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Abstract

The paper deals with measurement of the microstructure parameters of monolithic MoSi2
and MoSi2 based composites with different volume fractions of secondary particles (SiC,
Si3N4). Distribution of phases in heterogeneous microstructure has a large effect on the final
mechanical properties of the investigated materials. Microstructure of the system is described
by means of small angle neutron scattering (SANS). SANS provides a unique possibility of
non-destructive characterization of secondary particles and all material’s heterogeneity.

K e y w o r d s: molybdenum disilicide, small angle neutron scattering (SANS), microstruc-
ture parameters

1. Introduction

Molybdenum disilicide is an excellent matrix ma-
terial for application as high temperature structural
component, mainly because of its high melting point of
2030◦C and excellent oxidation resistance [1]. Mechan-
ical properties of MoSi2 could be improved by the ad-
dition of ceramics strengthening, for example: SiC and
Si3N4 particles, nano SiC particles. They are thermo-
dynamically compatible with MoSi2, have high elastic
moduli and they are available as particles, fibres,
or whiskers [2, 3]. Composite materials can be con-
sidered as multiphase systems consisting of matrix
with particles dispersed within its bulk. Size, mor-
phology, volume fraction and spatial distribution of
secondary phases affect final properties of dispersion-
-strengthened materials.
The conventional methods do not allow obtain-

ing global microstructure parameters, such as volume
fraction of particles, their distribution in volume unit,
morphology and size distribution throughout the bulk
of the investigated material. Theoretical knowledge
supported by a number of studies suggests that the
phase distribution in a heterogeneous microstructure
greatly influences the final mechanical properties of
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the material [4]. The intention, however, is not only
to describe the microstructure but also to interpret it
in relation to the material properties. Depending on
precision of such interpretation, it would be possible to
choose and/or to determine the chemical composition
and fabrication procedure of materials with required
properties.
Small angle neutron scattering (SANS) method is

well known to be suitable for such microstructure
characterization. In contrast to direct imaging tech-
niques like SEM, neutron waves scattered from mater-
ial represent its microstructure as Fourier image of the
material heterogeneities. As a result, scattering from
large-scale features like pores or particles of secondary
phase in composite ceramics give rise to scattering into
very small angles related to the scattering vector mag-
nitude, Q, and wavelength, λ, as Q = 4πθ/λ, where
2θ is the full scattering angle. For the comprehensive
review of the SANS theory, see [5, 6] and references
therein. Application of SANS in materials research is
often restricted due to problems with multiple scat-
tering and high resolution required, both arising from
typically broad size range of heterogeneities reaching
1 µm or more, as is the case of ceramics composites.
In this paper, we show that the high resolution SANS

mailto://bballokova@imr.saske.sk


376 B. Ballóková et al. / Kovove Mater. 47 2009 375–380

technique using double-crystal diffractometer arrange-
ment [7] can be used instead of the more common
collimator system to overcome this problem. We have
applied this technique to characterize microstructure
of several MoSi2 based materials of technological in-
terest.

2. Experimental materials and methods

2.1. M a t e r i a l s

The materials studied in the present work were pre-
pared by powder metallurgy technique of controlled
reaction sintering in argon atmosphere.
The starting material was prepared in the Fraun-

hofer Institut für Fertigungstechnik und Angewandte
Materialforschung in Dresden, Germany, according to
the patent [8, 9]. The procedure is based on high
energy milling (HEM) of coarse grained (grain size
between 100 and 500 µm) Mo and Si powders of high
purity. After milling for several hours in argon atmo-
sphere in the planetary mill “Pulverisette 5” (made by
Fritsch, Germany), highly dispersed powder mixtures
were obtained. During preparation of the composites
ceramic dispersoid particles (SiC, Si3N4) were being
added into the matrix in various volume fractions. Fi-
nally, the milled mixtures were compacted by pressing
to high density (over 95 % of the theoretical density)
and subsequently subjected to pressureless reaction
sintering. The sintering was carried out in vacuum at
1500◦C.
MoSi2 based materials were supplied in the form of

disks with diameter of 50mm and thickness of 5 mm.
The disks were cut to obtain the bending bars with
dimensions of 3 × 4 × 42mm3.

2.2. S AN S e x p e r i m e n t

The SANS measurements were carried out at the
double-crystal diffractometer DN-2 at Nuclear Physics
Institute Řež [7] using the mean neutron wavelength
λ = 0.21 nm. This type of instrument employs double
diffraction of neutrons on elastically bent perfect Si
crystals in non-dispersive arrangement in order to
achieve high angular resolution even with a wide
and divergent neutron beam. Consequently, the in-
strument is more efficient in high-resolution experi-
ments than collimator facilities. Moreover, the high
resolution is achieved with a relatively short neut-
ron wavelength. This reduces problems connected with
multiple scattering encountered when measuring thick
samples containing large particles. The resolution and
range of the scattering vector magnitude, Q, can be
tuned by varying bending radii of the Si crystals, so
that they match the expected size of measured in-
homogeneities. In our case, measurements were car-

Fig. 1. Measured scattering curves (points) for selected
materials are composed from three data sets at differ-
ent Q-ranges for each material. The model scattering
curves (lines) were obtained by fitting single set of model
parameters simultaneously to all the three Q-ranges. The
dashed Q−3 curve indicates the slope of Porod scattering
for the used “infinite-slit” experimental arrangement.

ried out in three overlapping Q ranges spanning all to-
gether the interval 0.0011–0.1 nm−1 (see Fig. 1). This
corresponded to approximately 10–1000 nm on the size
scale. The measurements in the shortest Q range were
measured twice for different sample thickness in order
to evaluate the effect of multiple scattering.

2.3. E v a l u a t i o n o f e x p e r i m e n t a l d a t a

After a standard preliminary data reduction in-
cluding background subtraction, corrections on ab-
sorption and calibration of intensity and angular
scales, the resulting scattering curves were fitted to
model parameters using the program SASProFit [10,
11]. The model used to describe the microstructure of
our materials was composed of homogeneous spher-
ical particles with the distribution of radii represen-
ted by a set of 10 cubic spline functions. Random
spatial distribution of spheres was assumed so that
inter-particle interference effects could be neglected.
Such an assumption is justified for systems of non-
-interacting particles with low volume fractions. We
also assume the validity of the first Born approxim-
ation, which implies the limit for the maximum ra-
dius of particles, Rmax < 1/(2∆ρλ), where ∆ρ is the
scattering contrast defined as the difference between
scattering length densities of the particles and mat-
rix. Adequacy of these approximations in our case is
discussed later. The model scattering function can be
then expressed as [6]:

S(Q) = (∆ρ)2 t

Rmax∫

Rmin

D (R)V (R) |F (RQ)|2 dR, (1)
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where t is the sample thickness, F (x) is the form-factor
of a sphere,

F (x) = 3
sin (x)− x cos (x)

x3
, (2)

V (R) stands for the volume of a sphere with radius R
and D(R) is the distribution of sphere radii, R,

D(R) = R−1
max

n∑
i=1

piBi (R/Rmax) . (3)

D(R) is normalized so that its integral equals to
φ(1 − φ), where φ is the volume fraction of particles.
Bi(x ) are cubic spline functions used to model size
distribution on a fixed interval of particle radii
Rmin . . . Rmax. The pi and Rmax are free parameters
to be determined by the least-square fitting.
Equation (1) describes theoretical differential cross-

-section for single scattering in pinhole geometry. In
the case of double-crystal instruments, only the hori-
zontal component of the scattering vector is resolved
and the measured intensity is integrated along its ver-
tical component. For isotropic materials as in our
case, this integration does not bring about a prin-
cipal loss of information provided that appropriate
smearing procedure is applied to the model scatter-
ing function. Actual model scattering curve fitted to
experimental data therefore included also smearing by
the instrument resolution function, as well as correc-
tions on multiple scattering and 3rd order harmonics
wavelength λ/3, which contaminates neutron beam re-
flected from the Si 111 monochromator. Details of the
whole data analysis procedure can be found in [11].
Given the assumed particle shape and D(R) ob-

tained by fitting the experimental data, we could eval-
uate various integral parameters characterizing the
material microstructure, such as mean radius, volume
fraction or specific surface of particles. Equation (1)
implies that we need to know the scattering contrast
∆ρ of investigated particles in order to evaluate their
volume fraction from scattering intensity. For this pur-
pose, we have calculated scattering length densities us-
ing known mass densities of the phases present in the
material and tabulated scattering lengths of constitu-
ent nuclei (see [12, 13]). These values are summarized
in Table 1.

3. Results and discussion

The measured scattering curves and corresponding
model curves for selected materials are shown in Fig. 1.
The data measured at different Q regions on the same
material obviously do not overlap due to instrumental
effects. However, the model scattering curves include

Ta b l e 1. Mass densities, d, scattering densities, ρ, and
scattering contrasts, (∆ρ)2, with respect to the MoSi2 mat-

rix for constituent phases

d (g cm−3) ρ (1010 cm−2) (∆ρ)2 (1020 cm−4)

MoSi2 6.15 3.65 –
SiC 3.19 5.17 2.31
Si3N4 3.187 6.82 10.05
SiO2 2.20 3.47 0.03
Voids – – 13.32

the instrumental effects as well and could therefore
be fitted to the data in all the three Q-ranges sim-
ultaneously using the same set of model parameters.
Measurements at different Q-ranges are thus consist-
ent and provide information about sample microstruc-
ture within the wide range of particle radii of about 10
to 1000 nm. In all cases, the asymptotic Porod scatter-
ing at large Q is well defined. This permits to evaluate
specific surface of phase boundaries independently of
their shape. Note that the Porod scattering is pro-
portional to Q−3 for the slit-smeared geometry of our
experimental arrangement, as opposed to the Q−4 de-
pendence commonly observed in the pinhole geometry.
Integral characteristics obtained from SANS data

are summarized in Table 2. It has to be noted that
the errors given in the table represent standard devi-
ations resulting from fitting procedure and do not in-
clude systematic errors. The systematic errors can be
caused by uncertainties in specific masses of the con-
stituents or in sample thickness, by particle shapes
other than the model (globular) one, by contam-
ination of the neutron beam by neutrons of other
wavelengths, etc. Measurements on standard samples
(monodisperse polystyrene spheres) show that system-
atic errors in determination of absolute intensities and
hence volume fractions and specific surfaces can reach
about 10 %.
In order to assess the sensitivity of the obtained

results to the shape of model particles, we have re-
peated the procedure using the model of elongated
particles represented by ellipsoids with aspect ratio
c/a = 5. As may be seen from Table 2, resulting
volume fractions and specific surfaces were the same
within experimental errors. This confirms that these
integral parameters are suitable for characterization
of polydisperse systems with variety of particle shapes
like in our case. On the other hand, it also means that
scattering data from such a system cannot provide un-
ambiguous information about particle shape.

3.1. Vo l u m e f r a c t i o n a n d s p e c i f i c
s u r f a c e

Comparison of nominal and measured volume frac-
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Ta b l e 2. Volume fractions, φ, and mean specific surface, 〈σ〉, of secondary particles in the studied materials. The fractions
of SiC and Si3N4 were evaluated after subtraction of scattering from the first (monolith) sample. The indicated errors are
the standard deviations obtained from the fitting procedure. The “sph” and “ell” suffixes refer to the models of spheres

and ellipsoids (c/a = 5), respectively

φsph (%) φell (%) 〈σ〉sph (µm−1) 〈σ〉ell (µm−1)

MoSi2 – voids 0.13 ± 0.03 0.17 ± 0.05 0.05 ± 0.02 0.05 ± 0.04
MoSi2 – 5 % SiC 5.6 ± 0.3 5.5 ± 0.3 0.92 ± 0.1 0.95 ± 0.14
MoSi2 – 10 % SiC 11.2 ± 0.4 11.1 ± 0.4 1.9 ± 0.2 2.1 ± 0.3
MoSi2 – 15 % SiC 24.7 ± 0.6 25.0 ± 0.5 4.0 ± 0.2 4.6 ± 0.4
MoSi2 – 10 % Si3N4 7.4 ± 0.2 7.4 ± 0.2 0.92 ± 0.05 1.02 ± 0.07
MoSi2 – 10 % nano SiC 12.2 ± 0.3 12.2 ± 0.4 2.6 ± 0.2 3.0 ± 0.3
MoSi2 – voids 0.11 ± 0.02 0.14 ± 0.03 0.05 ± 0.03 0.06 ± 0.04
after creep, 800◦C, 100 MPa

tions of secondary phases shows systematic deviations.
For the 5 % and 10 % SiC particles, the measured frac-
tions are only slightly higher and can be at least partly
explained by the above-mentioned systematic errors.
However, the difference is much more significant for
the 15 % SiC and Si3N4 particles. The specific sur-
faces are consistent with this observation, namely the
surface for the 15 % SiC sample is more than twice
larger than for 10 % SiC.
The excess volume fraction and specific surface in

SiC composites can be due to other phases present
in the material. Possible candidates are pores and
glassy SiO2 particles, which were identified in the
monolith as well as in the composites by EDX. Al-
though the observed volume of SiO2 particles is rather
high, they contribute very little to scattering intens-
ity due to their very low scattering contrast with re-
spect to the MoSi2 matrix (see Table 1). On the other
hand, scattering contrast of pores is two orders of
magnitude stronger. Moreover, the pores are created
near the phase boundaries. Their volume therefore in-
creases with the volume of secondary particles and
they also increase the effective size of the particles
as seen by neutrons. This effect is probably respons-
ible for systematically higher volume fractions result-
ing from SANS. Unfortunately, as long as the size of
pores or other phases is roughly the same as that of
the secondary particles, it is impossible to distinguish
them on the scattering curves.
Both pores and SiO2 particles are also present in

the monolithic MoSi2 with no secondary phase. Cor-
responding volume fraction 0.13 % in Table 2 has been
evaluated under the assumption that scattering from
this material is entirely due to the pores. Probably,
this number also includes scattering from the glassy
silica phase, which is clearly visible in higher volume
on the micrographs (Fig. 2) but has much lower con-
trast for neutrons when compared to pores.
For illustration, we include a microstructure of

MoSi2 composite with 10 % of nano SiC as the second-
ary phase, Fig. 2a. The secondary phase in the mater-

Fig. 2. Microstructure of investigation materials, optical
microscope, polarized light: a) MoSi2 + 10 % nano SiC, b)

MoSi2 + 10 % Si3N4, c) MoSi2.
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ial with 10 % Si3N4 tended to form particle clusters
(see Fig. 2b). In such a case, the model of randomly
distributed non-interacting particles is no longer valid.
As a result of inter-particle correlations, the scattering
intensity becomes usually lower in the small-Q region,
which leads to the underestimation of particle size and
volume fraction. This explains that only in this mater-
ial the particle volume fraction is lower than nominal,
namely 7.4 %.
In monolithic MoSi2 with no secondary phase, the

fraction of 0.13 % represents the content of pores and
glassy silica phase (Fig. 2c). To illustrate the point
better, the monolithic MoSi2 after creep testing at
temperature of 800◦C and load of 100 MPa was ana-
lysed, too. No significant changes in volume fraction
of pores and amorphous phase were found after creep,
the value was 0.11 %.

3.2. S i z e d i s t r i b u t i o n o f s e c o n d a r y
p h a s e p a r t i c l e s

As opposed to volume fractions and specific sur-
faces, the size distribution evaluated from SANS data
naturally depends on the choice of model particles.
Ideally, their shape should match as close as pos-
sible the shape of real particles found in the material.
This is obviously not possible in polydisperse systems
with wide variety of particle shapes. In such a case,
the model particles represent merely an effective scale
with which the size of particles is measured. Then the
size distributionD(R) has to be interpreted as a distri-
bution of spheres (or any other model shape), which
gives rise to the same scattering as the real system.
Consequently, the profile ofD(R) would depend on the
choice of model particle shape. Nevertheless, such an
artificially defined quantity is often sufficient and ad-
equate as microstructure characteristics, when study-
ing changes of material microstructure as a function of
parameters of preparation and post-preparation treat-
ment, which is often the task in materials research.
By definition, the D(R) distribution describes par-
tial volume fractions rather than number of particles,
as is usual in SEM. Since the scattering cross-section
of a particle is proportional to R4, SANS is consid-
erably more sensitive to large particles (or particle
clusters), which means that the distribution with re-
spect to volume represents better the reality reflected
by neutron scattering.
The distributions of sphere radii, D(R), obtained

from our SANS measurements are shown in Fig. 3.
In all the composite materials, the radii of the

secondary phase particles ranged from 20 nm up to
1000 nm. As expected, the distribution of nano SiC
particles (see Fig. 2a) shows significantly lower frac-
tion of large particles compared to other materials.
The curve for the material with 10 % Si3N4 broadened
towards large radii, which is consistent with the mi-

Fig. 3. Size distributions of secondary phase particles.

croscopic observations of particle clusters. All other
curves have maxima around 100 nm. Referring to the
previous discussion, it should be pointed out that the
extent of D(R) to small radii does not necessarily
mean the presence of such small isolated particles, but
can be caused by irregular shape of phase boundaries
with higher specific surface than spheres of the same
size and volume.
As seen from both the micrographs (Fig. 2) and

size distributions (Fig. 3), the condition for validity
of the first Born approximation, Rmax < 1/(2∆ρλ),
is obviously satisfied in our experiment. For example,
Rmax should be less than about 7.5 µm for the Si3N4
particles and λ = 0.21 nm. However, it would not be
the case if measurement is carried out on a collim-
ator SANS facility, where high resolution regime with
Qmin ∼ 10−3 nm−1 would require the use of cold neut-
rons with much longer wavelength.

4. Conclusions

From the results of microstructure evaluation of
monolithic MoSi2 and MoSi2 based composites by
SANS, following conclusions can be drawn:
1. High resolution SANS is a suitable method for

quantitative study of large scale (10 nm – 1 µm) micro-
structure of ceramics composites. However, it has to be
combined with imaging methods and phase analysis in
order to interpret the scattering data unambiguously.
The added value of SANS is then non-destructive de-
termination of statistically relevant micro-structural
characteristics, which represent macroscopic volume
of bulk material. These characteristics can be thus
directly related to other physical properties of the ma-
terial and/or the parameters of preparation and post-
-preparation processes.
2. Volume fraction and specific surface of second-

ary phase particles determined from SANS data were
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found to be practically independent of the choice of
model particle shape.
3. Glassy silica particles observed in microscopic

images in significant volume fractions have nearly no
effect on neutron scattering due to their very low scat-
tering contrasts in the MoSi2 matrix. However, they
might be partly responsible for weak scattering from
the monolithic materials. The low contrast is advant-
ageous for evaluation of measurements on composite
MoSi2, because contribution from silica particles can
be neglected and only the two other phases (second-
ary phase particles and pores) have to be considered
in data analysis.
4. The measured data do not allow distinguish-

ing multiple phases in the studied materials, although
pores have been observed by imaging methods in ad-
dition to the secondary phase. Residual porosity con-
tributes at least partly to the scattering from mono-
lithic materials. By neglecting possible contribution of
the SiO2 particles, we could evaluate the upper limit
for the volume fraction of the residual porosity to 0.1
vol.%.
5. Volume fractions of secondary phase in com-

posite materials determined by SANS are close to
the nominal ones, although they are systematic-
ally higher for the SiC composites. Scattering by
pores is a plausible explanation of this deviation.
On the contrary, the volume was lower than nom-
inal for the Si3N4 phase, which is known to form
large aggregates. The model of non-interacting spher-
ical particles is then inadequate and leads to appar-
ently larger particle radii and lower volume fractions.
This is in agreement with the observed size distribu-
tion.

Acknowledgements

This research project has been supported by the
European Commission under the 7th Framework Pro-
gramme through the ‘Research Infrastructures’ action
of the ‘Capacities’ Programme, Contract No: CP-CSA
INFRA-2008-1.1.1 Number 226507-NMI3 and project
VEGA No. 2/0105/08. Support from the Czech Ministry
of Education (No. MSM2672244501) and Czech Academy
of Sciences (No. AVOZ104805505) is also appreciated.

References

[1] PETROVIC, J. J.—HONNELL, R. E.—MITCHELL,
T. E.: Ceram. Eng. Sci. Proc., 12, 1991, p. 1633.

[2] GAC, F. D.—PETROVIC, J. J.: J. Am. Ceram. Soc.,
68, 1985, p. 200.

[3] SHAW, L.—ABBASCHIAN, R.: J. Am. Ceram. Soc.,
78, 1995, p. 3129.

[4] KOHUTEK, I.—BESTERCI, M.—KULU, P.: Acta
Metal. Slovaca, 4, 1998, p. 123.

[5] KOSTORZ, G.: In: Neutron Scattering (Treatise on
Materials Science and Technology). Ed.: Kostorz, G.
New York, Academic Press 1979, p. 227.

[6] FEIGIN, L. A.—SVERGUN, G. I.: Structure Analysis
by Small-Angle X-ray and Neutron Scattering. Ed.:
Taylor, G. W. New York, Plenum Press 1987.

[7] STRUNZ, P.—ŠAROUN, J.—MIKULA, P.—LUKÁŠ,
P.—EICHHORN, F.: J. Appl. Cryst., 30, 1997, p. 844.
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