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Abstract — A microwave imaging technique is proposed for
reconstruction of geometrical parameters (a spatial position and a
radius) of a metal sphere emerging inside the sample of metal
powder in the course of microwave sintering. The technique relies
on a numerical inversion realized with an artificial neural
network backed by data on S-parameters obtained from FDTD
simulation and measurement. Numerical experiments are per-
formed in the frequency range from 2 to 3 GHz for a cylindrical
sample of iron powder in a two-port waveguide system. The
results show that the spheres of not less than 2 mm radius are
reconstructed with the average errors of 0.2-2.2%.

Index Terms — FDTD methods, microwave imaging, neural
network applications, nondestructive testing.

I. INTRODUCTION

Microwave (MW) sintering of particulate materials is
known to be an efficient alternative to conventional thermal
sintering. Due to shorter processing time and lower sintering
temperatures, materials produced by high temperature MW
processing from ceramic, metal and composite powders can
have improved microstructures and enhanced physical proper-
ties [1], [2]. The progress in upgrading of successful
laboratory production of new materials from semimetal and
metal powders to the level of efficient industrial applications
is, however, fairly slow. This can be explained by substantial
difficulties in controlling MW sintering, and that may be
related to the fact that physical mechanisms behind this
technology are still not fully understood [3], [4].

The interest in practical instruments for specific characteri-
zation of the process of MW sintering raises demand on the
techniques of testing/monitoring the state of powder samples
at different temperatures. Aiming to create the tools capable of
producing systematic characteristics of the processes of MW
sintering, this goal has been recently attacked from the view-
point of macroscopic modeling [S]-[8]. However, these models
are based on severe idealizations and do not account for the
full picture of MW sintering as a complex multiphysics pheno-
menon coupling electromagnetic, thermal and mechanical
processes. Application of conventional in situ measurement
techniques using different types of sensors and probes (see,
e.g., [9]) is very limited here because of high (up to hundreds
degrees Celsius) temperatures in the furnace and intrinsic non-
uniformity of microwave thermal processing. This motivates
the development of suitable means of nondestructive
evaluation (NDE) of powder samples under microwave
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Fig. 1.  Conceptual scheme of the NDE technique.

irradiation. A sophisticated technique based on a time-re-
solved synchrotron radiation and X-ray diffraction [10] pro-
vides high-resolution visualization of structural and micro-
structural changes of materials during MW heating. However,
this technique requires highly complicated and very expensive
instrumentation and thus unlikely can be widely used for the
related experimental studies. This suggests that much simpler
(and not necessarily as precise as [10]) techniques for practical
NDE may be useful for routine characterization of metal
powders in the course of sintering in applied MW systems.

In this paper, we report on the initial steps in the
development of an imaging technology for evaluation of inner
structure of the powder sample from elementary measurements
of S-parameters. The proposed technique originates from the
concept of modeling-based NDE in closed systems [11]-[12]
and relies on the observation that, from a macroscopic mode-
ling prospective, the sintered metal powder cannot be
characterized in terms of gradual changes of its effective
complex permittivity &g and permeability feg in the full
temperature range. In contrast to ceramic powders, the no-
phase-change assumption is not applicable here: at certain
temperatures, sizable pieces of bulk metal are formed and
grow within powder samples. In response to this feature, the
current version of our NDE technique is designed to detect a
position and size of a spherical metal inclusion in a powder
sample characterized by &g and gy and situated in a
waveguide.

A principal idea of the proposed technique is illustrated in
Fig. 1. The approach is based on the application of an artifici-
al neural network (ANN) used for inversion of the problem
and reconstruction of the radius and spatial coordinates of the
sphere. The S-parameters come to the “inverter” from both a
numerical (FDTD) electromagnetic analysis of the entire MW
system for multiple values of reconstructed parameters and a
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Fig. 2. Microwave two-port system containing a cylindrical powder
sample with a metal spherical inclusion.
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Fig. 3. Architecture of the ANN for reconstruction of spatial
coordinates and a radius of a metal sphere.

measurement performed at a particular instance of the
sintering processes. The functionality of the technique is
demonstrated by a computational test in reconstructing the
parameters of a metal sphere in a cylindrical sample of iron
powder in a rectangular waveguide.

II. METHOD

The modeling-based NDE technique for detecting the
emerging metal spherical inclusion in the sample of metal
powder is realized for a two-port closed system. The
measurable characteristics used for monitoring the internal
structure of the sample are complex S-parameters (the
reflection and transmission coefficients, S;; and S,
respectively) which are determined (computationally and
experimentally) in the same ports which are used to input MW
energy in the system. The sample is supposed to be fully
specified in terms of its material parameters (i.e., &g and L)
and configuration. In this paper, we consider the scenario
consisting of a rectangular waveguide and a cylindrical sample
staying on its wide wall and containing a metal sphere as
shown in Fig. 2.

The aim of the proposed technique is to locate the 3-D
coordinates and radius of the inclusion. It has been found from
the preliminary computational experiments that in waveguide-
type structures S-parameters are mostly sensitive to the
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Fig. 4. Structure if a core-shell particle.

position of the inclusion with respect to the position of the
sample only along the direction of field propagation, i.e. the x-
axis. This suggests that in order to retrieve information about
location of the sphere in all three coordinates, one can deal
with S-parameters corresponding to three orientations of the
sample rotated by 90° with respect to each other when the
second position of the sample is rotated around the z-axis and
the third position is obtained by rotating around the y-axis. In
contrast to the approach outlined in [11], here, in order to in-
crease the amount of input information and improve precision
of reconstruction, we use S-parameters obtained for a number
of frequencies in an interval (f;, f;) around the working
frequency of MW thermal processing fo. (This approach
presumes that S-parameters are measured by a suitable high
power network analyzer (see, e.g., [13]).)

Parameters of the sphere are reconstructed with the use of a
radial basis function (RBF) ANN shown in Fig. 3. The ANN F
approximates the map & : X—VY, where X is a vector of size
(12xN)x1 whose elements are real and imaginary parts of the
reflection and transmission coefficients, Y is a vector of size
4x1 that consists of the coordinates of the center (xo, yo, zo)
and radius (ry) of the inclusion, and N is the number of
frequency points.

It is supposed that for any allowable set of reconstructed
parameters, frequency responses of S-parameters can be
obtained from numerical simulation. With the help of an elec-
tromagnetic solver, we generate P samples of input-output
pairs and use them for training the ANN. The RBF is chosen
to be a cubic basis function given by @(X) = ||X— c;||>, where
¢, is the center of the RBF and the centers are chosen to be the
training inputs X. Essentially, F is a linear combination of P
cubic RBFs.

The training numerical data is found with the use of full-
wave 3-D conformal FDTD simulator QuickWave-3D [14].
The output training points are chosen as random combinations
of positions and radii uniformly distributed in the specified
domain. When the ANN is sufficiently well trained by
modeling data, it is able to reconstruct the parameters of the
sphere using the S-parameters obtained from the related
measurement.

II1. RESULTS

The numerical results presented in this section are obtained
for the cylindrical sample with R =15 mm and H =20 mm that
is located in the center of the wide wall. The material of the
sample is powder of core-shell particles randomly distributed
in air; its effective permittivity and permeability are taken as
the ones of iron powder that are estimated, in accordance with
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Fig. 5. Parameters of the metal sphere found by the RBF ANN (*) in
response to 50 testing points (0); number of training points is 475.

the model [15], to be &g =2.25 —j0.000002 and g = 1.0 —0.
These values correspond to the effective permittivity of crystal
lattice of metal core and permittivity of dielectric shell & =
12.0 — jO and & = 4.0 — jO, respectively, the core-shell
proportion (R, — R))/R; = 0.1 (with R, and R; being the
external radii of the shell and the core, respectively, as shown
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TABLE |
RECONSTRUCTED PARAMETERS OF A METAL SPHERE IN A
CYLINDRICAL SAMPLE OF IRON POWDER

S Position & X
radius 0 Yo i &
1 actual -4.0 -4.0 0 3.0
reconstructed -4.62 -4.37 0.02 2.96
error, % 3.2 1.8 0.1 0.2
2 actual 2.0 -2.0 -2.0 3.0
reconstructed 2.27 -2.28 -2.12 3.02
error, % 1.4 1.4 0.6 0.1
3 actual 1.0 1.0 1.0 4.0
reconstructed 124 1.19 0.87 4.04
error, % 1.2 0.9 0.7 0.2
4 actual 0.0 3.0 2.0 5.0
reconstructed 0.18 344 247 4.95
error, % 0.9 2.1 2.4 0.2
Average error
(12 tests), % 1.9 2.2 1.3 0.2
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on Fig. 4), and the volume fraction of core-shell particles in
the sample 0.2.

Since many of applied systems of MW thermal processing
operate at fo = 245 GHz, we adopt it as a frequency at which
MW sintering is performed and which is within the interval (f;,
f2). For sake of simplicity and in order to reduce compu-
tational cost of the study, we choose a two-port closed system
to be a section of the WR340 waveguide (86 x 34 x 250 mm);
the frequency interval is taken to be bounded by f; = 2 GHz
and f, = 3 GHz and having N = 21.

Numerical data were obtained using a fine FDTD model of
the entire system that contains 60,000 to 70,000 cells (depen-
ding on the orientation of the sample and the size of the
sphere) with the smallest ones of 0.8 mm. The steady state is
reached within about 15,000 time steps, and it takes 1.5-2 min
of CPU time of an AMD Athlon 2.2 GHz processor PC.

The parameters to be determined in the reconstruction are
sought in the following intervals:

1 <ry<5mm,-4<xy<4mm,-4<y,<4mm, -4 <zy<4mm,

where the spatial coordinates are measured with respect to the
center of the cylinder.

The performance of the trained network is illustrated in Fig.
5. The technique finds the parameters of the sphere with a
sufficiently high resolution when the network responses are
close to the test points, i.e., for the spheres with radii greater
than 1.5-2.0 mm. Table 1 gives a numerical comparison of
the reconstructed parameters of the sphere with their actual
values; the average error for 12 test spheres (computed as the
sum of relative errors for all cases divided by 12) does not
exceed 2.2 %.

IMS 2010



978-1-4244-7732-6/10/$26.00 ©2010 IEEE

100 150 200 250 300 350 400 450 500
Number of points

Fig. 6. Average error of reconstruction E versus the number of
training points.

Finally, we characterize the accuracy of the technique in the
presented illustration by the average total squared error:

RS {[ 00 (1)]2 Lv(i) (1)]2
E ZE an —xOn + Oa —yOH +
i=1

W __ mP [(:) (1)]2}
[ZOa ZOn] + rOa _rOn H

where the squared differences are summarized for 50 random-
ly taken test points and the indices a and » denote the actual
and reconstructed parameters respectively. It is seen from Fig.
6 that the algorithm converges with the number of training
points increasing up to 350-400.

IV. CONCLUSION

A modeling-based technique for detection of a position and
size of a bulk metal spherical inclusion emerging in a sample
of metal powder in the course of MW sintering has been
presented. The numerical test performed for the cylindrical
sample of iron powder in a two-port waveguide system shows
that the technique allows for fairly precise determining the
parameters of the sphere. The reconstruction error depends on
the radius; for spheres with ro more than ~2 mm, the average
errors in getting the position of the center and the radius are
1.8 % and 0.2 % respectively.

The technique presented here for a two-port waveguide
system, a cylindrical sample and a spherical piece of sintered
metal powder can be straightforwardly upgraded to be
applicable to practical (multi-port, geometrically complex)
systems for MW sintering, powder samples of other
configurations, and inclusions of alternative shapes (e.g.,
rectangular, ellipsoidal, etc.). Future development of this NDE
technology may require refinement of its resolution towards
smaller detectable inclusion and resolution of the issue of
generation of “non-uniform” numerical data for MW systems
with dramatically varying material parameters in order to
ensure a stable operation of the ANN “inverter”.
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