Understanding the Apparently Poor Conductivity of
Galvanized Steel Plates
Andréa Cozza

To cite this version:
Andréa Cozza. Understanding the Apparently Poor Conductivity of Galvanized Steel Plates. IEEE
Access, 2021. �hal-03410730�

HAL Id: hal-03410730
https://hal-centralesupelec.archives-ouvertes.fr/hal-03410730
Submitted on 1 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Understanding the Apparently Poor
Conductivity of Galvanized Steel Plates
ANDREA COZZA1, (Senior Member, IEEE)
1

GeePs, UMR CNRS - CentraleSupelec - Université Paris-Saclay - Sorbonne Universités, 3 rue Joliot-Curie, 91192 Gif-sur-Yvette, FRANCE. (e-mail:

andrea.cozza@ieee.org)

Corresponding author: Andrea Cozza (e-mail: andrea.cozza@ieee.org).

ABSTRACT This paper investigates the physical reasons for the apparently poor conductivity of
galvanized steel plates (GSP), which has not yet received a proper explanation. Apparent conductivities as
low as 0.1 MS/m were reported in the past, which are incongruously low compared to the DC conductivity
of steels (4 to 8 MS/m), or zinc (16.7 MS/m), the most common coating agent used against corrosion
in steel products. A comprehensive review of results from metallurgy and materials science is presented,
providing insights about the multi-layered structure of zinc-based coatings. These are found to be made of
a limited set of intermetallic zinc-iron compounds each characterized by a steeply decreasing conductivity
as their iron percentage increases. Depending on the galvanization process the relative thickness of these
layers can vary widely, explaining the seemingly random apparent conductivity of GSP. Theoretical
modeling of these structures shows that their apparent conductivity scales linearly with the frequency,
suggesting that it can be far lower than acknowledged so far. An extensive analysis of power-dissipation
data from the literature of GSP-based reverberation chambers confirms these predictions, with multiple
instances of apparent conductivities as low as 10 kS/m. The conclusion is not that GSP are hopelessly
poorly conductive, but rather that care should be taken in selecting the right coating technology, not only
based on corrosion protection and minimizing costs, but also in view of its impact on GSP conductivity.
INDEX TERMS Apparent conductivity, galvanization, iron-zinc compounds, multi-layered structures,
reverberation chamber, steel plate.

I. INTRODUCTION

TEEL plates find wide use as structural elements in
many applications, such as in hangars, warehouses, ship
hulls, cars and transportation vehicles, pipe lines and air
ducts. In all of these applications steel is selected because
of its superior mechanical strength, advantageous welding
properties and low cost compared to other metals, rather
than for its electrical properties.
With a DC conductivity ranging from about 4 to 8
MS/m, steel could be regarded as not necessarily such a
bad conductor compared to the most common aluminum
alloys, which have a typical conductivity around 20 MS/m
[1]. In fact, right after the Second World War, experimental
investigations with steel waveguides in the microwave range
exposed conduction losses much higher than expected from
its DC conductivity [2], [3], leading to the current use of
copper and aluminum. More recently, the use of steel plates
in a beam waveguide system in a Deep Space Network
parabolic antenna led Otoshi to similar observations [4],
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with apparent conductivities as low as 100 kS/m for structural steel plates. Subsequent investigations pointed to the
fact that even when zinc plated, steel plates still displayed
surprisingly low surface conductivities, about 4.4 MS/m
compared to the expected 16.7 MS/m for zinc.
A poor surface conductivity has an especially strong
impact in closed environments [5], where electromagnetic
waves interact multiple times with metal surfaces, and in
particular test facilities such as reverberation chambers (RC),
which strongly rely on long reverberation times to build up
high-strength fields for electromagnetic compatibility tests
[6], [7]. Galvanized steel plates (GSP) used in typical RC are
also zinc coated, but empirical results can be explained only
by assuming that their surface conductivity be considerably
lower than 1 MS/m [8], [9]. In all these previous empirical
observations, no physical justification was advanced as to
why GSP present such a low conductivity.
This paper addresses these questions by first discussing
the physical structure of GSP coatings, reviewing results and
1

insights across metallurgy and materials science literature,
where these topics are still actively researched [10]. As
explained in Section II, the zinc layer initially applied to
steel plates goes through complex metallurgy processes that
significantly alter its physical and electrical properties. As
a result, GSP coatings are far from being homogeneous
structures, instead featuring multiple layers of iron-zinc
(FeZn) compounds, each displaying a considerably different
conductivity. The apparent conductivity of these structures
is modeled in Section III, leading to the prediction that it
should be significantly lower than that of the bulk conductivities of each layer. Partial interaction with the background
magnetic steel plate is shown to be the main mechanism
behind this phenomenon, resulting in a frequency-dispersive
apparent conductivity.
Confirming these theoretical predictions requires wideband testing of a large number of GSP, given the variability
of GSP coatings. An effective solution is proposed in Section
IV, by processing empirical insertion loss data available from
RC literature. Clear evidence is presented supporting the
previously discussed theoretical predictions: high variability
across GSP samples, frequency dispersion and conductivities
as low as 10 kS/m, lower than previously reported.
These results explain why the apparent conductivity
of GSP changes significantly depending on the type of
selected coating process and the frequency of operation.
As discussed in Section V, this calls for joint considerations
when selecting the most suitable GSP technology for a given
application, taking into account not only corrosion-protection
requirements and costs, but also how the physical structure of
the coating would affect its apparent conductivity. It would be
unnecessarily conservative and counterproductive to assume
that GSP are inevitably bad conductors and that applications
requiring good conductivity should switch to more expensive,
lower yield-strength metals such as aluminum.
II. WHAT LIES BENEATH GALVANIZING COATINGS?

Surface conductivity models of GSP developed in Section III
require a detailed understanding of their physical structure
and components. This section summarizes fundamental
properties about galvanizing coatings, which are shown in
Sections. II-A and II-B to span a wide spectrum of configurations depending on the technology used for protecting a steel
plate. The electromagnetic properties of the components in
GSP coatings are compiled for the first time in Section II-C.
A. IRON-ZINC METALLURGY

Galvanization consists in coating a steel plate (or other steel
products) with a zinc layer, either by dipping it into a moltenzinc bath (batch and continuous hot-dip galvanization) or
by means of electro-plating techniques [11]–[13]. This zinc
layer acts as a mechanical and galvanic barrier between
the background steel and oxygen, thus preventing corrosion.
Batch galvanization is applied to structures that will not
require any further mechanical processing (welding, bending,
stamping, etc.), while continuous galvanization is applied
2
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FIGURE 1: A typical micrograph of a galvanic protection
coating (courtesy of the American Galvanizers Association,
reproduced from [13]), showing the four intermetallic layers
that constitute it.

to long steel strips that may be further processed after
galvanization, thus requiring a coating ductile enough to
withstand intense mechanical deformation. Electroplating
is mostly applied when the coating requires a finish with
high visual quality [14] and will no further be discussed,
being physically equivalent to a pure zinc coating. GSP are
typically produced using a continuous coating process, which
also allows a more controlled coating thickness, as well as
a more precise temperature and exposure time in the zinc
bath.
Although hot-dip galvanization uses practically pure zinc,
upon interacting with the steel surface a number of complex
reactions take place [11], [12], [15], [16], resulting in the
appearance of FeZn intermetallic compounds, organized
into regular lattices as alloys. Four major FeZn compounds
are typically observed, as shown in Fig. 1: η which is
predominantly pure zinc; ζ with a 5.2-6.1 iron weight
percentage (w%); δ with a 7-11.5 w%; and Γ, with the
highest iron content, in the range 15.8-27.7 w%. Their
electromagnetic characteristics are discussed in Section II-C.
The growth of these compounds essentially depends on
the zinc bath temperature and duration of immersion. A ζ
layer first grows very rapidly, with a Γ layer reaching 1
µm thickness in less than one second [12]. For immersion
times in excess of two minutes, the ζ layer stops growing,
with the δ picking up and Γ slowly approaching 2 µm. In
practice, most GSP present a 1 µm thick Γ layer [17]. For
a 450°C bath temperature the δ and ζ layers reach a similar
thickness after about 300 seconds, with a faster growth of
the δ layer when moving closer to 500°C [12], eventually
taking up the entire coating for longer exposure times [15],
which are not typically applied in continuous galvanization
processes, where times as short as 2 s can be used [18].
While the growth of the ζ and δ layers are set by the zinc
bath temperature and duration [12], [17], the thickness of
the η layer is separately controlled at the exit of the bath, by
removing the excess liquid zinc from the steel strip, e.g., by
means of air blades. It is thus possible to grow coatings in

excess of 100 µm, with a significant content of intermetallic
compounds.
In continuous galvanization small amounts (around 0.15%)
of aluminum may be added to the zinc bath in order to
inhibit iron diffusion, blocking the formation of the brittle
ζ layer, whose poor mechanical formability would not be
compatible with subsequent mechanical processing. This
results in considerably thinner coatings, typically between
7 and 20 µm thick but potentially less than 3 µm thick
for indoor applications [13], presenting only a η layer [19].
Section II-B discusses how intermetallic compounds can still
be grown from these η-only galvanized steel strips through
a further thermal treatment.
It should be mentioned that alternative coatings are
available, based on higher aluminum content, resulting in a
lower corrosion rate compared to pure zinc [12] and better
resistance to high-temperature conditions [20], [21]. Given
that their share of the market is still small [22], they will
not be discussed in the rest of this paper.
This short summary illustrates the considerable diversity
in GSP coatings as the underlying cause of the variability
of surface conductivity observed in the literature. Ref. [23]
stresses that these processes cannot be precisely controlled,
and that the thickness of each layer is highly variable and
further depends on the presence of trace impurities in the
zinc bath and the substrate steel plate [15]. These processes
are also affected by cooling conditions after galvanization
[16]. In practice the structure of GSP can only be known by
means of advanced microscopy analyses and is otherwise
only approximately predictable.
B. GALVANNEALED COATINGS

A special class of GSP of practical importance is produced
by applying a heat treatment cycle at the end of a continuous
galvanizing line, with the coating having reached its final
thickness and only presenting pure zinc. After being reheated around 500°C, zinc in the coating alloys with iron
from the steel background. The ζ compound first appears,
subsequently converted into δ. The goal is to minimize the
fraction of brittle ζ, which has poor formability, instead
promoting the more ductile δ [12], [24].
This galvannealed steel, as it is known, has a lower
corrosion rate, since the δ compound is less reactive than
zinc [25], thus requiring thinner coatings for the same
service life. It also features better resistance to scratching and
adherence to paint, making it particularly suitable for indoor
and automotive applications [24]. Furthermore, the higher
resistivity of the δ compound (cf. Section II-C) enables more
efficient spot-welding, generating more local heat [26], [27].
This major difference in the nature of the surface layer will
be shown in Sections III-C and IV to be one of the reasons
for the poor surface conductivity observed in certain GSP.
Galvannealed GSP can be easily recognized by their
low-lustre matte dull appearance, compared to the sheen
and typically spangled surface of non-annealed coatings.
Yet, galvannealing also results in highly variable coating
VOLUME 4, 2016

structures, typically categorized into three classes: type 0, or
under-annealed, where a fraction of pure zinc is still present
and ζ and δ compounds co-exist; type 1, or fully annealed,
with no pure zinc left, requires a Γ layer (brittle) at most 1
µm thick and a majority of δ compound [21]; and type 2,
or over-annealed, sees the Γ layer overgrown potentially up
to 2 µm [28]. Accurate chemical analyses of the structure
of galvannealed coating have confirmed their considerable
variability [29], [30].
C. ELECTROMAGNETIC PROPERTIES

The FeZn compounds created during galvanization processes
present very different physical features, caused by their
respective lattice structures. In order to understand the
reasons for the poor surface conductivity reported for certain
GSP, it is fundamental to know their bulk electric conductivity
and magnetic permeability.
Zinc, the major contributor to all compounds, is a good
conductor at 16.7 MS/m. Yet, lattice perturbations from
the inclusion of iron atoms drastically alter its electrical
conductivity [31]. Results reported in [32] for several binary
metal alloys show reductions mostly exceeding a factor
25 with respect to the respective pure metals. The bulk
conductivity of the ζ compound was estimated to be 3.3
MS/m in [33], even though it is made up of about 95 w% zinc.
The characteristics of the δ compound were only investigated
a few years ago [34], proving a conductivity at 0.33 MS/m,
i.e., a ten-fold loss of conductivity for an iron fraction about
twice that of ζ.
To the best of our knowledge, no estimate of the conductivity of Γ has been published, but it can be expected
to hit a minimum, since results in [32] for binary alloys
show that the worst-case scenario is met as soon as the
fraction of one of either metals gets close to 30 w%. A
rough estimate can be computed by using data for alloys
with a similar lattice and electronic structure. It is stated
in [35] that the rhodium-zinc compound RhZn13 is closely
related to FeZn13 , i.e., ζ. The former has a conductivity 2.4
times lower than pure zinc and 3.1 times lower than pure
rhodium. For ζ the reduction is 5.0 compared to pure zinc
and 3.0 compared to pure iron, hence about 50% higher than
RhZn13 . Similarly, the compound Rh2 Zn11 has a structure
close to Fe3 Zn10 , i.e., Γ. In this case [35] reports a surprising
reduction of conductivity by a factor 743 compared to zinc
and 965 compared to rhodium. Based on these results, the
FeZn compound Γ can be expected to present a worst-case
conductivity of the order of 7 kS/m. This value should be
regarded as an educated guess: for this reason, the results
presented in Section III-C consider two different values for
the conductivity of Γ, equal to 7 and 70 kS/m, in order to
assess the impact of this imprecise estimate. It will be shown
that it has a marginal impact on the apparent conductivity of
GSP and that the most important aspect is that Γ is expected
to presents a significantly lower conductivity than δ.
Moving to relative magnetic permeability, pure iron
exceeds 104 at DC [36]. Although being predominantly
3
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Intermetallic ZnFe compounds

Fe
µi − 1
σi
δi (1 GHz)
Γ0i

units

η

ζ

δ

Γ

w%
MS/m
µm
-

< 0.03
−10−11
16.7
3.89
-

5.2-6.1
10−5
3.3
8.76
0.385

7-11.5
10−6
0.33
27.7
0.519

15.8-27.7
1
0.007
0.07
190
60.1
0.746
0.369

TABLE 1: Physical characteristics of ZnFe intermetallic
compounds found in galvanizing coatings: iron weight
percentage, magnetic susceptibility µi −1 (order of magnitude
only reported), DC electric conductivity, skin depth at 1 GHz
and surge reflectivity between adjacent layers (cf. III-C). Two
estimates for the conductivity of the Γ compound and related
quantities are shown.

made of iron, steels are complex multi-element alloys, with
carbon as the main addition. The presence of impurities
not only affects an alloy conductivity, but more drastically
impact its magnetic permeability [31], [36]. The ζ compound
was shown in [37], [38] to be weakly paramagnetic, a result
confirmed and refined in [33]. A similar conclusion was
drawn for the δ compound in [34], while previous results
cited in [33] pointing to Γ as also being paramagnetic,
although no precise value is available for its magnetic
susceptibility. All these results are summarized in Table 1,
and allow to conclude that only steel has a significant
magnetic behavior in GSP, as discussed in Section III-A.
III. APPARENT CONDUCTIVITY OF STEEL PLATES

The surprisingly low conductivity reported in [4] for bare
steel plates were tentatively explained in terms of their
surface roughness being far larger than their skin depth.
The same reason was suggested for galvanized and zincplated steels. In fact, recent results have proven that surface
roughness cannot explain a more than 20-fold conductivity
reduction: measurements up to 360 GHz were shown in
[39] to result in less than 20% reduction compared to DC
conductivity for silver samples; similar results are reported
in [40] and [41] for the THz range, where the skin depth
is also negligible compared to surface roughness; results in
[42] for stainless steel up to 2 THz also show no major
impact of surface roughness. A higher reduction of about
50% was reported in [43], but dealt with sub-micrometer
thin films, thinner than the skin depth.
This section provides an alternative explanation, introducing first-principle based models, first discussing the
microwave behavior of bulk steel (Section III-A) and how its
effective conductivity is modified by a metal coating (Section
III-B), resulting in a characteristic dispersive response. A
multi-layer model based on the physical structure of GSP
(cf. Section II) is presented in Section III-C, leading to the
prediction that the conductivity of a GSP strongly depends
on the galvanizing technology and does not necessarily result
in a poor conductivity.
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FIGURE 2: Wave interacting with: (a) bulk steel and (b)
single-layer coated steel. Primed quantities represent surge
reflection coefficients (cf. Section III-B).
A. BARE STEEL PLATES

The case of a half-space bulk metal of conductivity σb
and relative permeability µb will be first considered, as
depicted in Fig. 2(a). A plane wave impinging along an
angle θi would generate a non-homogeneous plane wave
across the metal interface. Given that the refraction index
of a conductor is complex, Snell law cannot be used for
computing the outgoing direction θt of the transmitted wave.
Instead, enforcing the continuity of the tangential components
of the two half-space propagation constants over the interface
between them requires that,
r
2ωo
sin θt =
sin θi .
(1)
µb σb
For microwave applications σb µb  ω0 , hence sin θt ' 0
and the transmitted wave will be approximated as propagating
perpendicular to the interface. The reflectivity of the metal
surface can be expressed as [44]
p
cos θi − σb /jω0 µb
p
Γb =
(2)
cos θi + σb /jω0 µb
for a TE incidence; the TM case will not be discussed, since
it leads to the same conclusions. This expression can be
further simplified into
p
Γb = −1 + 2 cos θi jω0 µb /σb
(3)
after the more stringent condition
p
σb /ω0 µb  1

(4)

which is met even by conductors with σb < 1 MS/m well into
the THz range, where (3) is also known as Hagen-Rubens
relation [45]. Approximation (3) shows that the reflectivity
from the metal interface depends on the quantity
σb0 = σb /µb

(5)

which acts as its effective bulk conductivity.
It is important to understand if σb0 is frequency dependent
(dispersive). The conductivity of metals, as modeled by
means of Drude model, is expected to be fundamentally
constant over frequencies well above the THz range, with
the metal response changing only when approaching infrared
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FIGURE 3: Bulk steel: (a) complex permeability µb =
µ0b − jµ00b and effective dissipative permeability µ̃b , defined in
(7); (b) effective bulk conductivity σb0 , based on a conductivity
σb = 6 MS/m. Results processed from steel magnetic
permeability data reported in the references in the legend.

frequencies [42]. Hence, σb will be set to steel DC conductivity, typically 4-8 MS/m in mild carbon steels, decreasing
to 1-3 MS/m for stainless steels [36], [46], [47]. On the
other hand, steels present a highly dispersive and complex
relative permeability [48], [49]. Contrary to a widespread
belief, stainless steels are ferromagnetic too, apart those with
austenitic structure [46].
Fig. 3(a) shows the complex relative permeability µb =
µ0b − jµ00b of three data sets from [48], [49], representing
typical results for structural steels. They share similar
features, with µ0b > µ00b around 0.1 GHz and µ0b < µ00b above
1-3 GHz; µ0b and µ00b are still significantly larger than one
at 10 GHz. These features directly affect the effective bulk
conductivity σb0 . Fig. 3(b) shows the complex σb0 obtained
from (5), for σb = 6 MS/m, featuring a prominent imaginary
part above 1 GHz. Both real and imaginary parts are smaller
than 30 kS/m below 10 GHz, more than two orders of
magnitude lower than the 6 MS/m DC conductivity, a
reduction due to the non-negligible steel permeability.
Given that σb0 is complex, it is not immediately clear
how it is related to power dissipation by a steel surface.
Most experimental methods for measuring the conductivity
of metals rely on power dissipation phenomena, e.g., in
resonance cavities or waveguides [4], [41], [50], [51]. For this
reason we suggest an alternative definition of the effective
conductivity, based on the loss factor 1 − |Γb |2 , with Γb
given in (3). As proven in Appendix A
r
ω0 µ̃b
1 − |Γb |2 ' 4 cos θi
(6)
2σb
where
µ̃b = d(µb ) = |µb | − Im µb = |µb | + µ00b

3

(7)

1

0.1
10

FIGURE 4: Power dissipation in bulk steel: effective dissipative conductivity σ̃b and skin depth δb versus frequency,
for a DC conductivity σb = 6 MS/m.
is the effective dissipative permeability, modeling how the
complex nature of the permeability µb affects the power
dissipation. Fig. 3(a) shows how µ̃b evolves smoothly with
the frequency, monotonously decreasing above 1 GHz,
though not vanishing.
Comparing (6) to (5) dissipation losses can be explained
in terms of the effetive dissipative conductivity σ̃b
1/σ˜b = d(1/σb0 ) = µ̃b /σb ,

(8)

where the last result holds only for a real σb . Appendix A
shows that (7) must also be applied when computing steel
skin depth.
Fig. 4 shows σ̃b increasing monotonously with the frequency, as the magnetic dissipative permeability decreases;
the three curves available share very similar traits, even
though their absolute values differ noticeably. The frequency
dependence is opposite that expected from surface roughness,
since the conductivity increases with the frequency. Even
so, σ̃b is lower than 40 kS/m. Results in [4] found 100
kS/m at 8.42 GHz, while results from Vane reported in [52]
found 36 kS/m at 3.0 GHz. Although these results already
display a significant dispersion, it will be shown in Section
III-B to significantly differ from results expected for GSP,
as confirmed from empirical results in Section IV-C.
Since steel plates are typically at least 1 mm thick, i.e.,
much thicker than the skin depth shown in Fig. 4, steel plates
will be approximated as half-space regions in the rest of the
paper. Kittel’s permeability data [49] will be taken as a more
general reference, since based on regression curves obtained
from multiple previous literature results.
B. SINGLE-LAYER COATING

As recalled in Section II, steel plates typically require
galvanic protection against corrosion. Before dealing with
multilayered coating structures (cf. Section III-C), it is
important to understand how the presence of a metallic
coating layer alters the apparent conductivity of steel plates.
5

Fig. 2(b) shows the configuration of interest, with a homogeneous coating layer of thickness wc and conductivity σc
interposed between the background steel, with effective bulk
conductivity σb0 , and the air interface. Following the review
of the properties of zinc-based coatings in Section II-C, it
will be assumed to have a relative magnetic permeability
µc = 1.
The overall reflectivity Γp at the plate surface can be
derived as a function of surge reflectivities (indicated as
primed quantities in Fig. 2(b)) at each interface, i.e., the
reflectivity associated to the case where each material occupy
a half-space region. As shown in Section III-A after crossing
an air-metal interface a wave propagates along θt ' 0, thus
impinging normally onto the background steel interface. In
this case the surge reflectivity Γ0b at the internal coating-steel
interface reads
p
1 − σb0 /σc
0
p
Γb =
,
(9)
1 + σb0 /σc
while the air-coating surge reflectivity Γ0c is found from (3).
The plate reflectivity Γp is the result of multiple internal
reflections over the two interfaces and is readily found from
the surge reflectivities as [53, Section 4.4.4]
Γ0c + exp(−j2kc wc )Γ0b
(10)
1 + Γ0c Γ0b exp(−j2kc wc )
√
where kc = (1 − j)/δc and δc = 1/ πνµ0 σc is the skin
depth in the coating layer. The same approximation applied
in the derivation of (3) can now be applied to (10), since
condition (4) still holds. As a result
p
1 + exp(−j2kc wc )Γ0b
Γp = −1 + 2 cos θi jω0 /σc
1 − exp(−j2kc wc )Γ0b
p
p
1 + σb0 /σc tanh(jkc wc )
= −1 + 2 cos θi jω0 /σc p 0
σb /σc + tanh(jkc wc )
(11)
Γp =

Comparing (11) to (3) it is now possible to define the
apparent bulk conductivity of a single-layer coated plate
as
!2
p 0
σb /σc + tanh(jkc wc )
p
σa = σc
.
(12)
1 + σb0 /σc tanh(jkc wc )
Fig. 5(a) shows σa versus frequency for a coating conductivity σc equal to 0.3, 3 and 15 MS/m. These values loosely
approximate those expected for the intermetallic compounds
making up zinc-based coatings. The thickness wc associated
to each of these single-layer coatings is equal to 50, 5 and
1 µm, respectively. The rationale behind these choices will
become apparent at the end of this section.
The first important point to notice is how a metallic coating
leads to an apparent plate conductivity deeply different from
the effective conductivity of bare steel1 , shown in Fig. 3(b).
The three coatings share a similar trajectory across the
complex plane, with σa converging to σc as the frequency
1 based on σ = 6 MS/m and Kittel’s permeability data, as discussed at
b
the end of Section III-A
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FIGURE 5: Single-layer coating: (a) apparent conductivity σa
and (b) dissipative apparent conductivity σ̃a . Three values of
σc are considered, all sharing the same product wc σc = 15 S.
Solid lines obtained using Kittel’s steel permeability data,
dashed lines assuming a high contrast between coating and
steel effective conductivities. The dash-point line shows the
effective dissipative conductivity σ̃b of bare steel, based on
Kittel’s data (Section III-A). Red circles in (b) stand for
the frequency at which wc = δc , marking the end of the
transition region.

increases enough for wc > δc . At this point any impinging
wave would mostly interact with the coating, reaching the
steel background significantly attenuated.
For the three examples in Fig. 5 σc  σb0 , i.e., a high
contrast between steel and coating effective conductivities.
In this case (12) simplifies into
σa ' σc tanh2 (jkc wc ).

(13)

This approximation is shown in Fig. 5 as dashed lines,
proving that it accurately predicts the frequency evolution of
the apparent plate conductivity, apart at very low frequency.
Hence, it is not necessary to have a precise knowledge of
σb0 , as long as it is negligible compared to σc .
The power dissipation by a coated plate can be found
as for bare steel, by using the apparent conductivity σa
instead of σb0 in (6) and (8), yielding the apparent dissipative
conductivity
1/σ̃a = d(1/σa )
(14)
of the coated plate, shown in Fig. 5(b). For frequencies such
that wc < δc (on the left of the red circles), σ̃a undergoes
a transition between σc (high-frequency limit) and σ̃b (lowfrequency limit).
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FIGURE 6: Multi-layer coating model, divided into the four
main FeZn intermetallic compounds created during typical
galvanization processes. Primed quantities stand for surge
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An asymptotic approximation of (12), in the limit of a
high contrast σc  σb0 and wc < δc , shows that in this
transition region σ̃a scales linearly with the frequency
σ̃a ' πνµ0 (wc σc )2 .

Equiv. coating cond. σc (MS/m)

Layer thickness

bulk steel

(15)

Therefore, coated steel plates sharing the same wc σc product
would dissipate the same amount of power, with differences
in the coating conductivity σc becoming apparent only at
frequencies such that wc > δc . Below this frequency, σ̃a can
span several orders of magnitude, covering a wider range
than expected for bare steel (cf. Fig. 4). Because in the
transition region σ̃a ∼ (wc δc )2 , it is highly sensitive to
variations in the coating thickness or conductivity.
These results help understand why even electro-plated
steel plates, where σc = 16.7 MS/m, can present significant
dissipation, if wc < δc . The results in Fig. 5(b) make it clear
that below 3 GHz a 1 µm thick highly conductive coating
at 15 MS/m (close to pure zinc), would introduce the same
loss than a bulk metal with conductivity 3 MS/m.
In conclusion, the very existence of the transition region is
a distinctive feature pointing to the presence of a background
metal (here steel) with poor effective bulk conductivity, compared to the coating. Confirming this prediction necessarily
requires empirical observations of the apparent conductivity
over a relatively wide band, as presented in Section IV.
C. MULTI-LAYERED COATING

As discussed in Section II, GSP typically present multilayered coatings, whose structure depends on the galvanization technology. This section shows how the single-layer
model can be extended to this more complex configuration
and how the apparent conductivity is affected.
Fig. 6 shows a four metal-layer model based on the
micrograph in Fig. 1. Each layer is characterized by a
conductivity σi and thickness wi , with i = 4 corresponding
to the last layer (Γ compound) interfacing with steel. Normal
incidence through all internal layers is assumed, as argued
in Section III-A. The surge reflectivity Γ 0i a t e ach internal
interface (i < 4) can be computed as in (9), substituting the
contrast ratio σi+1 /σi under the square root. The bulk DC
conductivities are used instead of the effective bulk ones,

#

η

ζ

δ

Γ

5 µm

10 µm

20 µm

1
2
3
4
5
6
7

100
10
10
0
0
0
0

0
90
45
50
10
0
0

0
0
45
50
90
100
100

0
1
1
1
1
1
2

16.7(16.7)
3.7(3.7)
2.7(2.6)
1.5(1.5)
0.52(0.50)
0.28(0.27)
0.23(0.20)

16.7(16.7)
4.2(4.2)
3.0(3.0)
1.6(1.6)
0.57(0.56)
0.30(0.30)
0.28(0.27)

16.7(16.7)
4.5(4.5)
3.3(3.3)
1.8(1.8)
0.60(0.60)
0.32(0.31)
0.31(0.30)

TABLE 2: Seven coating structures representing typical
configurations for GSP. The thickness w4 of the Γ layer
is given in µm, whereas the remaining layers are expressed
as percentage of wc −w4 . The equivalent coating conductivity
σc is shown for each configuration, as defined in Section
III-C, for three values of coating thickness wc . Γ conductivity
set at 70 kS/m and 7 kS/m (in parenthesis).

since none of the ZnFe compounds presents any significant
magnetic behavior (cf. Section II-C); clearly, the effective
conductivity must be used for the steel background. Table 1
gives the surge reflectivities at each internal interface between
two ZnFe compounds: all appear to be non-negligible,
implying significant multiple interactions.
The apparent conductivity of the GSP can be computed
from (11), by substituting the reflectivity Γ1 at the first inner
interface for the bulk steel reflectivity Γ0b . This yields

2
1 − exp(−j2k1 w1 )Γ1
σa = σ1
(16)
1 + exp(−j2k1 w1 )Γ1
with the dissipative apparent conductivity given by (14). The
reflectivity Γ1 can be found by applying (10) to compute
iteratively the reflectivity at the inner interfaces
Γi−1 =

Γ0i−1 + exp(−j2ki wi )Γ0i
1 + Γ0i−1 Γ0i exp(−j2ki wi )

(17)

starting from the interface with bare steel for i = 4.
This model was applied in order to understand how the
apparent conductivity of GSP is affected by their coating
structure. Seven different configurations were selected, described in Table 2, covering the main cases found in practical
applications (cf. Section II): from a pure-zinc coating (case
#1) to an over-annealed one (case #7).
The apparent conductivity for each case is shown in Fig.
7(a), for a coating thickness wc = 10 µm. These results are
broadly similar to those for a single-layer coating in Fig.
5, but apart for a pure-zinc coating (case #1), which has a
single layer, all the others present a more complex trajectory
over the complex plane. These differences are explained by
the fact that as the frequency increases enough to have the
thickness of one layer exceeding its skin depth, i.e., wi > δi ,
a wave would be prevented from interacting with deeper
layers. For instance, at low frequency case #3 is heavily
affected by the poor conductivity of the δ layer, but above
3 GHz a wave would hardly interact with it, resulting in a
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FIGURE 8: Comparison of the multi-layer model (16), using
Kittel’s steel magnetic data, with two approximate models: i)
the single-layer model (12) least-square fitted to the transition
region and ii) the multi-layer model assuming infinite steel
effective resistivity, or high-contrast approximation (13).
Large white circles mark the end of the transition region,
defined by the condition that layer thicknesses wi < δi , ∀i.
All results for a 10 µm coating.
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FIGURE 7: Multi-layer coating: (a) apparent conductivity
and (b) dissipative apparent conductivity, for the seven
coatings structures described in Table 2 and a thickness
wc = 10 µm.

sudden increase in the apparent conductivity, due to most
dissipation now taking place across ζ and η layers.
Using (14), the results in Fig. 7(a) are converted into
the apparent dissipative conductivity σ̃a in Fig. 7(b), where
a transition region similar to the single-layer case can be
observed for all seven configurations. The convergence to a
constant conductivity is reached only once the thickness of
the outer layer exceeds its skin depth, i.e., when the outer
layer acts as a bulk conductor, effectively shielding inner
layers, and background steel, from incoming waves. The skin
depths shown in Table 2, evaluated at 1 GHz, imply that
the convergence to a constant apparent conductivity strongly
varies depending on what ZnFe compound appears at the
GSP surface. Two extreme cases in Fig. 7(b) are #1 and #5,
where the outer layers are η (pure zinc) and ζ, respectively,
resulting in #1 converging around 1 GHz whereas #5 is
expected to fully converge only above 100 GHz, because of
the presence of a very thin outer layer.
Conversely, in the transition region a GSP sees waves
propagating across all coating layers, which implies wi <
δi , ∀i. In this case a multilayer coating behaves as a
single homogeneous conductor, with an equivalent coating
conductivity σc that can be estimated by least-square fitting
8

the single-layer model (12) to the results in Fig. 7(b). Fig.
8 shows how this operation accurately reproduces σ̃a over
the entire transition region of cases #4 to #6. This approach
has the advantage of simplifying the comparison of different
coating structures, as shown in Section IV-C.
The values of σc thus found are shown in Table 2 to weakly
depend on the coating thickness wc , and are rather controlled
by the relative thickness of the four ZnFe compound layer,
i.e., the coating technology. It can also be observed how σc
is practically unaffected by assuming a Γ conductivity equal
to 7 or 70 kS/m. This result is explained by the fact that the
skin depth for Γ (cf. Table 1) is much larger than its typical
1-2 µm thickness; as such, dissipation is negligible, making
Γ effectively transparent.
Fig. 8 also shows the results obtained by assuming a
negligible steel conductivity, equivalent to the high-contrast
approximation (13). For cases #5 and #6, involving only δ
and Γ compounds, this approximation is no longer accurate,
since the contrast between their conductivity and steel is no
longer very high. Therefore, it is necessary to model the
steel background as discussed in Section III-A.
These results help understanding why widely different
values of the apparent conductivity of GSP have been
reported [4], depending on the coating technology. The
prediction of a transition region as a common feature in
GSP also exacerbates this variability, as confirmed by the
results presented in Section IV-C. It can be concluded that
it would be overly optimistic to expect that galvanization
always improves the apparent conductivity of steel plates,
unless the thickness and coating technology are selected
carefully. As an example, Fig. 7(b) shows a thousand-fold
increase in conductivity when passing from #7 to #1 at
100 MHz, even though σc only increases by a factor sixty,

confirming t hat G SP l osses c an b e v ery e ffectively reduced
without necessarily opting for thicker coatings, as predicted
by (15).
IV. WIDE-BAND CONDUCTIVITY ESTIMATES FROM
POWER LOSS IN REVERBERATION CHAMBERS

The models introduced in Section III predict that the apparent
dissipative conductivity σ̃a of GSP are expected to be
highly variable because of: i) a transition region where σ̃a
approximatively scales linearly with the frequency, and ii)
high variability of the coating equivalent conductivity σc ,
depending on the coating technology. This last point was
already empirically observed in [4], but apparent conductivities were only estimated at 8.42 GHz, since resonatorbased characterization techniques were used [4], [41], [51],
as they are better suited to the characterization of good
conductors [54], [55]. Wide-band techniques such as those
based on transmission and reflection t hrough waveguides
[56], commonly used for dielectric materials, are not suitable
for conductors, since their reflectivity i s w eakly s ensitive to
the metal conductivity, as clear from (3). As a result, the
existence of the transition region has not been demonstrated
to be a common feature of GSP, to the best of our knowledge.
Instead of relying on single-mode microwave resonators,
we exploited wide-band experimental results of insertion
losses observed in reverberation chambers (RC). These test
facilities are sealed metal boxes with dimensions much larger
than the wavelength at which they are operated, in order to
present multiple overlapping resonances [57]–[59]. Thanks
to the high reflectivity of their metal walls and surfaces, they
generate random field d istributions s tatistically c overing all
directions of arrival with the same probability [58], [60]. This
property is exploited in evaluating the radiation immunity and
the power radiated by electronic devices over multi-decade
bandwidths. International standards such as [61] require that
an RC be fully characterized before being operated as a test
facility, thus offering the opportunity to precisely know how
much power is lost on its metal walls and surfaces.
Since most RC are made of GSP, they offer an ideal
opportunity for testing theoretical predictions from the
previous section. The existence of a large literature dealing
with RC offers the opportunity to assess differences across
these implementations: not only because each RC may be
built with GSP based on different coating technologies, but
also because their dimensions span a very wide range, thus
extending the frequency range over which power-loss results
are available, as shown in Section IV-C.
To this end, we first d iscuss i n S ection I V-A h ow σ˜a can
be estimated from insertion losses in an RC. The criteria
applied in selecting data published in the RC literature are
explained in Section IV-B, while Section IV-C summarizes
the main findings o f t his analysis.
A. REVERBERATION CHAMBER THEORY

The main figure o f m erit o f a n R C i s i ts c omposite quality
factor Q, defined on the basis of the average energy stored

by its overlapping resonant modes [57], [62]. Given an RC of
volume V , its Q is limited by power-dissipation phenomena,
mostly by interaction with its inner metal surfaces covering
an area S, leakage through antennas and absorption in lossy
dielectric materials, e.g., foam absorbers. It is possible to
break down the composite quality factor into N partial
contributions Qn for each of these phenomena, as [62]
−1

Q

=

N
X

Q−1
n .

(18)

n=1

The power leaked by an ideal antenna can be modeled by
means of the partial quality factor [62]
Q◦a = 16πV /λ3

(19)

with λ the wavelength. In practice, for Na identical antennas
with a radiation efficiency ηa and input reflection coefficient
Γa , the partial quality factor becomes [63]
Qa = Q◦a /(Na + 1)(1 − ηa2 |Γa |2 )

(20)

with the plus one due to enhanced backscattering at the
transmitting antenna [64]. Typically test setups involve a set
of two identical antennas.
Dissipation on an RC metal surfaces is modeled as [9]
3V p
Qw =
πµ0 ν σ̃a
(21)
2S
taking into account the apparent dissipative conductivity of
metal plates. It is therefore possible to estimate σ̃a from Qw ,
σ̃a = 4S 2 Q2w /9V 2 πµ0 ν,

(22)

while Qw is estimated from the composite quality factor Q
−1
Qw
= Q−1 − Q−1
a .

(23)

Appendix B discusses the conditions required for this last
operation to be accurate.
B. SELECTION CRITERIA FOR LITERATURE DATA

RC are widely used as test facilities for antenna characterization, over-the-air tests in wireless communications and
electromagnetic compatibility tests. As such, more than 200
papers were considered as sources of experimental results
from which the apparent conductivity of GSP could be
estimated. In practice, only a fraction of these are reported in
Section IV-C, based on several requirements. First, a detailed
description of the test setup, confirming that GSP were used,
including the number of antennas and their characteristics,
cavity dimensions, etc. Second, the absence of any potential
source of additional losses that would make it difficult to
estimate the fraction of power dissipated by metal surfaces;
e.g., wooden supports often used as antenna stands [65],
foam absorbers widely used in over-the-air tests [66] or any
removable opening/joint in the cavity hull. Third, results
should span a multi-octave bandwidth, in order to provide
evidence of the transition region; this excludes results from
millimeter-wave tests and wireless device tests, since they are
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FIGURE 9: Apparent dissipative conductivity estimated from RC literature data: (a) aluminum-alloy cavity with 8.86 MS/m
conductivity, (b)-(f) GSP based cavities. References from which the data were extracted are shown in each figure, together
with the volume of the RC and the product wc σc of their GSP estimated from the transition region. Solid lines are theoretical
results based on the multi-layer model described in Section III-C, for some of the coating structures described in Table 2,
for the thickness indicated in parenthesis (micrometers).

narrow-band. References [9], [67]–[85] meet these criteria
and provide the basis for the analysis in Section IV-C.
Even with these precautions, it is still necessary to consider
the uncertainty associated to these results. An uncertainty
budget is discussed in Appendix B, and requires knowledge
of the number of data samples from which the quality factor
Q was estimated. Unfortunately, this information is not
systematically provided, making it impossible to establish the
uncertainty of each data set. Still, it is possible to consider
that in the worst case the expanded uncertainty is limited
to about ±40% in case Q at each frequency is based on
a minimum 100 independent samples, with many data sets
often based on a significantly higher number of samples.
It is worth stressing that the aim sought here is to obtain
experimental evidence of the existence of the transition
region and of a strongly reduced apparent conductivity in the
lower-frequency range, due to the constraints created by the
multi-layer structure of protective zinc-based coatings, rather
than to introduce a novel method to accurately estimate the
conductivity. As such, this level of uncertainty can be deemed
sufficient, because significantly smaller than the change in
the apparent conductivity observed in the results presented
in Section IV-C.
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C. RESULTS

The proposed method was first applied to data measured
in an aluminum-alloy cavity [86], whose conductivity was
separately tested to be 8.86 MS/m. The conductivity estimated from the cavity Q factor using (22), after taking into
account the presence of an aperture, is shown in Fig. 9(a). The
results are in good agreement with the reference conductivity,
confirming the accuracy of the proposed method, within the
uncertainty proper to RC, as discussed in Appendix B.
Results in Figs. 9(b)-(f) were instead obtained from data
measured in cavities build from GSP; references for each
data set are provided in each figure. All these results feature
a transition region, where σ̃a broadly scales linearly with the
frequency, consistent with the predictions of Section III-C.
As argued there, the response in the transition region only
depends on the product wc σc . This product was estimated
by least-square fitting the single-layer model (12) to the
transition region of each data set. The values of wc σc thus
obtained are shown in each figure, and range from 3 to 5 S.
Instead, at higher frequencies the conductivity grows more
slowly, which was shown in Section III-C to occur when
the skin depth of the outer layer becomes comparable to
its thickness. The frequency at which this change of rate is
observed was shown in Section III-C to be intimately related
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FIGURE 10: Equivalent single-layer modelling of multilayered coatings: (a) equivalent conductivity σc versus
coating thickness, for structures #2 to #7 described in Table
2, for a Γ layer conductivity equal to 7 kS/m (solid curves)
and 70 kS/m (dashed curves); red lines show the loci of
constant wc σc products. (b) maximum frequency for the
transient region versus coating thickness.

to the coating technology.
It is therefore possible to assess what technologies are
more likely to explain each data set. This can be done thanks
to Fig. 10(a), which extends the results in Table 2, presenting
the effective coating conductivity σc as a function of its
thickness wc , for the six coating structures from #2 to #7. The
thickness wc required for each candidate coating structure
is found at the intersection with the red line, corresponding
to the value of wc σc estimated from the transition region of
each data set, and the σc curve expected for each coating
structure. It was argued in Section III-B that as wc increases,
the maximum frequency of the transition region is expected
to decrease. This inverse relationship is shown in Fig. 10(b),
helping to assess what coating structures are compatible with
each data set.
Having estimated the coating thickness wc for each
candidate coating structure, the entire frequency evolution of
the apparent conductivity can be computed using the multilayer model described in Section III-C. These theoretical
results are shown as solid lines in Figs. 9(b-f) and by
definition o verlap a t l ow f requency, s ince t hey a ll share
the same wc σc value. Only a selected group of coating
structures are presented, corresponding to those providing
a closer agreement with empirical results, which requires
matching the end of the transition region. Fig. 9(b) clearly
shows that only coating #5 is consistent with the results,
for a 9.6 µm thickness. A 3.95 µm thick coating #4 has a
transition region extending beyond the data, as would also
be the case for #3 and #2 from Fig. 10. On the other hand,
coating #6 would converge at a lower frequency. Case #7
can be seen in Fig. 10(a) to significantly differ from #6 only

for wc σc < 2 S.
Similar results are found for the rest of Fig. 9, with
mostly coatings #5 and #6 displaying the best agreement;
estimated values of wc shown for each curve range between
5 and 11 µm, thus pointing to galvannealed GSP. This
hypothesis makes sense, since RC are indoor facilities, thus
suitable for this coating technology, as also confirmed by
the matte aspect observed in published RC pictures. It is
worth noting the remarkable self-consistency of these results,
which were obtained from data measured in RC of very
different dimensions, ranging from 0.3 to 1359 cubic meters.
Further results are presented in Fig. 11, sorted for wc σc decreasing from 4.21 S to 0.41 S. No significant deviation from
the transition region is observed now, suggesting that these
GSP must have an either thin or poorly conductive coating, as
implied by Fig. 10(b). It is nonetheless still possible to restrict
the number of possible coating technologies explaining
these results, based on the estimated coating thickness. Fig.
11(a) shows that #6 (and therefore #7, too) would deviate
from the transition, while #3 (as well as #2) would require
wc < 2 µm, which is unlikely, thus pointing again at a
galvannealed coating. Similar observations are found for
Figs. 11(b)-(d). Figs. 11(e)-(i) present data where either
the maximum frequency or wc σc are too low to distinguish
between different coating technologies, apart by excluding #1
to #4 since requiring exceedingly thin coatings. Model results
for #6 and #7 yield consistent estimates of wc > 3 µm, in
agreement with galvanneal coating requirements [24].
As wc σc decreases, it can be observed how σ̃a converges
towards the effective conductivity σ̃b of bare steel plates
predicted in Section III-A, with the coating no longer
effective in reducing the interaction and therefore the
dissipation in the ferromagnetic background. As a result,
the transition region no longer scales with the frequency.
Fig. 11(f) is based on three separate data sets measured
in the same facility, jointly spanning more than a decade,
well agreeing with prediction from the multi-layer model.
Fig. 11(h) is of particular interest, since it presents results
spanning the widest frequency range, with the most detailed
account of testing setup and conditions [81].
These results confirm that a wide transition region is
a hallmark of GSP, explaining the high variability of its
apparent conductivity, in particular the very poor conductivity
observed at lower frequencies. Moreover, the fact that wc σc
can change more than tenfold compounds this variability.
It is remarkable that these results can be explained on the
basis of the physical properties of the four constituents
of galvanizing coatings, taking into account technological
constraints and results from zinc metallurgy, as described in
Section II. The main advantage of this approach is its ability
in restricting the range of potential coating structures and
therefore a GSP apparent conductivity, while still explaining
the wide variability in the apparent conductivity. By doing so
it also provides clear guidelines in estimating the worst-case
conductivity that should be expected for a GSP and how
it can be improved by avoiding coating technologies that
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FIGURE 11: Apparent dissipative conductivity estimated from RC literature data, all results refer to GSP based cavities.
References from which the data were extracted are shown in each figure, together with the volume of the RC. Solid lines are
theoretical results based on the multi-layer model described in Section III-C, for some of the coating structures described in
Table 2, for the thickness indicated in parenthesis. The results expected for a bare steel plate are shown as reference as a
dashed line.

generate significant fractions of iron-zinc compounds.
V. CONCLUSIONS

The pure zinc used for coating steel plates could be expected
to ensure a high surface conductivity, close to 16.7 MS/m,
but in fact galvanized steel plates (GSP) have been shown
to present surprisingly poor conductivities, well short of
1 MS/m, i.e., lower than stainless steel [1], [87]. Adding
further confusion, widely different results have been reported
in the past depending on the coating technology and tested
frequency.
The physical reasons for these observations were explored,
first by gathering findings from materials science literature,
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highlighting how metallurgy processes can transform zinc
into poorly conductive iron-zinc compounds. Modeling the
layered structures typical of GSP has led to predicting that
their apparent conductivity increases with the frequency,
while resulting in very poor conductivity at low frequency,
ranging in the tens of kS/m for wc σc < 1 S. These results
have also proven that surface roughness is not the main
physical mechanism behind low conductivity in bare steel
plates and GSP.
An extensive analysis of wide-band measurements from
reverberation-chamber literature confirmed the transition
region as a hallmark of the apparent conductivity of GSP,
as well as the large variability in their coating features.

Galvannealed coatings appeared to be the most likely cause
of the worst conductivity results observed in the past, because
of a prevalence of δ compound, indicating that this corrosion
protection technology should be avoided when low losses
are required.
The ability to predict the dissipation by GSP implies that
these results can be used in order to better select the most
suitable coating technology ensuring at the same time a
satisfying corrosion protection and low dissipation. In fact,
the proposed model proves that these two goals are not
mutually exclusive, but rather that the coating technology
and thickness must be selected carefully, depending on the
frequency of use for microwave applications. Given that the
transition region inevitably results in increasing dissipation
in the steel background at low frequency, it may be more
effective to switch to alternative structural steel solutions,
such as austenitic stainless steels, which present 1-3 MS/m
conductivity even at low frequency. Clearly, a much better
conductivity can be achievable above 1 GHz by using nonannealed GSP, with a coating just a few micron thick.
The opposite objective of purposely selecting a GSP
coating technology to ensure lower conductivities can also
be envisaged. This can be useful in wireless applications in
closed reverberating environments, where introducing higher
dissipation would be seen as a first-resort solution to limit
time spreading in wireless communications.
.
APPENDIX A DISSIPATION IN BULK MAGNETIC METALS

As seen in Section III-A, the reflectivity of a steelp
half-space
has the structure Γb = −1+x, where x = 2 cos θi jω0 /σb0 .
Hence 1 − |Γb |2 = 2Re x − |x|2 and since Re x  |x|2
p
1 − |Γb |2 ' 4 cos θi ω0 µ̃b /2σb
(24)
given that
complex number z, its principle value root
√ for ap
has Re z =
(|z| + Re z)/2. The effective dissipative
permeability µ̃b = |µb | + µ00b models the additional losses
introduced by steel’s ferromagnetic response.
The quantity µ̃b also appears in the steel skin depth δb .
Given that the propagation constant kb has kb2 = −jωµ0 µb σb ,
and that δb = −1/Im kb ,
p
p
δb = δo / µ̃b = 2/ωµ0 µ̃b σb
(25)
where δo is the skin depth expected for µb = 1.
APPENDIX B UNCERTAINTY OF σ̃A ESTIMATES

A statistical description of the uncertainty is adopted,
approximating each quantity as a Gaussian random variable,
unless stated otherwise. The normalized standard deviation,
relative to the estimated (average) value, is marked as .
The data sets deal with the composite quality factor Q
of RC, which is evaluated from Ns ideally independent
realizations, generated by means of stirring techniques [88].
Detailed uncertainty budgets for Q have been reported in
[58], [89]; for power transmission-based estimates of Q, its
normalized standard deviation is approximatively equal to

√
(Q) ∼ 1/ Ns . For a typical configuration with Ns = 100,
(Q) ' 0.1.
Another source of uncertainty is the antenna-loss factor
Qa , whose computation from (20) requires knowledge of
the mismatch factor m = 1 − ηa2 |Γa |2 . For an input antenna
with |Γa | = −10 dB and ηa ∈ [0.7, 1], m ∈ [0.90, 0.95].
Assuming a uniform
√ distribution over this range, the standard
deviation is 0.05/ 12, hence (m) ' 0.016.
Finally, the volume V and the overall metallic surface S
of an RC are also uncertain. The inner walls are not perfectly
flat, due to the presence of bolted/riveted butt joints used
for joining adjacent metal plates, typically a few millimeters
thick. The dimensions described in the literature instead
correspond to the linear distance between opposite facing
surfaces. A upper bound of a 0.5% normalized standard
deviation for each cavity width will be considered, based on
the two RC available at our institution.
Applying standard propagation of uncertainty [90] to (22),
the normalized standard deviation of σ̃a can be expressed as

2 
2
2 (σ̃a )
(Q)
(m)
=
+
+2 (V )+2 (S).
4
1 − Q/Qa
1 − Qa /Q
(26)
The first term’s contribution is significantly amplified for
Qa ∼ Q, which is expected to occur in the lower frequency
range of use of a RC, typically below 1 GHz. In order to keep
this phenomenon in check, only frequencies high enough to
ensure that Qa /Q > 3 were considered in Section IV. Since
Qa /Q = Qa /Qw + 1, the previous condition requires that
power dissipation over the RC inner metal surface is at least
twice that leaking through antennas. This same condition
reduces the already minor contribution from the second term,
i.e., from antenna-related dissipation, leaving the first term
as the main contributor to uncertainty, with (σ̃a ) ' 3(Q)
as a worst case in the lower frequency range. As an example,
results based on 100 independent samples of Q would lead
to an upper bound (σ̃a ) ' 0.3, i.e., an expanded relative
uncertainty at worst around ±60%, for a 95% coverage. As
Qa /Q increases, this result asymptotically reduces to ±40%.
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