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Nanopore Characterization and Optical Modeling of 
Transparent Polycrystalline Alumina
 Production of transparent ceramics has become a topic of resurgent interest 
in recent years, with its promise of near-net shaping appealing to applications 
ranging from biomedicine to solar energy. However, the mechanisms gov-
erning ceramic transparency, translucency, and opaqueness are not entirely 
understood. Models of both grain boundary and pore scattering have been 
proposed, but too often without suffi cient experimental corroboration. An 
extensive experimental analysis of transparent alumina samples is presented, 
establishing a fi rst direct link between the observed transparency, defect size, 
and porosity. Given the unprecedented experimental detail from the full 3D 
pore reconstruction from the FIB tomography, how to correctly interpret the 
experimentally observed transparency is additionally shown. The unprece-
dented experimental and theoretical agreement for the fi rst time identifi es the 
relative contributions of different scattering mechanisms, thereby paving the 
way forward for microstructural tuning of transparent polycrystalline alumina. 
  1. Introduction 

 Research activity in the fabrication of transparent ceramic mate-
rials has seen remarkable growth over the last decades, [  1–9  ]  with 
applications in an impressively broad and ever-expanding range 
of industries including optoelectronics and lighting, [  10  ]  medical 
and dental implants, [  11  ,  12  ]  ceramic armors, [  8  ]  and solar energy. [  13–15  ]  
One key feature and driving force of such activity is the possibility 
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of sintering transparent ceramics to a 
near net shape, which has a potentially 
large economic and design impact, [  16  ]  par-
ticularly in comparison to machining the 
single-crystal bulk material. The general 
trend for reliable, mechanically robust 
ceramics has driven down grain sizes [  17  ,  18  ]  
to a regime requiring substantial attention 
to all the ceramic processing steps, from 
the powder synthesis to the sintering (i.e., 
fi ring). Homogenizing and scaling down 
the microstructure allows higher densi-
ties to be achieved, and thus improves 
the overall ceramic properties, including 
optical transparency and, eventually, 
colored transparent ceramics. [  7  ,  19–21  ]  

 Improving optical transparency pro-
ceeds generally by reducing the grain size 
and the pore fraction in the ceramic, as 
these both represent scattering sources 
which limit the attainable optical transmittance. For ceramic 
materials in which the single crystallites are themselves ani-
sotropic, an additional contribution arises from the crystal-
line birefringence, as the relative orientation between adjacent 
grains imposes an index mismatch of the ordinary and extraor-
dinary axes at each interface. Each grain boundary therefore 
represents a scattering source, which can in principle be mini-
mized by introducing texture into the microstructure, [  22  ]  such 
that index mismatch across a grain boundary is minimized and 
the transmittance thereby improved. This fundamental property 
of birefringent crystalline structures commonly encountered in 
standard ceramic materials (e.g., Al 2 O 3 ) explains the motivation 
of some researchers to focus on materials with cubic crystalline 
structures (e.g., MgAl 2 O 4 ). Despite the general inferiority of the 
mechanical properties (depending on the grain size) of the iso-
tropic materials, this strategy limits the challenge for improved 
optical properties to the residual porosity reduction. [  8  ]  

 Specifi cally for transparent polycrystalline alumina (PCA), the 
birefringence is small ( n  o   =  1.760,  n  e   =  1.768) but by no means 
non-negligible. Experimentally, relatively high real in-line trans-
mittance (RIT) values have been achieved (50–70% at 640 nm, 
cf. 86% for sapphire) [  1–4  ,  10  ]  in samples prepared either by nat-
ural sintering followed by hot isostatic pressing (post-HIP) [  2  ,  6  ]  
or by pulsed electric current sintering (PECS), also referred to 
as spark plasma sintering (SPS). [  4  ]  The prevalent optical model 
to predict the real in-line transmittance (RIT) describes scat-
tering from the grain boundaries quantitatively, but includes the 
contribution from the residual porosity only qualitatively. This 
shortcoming has persisted equally on the experimental side, as 
comprehensive characterization of the pore size distribution 
2303wileyonlinelibrary.com
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   Table  1.     Summary of the sintering parameters for the sample series 
investigated. 

Sample type A B C D

Soak temperature [ ° C] 1300

Soak pressure [MPa] 100

Heating rate [ ° C min  − 1 ] 100 233 350 100

Pressure application During the whole sintering cycle At soak temperature
poses a signifi cant technical challenge. Nonetheless, the impor-
tance of its realization is beyond dispute, as without this infor-
mation and an optical model capable of incorporating it, the 
multiple scattering sources present in any PCA sample can 
neither be properly identifi ed nor accordingly addressed in the 
processing and fabrication steps, limiting understanding and 
impeding the route to improved transparencies. 

 Here, an exhaustive analysis of the PCA microstructure by 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and 3D focused ion beam (FIB) methods 
is performed to determine the complete pore characteristics 
of alumina samples prepared by PECS. The advantage of the 
PECS approach is that a much better control of grain size at 
different sintering temperatures or heating rates is possible 
because of the speed of sintering process (15 min) [  23  ,  24  ]  com-
pared to natural sintering and post HIP treatments (2–4 h), [  2  ,  6  ]  
such that samples with nearly identical grain sizes can be 
obtained for a wide range of heating rates. As such, the distinct 
degree of heating-rate-dependent coloration observed is cor-
related only with the porosity level in terms of structural dif-
ferences among the samples, as we demonstrate by full pore 
reconstruction by 3D FIB tomography. By measuring the RIT 
and using the pore and grain size data as experimental inputs, 
the historically employed optical model [  1  ,  25  ]  can, for the fi rst 
time, be directly evaluated. Together, these efforts reveal that 
the model’s commonly used characteristic grain and pore size 
parameters lead to a severe overestimation of the effect of small 
pores. We demonstrate experimentally that small quantities of 
ultrafi ne pores ( < 50 nm) have no signifi cant effect on the RIT 
within the limits of a certain volume concentration. Absorption 
measurements are also performed in order to provide a com-
plete picture of the factors infl uencing the transmittance values, 
which will be discussed in detail in a subsequent publication. 
Improvements to the scattering model are made by modifying 
the input parameters based on the analytical pore size distribu-
tion characteristics.   

 2. Sample Preparation and Experimental Section 

 The starting powder (Sumitomo AA04, Solvadis Chemag 
Gmbh, Frankfurt am Main, Germany) used in these studies 
was near-spherical, facetted, high-purity  α -Al 2 O 3  with a median 
particle size,  D  v50 , of 510 nm, a total impurity concentration of 
less than 0.01 mass% (≤5 ppm for Si, Na, Mg, Cu, and Fe), and 
a specifi c surface  S  BET  of 4.2 m 2  g  − 1 . Mg 2 +   doping at a level of 
450 ppm total cationic ratio was introduced through the addi-
tion of a Mg-nitrate solution (Mg(NO 3 ) · 6H 2 O, Aldrich, Switzer-
land) to the powder dispersion before freeze drying. 

 For PECS (Dr. Sinter 2050, Sumitomo Coal Mining Co., 
Tokyo, Japan) sintering, 0.8 g of the doped powder was loaded 
in a graphite dye (inner diameter 12 mm), the internal surface 
of which was covered with a graphite fi ber sheet to avoid direct 
contact between the powder compact and the die. The sintering 
atmosphere is 10 Pa, and the temperature was measured by an 
optical pyrometer focused on a small cavity in the graphite die, 
with a distance between powder and cavity bottom of 5 mm. 
For maximum reproducibility, the sintering temperature and 
pressure were controlled by automatic controller units, with a 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
pulse sequence for all the samples of 12:2 (i.e., 12 on/2 off). 
With this method, a series of samples was prepared using three 
different heating rates (100, 233, and 350  ° C min  − 1 ) up to the 
dwell temperature of 1300  ° C and two different moments of the 
100 MPa pressure application (during the temperature ramp or 
only upon reaching the soak temperature), as summarized in 
 Table    1  . The average grain size across all the resulting samples 
was 680 nm  ±  30 nm.  

 After sintering, the samples were polished down to a thick-
ness of 1 mm to obtain mirror-like parallel surfaces. Trans-
mittance measurements were performed with a spectrometer 
(UV-VIS-NIR Lambda 900, PerkinElmer, USA) in the wave-
length range from 300 to 1000 nm. To measure only the RIT 
light, two metallic shields each with a hole of 4 mm diameter 
were inserted in the light path. The RIT values for all the sam-
ples were in the range of 51%  ±  4% after sintering, with the 
lower RIT numbers corresponding to the higher heating rates. 

 Thermal treatment (TT) of the polished sample series A–D 
was then performed in air at a heating rate of 10  ° C min  − 1  to 
1150  ° C for 30 min before natural cooling. Because the tempera-
ture of this thermal etch is insuffi cient to promote grain growth 
in PCA, the grain size remains unchanged at approximately 
680 nm, but a signifi cant degree of coloration appears across 
the sample series. As pictured in  Figure    1  , samples A–C, where 
the pressure was applied during the entire sintering cycle, dis-
play a distinct yellow tone, which is more severe for the faster 
heating rates, in correlation with the lower pre-thermal treat-
ment RIT values. On the other hand, sample D, sintered with 
the pressure applied only at the dwell temperature, still appears 
colorless after the thermal treatment.  

 For quantitative investigation of the effect of porosity on the 
optical transmittance, a series of “C-type” samples was prepared 
by PECS: one as-sintered (C1), a second with a 1150  ° C thermal 
treatment resulting in strong coloration (C2), and a third with 
this same thermal treatment followed by a hot isostatic press 
(post-HIP) treatment (C3). The post-HIP treatment, carried out 
at 1200  ° C and 1500 bar, largely reverses the porosity generated 
by the thermal treatment. It should be noted that each sample 
of this C-series was performed after its fi nal processing step, so 
that there is no contribution from a difference in surface rough-
ness between the three. These samples were subsequently char-
acterized by RIT, SEM, TEM, and 3D FIB tomography. SEM 
pictures (JSM-7000F, JEOL, Japan) were taken on cross-section 
polished samples (SM-09010, JEOL, Japan) and TEM pictures 
(JEM-2100, JEOL, Japan) obtained on samples prepared by ion 
slicing (EM-09100IS, JEOL, Japan). FIB Nano-Tomography 
(NVision 40 focused ion beam system, Zeiss, Germany) 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2303–2309
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    Figure  1 .     a) Raw RIT spectral data shown only for samples C and D for 
clarity, both as-sintered and after thermal treatment (TT) at 1150  ° C for 
30 min. b) RIT change over the visible range for all of the samples A–D 
after the TT with respect to the as-sintered samples. The sintering para-
meters summarized in Table  1 . The images show the increasingly severe 
degree of yellow sample coloration after the TT for samples A–C accom-
panying the inhomogeneous RIT loss over the visible spectrum.  
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was performed on gold-coated bulk samples by Ga-ion milling 
with a voxel size of 10 nm  ×  10 nm  ×  10 nm. The total acquired 
sample volume varied depending on the sample between 
400  μ m 3  and 800  μ m 3 . The resulting image stack was treated 
    Figure  2 .     a) TEM image of sample C (cf. Figure  1 ) before thermal treatment. The image shows 
a dislocation wall within the grain, hypothesized to form pores during the subsequent thermal 
treatment. b) Fast Fourier transform analysis of a high-resolution TEM image showing the pres-
ence of defects (dislocations) from irregularities in the periodicity.  
and analyzed using the Fiji package of 
ImageJ.   

 3. Experimental Results 

 Based on the historical model of the RIT, [  1  ,  25  ]  
the pre-thermal treatment transmittance 
values of 51%  ±  4% across samples A–D 
imply that they should also have residual 
porosity levels within  < 0.001% of each other 
and a median pore volume diameter ( D  v50 ) 
of less than 50 nm. The yellowish colora-
tion that appears after the 30 min thermal 
etching step at 1150  ° C of course dramati-
cally degrades the RIT values of these ther-
mally treated samples, a change which is 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2303–2309
quantifi ed by determining the difference in the RIT between 
the pre- and post-etched samples over the visible range of wave-
lengths (Figure  1 ). 

 From these measurements, the yellow coloration of the sam-
ples seen in Figure  1  is accompanied by an inhomogeneous 
RIT loss over the visible spectrum, with the strongest colora-
tion of sample C corresponding to a maximum loss in the blue 
near 490 nm. TEM investigations before thermal treatment 
revealed many intra-granular dislocation walls ( Figure    2  ) in 
the C-type samples, i.e., those with the highest heating rates 
(350  ° C min  − 1 ), which in the course of the thermal treatment 
developed the strongest coloration. Such pre-treatment defects 
could not be observed for sample D, which indeed developed 
no coloration at all.  

 Because the thermal etching, which permits the observation 
of the grain boundaries, works to obscure the visibility of the 
pores created by the etching itself, no pores could be observed 
on the surface of these thermally etched samples. Therefore 
instead of the traditional mechanical polishing followed by 
thermal etching, cross-section ion polishing of the samples 
after thermal treatment was used to reveal the small pores in 
the SEM for sample C ( Figure    3  a) and sample D (Figure  3 b). 
The high channeling contrast [  26  ]  resulting from a better preser-
vation of the underlying crystal structure during ion polishing 
revealed pores situated at the triple boundaries, approximately 
50 nm in diameter. In this way, a distinct difference in the 
porosity of the thermally treated samples could be observed 
between samples C and D, directly linking the pre-treatment 
dislocations of sample C to the appearance of pores. In contrast, 
almost no pores were observed in the colorless sample D.  

 Observation of varying pore content from the 2D surface, 
however, does not properly characterize the total pore content 
and its size distribution, the critical input for modeling the RIT. 
Extracting a pore size from the SEM images and determining 
the total pore content by the usual Archimedes method is not 
possible, especially because of the insuffi cient sensitivity of con-
ventional high precision balances and the uncertainties of using 
accurate theoretical density values for fi ne-grained ceramic 
samples. The fi ner the ceramic microstructure, the larger are 
the grain boundary surfaces within the sample, representing 
local crystallographic defects affecting the theoretical density. 
Serial sectioning by FIB tomography was therefore employed to 
2305wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  3 .     SEM images of a) C-type and b) D-type samples thermally treated before cross sec-
tion ion polishing. The impressive channeling contrast reveals a clear positioning of the pores 
at the triple joints in the microstructure.  
obtain a full 3D reconstruction of the pores, thus permitting a 
complete analysis of the pore fraction, size, and distribution. 

 To this end, a new series of C-type (see Figure  1 ) samples 
was prepared specifi cally to obtain a range of porosity content 
to measure by serial FIB sectioning. We refer to the samples as: 
C1, as sintered; C2, sintered and thermally etched; and C3, sin-
tered, thermally etched and post-HIPed. Representations of the 
3D FIB reconstructions are shown for a 4.11  ×  4.11  ×  4.11  μ m 3  
volume in  Figure    4   and the corresponding distribution data are 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, We

    Figure  4 .     Sample images (a–c) and 3D-FIB tomography representations (d–f) of the porosity of 
C1); b,e) after thermal treatment at 1150  ° C (sample C2); and c,f) after thermal treatment follo
pore reconstruction is of a 4.11  ×  4.11  ×  4.11  μ m 3  volume for all the samples. Note that the un
from dislocation release into a crack present in the sample before thermal treatment.  
given in  Figure    5  . From the as-sintered C1 to 
the thermally treated C2 sample, the volume 
fraction and  D  v50  increased from 0.036 vol% 
to 0.190 vol% and from 51.8 nm to 82 nm, 
respectively. Although the post-HIP treat-
ment reduced the pore content and size 
( D  v50 ) for C3, the original values obtained for 
C1 were not fully recovered, at 0.048 vol% 
and 61.5 nm, respectively. This relatively 
higher porosity content and pore size accom-
panies a slight residual coloration in C3 and 
the reduced RIT value of 42.5% compared to 
49% for C1, and only 10% for sample C2.     
 3. Discussion 

 Interestingly, sample C1 (the as-sintered state), with a total 
porosity of 0.036 vol%, follows the historically used optical 
model for the RIT of anisotropic ceramics described by Apetz 
and van Bruggen for 0 vol% porosity [  1  ]  ( Figure    6  ). However, 
taking into account the pore scattering, as these authors dis-
cussed qualitatively [  1  ]  based on earlier suggestions by Peelen 
and Metselaar, [  25  ]  the observed porosity determined from the 
3D FIB tomography should reduce the RIT to a mere  ≈ 10%. 
inheim

the different treatment states: a,d) as-sintered (sample 
wed by post-HIP at 1500 bar (sample C3). The 3D-FIB 
colored area in the middle of sample C2 (b) resulted 

Adv. Funct. Mater. 2012, 22, 2303–2309
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    Figure  5 .     Volume (black lines) and number (gray lines) pore size distribu-
tions for samples C1, C2, and C3 obtained from the 3D FIB tomography. 
Note the distribution shift towards smaller characteristic pore diameters 
when switching from the volume to the number distribution.  
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The measured RIT value of 49% is thus much higher than pre-
dicted, clearly demanding an optical model refi nement.  

 The RIT, i.e., the fraction of light passing through the sample 
without being absorbed or scattered, is generally described by 
the Lambert–Beer law:

 RIT = (1 − RS) exp (−γtotd)   (1)   

where  R  s  describes the refl ection losses from both sample sur-
faces (i.e., 0.14 for alumina),  d  is the sample thickness, and   γ   tot  
is the total loss coeffi cient. This   γ   tot  parameter includes the scat-
tering from grain boundaries as well as from pores, and can be 
represented as a summation of these effects:

 γtot = γgb + γpore + ...   (2)   

with   γ   gb  the scattering coeffi cient from the grains and   γ   pore  the 
scattering coeffi cient from the pores. It should be noted that any 
number of supplementary loss contributions may be present, 
including a pure absorption term from optical centers resulting 
© 2012 WILEY-VCH Verlag Gm

    Figure  6 .     RIT model predictions of Apetz and van Bruggen [  1  ]  as a function 
of the grain diameter and porosity levels up to 0.05 vol% for the 1.0 mm 
thick samples at 640 nm. The experimental RITs for C1, C2, and C3 sam-
ples are represented to compare the predicted and the measured RITs.  

Adv. Funct. Mater. 2012, 22, 2303–2309
from oxygen vacancies or dopant cations. Historically, however, 
these have also been categorically neglected. 

 Although several authors [  1  ,  7  ,  9  ,  25  ]  suggest how to approxi-
mately address porosity effects in their models, they show the 
validity of their   γ   gb  expressions on a set of samples assumed 
to be fully dense by standard density measurement techniques, 
due to the diffi culties of characterizing residual porosity, and 
therefore neglect the   γ   pore  contribution from pores, only quali-
tatively discussing its effects. In fact, Peelen and Metselaar cal-
culated a scattering cross section for pores based on Rayleigh 
scattering, [  27  ]  neglecting the contribution of the grain boundary 
scattering. For pores strictly smaller than the incident wave-
length, they indicate:

 
γpore,Peelen = 3Vp Qeff

4rm exp (3.5σ 2) 
 (3)   

where  V  p  is the specifi c pore volume,  r  m  is the radius of the 
mode of the volume pore size distribution,   σ   is the standard 
deviation factor for a log normal distribution of pores, and  Q  eff  
is an effective dimensionless scattering effi ciency of the pores. 

 Today, the most widely employed expression of the scattering 
coeffi cient from the grains (  γ   gb ) was proposed nearly a decade 
ago by Apetz and van Bruggen. [  1  ]  Based on Rayleigh–Gans–
Debye [  27  ,  28  ]  scattering, they proposed that:

 
γgb,Apetz = 3

π2
2r

λ2
0

�n
 
 (4)   

where  r  is the (average) grain radius,  Δ  n  is the (average) refrac-
tive index change between two adjacent grains ( Δ  n  max   =   n  o   −  
 n  e   =  0.008), and   λ   0  is the wavelength of the incident light in 
vacuum. From this expression, valid for grain sizes of the order 
of magnitude of the incident wavelength, the infl uence of the 
grain size, and the degree of crystalline birefringence are both 
immediately evident. 

 With the enumerated characteristic pore diameter, i.e., the 
mode of the volume pore size distribution, the model predicts 
an extremely high sensitivity of the RIT on the residual porosity. 
Porosities as low as 0.05 vol% are predicted to be suffi cient to 
completely nullify the RIT (Figure  6 ). Because of the lack of accu-
rate porosity characterization to date, the validity of this pore scat-
tering coeffi cient has not been investigated before the present 
work. This is mainly due to the technical diffi culties of the quanti-
tative characterization of such low porosity contents. This is espe-
cially true given that not only the total volume pore content must 
be measured, but also the respective sizes and distributions. 

 Given this discrepancy between model predictions and the 
experimental results in the light of our 3D FIB tomography 
pore analysis, a more recently introduced grain boundary scat-
tering coeffi cient [  22  ]  and a modifi ed pore scattering coeffi cient 
were employed to describe the optical transmission of these 
transparent PCA samples. The grain scattering ( γ  gb ) and pore 
scattering ( γ  pore ) coeffi cients, in this new approach, are based 
on the same Rayleigh and Rayleigh–Gans scattering approxi-
mations, respectively:

 
γgb,Pecharroman = 6

π 2α (ξ )
〈
ag

〉
λ 2

0

�n2

 
 (5)   
2307wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  7 .     RIT as a function of the grain diameter calculated from the 
model described by Pecharroman et al. [  22  ]  The characteristic pore radii 
used for the calculations  <  a  p  >  are taken from the 3D-FIB tomography. The 
actual measured porosity levels are used for the model input, resulting in 
excellent agreement for sample C1 and a slight overestimation of the RIT 
for sample C3. For C2, the RIT predictions are largely improved compared 
to the null expectation of the Apetz model.  
 
γp,Pecharroman = 32

f π 4
〈
a3

p

〉
λ4

0

(
n2 − 1

n2 + 2

)2

 
 (6)   

with   α  (  ξ  ) a texture function resulting from the Rayleigh–Gans–
Debye approximation dependent on the preferential textural 
angle   ξ  ;  f  the pore volume fraction,  n  the average refractive 
index of the ceramic matrix, and  <  a  g  >  and  <  a  p  >  the character-
istic grain and pore radii, respectively, defi ned by:

 

〈
ag

〉 =
∑

i

ag,i fi =
∑

i a4
g,i∑

i a3
g,i  

 (7)   

 

〈
a3

p

〉
=

∑
i a6

p,i∑
i a3

p,i   (8)   

where  a  g,i  and  a  p,i  are the grain and pore radius, respectively, of 
the  i  th  class from the size distribution,  f  i  is the fraction of grains 
with radius  a  g,i , and  Σ   i   is the sums over the whole population of 
the grain and pore size distributions. These characteristic radii 
are calculated directly from the full distribution of grain and 
pore sizes. Note that the pore scattering coeffi cient is highly 
sensitive to the pore size because of its cubic dependence. 

 In these new expressions, the grain scattering coeffi cient is 
similar to the one earlier proposed by Apetz and van Bruggen, 
except for the texture function that has been separated from 
the  Δ  n . The essential difference between the former and these 
new expressions is the defi nition of the characteristic grain 
and pore sizes. As seen from Figure  5 , the  <  a  g  >  and  <  a  p  >  sizes 
generally fall within the range of  D  n90  to  D  n99  values of the 
numerical grain size and pore size distributions from 3D FIB 
results, with the exact value depending on the span of the dis-
tribution of grain and pore sizes. The  D  n90  value describes the 
diameter of the grain or pore at which 90% have a size lower 
than  D  n90 . Since the number distribution is always smaller than 
the volume distribution, taking the average grain size (Apetz) [  1  ]  
or the maximum grain size observed (Pecharroman) [  22  ]  gives 
similar values if no abnormal grain growth is observed. Note 
that the use of the number distribution can be logically derived 
because of the integer character of the scattering events. 

 With these modifi ed expressions, the agreement between 
the measured RITs and the ones predicted from the model 
is dramatically improved, as shown in  Figure    7  . Here all the 
measured porosity levels are used as inputs to the Pecharroman 
model, resulting in excellent agreement with the observed 
42.5% RIT for the as-sintered C1 sample with its 0.036 vol% 
porosity and  <  a  p  >   =  29 nm. This is in comparison to the approx-
imately 10% RIT that would be predicted from the Apetz model 
with this residual porosity level. The Pecharroman inputs result 
in a slight overestimation of the observed 35.3% RIT value for 
the post-HIPed sample C3, and a more severe overestimation 
of the observed 5.4% RIT for the thermally treated sample C2 
with its high porosity. However, for C2 the predictions have 
been greatly improved compared to the historical pore scat-
tering expression, which predicts an RIT of 0%. The discrep-
ancy still observed for C2 between the model prediction and 
the experimental data is at least partially due to limits of the 
Rayleigh–Gans approximation used for the grain-boundary 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
scattering coeffi cient calculation because of the extreme 
0.191 vol% porosity content. This approximation effectively puts 
an upper limit on the pore size that can be accommodated by 
the model for a given porosity level (see Supporting Informa-
tion S1), above which accurate modeling must revert to the full 
Mie scattering solutions.  

 For sample C3 and partially for sample C2, the remaining 
discrepancy between the Pecharroman model predictions and 
the experimental observations may be attributed to absorp-
tion losses (see Supporting Information S2). The results of the 
absorption measurements together with the discussion of its 
implications for the sample coloration are beyond the scope of 
this paper and will be discussed in a separate publication. The 
presence of an absorption term, however, immediately illus-
trates that a complete discussion of the optical performance 
of PCA must also account for active optical centers. Further 
studies will be crucial to elucidate the relative effects on the 
observed coloration.   

 4. Conclusions 

 Comprehensive characterization of the porosity by 3D FIB tom-
ography has allowed the validation of new characteristic pore 
and grain diameters for optical modeling of PCA and birefrin-
gent materials in general. The present work has clearly dem-
onstrated that due to the use of inaccurate characteristic sizes, 
the commonly employed RIT model [  1  ]  slightly underestimates 
the effect of the grain size but severely overestimates the effect 
of porosity on the RIT. Despite the generally admitted contrary 
assumption, porosity hardly affects the RIT below a critical pore 
size of about 50 nm, depending on the residual pore content, 
a result that may well alter the trajectory of transparent poly-
crystalline materials research. 

 Further improvements to the transparency rely on the 
reduction of the fi nal grain sizes and/or texturization of the 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2303–2309
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microstructure to reduce the effect of the birefringence. The 
grain size reduction will require the development of novel high 
purity alumina powders with particle diameters below 100 nm, 
while texturization may be introduced by colloidal processing 
and grain alignment in high magnetic fi elds. [  29  ]  One intriguing 
question that arises particularly in light of the direct observa-
tion of an absorption contribution to the RIT is whether a low 
level of porosity could itself introduce sample coloration due to 
inhomogeneous RIT losses over the visible spectrum. In any 
case, with the deeper insights into light scattering in polycrys-
talline alumina from the FIB tomography presented here, the 
path is clear on how to improve transmittance for PCA, with 
the challenge remaining to do so.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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