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Abstract

Schematic description of a special evaluation procedure for data treatment of anisotropic Small-Angle Neutron
Scattering (SANS) is presented. The use of the discussed procedure is demonstrated on a data taken from investigation
of precipitation in single-crystal nickel-base superalloys.

1. Introduction

Generally, the "ideal" (i.e. unsmeared, unnoised) diffracted
intensity is connected with the microstructure of the examined
material (more precisely, with the 3D scattering length density
distribution in the case of interaction of neutron with atomic nuclei)
by the Fourier transform. However, the resulting measured signal can
substantially differ from the "ideal" one due to the statistical noise,
instrumental smearing, wavelength-distribution smearing, multiple
scattering, absorption and other possible effects. These effect (or
transformations, because they transform one function to another) can
be mostly well described when the parameters of the facility as well as
the size and shape of the sample are known. The only uncertainty (but
very restrictive from the evaluation point of view) remains the
statistical noise. Simple scheme of the link "microstructure -
experimental data" is shown in Fig. 1.

The scheme drawn in Fig. 2 explains the particular case, how is
an ideal anisotropic SANS pattern connected with a microstructure. In
Fig. 2a, particles of size roughly between 20 A and 2 urn scatter
thermal neutrons coherently elastically to relatively small angles with
respect to the incident beam. When nonspherical particles prefer some
orientation with respect to the matrix, azimuthal dependence of
scattered intensity exists. The scheme (a) is drawn in the real space,
but - alternatively - the scheme of the scattering can be drawn also in
reciprocal space (term reciprocal space means momentum transfer
space) - see Fig. 2b. The reciprocal space carries 3D differential-
scattering-cross-section function which is connected with scattering
length distribution via Fourier transform. The condition of elastic
scattering then defines properties of diffracted neutrons: their
scattering vectors (denoted Q) lie on the surface of Ewald sphere and
intensity in certain direction (given by vavevector k) is driven by a
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Fig. 2. Scheme of the "ideal" SANS experiment in (a) real space and (b) in reciprocal space when preferential
orientation of nonspherical particles exists.
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magnitude of cross-section function in that particular end-point of Q.

2. Transformed Model Fitting

Several methods to evaluate anisotropic pin-hole SAS data were used in the past (eg. [1-4]); however, they are
usually restricted to performing ID cuts through measured 2D data and do not evaluate all measured points from the
position sensitive detector (PSD) at once. Therefore, a new method which employs generall approach "Transformed
Model Fitting" was created [5, 6] for evaluation of anisotropic data from single-crystal superalloys.

The used approach directly simulates the physical process of interaction of irradiation with matter by means of a
computer. First, a model of microstructure or cross section is created, which is afterwards transformed by
transformations mentioned above. Then, the result is compared with measured data and this can be repeated in an
external loop to obtain optimum parameters. Due to the limited acceptable computation time and accessible computer
memory, the used real or reciprocal space model cannot fully copy all the features of the microstructure of real material
and some simplifications are necessary.

The "Transformed Model Fitting" approach is frequently used for an evaluation of diffraction experiments;
nevertheless, it does worth to recall its advantages:
- physical (either theoretical or experimental) basis of used model; possibility to test easily the compatibility of different

models with experimental data; physical meaning of fitted parameters (when the model is not completely wrong);
- utilization of a priori information on the studied material;

{Note: In material science, diffraction experiment alone is seldom used as' the only method for investigation of a material. More
frequently, either the experiment is connected with some directly imaging method or a previous partial knowledge of the
microstructure exists. Here, the evaluation can be restricted to a limited number of models, which are conformable with our pre-
knowledge. It should be noted that such use of pre-information cannot be incorporated easily to some others methods.)

- possibility to use also non-analytical functions or binary maps as models;
- possibility to start to model not only in

reciprocal but in real space in some cases;
{Note: In the case of SANS, relatively small
ratio Qmax/AQ - which determines the number
of discrete points of computer-memory array in
which the model has to be calculated - allows
to perform numerical 3D modelling followed
by 3D Fourier transform in aceptable time
[Qma* denotes the magnitude of the largest
measured scattering vector, AQ is the resolution
of the experiment].)

- no need for stabilization of the solution;
single step procedure (fitting directly to the
experimental data);

- possibility to fit also 2D or even 3D data.
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3. Evaluation procedure

In the following paragraphs, the
individual steps of the "Transformed Model
Fitting" method modified for anisotropic
SANS evaluation (see Fig. 3) are shortly
described.

The first step is to create model in real
space depending on several free parameters. It
is built as a binary map in 3D. The second step
is to transform the model to the reciprocal
space. Because of the limited resolution, one
can suppose that the scattering intensities from
sufficiently distant places in the sample sum
incoherently. The characteristic distance s at
which this assumption is fulfilled is equal or
larger than 2TI/AQ. Then, the sample can be
treated as consisting of cubic blocks with the
size s and the differential SANS cross section
in 3D reciprocal space can be written as a sum
of cross sections from the individual blocks. It
should be noted that the block can contain
more than one particle. In this way, this
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Fig. 3. Scheme of the procedure for anisotropic SANS data
evaluation, ao, Aa denote size and size distribution parameters, / is
distance between particles, y/0, Ay/denote orientation and orientation
distribution parameters, cp is volume fraction of particles; other
symbols have usual meaning.
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approach can automatically include interparticle interference between the particles inside the block. The distance
between the particles can be assumed to be another parameter of the model.

However, the number of terms in such summation has to be reduced in order to achieve realistic computing time.
For example, if our irradiated sample volume is 1x10x10 mm3 and 5=1 Jim, the number of cubic parts of the sample
would be 10" and the corresponding computation time of the order of 10" minutes. In reality, the cubic blocks can be
grouped so that each group contains the blocks of the same or nearly the same configuration (i.e. sizes and shapes of the
particles, distances between the particles, their mutual orientations etc.). In such a way, the number of terms is
significantly reduced. Further reduction can be achieved under some assumptions concerning the material under
investigation (e.g. that one block contains only particles having the same size - so called local monodisperse
approximation [7]). By repeating of the numerical computing of cross section for different groups (and thus also particle
sizes), the cross section of particles having e.g. size distribution can be obtained.

The next step of the procedure is spatial orientation distribution of modeled particles (or sets of particles inside
the block). Because calculated cross section of size distribution is 3D, one can cut it along Ewald sphere surface to
obtain corresponding 2D cross section dL/dQ.(Qx,Qy) for certain particle orientation. If an orientation distribution is
expected, the section along the Ewald sphere can be performed many times with the rotated Ewald sphere according to
the orientation of individual particles.

At this point, computation of the 3D cross section of another particle type can be started. With some assumptions
(e.g particles of different kinds do not intersect), other populations of particles inside the sample (which differ e.g. in
shape or in scattering contrast) can be included to the evaluation.

Till this point, modeling of microstructure has been described, since now corrections of the scattering curve are
briefly reported.

One of the features which can influence the measured SANS curve is multiple scattering. Its smearing effect
depends on the sample thickness d which determines the total scattering probability. The evaluation procedure uses
approach introduced by Schelten & Schmatz [8] to treat this feature.

In neutron scattering, experimenters are usually considerably limited by relatively low intensities of available
sources. In order to obtain a high flux at the sample position, they are commonly forced to use a relatively wide
wavelength distribution and a relatively poor collimation of the incident beam. This implies a non-negligible influence
of instrumental and ^-distribution smearing on the measured curve [9]. The final smeared cross section is thus obtained
by the two-dimensional convolution of the original cross section with resolution function and, additionally, the 2D cross
section is smeared in radial direction by distribution of wavelengths.

4. Example of the data treatment

On this theoretical basis, a VAX FORTRAN
program was written for modeling and - optionally - for
least square fitting of the measured SANS data to the
chosen model. Applicability of the program to the
anisotropic SANS data evaluation has been proved [10-13].

For illustration of the exploitation of the program,
one figure from microstructural investigation of a new type
of single-crystal Ni-base superalloy called SCA [14,15] is
presented. An influence of aging on precipitate
microstructure was studied during this investigation on V4
facility in HMI Berlin.

The excellent strength of single-crystal Ni-base
superalloys (which are technologically important materials)
originates from the two-phases microstructure: the alloy
contains y' precipitates coherently embeeded in the y -
phase matrix. After standard heat treatment of the original
material, the precipitates are of cuboidal form and oriented
with edges parallel to <100> crystallographic directions.
Moreover, they are often, ordered into the three-
dimensional grid. Therefore, resulting scattering is highly
anisotropic.

One of measured curves is displayed in Fig. 4. Near
the forward scattering, the scattering curve is influenced
mainly by interparticle interference. The peaks positions
provide information on the center-to-center distance
between precipitates. The curve was modeled using cubes
ordered into three-dimensional grid. A size distribution and
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Fig. 4. One of the measured and fitted 2D scattering
curves from SCA sample. The notation used in the
figure: - displayed contour lines correspond to the
equidistant levels of the macroscopic differential cross-
section dZ/dQ (cm^sr'1) in the logarithmic scale;
- measured levels are displayed by dashed line,
corresponding modeled curves are drawn by solid lines.
- the Q-ranaes on both horizontal and vertical axes are
in A"1



a spatial orientation distribution of abscissas between centers of precipitates were included. It was possible to extract the
following parameters from measured curves: approximation of spatial orientation distribution of normals to the interface
Y - Y- approximation of spatial orientation distribution of abscissas between centers of precipitates, approximation of
size distribution of particles and distances between particles. Because the scattering contrast was unknown, volume
fraction was calculated using refined size parameters ("geometrical volume fraction") and the estimation of the
scattering contrast was computed from it.

5. Conclusions

The following advantages of the described SANS-data evaluation procedure complement already mentioned
general advantages of the "Transformed Model Fitting" method:

- The utilization of the numerical approach enables to test a wider variety of models to fit a measured data (it
should be noted that the appropriate model has to be chosen for such a SANS-data evaluation; therefore a direct imaging
of the particles by electron microscopy is helpful).

- The influence of the instrument on the resulting curve is taken into account.
- The presented evaluation procedure is not restricted to low total scattering probabilities and/or densities of

particles because the interparticle-interference and multiple-scattering effects are taken into account in the numerical
calculations.

- The evaluation procedure takes full advantage of the 2D PSD.
The modification of the procedure allowing to perform evaluation of 3D reciprocal-space scan at once (3D

fitting) is under development.
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