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Abstract. Characterization of porous materials by small-angle scattering has been extensively pursued for several years now as the pores are often of mesoscopic size and
compatible with the length scale accessible by the technique using both neutrons and
X-rays as probing radiation. With the availability of ultra small-angle scattering instruments, one can investigate porous materials in the sub-micron length scale. Because of
the increased accessible length scale vis-a-vis the multiple scattering effect, conventional
data analysis procedures based on single scattering approximation quite often fail. The
limitation of conventional data analysis procedures is also pronounced in the case of thick
samples and long wavelength of the probing radiation. Effect of multiple scattering is
manifested by broadening the scattering profile. Sample thickness for some technologically important materials is often significantly high, as the experimental samples have to
replicate all its essential properties in the bulk material. Larger wavelength of the probing
radiation is used in some cases to access large length scale and also to minimize the effect
of double Bragg reflections.
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1. Introduction
For numerous industrial and technological applications, it is often necessary to
introduce pores in many synthetic materials like porous ceramics, porous silicon
etc. Some naturally occurring materials like rocks and coals, which also contain
pores play an important role in petrology and thermal power plant. For example, in
filtration, application materials need to be permeable and the processing emphasis
is often focused on controlling the size of the pore channels. Similarly many sensors,
catalytic systems and gas burners require materials to be permeable and to provide
other functions. Pores can also be used as a second phase to design materials with
tailored properties and in this case it is necessary to control both porosity and
pore size. As an example, porosity can be used to decrease thermal conductivity,
which is important in refractory and thermal insulation materials. The presence of
porosity can decrease the dielectric constant of a ceramic which is a property sought
in substrates used for microelectronics. The decrease of density with the addition
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of porosity can be used in some structures to produce materials of a given stiffness
or strength with minimum weight. The primary function of porous ceramics is,
however, not often structural and the presence of porosity usually degrades strength.
As many applications require a high degree of mechanical reliability, there is often
the need to ensure a compromise between the strength and the other properties
required for the given application.
Small-angle neutron scattering (SANS) and small-angle X-ray scattering (SAXS)
are important non-destructive tool to characterize the pores in a porous medium [1–
5]. This paper deals with the SANS and SAXS investigations on pore structures in
several technologically relevant materials, viz. porous silicon, porous ceramics and
porous rocks where consideration of multiple scattering effects become inevitable.
2. Experimental
SAXS experiments have been performed using the SAXS goniomter mounted on a
rotating anode X-ray source at Bhabha Atomic Research Centre and SANS experiments have been performed using a double crystal-based small-angle neutron scattering instrument [6] at the Guide Tube Laboratory of Dhruva reactor, Trombay.
The scattered intensities have been recorded as a function of wave vector transfer q(= 4π sin(θ)/λ, where 2θ is the scattering angle and λ is the wavelength of
probing radiation). SAXS and the SANS investigations on some important porous
materials, taking multiple scattering into account, are described below.
2.1 Pore structure in porous silicon
Though silicon is the heart of microelectronics, it is an extremely inefficient light
emitter. But porous silicon (PS) shows visible photo-luminescence. Since the pores
in the silicon matrix scatter strongly, the validity of the single scattering approximation has been checked by taking measurements on the same sample at two different
wavelengths. Here the results [1] of SAXS experiments on lightly doped p-type
porous silicon, carried out with wavelengths 0.154 and 0.071 nm of Cu K α and Mo
Kα X-rays respectively, are presented.
Scattering data recorded using Mo Kα show a distinct shouldering while the
data recorded with Cu Kα do not have that feature. To verify the assessment that
cylinders are oriented perpendicular to the surface, we have tilted one of the sample
and observed changes in the profile as shown in figure 2. However, rotation of the
sample in its own plane about the incident beam axis does not change the profile
to any significant extent. We have estimated the scattering mean free path L, the
average distance traveled by probing radiation between two successive scattering
events, of both the probing radiation in the sample. The estimated L values are
L = 38.352(±2.685) µm for Mo Kα and L = 8.157(±0.571) µm for Cu Kα radiation.
The extracted single scattering profile [7–9] is shown in figure 3. In the q range
2.26–3.06 nm−1 , the scattering profile follows a power law ∼q −2.93 which is close to
∼ q −3.02 as observed in the corrected profile of the sample recorded using Mo Kα .
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Figure 1. Collimation and transmission
corrected data on 13.5 µm thick porous
layer sample using Mo Kα (curve 2) and
Cu Kα (curve 1).

Figure 2. Profiles of 6.75 µm thick porous
layer, recorded using Mo Kα before (curve
1) and after tilting the sample (curve 2) by
7◦ .

Figure 3. Estimated single scattering
profile (curve 1) and the multiple scattering affected profile recorded using Mo Kα
(curve 2).

Figure 4. Curve 1 is the estimated radius distribution function depicted by the
thick line. Curve 2 is the estimated length
distribution function.

It is noteworthy that for cylindrical pores with axis of the pores aligned with the
incident beam, the expected power law is ∼q −3 [1]. A mixture of different shaped
objects can explain the form of the single scattering profile [1]. The estimated single
scattering profile is best interpreted with a mixture of poly-disperse spherical pores
and poly-disperse cylindrical pores with fixed cross-sectional radius of 3.44 nm.
Assumption of fractal surfaces to explain the data was not needed.
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Figure 5. SANS profiles from ZrO2 -3 mol% Y2 O3 for varying sintering time.
Multiple scattering broadens the profiles with increasing specimen thickness.

2.2 Pore growth during initial and intermediate stages of sintering
in Y2 O3 stabilized ZrO2
Sintering is an important process in ceramics to control porosity and pore structure. SANS has been employed to investigate [2] the evolution of pore morphology
during the initial and the intermediate stages of sintering in ZrO2 -3 mol% Y2 O3 .
The results unfurl that although there is a reduction in the porosity due to the
elimination of the pores, the average growth in the pore size takes place during
sintering. This trend in the pore growth corroborates with the results of the computer simulation, based on Potts’s model. The SANS data have been analyzed in
the light of poly-disperse spherical pores model.
Powder, prepared from zirconium yttrium hydroxide gel, was further wet-ground
planetarily to sub-micron size (median diameter (D50 ) of 0.7 µm) particles. Compacts were formed by uniaxial pressing at a pressure of 200 Mpa and sintered at
1350◦ C for 15 min (specimen 1), 30 min (specimen 2) and for 60 min (specimen 3)
respectively in a superkanthal furnace. The density and the open porosity of the
pellets were determined by Archimedes principle. Pellets with density ∼72% (for
specimen 1), 80% (for specimen 2) and 93% (for specimen 3) of the theoretical density (6.0 gm/cc.) value were formed. Figure 5 depicts the background transmission
and resolution corrected SANS profiles of the specimens 1, 2 and 3 respectively for
two values of thickness of each specimen. Profiles are normalized at the minimum
accessed q point. As the volume fraction of the pores are much less than 0.5, the
small-angle scattering can be attributed predominantly due to presence of pores. It
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Figure 6. Evolution of the pore structure (white portions) with Monte Carlo
steps from the Potts model using SYNMIC.

is discernible from figure 5 that the SANS profiles are getting sharper while going
from specimen 1 to specimen 3 and also the profiles get broadened with specimen
thickness because of multiple scattering. These observations clearly indicate that
the growth of pores takes place with sintering time. In order to corroborate this
observation, it is interesting to present the results of pore size evolution in ceramics
during sintering, using computer simulation based on Potts model [10] using software SYNMIC [11]. Few snapshots of the simulated sintered structures taken at the
initial stage are shown in the figure 6. It was evident that although the sintering
process causes reduction in the number of pores, it made the average pore size to
grow.
The growth of the pores, due to the coalescence of the finer pores, takes place as
an indirect consequence of the reorientation and the mass transport of the grains
during sintering, in order to attain morphological configurations having lower free
energy. From the analysis of the SANS data after correcting for the multiple scattering, it was found that the evolution of the mean radius of the distribution, as
obtained from SANS analysis, could be fitted with a temporal power law with
exponent ∼0.16.
We have also investigated the effect of sintering temperature on the pore growth
in ZrO2 -8 mol% Y2 O3 ceramic [3]. Figure 7 shows the evolution of the SANS
profile with sintering temperature. Figure 8 shows the evolution of the real space
quantities with sintering temperature.
Pramana – J. Phys., Vol. 63, No. 1, July 2004
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Figure 7. Evolution of SANS profiles with sintering temperature for ZrO2 -8
mol% Y2 O3 . Sintering temperature for the specimens 1, 2, 3 and 4 are 1200,
1250, 1300 and 1400◦ C respectively.

Figure 8. Evolution of the pore size with sintering temperature. Growth
has been fitted to an Arrhenius type model.
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Figure 9. SANS profiles from metamorphosed rocks of Devoprayag. The
linearity of the log–log plot for a wide q range indicates the fractal nature. No
unambiguious cut-off was observed.

2.3 Pore surface roughening in rocks
Microstructure of rocks is a subject of practical importance and scientific interest from the petrologic point of view. Depending on the type of rock formation
mechanisms, rocks can be mainly classified as (a) sedimentary, (b) igneous and (c)
metamorphosed.
Pore–matrix interface roughening in some metamorphosed sedimentary rocks,
sandstones and igneous rocks from different parts of India have been investigated
[5,12] in the length scales of ∼20–1000 nm using SANS. The results reveal the fractal
nature of the rock–pore interfaces. Figure 9 represents the profiles from the three
specimens of metamorphosed rocks from Devoprayag, in the Himalayan region in
India. Power law variation for a wide range of q, a signature of fractal system, is
discernible from the figure. No signature of the upper cut-off in the accessible q
range has been observed for these specimens.
However, profiles of the igneous rock (from Deccan basalt region) (figure 10) and
the sedimentary sandstone rock specimens (from Barakar of Singhbhum zone, not
shown here) indicate the presence of upper cut-off of the surface fractal nature.
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Figure 10. SANS profiles from the igneous of the Deccan basalt trap region.
Extracted single scattering profile has been fitted with surface fractal model.

Surface fractal dimension of the metamorphosed rocks and the sandstones has been
estimated to be ∼2.8 while, that for the igneous rocks has been found to be ∼2.3.
The relatively high surface fractal nature of the sandstones and metamorphosed
rocks has been explained with the help of a computer simulation model based on
the formation mechanisms (deposition and dissolution mechanisms of the grains
with probability P+ and P− respectively) of these rocks [5].
3. Conclusions
SANS and SAXS have been used to investigate the pore structure in various technologically relevant porous materials. However, because of the strong contrast
consideration of multiple scattering became inevitable in most cases. In porous
silicon, SAXS reveals the presence of mixtures of spherical and cylindrical pores.
The cylindrical pores are perpendicular to the surface of the specimen. In this
case, experiment at two different wavelengths helps in accessing larger length scale,
which were otherwise inaccessible by the resolution of the instrument. SANS investigation on pore-structure in sintered yttria stabilized zirconia showed the growth
of the pores during the initial and the intermediate stages of sintering although the
total porosity decreases with sintering time because of the elimination of the pores
from the system. The surface fractal morphology of various rocks in India has been
revealed by SANS. The fractal dimension for the metamorphosed and sedimentary
sandstones was found to be significantly higher than that for the igneous rocks. The
higher fractal dimension of the former rocks has been explained with a computer
model based on their formation mechanism. The signature of multiple scattering
has been observed in all these investigations.
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