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The  magnetic  absorption  of  metallic  powders,  particularly  at microwave  frequencies,  is  of  great  theoret-
ical and  practical  interest  and  has  been  the subject  of  previous  research  examining  the dependence  of
absorption  on the  ratio  of  the  particle  skin  depth  to radius.  Here,  the validity  of  the  theoretical  approach
concerning  the peak  in  the  absorption  spectrum  is  verified  using  a  3D  simulation  of  a  hexagonal,  close-
packed  particle  matrix.  Clear  experimental  data  is  given  for  the  real  and  imaginary  parts  of  the magnetic
permeability  of  metal  alloy  powders  (Ti6Al4V),  of  varying  size,  obtained  by  using  the  cavity  perturbation
avity perturbation
etal powder

ddy current
agnetic

ermeability

technique  across  three  separate  frequencies  in  the  GHz  range.  The  results  are  shown  to  be congruent
with  existing  theory.  Further  verification  of  the  absorption  peak  is given  by the testing  of  the  powder
at  lowered  conductivity  by  elevating  the  temperature.  The  results  demonstrate  the  applicability  of  the
relatively  simple  microwave  cavity  perturbation  approach  to  the  determination  of  the  average  particle
size in a  metal  powder  when  compared  with  other,  more  complex  and  time-consuming  methods.

© 2017  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

Since the first demonstration of sintering a metal powder body
y microwave radiation [1], efforts to understand the energy
bsorption of conducting metal powders has been ongoing. Whilst
he simple need to generate heat has been the primary concern
hen approaching this subject, there is much value in consider-

ng other measurement applications. For instance, from accurate
nowledge of the absorption behavior of an unknown metal pow-
er, the approximate mean particle size can be determined, or
article sizes between batches of powder can be compared.

The theoretical basis for electromagnetic absorption in conduct-
ng metal powders is well established. A variety of studies have
aken a first principles approach to the absorption of an individual
article within both electric and magnetic fields [2–4]. It is accepted
hat, for any practical size of particles which are considered to be

etallic on the basis of a high value of electrical conductivity, mag-
etic absorption via eddy current loss is much greater than loss in

n equivalent electric field and this has been demonstrated exper-
mentally [5,6].

∗ Corresponding author.
E-mail address: clarkns@cardiff.ac.uk (N. Clark).

ttp://dx.doi.org/10.1016/j.sna.2017.03.037
924-4247/© 2017 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

Typically, studies are interested in energy absorption for the
application of heating a powder. With this in mind, previous works
have been undertaken to experimentally verify the absorption in
metallic powders by applying high power microwave radiation
and measuring the powder temperature. This has been done rel-
atively successfully by measuring the temperature gradients and
maximum temperature achieved [7]. The peak absorption rates,
as predicted at specific particle sizes by theory, have also been
observed experimentally [8,9]. However, using the temperature as
a measure of the absolute absorption has many difficulties. Firstly,
the precise power delivered to the sample must be calculated and
this may  not be trivial due to the complex loading and changing
condition of the applicator caused by the heated powder. Also,
accurate determination of other powder characteristics will likely
be difficult. For instance, the powder thermal conductivity and
dissipation rates can be massively affected by the ambient con-
ditions, such as initial temperature and airflow, and other powder
characteristics such as packing density, sample size and chemical
composition.

Microwave cavity perturbation provides a convenient and
potentially easy method of determining the absolute absorption
of a powder and, using cavity modes which isolate the electric

and magnetic fields at the sample insertion point, magnetic and
electric absorption can be measured separately [10–13]. High Q
cavities and modern network analyzers ensure that measurement

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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rror is extremely small and modern simulation tools have allowed
or accurate correction of errors caused by sample holes and cou-
ling structures [14]. Also, sample preparation is minimal and the
echnique is flexible to allow measurement at significantly elevated
emperature. Another advantage is the use of multiple modes to
rovide simultaneous measurements at different frequencies [15].
his gives a range of microwave skin depths, which is crucial to
etermining the mean particle size from magnetic absorption (i.e.
ue to eddy currents) in metallic particles.

Determination of the particle size distribution for a powdered
aterial is currently a relatively expensive or inconvenient pro-

ess. In an industrial setting, a survey using scanning electron
icroscopy (SEM) is usually prohibitively expensive. Laser diffrac-

ion is the standard measurement used but this usually requires
hat the powder is well-dispersed in liquid, a process which in met-
ls is prone to error due to its high density. Furthermore, these
ystems require significant ongoing maintenance and replenish-
ent of consumables which makes them unattractive for many

pplications. Conversely, microwave cavity perturbation could pro-
ide a convenient method which relies on a simple metal structure
or the cavity, and solid-state electronics to interrogate it. Informa-
ion regarding the average particle size of a metallic powder can
hen be obtained non-destructively. The information it provides,
lthough not a detailed particle size distribution (PSD), can be use-
ul, for instance, in determining the evolution of powder properties
ver time.

. Background

.1. Theory

The complex magnetic dipole moment for an individual spher-
cal particle is derived as [2]

 = 2�a3H0

(
(� + 2)

(
1 − ka cot (ka) − �(ka)2)

(� − 1)
(

1 − ka cot (ka) − �(ka)2)
)

(1)

here a is the particle radius, H0 is the applied magnetic field
trength, ε is the internal sphere permittivity, � is the internal
phere permeability and the wavenumber k = ω

√
ε�

c . Electrical con-
uctivity � is introduced by making � complex, i.e. by considering

 = �1 − j�/��0, where the imaginary part dominates the real part
1 for materials considered to be weakly conducting, and certainly
o for materials considered to be metallic.

This leads to simplified expressions for the power absorbed per
nit volume and the real part of the relative permeability for a non-
agnetic conducting powder as

PM〉 = 3
4

ω�0H2
0Im

(
1 + 3 cot (ka)

ka
− 3

(ka)2

)
(2)

1 = 1 − 1
2

Re

(
1 + 3 cot (ka)

ka
− 3

(ka)2

)
(3)

Considering the large skin depth limit, a/ı � 1 we see that for
mall particles

lim
a
ı
→0

〈PM〉 = 1
20

ω2�2
0a2�H2

0 ∝ ω2a2� (4)

Conversely, in the small skin depth limit, we see that for large
articles

9
√

ω�2 1
√

ω

lim
a
ı
→∞

〈PM〉 =
4a

0
2�

H2
0 ∝

a �
(5)

As can be seen, for fixed value of frequency, the absorption in
arge particles is inversely proportional to the particle radius and
Fig. 1. Comparison of simulation and theory of the absorption and permeability of
a  single spherical particle. Theory curves are given by Eqs. (2) and (3).

proportional to the square of the radius for small particles. This
reveals an absorption peak which is found when the radius is 2.4
times as large as the skin depth.

The above results are for isolated spheres, so a key assumption
is that the particles are arranged suitably sparsely such that local
magnetic field corrections caused by particle-particle interactions
can be ignored. However, meeting this criterion in reality is diffi-
cult due to the nature of the powder itself. Attempts to suspend the
powder in some type of setting liquid are unlikely to be successful
due to the high density of the individual metal particles, thus lead-
ing to particle settling. The relevance of the equations is therefore in
question but this can be answered, to some extent, with simplified
simulations.

2.2. Simulation

Simulations were undertaken using COMSOL Multiphysics at
2.45 GHz using a quasi-static approximation. A uniform magnetic
field of amplitude 1 A/m was applied in a region of space with
boundaries kept suitably far away from the particles such that the
magnetic field at the boundary is unaffected by local field correc-
tions owing to the particles. This condition mirrors the assumption
made when applying first order perturbation theory. The simula-
tions are not intended to completely characterize the absorption
for multi-particle systems but simply give an indication of their
behavior. In order to characterize the absorption empirically, many
different packing schemes would need to be considered as well as
various field orientations. In the first instance and for this case, a
simple hexagonal close packed (HCP) system was used as it gives a
relative packing density close to what was  measured during exper-
imentation (∼0.6). The particle radius is fixed at 20 �m and the
electrical size is changed by adjusting its conductivity − thus chang-
ing the ratio of skin depth to particle radius. Initially a single particle
was simulated to verify future simulations, as shown in Fig. 1. The
simulation shows very good agreement with the analytical theory,
demonstrating the characteristic absorption peak when a = 2.4ı.
For completeness, the theoretical real permeability is shown, even
though this was not calculated by simulation.

The next 3D simulation considers a hexagonally close packed
matrix of 216 particles (i.e. a 6 × 6 × 6 array). The generated particle
agglomeration can be seen in Fig. 2. Note the axis directions, which
are referred to later. The HCP planes are stacked in the z direction.

Four distinct conditions are considered: the field applied in
either x or z direction and with the particles either touching or
with a 0.1 �m gap separating all particles. The z direction indicates

field application perpendicular to the 6 HCP planes. Fig. 3 shows
the result of these simulations with the touching a separated cases
showing distinct results. With small inter-particle separation, the
measured absorption closely resembles the profile predicted by the
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Fig. 2. HCP particles generated for COMSOL simulation.
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ig. 3. Simulation of magnetic absorption per unit volume based on a 216 particle
CP array.

arlier theory. This is enabled by total magnetic field penetration
n the space between particles.

Fig. 4 shows the magnetic field distribution on the cross section
rawn through the middle of the particles in both the separated
nd touching cases. The radius is 6 times the skin depth and the
agnetic field is applied in the z direction, i.e. perpendicular to the
lane of the image. As previously mentioned, the separated case
llows total field penetration. However, with no separation, electri-
al contacts between particles enable macro currents to flow in the

ig. 4. Simulated magnetic field strength cross-section, taken in the xy plane through th
atrix.
Fig. 5. Simulated magnetic absorptions based on the 216 particle HCP array. Stacked
layers have been separated.

agglomeration. These currents screen the inner particles and cause
a different absorption characteristic. This can be interpreted as the
small particles combining to effectively increase the particle size.
The peak absorption per unit volume is consequently increased,
due to the voids becoming effectively trapped by the contacting
particles.

It is important to note that these currents flow in a perpendicu-
lar direction to the applied magnetic field. Therefore, only contacts
made in the direction perpendicular to the applied field contribute
to the overall screening affect. This can be demonstrated by con-
sidering the same 216 particle matrix with the field applied in
the x direction but with the HCP planes slightly separated, thus
eliminating any electrical contacts in the z direction. Fig. 5 shows
the absorption characteristic which closely matches the theoretical
prediction. Since the compressive weight of the powder will cause
electrical contacts to form above and below the particles, as long
as the magnetic field is applied along the same direction as gravity,
these contacts will be relatively inconsequential.

A further interesting effect is also observed when considering
small particle agglomerations. A touching 3 × 3 × 3 HCP was con-
structed and simulated with field applied in the z direction. Fig. 6
shows the results and, in contrast to the larger case, the per unit
volume absorption still exhibits a peak in a similar location but the
absorption is significantly increased in magnitude.

To conclude the initial simulation study, it is hypothesized
that, as long as electrical contact is not made between particles,
a relatively large group of closely packed particles will share the

absorption behavior of a single particle up to (and close to) the
absorption peak. The isolation between particle contacts in the
plane perpendicular to the magnetic field can be provided by the

e third particle layer. (a) Separated HCP particle matrix. (b) Touching HCP particle
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Fig. 6. Comparison of single particle absorption and simulated magnetic absorption
based on a 3 × 3 × 3 HCP particle matrix.
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Fig. 8. Simulated absorption for multi-layer cubic close pack configuration with
periodic boundary condition.

Table 1
Cavity modes utilized for measurement (Q0 is the quality factor of the empty cavity).

Mode Frequency (GHz) Q0 Gnmp
ig. 7. Cubic close pack 3D simulation model with periodic boundaries across x and
 showing the maximum 4 layers.

ative oxide layer that will be present on the surfaces of the most
ommonly used metals. It is not expected that this oxide layer itself
ill contribute significantly to the magnetic absorption, as reported
reviously [16].

Similarly to previous studies [3,17], an effort was made to
imulate an infinitely large configuration by utilizing the simple
ymmetry of a cubic close packed system and a periodic boundary
ondition (density = 0.52). Fig. 7 shows the 3D model created for
imulation where the excitation ports are placed at the y limits and

 periodic condition applied at the x and z limits. As defined by the
eriodic boundary conditions, the simulation is continuous across
he x and z boundaries. In the y direction, the simulation is finite.
imulations of up to 4 layers in this direction are considered, where
he number of layers is denoted by N. The boundaries at y are places
ufficiently far away such that they do not influence local field dis-
ortions caused by the particles. Adjusting the distance between
he particles and simulation boundary did not significantly affect
imulation results.

The absorption is shown in Fig. 8, presented as the average
bsorption in the center 9 × N particles. It can be seen that, while the
urves retain the approximate characteristic shape of absorption,
ignificant reduction of loss is observed as the particles increase in
ize. This result is similar to the previously cited studies. Whilst a
light decrease in absorption can be seen for 1 layer, subsequent
imulations show very similar results, thus adding confidence that
he result is scalable to larger geometries.

. Experimental setup

The cavity used was cylindrical in design with an internal radius

.75 cm and height 4 cm,  machined from aluminium. A hole is
laced on its axis, with suitable RF chokes at either end, to act
s a mode trap for degenerate TM modes (explicitly TM111, TM112
nd TM122 in this case). Furthermore, as previously described, by
TE011 5.36 20,062 0.284
TE012 8.39 17,917 0.490
TE022 10.2 26,711 0.128

exploiting different resonant modes, a sparse frequency spectrum
can be obtained. As well as changing the absolute absorption for
particular particle sizes, this shifts the absorption peak due to the
changing skin depth. Table 1 shows the different modes utilized and
their measured resonator parameters (the mode scaling constants
G are defined below).

Cavity coupling was achieved using two  near-identical, co-axial
loops fed through the flat, top cavity surface. Resonator Q and
resonant frequency were obtained, simultaneously, from all the
modes, from measurements of the voltage transmission coefficient
S21 in the frequency domain using an Agilent PNA-L (N5232A) uti-
lizing a circle and linear fit strategies, as detailed elsewhere [18].
This method, using a very small span of points around the cen-
ter frequency, was found to be more robust compared to a simple
Lorentzian fit of the magnitude data. This is especially true for
the higher order modes where distortion of the resonances due
to cross-coupling becomes significant.

The per unit volume magnetic power absorption (in W/m3) is
given as

〈PM〉 = ω

2
�2�0H2

0 .  ̌ (4)

where  ̌ is the relative density of the powder sample. The imaginary
part of permeability can be obtained through standard perturbation
as [14]

�2 ≈
(

1
Q0

− 1
QS

)
VC

VS
Gnmp (5)

where Q0 is the initial resonator quality factor, Qs is that with the
sample, VC is the cavity volume, VS is the sample volume and Gnmp is
a mode dependent scaling constant. The G values can be determined
experimentally or via simulation, as demonstrated by Cuenca et al.
using a COMSOL simulation [19].

The real permeability was  also measured using the frequency
shift of the resonant cavity [14].

�1 ≈
(

f0 − fs
f0

)
VC

VS
Gnmp + 1 (6)
The samples selected for testing were made from gas atomized
Ti6Al4V powder obtained from the manufacturer LPW Technol-
ogy Ltd. Ti6Al4V is a common Titanium alloy frequently used in
aerospace and medical applications due to its high strength and
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Fig. 9. Particle size distribution of fractioned Ti6Al4V powder.
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Table 2
Fractioned Ti6Al4V powder characteristics.

Fraction Average Particle Diameter (�m) Effective Density

<16 �m 13.2 0.54
16–32 �m 25.8 0.58
32–45 �m 36.1 0.58
>45 �m 47.9 0.60
ig. 10. Optical microscope images of fractioned Ti6Al4V powder. (a) <16 �m.  (b)
6–32 �m. (c) 32–45 �m.  (d) >45 �m.

iocompatibility [20]. Chemically, it is composed of 6% Aluminium,
% Vanadium and 90% Titanium.

As Ti6Al4V is not usually used for its conductive properties,
here is uncertainty regarding its conductivity. However, the bulk
onductivity is assumed to be approximately 6 × 105 S/m [21]. The
tandard powder is described by the manufacturer to have parti-
les with diameters in the range 16–45 �m and was progressively
ieved into 4 separate powder fractions. The resultant particle size
istributions (PSD), obtained from a Malvern Mastersizer 3000, can
e seen in Fig. 9.

The three larger fractions appear approximately symmetrical,
owever, the smallest is broader. This similarity is also shown

n the physical look and feel of the powders. The three larger
ractions appear identical: light grey in colour and smoothly flow-
ng. However, the smaller fraction is slightly darker and tends to
orm powder clumps. Imaging the separate fractions with opti-
al microscopy utilizing focus stacking illustrates the cause of this
ifference. Fig. 10 shows the four particle fractions at ×20 mag-
ification. In each case, the radius of a single highlighted particle
as been measured to illustrate the relative size of the particles in
ach fraction. Firstly, the images reveal the powder particles are
ighly spherical, adding confidence that the previous analysis will
e valid. Secondly, whilst small satellite particles are visible in all
ractions, the smallest fraction shows a large concentration of these
mall sub-micron size particles. In this fraction, each larger particle

s surrounded by many very small particles which appear to then
ause clumps of small particles to form.

Samples were prepared by placing them into fused quartz tub-
ng (obtained from CM Scientific Ltd, UK) with 1 mm  ID and 1.2 mm
Fig. 11. Measured magnetic absorption of Ti6Al4V fractioned powder samples using
cavity perturbation.

OD. Subsequently they were vibrated for 10 s on a basic vibration
platform at 100 Hz. The sample was not seen, visually, to compact
any further for longer vibration durations. This ensured the removal
of any air pockets and, as a result, resulted in uniform density. For a
tall sample, significant granular convection is not expected but the
vibration time is kept intentionally minimal to avoid any poten-
tial error. The samples were weighed, accurate to ±0.001 g, and
the relative density calculated given the bulk density of Ti6Al4V of
4.43 g cm−3 [22]. Details of the 4 samples can be seen in Table 2.

Furthermore, in order to provide further verification, measure-
ments were taken with varying metal conductivity by elevating the
temperature. The sample and cavity were placed entirely in an oven
(Memmert UF30Plus) and the temperature risen slowly to 150 ◦C
and back to room temperature over 5 h ensuring uniform heating in
the sample and cavity. The changes in cavity Q were accounted for
by performing the experiment initially without a sample and using
this as a baseline measurement. The temperature was measured
using a PT-100 RTD platinum resistance thermometer, in contact
with the metal cavity surface.

4. Experimental results

The absorption results can be seen in Fig. 11. A set of predicted
values were obtained by performing a weighted sum of the absorp-
tion given by Eq. (2) over the entire PSD. The particle size for each
fraction is taken as the average particle size within the distribution.
The model appears to accurately predict the absorption profile of
the powder. The absorption peak is observed and is seen to be at a
fixed skin depth ratio.

Data for the real relative permeability, plotted alongside a set of
theoretical curves given by Eq. (3), are shown in Fig. 12.

The errors plotted are the combination of the random errors
encountered in Q and frequency measurement and other sys-
tematic errors. The vast majority of the error is caused from a
conservative uncertainty in the mode scaling factor G (∼2%) and the

measurement error in sample volume used to calculate the powder
density.

Fig. 13 below considers the absorption characteristic of parti-
cles at some initial conductivity and then at a second, somewhat
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Fig. 12. Measured real permeability of Ti6Al4V fractioned powder samples using
cavity perturbation.

Fig. 13. Changing theoretical magnetic absorption characteristic of metallic powder
if  conductivity is reduced by heating.
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Fig. 15. Measured magnetic absorption of the Ti6Al4V fractioned powder samples
given relative to the theoretical single isolated particle case. The simulation curve
represents the result from the 4 layer, periodic, cubic close pack simulation.
ig. 14. Evolution of magnetic absorption with changing temperature, measured
sing the cavity’s TE011 mode at 5.35 GHz within an oven.

maller, conductivity. For the illustration the effect has been exag-
erated but it can be seen that if one considers specific particle sizes,
he loss can either increase or decrease as the skin depth changes.
or particles above a certain size, a reduction in conductivity would
esult in an increase in loss and, conversely, for smaller particles the
eduction results in a reduction in loss.

Finally, Fig. 14 shows the changing relative absorption of the
owder as it is heated and its conductivity reduced. Theoreti-
al curves were constructed given the temperature co-efficient of
onductivity for Ti6Al4V as 0.0004/◦C and an initial, room tem-

erature, conductivity of 6 × 105 S/m. As predicted by the model,
ith decreasing conductivity and, as a result, an increasing skin
depth, the smaller particles show reduced absorption and the larger
particles increased absorption.

5. Discussion

The frequency shift and resultant real permeability shows a
strong negative trend with increasing particle size. Within this
range, the values appear consistent with those predicted by the
presented theory.

The measured loss values also show strong correlation with the
theory. Fig. 15 shows the measured relative absorption compared
with the single theoretical isolated particle case. A curve is also
given showing the result of the cubic close pack periodic simu-
lation. Consistent with the simulation, the larger fractions show
relatively reduced absorption with increased particle size. How-
ever, the smaller fraction, where the majority of particles are below
the skin depth limit, do not follow the trend exhibiting enhanced
absorption per unit volume.

This outlier can be explained by the previously mentioned
differences of this powder fraction. Firstly, the particles have a ten-
dency to cluster together. Assuming these clusters form electrically
connecting networks, the result of this is an increased effective par-
ticle size without, however, a corresponding increase in weight.
Therefore, the absorption per unit volume is seen to increase. This
effect was  demonstrated in the earlier simulation in the case of
touching particles. Secondly, this fraction has a concentrated pro-
portion of very small particles many of which are small pieces of
debris formed during the gas atomization process. Particles form-
ing this debris are less likely to be spherical in nature and therefore
less likely to conform to theoretical predictions.

Comparing the two temperature dependency plots given in
Fig. 14, the small particle case can be seen to closely match the
predicted trend. The larger particle case, although initially follow-
ing the prediction, proceeds to exhibit enhanced absorption. This
is a surprising result but one that can be explained by the ear-
lier simulation. During heating, the particles will thermally expand.
Although this expansion is relatively small, not causing significant
change to the electrical size, it will cause an increased density of
electrical contacts. The increased density of contacts is not suffi-
cient to cause a reduction of the absorption caused by screening
but the contacts create small particle agglomerations which show
increased absorption per unit volume, as demonstrated by the ear-

lier simulation. It is expected that this behavior will be strongly
dependent on the sample container geometry.
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. Conclusion

The cavity perturbation method has proven to be a convenient
nd insightful method for considering the magnetic absorption of a
onducting metal powder. Given these results, it is conceivable to
onstruct a cheap and simple sensor based on microwave perturba-
ion in order to assess evolution of particle size of a powder within
n industrial process or to simply assess a powder with the inten-
ion of microwave heating. Reduced absorption, compared with the
ingle particle case, was observed in all cases for particles bigger
han the skin depth. However, the absorption peak was  relatively
nchanged and, within the tested range, absorption was no worse
han 75% of the ideal case. When heating the powder, some non-
inear behavior was observed at high temperature due to particle
hermal expansion causing particle agglomeration.
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