7
Ace-03 0.3 0.72 ± 0.11 2.2 2
Ace-05 0.5 0.49 ± 0.03 1.3 1.3
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ce-07 0.7 0.38 ± 0.03 

ce-1 1 0.47 ± 0.02 

lumina/ceria nanopowders. Powders with CeO2 contents of 0.3,
.5, 0.7 and 1 wt.% have been prepared, following the wet pro-
essing route described by the authors elsewhere.9 Pure alumina
as been sintered under the same conditions for comparison pur-
oses. The alumina/ceria powders have been uniaxially pressed
t 15 MPa and subsequently Spark Plasma Sintered in vacuum
10−2 mbar) at 1430 ◦C. The heating rate was 50 ◦C min−1; a
ressure of 80 MPa was applied after reaching the temperature
f 600 ◦C, until the end of the process. The dwell time at the
aximum temperature was 2 min. A summary of the different

amples studied is presented in Table 1.
The reactivity of the Al2O3-CeO2 system in pressureless sin-

ering as a function of the atmosphere has been determined by
eans of diffusion couples. Al2O3 and CeO2 laminates have

een pressed at 200 MPa and sintered at 1600 ◦C in air during
 h. Once sintered, the surface of the samples was polished down
o 1 �m. The polished surfaces of alumina and ceria laminates
5 × 2x2 mm) were kept in contact under the weight of a block
f alumina (20 g). The diffusion couples were heated at 1500 ◦C
or 12 h in either argon or air. Once treated, the cross section of
he samples were polished down to 1 micron and the diffusion
ehaviour of the different species was observed by Scanning
lectron Microscopy (SEM, Hitachi  TM3000) provided with
DX analysis (Bruker, Quantax  70).

For the measurement of the optical properties, the surfaces
ere polished down to 1 �m using diamond paste. The real in-

ine transmittance (RIT) spectra of the sintered samples were
etermined in the range 2.5-5 �m with a Nicolet 20 SXC FTIR
pectrophotometer; for the 0.9-2.5 �m range, a Bruker IFS 66 V
TIR spectrophotometer was used; finally, in the visible range,
easurements were carried out with a JASCO V-660 spec-

rophotometer.
The microstructure of the polished samples was observed by

ield-Emission-Scanning Electron Microscopy (FE-SEM, Zeiss
ltraplus) and SEM. The samples were previously thermally

tched in vacuum to activate their surfaces. For that purpose, the
elected temperature was 0.7·Ts, where Ts represents the sinter-
ng temperature of the sample. The etching time was 5 min. Grain
ize of alumina samples was calculated by an intercept method.10

he crystalline phases formed in the different materials were
nalysed by X-ray Diffraction (Bruker D8).
.1. Theory/calculation

For the explanation of the light scattering behaviour in the
ear-IR (NIR) and visible (VIS) range, a light scattering model

w
u
i
s

0.6 0.85
– 1.14

nder the approximation for polycrystalline alumina has been
ntroduced. The model states that transmittance of well-polished
ense alumina has two main scattering mechanisms: pore scat-
ering (given by a Rayleigh approximation) and grain scattering
model by a Rayleigh-Gans-Debye expression). The first one
s the classical (a/λ)4 scattering law (being a  the pore radius
nd λ the incident wavelength) while the second one follows

 (a/λ)2 law.11 In a recent paper,12 it has been shown that, not
nly on the maximum grain size is relevant for light scattering
n anisotropic ceramics, but also the preferential orientation of
heir c-axis, or texture must be taken into account. The effect
f texture in transparency experimentally measured on dense
lumina samples with different grain size has shown very good
greement with the results of x-ray Rietveld refinements. The
nalytical expression for the scattering efficiency factor is

RGD(x,  ξ) =  2x2 �n2

n2
av

α(ξ) (1)

where Δn  is the difference between the refraction index in
he different axis (equals to 0.008 for �-alumina) and d  is the
hickness of the sample. Using these variables, a straight line is
btained for the Rayleigh–Gans–Debye approximation, its slope
eing proportional to the maximum grain size ag and textural
arameter α(ξ).

The total scattering efficiency factor is the sum of the scat-
ering contribution of grains plus pores11:

 =  QR +  QRGD= 8

3

∣∣∣∣�n2
av −  1

�n2
av +  2

∣∣∣∣
2(

2πad

λ

)4

+  2

(
2πag

λ

)2
�n2

n2
av

α(ξ) (2)

Where ad is the deffect size and �nav the relative refractive
ndex contrast in respect to the ceramic matrix. The relationship
f the scattering efficiency factor with absorbance coefficient κ

s given by:

κ =  πa2Q  N

κ = 3

4

(
fp

QR

ap

+ QRGD

ag

)
(3)
here N  is the volume density of defects and fp is the vol-
me concentration of pore/inclusions. The total transmittance
s therefore given by the light transmitted through a transparent
amples (only affected by reflectance losses) times the factor
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hich takes into account the scattering absorption through a
hickness d.

 =
[

1 −  2

(
nav −  1

nav +  1

)2
]

e−κd (4)

Expression (4) can be rewritten in the following mode.

 log(RIT)=  −  log(T0) + 6π2
〈
ag

〉
λ2 �n2α(ξ)d

+ 32fpπ4
〈
a3
d

〉
λ4

∣∣∣∣�n2
av −  1

�n2
av +  2

∣∣∣∣
2

d  (5)

 =  A0 +
(

Bd

λ2 + Bg

λ4

)
d (6)

A0 =  −  log(T0)

Bd = 32fpπ4
〈
a3
d

〉
λ4

∣∣∣∣�n2
av −  1

�n2
av +  2

∣∣∣∣
2

Bg = 6π2
〈
ag

〉
λ2 �n2α(ξ)

(7)

In this particular system, the presence of a very small amount
f CeO2 will also contribute to light scattering. In the case
f transparent matrices with CeO2, the refractive index of
eO2 (nCeO2 =  2.36) is very different from that of the alu-
ina (n  = 1.76) and assuming that CeO2 grain size, ad, is much

maller than the maximum grain size (ad �  ag), Rayleigh scat-
ering must be taken into account. It is also worth to remark that
eria/alumina contrast is very close to that of air/alumina, so that
t is hard to distinguish the Rayleigh scattering from pores and
rom ceria grains.

Thus, in case of a representation of absorbance vs. 1/λ2 it
s very simple to determine in which spectral region the main
cattering mechanism is the one due to grains (linear regime)
nd defects (quadratic regime). Therefore, this model offers an
dditional and simple tool for a complete bulk evaluation of the
icrostructure (grain size, texturing, porosity, etc.) of the sin-

ered polycrystalline alumina samples. This bulk microstructural
nformation is critical to fabricate transparent polycrystalline
lumina compacts and cannot be obtained by conventional
icrostructural analysis (i.e. Transmission and Scanning Elec-

ron Microscopy, X-Ray Diffraction).

. Results

.1.  Diffusion  activity

The diffusion activity of Al2O3 and CeO2 was studied by dif-
usion couples, an assembly of the two materials in such intimate
ontact that each one diffuses into the other. The cross section
f the diffusion couples was studied in two atmospheres: argon
Fig. 1a) and air (Fig. 1b). In the case of argon atmosphere, the

otal fraction of CeO2 was reduced to Ce2O3. At the interface of
oth materials, the formation of two compounds can be detected.
fter the identification by XRD, it can be stated that these com-
ounds correspond to CeAl11O18 and CeAlO3. According to the

p
d
s
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DX analysis of the cross-section of the couple (Fig. 1c) there is
nterdiffusivity of ions Al and Ce. As a result, the Al3+ rich com-
ound is formed near the alumina face and the Ce3+ rich cerium
luminate is formed near the ceria face. These results are in per-
ect agreement with the Al2O3–Ce2O3 phase diagram proposed
y Mizuno.13 Moreover, the presence of Ce has been detected in
he region of Al2O3 near the interface Al2O3–CeAl11O18, which
uggests the possible existence of a solid solution only detected
n the case of argon, and not reported before in literature.

when the diffusion couple is heat-treated in air (Fig. 1b),
o diffusion takes place and no intermediate compounds are
ormed, as the Al2O3–CeO2 diagram predicts.13 According to
hese results, the formation of intermediate compounds can only
e expected in either neutral or reducing atmospheres.

According to previous investigations,9 the samples SPSed in
acuum at 1430 ◦C for 2 min present the same oxidation state
s the starting powder. Only in SPS samples obtained under
educing atmospheres (Ar/H2) or long dwell times in vacuum,
he Ce4+ is reduced to Ce3+.

.2. Microstructure  of  the  SPSed materials

The microstructures of the Spark Plasma Sintered samples
s a function of the ceria content are shown in Fig. 2. The
anoparticles can only be detected at higher magnifications, as
hown in the micrographs of the fracture surfaces presented in
ig. 3. These CeO2 nanoparticles tend to concentrate at the grain
oundaries and triple points, reducing the final porosity, as well
s the size of the larger remaining pores in the final material
n comparison with pure alumina (Fig. 3a). According to these
icrographs it can be generally stated that cerium oxide parti-

les are in the nanometric scale and presented an average particle
ize of approximately 30 ±  10 nm (Fig. 3b). Aggregates of ceria
arger than 100 nm can only be found in the sample with the
ighest CeO2 content (Fig. 3c).

According to the grain size measurements (Table 1) it can
e stated that CeOx nanoparticles act efficiently as grain growth
nhibitors of alumina for samples with 0.3–0.7 wt.%. of CeO2.
n this range, the largest average-grain-size obtained was the
ne corresponding to the sample Ace-03 (0.72 ±  0.11 �m); the
mallest average-grain-size was obtained for sample Ace-07
0.38 ±  0.03 �m); in the case of the samples with 1 wt.% of
eO2, the grain growth inhibition was less efficient due to the
resence CeO2 aggregates (0.47 ±  0.02 �m average grain size).

.3. Optical  characterization

In order to compare the effect of the ceria content in the trans-
ittance, samples sintered in SPS with 0, 0.3, 0.5, 0.7 and 1 wt.%

f ceria have been measured (Fig. 4). The transmittance of the
amples increases with the ceria content up to 1 wt.% ceria, in
hich the transmittance drops drastically. Following the theo-

etical model, the log(T) vs. 1/λ2 of the considered samples are

lotted in Fig. 5; for the low spectral range, the experimental
ata fit to a straight line. According to XRD data obtained on
intered samples (data not shown), no texturing was detected.
n this regard, we assigned the texture angle α(ξ) = 0.277, which
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ig. 1. Cross-section micrographs of the diffusion couples Al2O3–CeO2. (A)
l2O3–CeAl11O18 of the diffusion couple treated in argon.

orresponds to random orientation (ξ  = 45◦).13 The fit can be
sed to determine the average alumina grain size. As can be
een in Table 1, the value of the maximum grain size calcu-
ated for samples of 0.3, 0.5 and 0.7 wt.% ceria are in very good
greement with the experimental results (Table 1). In 0, 0.3 and
.5 wt. % ceria samples, the slope of the line is very high and
t saturates for higher values of 1/λ2. This behaviour is typical
f coarse grain aluminas and is due to an additional scattering
echanism called anomalous scattering.11,12 By the opposite,
he linear behaviour corresponding to the 0.7 wt.% ceria sample
n this representation indicates a negligible porosity and/or scat-
ering by CeO2 nanoparticles, so that this concentration is able

4

i

ted in argon; (b) treated in air; (c) detail and EDX analysis of the interface

o control the alumina grain size without introducing significant
ayleigh scattering by the very small ceria nanoparticles nei-

her by porosity. In the case of 1 wt.% CeO2, it is not possible to
pply this model. This fact could be explained considering the
ie equation,14 thus the scattering of ceria grains and aggregates

larger than 100 nm) will introduce some additional complicated
avelength dependence to Eq. (6).
.  Discussion

According to the couple diffusion experiments performed
n Ar atmosphere, Ce3+ is the only specie with the ability to
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Fig. 2. FE-SEM micrographs of Spark Plasma Sin

orm a solid solution and CeAl11O18 when the solubility limit
s reached, as predicted by Mizuno13 (Fig. 6). As a result, the
resence of a solid solution region in the Al2O3–Ce2O3 phase
iagram is proposed in Fig. 6. This solid solution region has
ot been reported in the literature. Further studies are needed to
erify the current findings.

Despite the fact that Spark Plasma Sintering was performed
n vacuum, no intermediate compounds where detected and only
eOx nanoparticles were found. As it has been pointed out in a
revious work,9 XPS analysis of the ceria doped alumina mate-

ials sintered in vacuum reveal that the fraction of Ce4+ and
e3+ remains the same as that of the starting powders. This sup-
orts the hypothesis that, due to the high heating rates and short

c
g
t

ig. 3. FE-SEM micrographs of the surface fracture of Spark Plasma Sintered sampl
f ceria composite (c).
ceria doped alumina samples (polished surfaces).

well times applied during the process, the Ce4+ remains unre-
uced and the main fraction of Ce3+ remains in grain boundaries
nd not in solid solution, as predicted by the equilibrium dia-
ram (Fig. 6), forming CeOx nanoparticles (CeOx is a mixture of
e2O3 and CeO2 (according to XPS analysis approximately in a
roportion of 50%), as reported in our previous work,9 where the
xidation state of cerium has been determined for SPSed sam-
les in vaccum by means of XPS analyses. This also suggests
urther work is needed to precise the Solid Solution extension.

According to the microstructural analysis, these nanoparti-

les act as grain growth inhibitors of alumina, reducing its final
rain size. Moreover, the nanoparticles tend to concentrate at
he grain boundaries and triple points of alumina, closing the

es: (a) Al2O3; (b) alumina with 0.5 wt.% of ceria and (c) alumina with 1 wt.%
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Fig. 4. RIT transmittance of the Spark Plasma Sintered ceria doped

ores located at these positions (Fig. 3a), enhancing the trans-
arency of the material. In this regard, the optimum percentage
f CeO2 was found to be 0.7 wt.%. The RIT obtained for this
ample represents an improvement in comparison to the values
btained in other SPS studies.15,16 Better transmittances have
nly been achieved in other studies with doped alumina freeze
ried powders.7 In this regard, significant improvement should

e possible with a better dispersion of the nanoparticles and the
limination of any remaining porosity. In this particular sample
Fig. 4), the level of transmittance reached comes closer to that of

n
r

Fig. 5. Fitting of the optical data of the SPSed ce
ina (sample diameter: 0.80 mm) as a function of the ceria content.

ingle crystals2,6,17,18 in the far infrared. Lower ceria contents
ead to bigger average grain size, thus birefringence becomes

ore important, and higher percentages of CeO2 lead to second
hase aggregation with relatively coarse sizes (>100 nm) and,
s a consequence of the difference between the refractive index
f alumina and ceria, the transparency of the material is reduced
Figs. 4 and 5).
In summary, the advantages of the alumina–cerium oxide
anoparticles system are the following: (i) we can avoid the
eduction of Ce4+ to Ce3+ with the SPS atmosphere (by using

ria doped alumina to the theoretical model.



I. Alvarez-Clemares et al. / Journal of the European Ceramic Society 32 (2012) 2917–2924 2923

4 A s

l
v
T
a
g
n
i
g
l
c
a

5

i
p
a
s
a
g
a

A

a
C
s
l
u
O
S

R

Fig. 6. Al2O3–Ce2O3 phase diagram proposed by Mizuno et al.1

ow vacuum instead of hydrogen or Ar–H2); (ii) we can use con-
entional submicronic alumina powders (such as, for instance,
aimei) because the strong limitation of the maximum temper-
ture for SPS (around 1200 ◦C2,15,19) to avoid alumina grain
rowth does not affect the process. (iii) The presence of ceria
anoparticles located at the grain boundaries facilitates, dur-
ng the SPS process, the filling of the triple points of alumina
rains and, consequently, hinders the growth of the pores usually
ocated at such triple points, reducing pore scattering. (iv) The
erium oxide nanoparticles hinder the growth of alumina grains
voiding grain scattering.

.  Conclusion

Consequently, these ceria doped alumina open a new promis-
ng avenue to fabricate transparent alumina by SPS. In this
articular system, by controlling the fraction of ceria as well
s the SPS sintering atmosphere and dwell time,9 it can be pos-
ible to by-pass the intrinsic limitations to fabricate transparent

lumina by SPS, such as the low temperature treatments to avoid
rain growth (T  ∼ 1200 ◦C), and the accepted need to produce
lumina powders in the nanometer range.19–21
olid solution region has been proposed by the authors (dot line).

cknowledgements

This work was supported by the Spanish Ministry of Science
nd Innovation (MICINN) under the project MAT2009-14542-
02-02. Isabel Alvarez-Clemares wants to acknowledge the

upport received by Fundación para el Fomento en Asturias de
a Investigación Científica aplicada y la Tecnologia (FICYT),
nder the program Severo Ochoa (BP07-050). Gustavo Mata-
soro was supported by the Spanish Ministry of Education and
cience under the project MAT2006-10249-C02-01.

eferences

1. Cheng JP, Agrawal D, Zhang YJ, Roy R. Microwave sintering of transparent
alumina. Materials Letters 2002;56:587.

2. Kim BN, Hiraga K, Morita K, Yoshida H, Miyazaki T, Kagawa Y.
Microstructure and optical properties of transparent alumina. Acta Mate-
rialia 2009;57:1319.

3. Hilli N, Goeuriot P. Sintering of monodoped and mixtures of monodoped
alpha alumina powders. Symposium on Powder Science and Technology –
Powders and Sintered Material. Albi, France: Elsevier Science Sa; 2007. p.

129.

4. Bernard-Granger G, Guizard C. Influence of MgO or TiO2 doping on the sin-
tering path and on the optical properties of a submicronic alumina material.
Scripta Materialia 2007;56:983.



2 urope

1

1

1

1

1

1

1

1

1

1

2

21. Jiang D, Hulbert DM, Anselmi-Tamburini U, Ng T, Land D, Mukherjee
AK. Spark plasma sintering and forming of transparent polycrystalline
924 I. Alvarez-Clemares et al. / Journal of the E

5. Bernard-Granger G, Guizard C, Addad A. Influence of Co-doping on the sin-
tering path and on the optical properties of a submicronic alumina material.
Journal of the American Ceramic Society 2008;91:1703.

6. Krell A, Blank P, Ma HW, Hutzler T, van Bruggen MPB, Apetz R. Trans-
parent sintered corundum with high hardness and strength. Journal of the
American Ceramic Society 2003;86:12.

7. Stuer M, Zhao Z, Aschauer U, Bowen P. Transparent polycrystalline alumina
using spark plasma sintering: effect of Mg, Y and La doping. Journal of the
European Ceramic Society 2010;30:1335.

8. Shyu JZ, Weber WH, Gandhi HS. Surface characterization of alumina sup-
ported ceria. Journal of Physical Chemistry 1988;92:4964.

9. Alvarez-Clemares I, Mata-Osoro G, Fernández A, Lopez-Esteban S, Pechar-
román C, Palomares J, et al. Transparent alumina/ceria nanocomposites by
spark plasma sintering. Advanced Engineering Materials 2010;12:1154.

0. Mendelson MI. Average grain size in polycrystalline ceramics. Journal of
the American Ceramic Society 1969;52:443.

1. Hulst H.Cvd. Light scattering by small particles. Dover Courier Publica-
tions; 1981.

2. Pecharromán C, Mata-Osoro G, Díaz LA, Torrecillas R, Moya JS. On

the transparency of nanostructured alumina: Rayleigh-Gans model for
anisotropic spheres. Optics Express 2009;17:6899.

3. Mizuno M, Berjoan M, Coutures M, Foex JP, Yogio Kyokaishi M. Journal
of Ceramic Society Japan 1975;83:90.
an Ceramic Society 32 (2012) 2917–2924

4. Bohren CF, Huffman DR, editors. Absorption and scattering of light by
small particles. Wiley; 1983.

5. Kim BN, Hiraga K, Morita K, Yoshida H. Spark plasma sintering of trans-
parent alumina. Scripta Materialia 2007;57:607.

6. Zhan G-D, Kuntz J, Wan J, Garay J, Mukherjee AK. Alumina-based
nanocomposites consolidated by spark plasma sintering. Scripta Materialia
2002;47:737.

7. Apetz R, van Bruggen MPB. Transparent alumina: a light-scattering model.
Journal of the American Ceramic Society 2003;86:480.

8. Krell A, Klimke J, Hutzler T. Advanced spinel and sub-[mu]m Al2O3 for
transparent armour applications. Journal of the European Ceramic Society
2009;29:275.

9. Shen ZJ, Johnsson M, Zhao Z, Nygren M. Spark plasma sintering of alumina.
Journal of the American Ceramic Society 2002;85:1921.

0. Jiang D, Hulbert DM, Anselmi-Tamburini U, Ng T, Land D, Mukherjee
AK. Optically transparent polycrystalline Al2O3 produced by spark plasma
sintering. Journal of the American Ceramic Society 2008;91:151.
Al(2)O(3)windows and domes – art. no. 654509. Window and Dome Tech-
nologies and Materials X 2007;6545:54509.


	Ceria doped alumina by Spark Plasma Sintering for optical applications
	1 Introduction
	2 Materials and methods
	2.1 Theory/calculation

	3 Results
	3.1 Diffusion activity
	3.2 Microstructure of the SPSed materials
	3.3 Optical characterization

	4 Discussion
	5 Conclusion
	Acknowledgements
	References


