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Here we demonstrate the proof-of-principle of a new type of sensor to assess effects due to corrosion of
metal surfaces. The method can be applied to all situations where metals are exposed to a corrosive ("ui-
dic) environment, including, for instance, the interior of pipes and tubes. The sensing device is based on
the operating principle of a quarter wave length open-ended stub resonator. In the absence of corrosion,
inner and outer conductors of the resonator are separated by a single dielectric, i.e., a "uid. Oxidation
of the metal surface of inner and/or outer conductor changes the properties of the dielectric between
inner and outer conductor because it introduces a dielectric permittivity that differs from that of the
"uid. Additionally, corrosion affects the skin effect and the effective resistance of the corroding inner and
outer conductors of the stub resonator. As a result the recorded amplitude-frequency (AF) plot shows

SEM a shift of the resonance frequency and/or a change of shape of the resonance peak(s). The two types of
transmission line designs explored are coaxial and coplanar stripline (CPS). Irrespective the design, the
method outlined here offers an equipment-undemanding, low maintenance and cost-ef“cient in-line
early warning system to detect (the onset of) corrosion. The additional advantage of the system is the
freedom of design as for its geometry, from coax to one embedded in printed circuit boards, both designs
with hardly any constraints on the particular dimensions. Depending on the precise geometry, the sensor
may be able to detect corrosion in tap water after just 1 h. Experimental data (recorded after four days)

are in close agreement with simulation data representing a 17

m homogeneous oxide layer.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The economic cost due to corrosion can hardly be overesti-
mated. As calculated by the National Association of Corrosion
Engineers, in the USA alone, the total cost involved in 2012 amount
to above $1 trillion, no less than 6.2% of GDP  [1]. Corrosion may
and often does result in failures of utilities possibly leading to
dangerous situations, for example, when occurring in the trans-
portation sector. Apart from cost and safety, there is the issue
of sustainability. Corrosion leads to (irreversible) material losses
with the corroded metals commonly ending up in the environ-
ment [2...12]. It is exactly for all these reasons that over the last
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decades technologies have been developed to detect (and even-
tually of course prevent) corrosion in an as early stage as possible.
Without the pretention to be complete, currently existing technolo-
giesinclude: corrosion coupons, electrical resistance (ER), inductive
resistance probes, linear polarization resistance (LPR), electro-
chemical impedance spectroscopy (EIS), electrochemical frequency
modulation, harmonic analysis, electrochemical noise (EN), zero
resistance amperometry (ZRA), potentiodynamic polarization, thin
layer activation (TLA) and gamma radiography, electrical “eld sig-
nature method (EFSM), acoustic emission (AE). Apart from these
direct techniques there are several indirect technologies to mea-
sure corrosion: corrosion potential, hydrogen "ux monitoring and
chemical analyses [13,14] . Whether direct or indirect, the tech-
niques listed above are either intrusive or non-intrusive and off-
or on-line.

Despite the diversity of existing technologies, we present an
alternative that is easy to use, low cost, and low maintenance. The
sensor described here is based on transmission line theory and clas-
si“ed as a quarter wave length open-ended stub resonator. For this
reason, it can be operated at high frequencies without introduc-
ing parasitic distributed inductance and capacitance elements. This
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allows complex dielectric spectroscopy and analyzing harmonics
over a broad frequency range. An additional advantage is that scal-
ing of the inner conductor not only changes the dielectric properties
of the system but also affects the effective resistance of the inner
conductor. The latter effect increases with frequency because of the
skin-effect. From the design point of view we discuss two types, the
coaxial and the coplanar stripline resonator (CPS) transmission line.
Both systems can be realized using standard electronic components
to obtain a ("ow-through) sensor that represents the analog of a
(automated) spectrum analyzer. Both designs are expected to suit
different applications and were chosen to demonstrate the general
applicability of the concept in terms of stub resonator geometry.
For instance, the coaxial type seems most appropriate for moni-
toring industrial processes. The CPS design, on the other hand, can
be used to test oxidation inhibitors, to mention just one potential
application. It should also be remarked that the design can set limits
to particular applications.

Stub resonators consist of an inner and outer conductor sepa-
rated by a dielectric, in our particular case a "uid. With an input
signal of constant amplitude but variable frequency, the frequency

of lowest load impedance, i.e., the resonance frequency (  fres) IS

determined. Whereas fies itself solely depends on the resonator
length, the relative magnetic permeability and the dielectric per-
mittivity of the "uid, the amplitude output at
characteristic impedance of the resonator, which, in turn, depends
on material and geometrical parameters (e.g., inner and outer
conductor ratio) and "uid characteristics (dielectric permittivity).
Apart from fes and the output amplitude, the shape (e.g., width
of the resonance peak) of the amplitude-frequency or AF response
depends on losses in both conductors (e.g., skin effect), dielectric
losses in the "uid (e.g., due to the conductivity of ions present) and,
“nally, losses due to impedance mismatch, notably between the
coaxial transmission lines and the resonator. In two previous pub-
lications [14,17] we showed that a sensor based on this principle
can be used to monitor the composition of the "uid that acts as
dielectric in between the two conductors. In addition, it was quite
well possible to adequately model and predict the experimentally
observed response, including all the losses.

Instead of focusing on "uid composition, here we discuss an
entire different application of stub resonators, one with the inner
conductor as sensitive element and susceptible to the formation of
an oxide layer on its outer surface. This can be realized by making
the entire sensor, except the inner conductor, out of (corrosion-
resistant) stainless steel. The inner conductor, in turn, can be made
out of the material to be investigated. Suppose, for example, that a
particular piece of process equipment shows susceptibility to cor-
rosion. A stainless steel coaxial resonator with the inner conductor
made from the same material as the equipment under investigation
can be installed in the process liquid feed stream. Corrosion results
in the formation of a second dielectric surrounding the inner con-
ductor. Instead of a system with both conductors separated by a
single dielectric (i.e., the "uid), inner and outer conductors are now
separated by two concentric layers of different permittivity. With
both conductors made of corrosion-sensitive material, the same
oxidation process will of course occur at the surface of the outer
conductor as well, resulting in a three-layer dielectric. However,
as will be discussed later on also in this case will the change in AF
response predominantly determined by the corrosion layer on the
inner conductor.

Fig. 1 shows a schematic 3D image of the coax resonator. Cor-
rosion of the inner and/or outer conductor will be monitored as a
change in the AF (amplitude-frequency) response of the device. In
the ideal scenario, measures can be taken before actual damage has
occurred in those parts of the process installation that are made of
the same construction material as the inner conductor of the sen-
sor, on which corrosion was detected. So in this case, the sensor is

fres depends on the

Fig. 1. Schematic 3D image of the coax sensor with outer conductor of diameter of

D (1); inner conductor of diameter of d (2); input and output ports for "uid "ow-
through (3) and tube length | (4). Note that the inner conductor has been made
visible by making the outer conductor partly transparent.

used as an early warning system. In case of just a corrosive inner
conductor, the sensor is simply reactivated by replacing the partly
oxidized metal rod with a new one. Indeed, an additional advan-
tage of this design is the ease by which the inner metal rod can be
replaced. We thus developed a corrosion sensor that is easy in use
and low cost in manufacturing and operation.

2. Sensor description
2.1. Coaxial stub resonator

Fig. 2 shows the coaxial-type resonator implemented in a circuit
consisting of a function generator (FG) and spectrum analyzer (SA),
both implemented in a HAMEG HMS3010 spectrum analyzer with
tracking generator. It should be noted that the spectrum analyzer
is calibrated in dBm (dimension in power). The interconnecting
transmission lines all had characteristic impedance ( Zy) of 50
In order to minimize the size of the connectors, we used connec-
tors of the type SMA (SubMiniature version A) with a length of just
20 mm. Note the two possible con“gurations of the stub resonator,
closed or open, the mode exploited in this study. Also note that the
device can operate under batch or "ow-through conditions. The
resonator outlined here has been described by the authors in more
detall previously [14...24].

Table 1 gives an overview of the physical dimensions of the
quarter-wave coaxial stub resonators applied in this study, see also
Fig. 1. Two sizes of inner conductor were tested with a diameter of
either 2 or 15mm.

Fig. 2. Schematic outline of the coaxial stub resonator sensing system consisting of
a function generator (FG), a spectrum analyzer (SA) and the coaxial stub resonator
(RE). The dotted inlet and outlet indicate that the "ow-through resonator can be
optionally used as batch resonator.



N.A. Hoog et al. / Sensors and Actuators B 202 (2014) 1117...1136 1119

Table 1

Geometric parameters of the "ow-through resonator. The outer and the inner con-
ductors of the resonator were made from stainless steel 316 L and steel, respectively.
Note the two different sizes of inner conductor that were tested.

Parameter

Length, | 29 x 1051 (m)

Inner conductor diameter, d 2x 10%% or 15 x 1053 (m)
Inner diameter of the outer conductor, D 25 x 10°% (m)

Diameters of the "uid inlet and outlet 15 x 1053 (m)

1.45 x 10° (SmS?)
6.99 x 106 (SmS1)

Conductivity of stainless steel 316 L,
Conductivity of steel,

The corrosion of steel, i.e., the oxidation of iron to iron (ll)
(ferrous-) and eventually to iron (lll) (ferric-), in the presence of
water, is given by Egs. (1) and (2) :

2Fe + Oz + 2H,0 2Fe(OH), 1)

4Fe(OH), + 2H,0 + O, 4Fe(OH)3 2)

Apart from the possible formation of Fe  ,03, the hydrated fer-
ric oxide, orange to red-brown in color, makes up for most of the
oxidation products.

The outer conductor is corrosion resistant because it has been
manufactured from stainless steel. As a result, only the inner con-
ductor will suffer from corrosion. For now we will assume that the
oxide forms a homogeneous layer (but see Section 5). Figs. 3and 4
gives a schematic cross-section of the coaxial stub resonator with
the inner conductor covered with an oxide layer.

The electrical parameters of the stub resonator are the dis-
tributed element inductance L, resistance R, capacitance C and
conductance G, see also [14,17,26] for detailed description. When
these parameters are known, the behavior of the resonator can be

described in terms of AF response, using the setup shown in Fig. 1.

The effective dielectric permittivity off and the effective loss
tangent tan S¢ of a coaxial resonator with multiple concentric
layers of different dielectric permittivity have been described in
[14,17] and is expressed by

eff = fCr1, r2000 m) 3

tan Se = f(tan 31, tan §,,..., tan 3y) 4)
In an ideal resonator without any losses, the resonance fre-
quency fres of an open ended ( /4) and closed end ( /2) resonator
are given by Egs. (5a) and (5b) , respectively. In this special case, the

Fig. 3. Schematic cross-section of the coaxial stub resonator with two dielectric
layers in between inner and outer conductors: corrosion layer ( r1, orange, dielectric
permittivity 1) and "uid ( r2, blue, with dielectric permittivity 2). (For interpreta-
tion of the references to color in this “gure legend, the reader is referred to the web
version of the article.)

Fig.4. Schematic view of the experimental set-up consisting of the coaxial resonator
(1); The presented 2nd resonator, labeled (2) and drawn in dotted lines, indicate that

the system can be extended with  n resonators, all depending on the precise aim of
the particular experiment. Also indicated pumps (3, 4); reservoir tank for tap water

(5); inlet ports (6, 7) and outlet ports (8, 9).

dielectric constant
and (5b) [17] .

re can be determined directly from Eqgs. (5a)

2nS1 c-(2nS1
fres = — = (7) (5a)
LC 41 re 0 r 0
n c-n
fres = — = 5b
e 2. - LC 41- "reo0 r o (5b)
where c represents the speed of light in vacuum (m/s), n the order
number of fres (Hz), | the length of the resonator (m), ¢ relative

magnetic permeability of the dielectric between inner and outer
conductors (...), o the absolute vacuum permeability (H/m), 0
the absolute vacuum permittivity (F/m) re the relative effective
dielectric constant.

Note that the capacitance Cin Egs. (5a) and (5b) is determined
by the real part ¢ of :

For a lossy resonator, polarization and conductivity losses in
the dielectric under investigation, as well as resistance losses in
the inner and outer conductors, must be taken into account. A
detailed model accounting for these losses, essentially based on
telegrapheres equations, is explained in ~ [17] .

In order to describe the behavior of the corrosion sensor, i.e.,
a lossy resonator, the model described in ~ [17] was extended with
expressions for both the effective dielectric permittivity r and the
effective loss tangenttan S of the composite dielectric consisting
of oxide metal and water.

For a lossy dielectric, complex dielectric permittivity can be
described as

r= re S Jim (6)
where e and , represent the real and imaginary part of r
respectively.

The effective loss tangenttan  Sg (...), which is a measure for the
dielectric losses in the system, is expressed by Eq.  (7):

i+

im eff (7)

re

tan §eff =

where , and
tivity losses in the dielectric, respectively, and
the angular frequency in rad/s.

The effective conductivity eff, of the "uid volume and the oxide
layer, i.e., the composite dielectric between inner and outer con-
ductors is a parameter hard to assess. The dif‘culty is related to the
extent the conductor is covered with an oxide layer. In case only a
small surface area is covered with metal oxide, ff Will be mainly
determined by the "uid conductance. In contrast, a very thin homo-
geneous layer of metal oxide on the inner conductor may result

eff re’ect the polarization losses and the conduc-
=2 fres represents
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Fig. 5. Schematic overview of the CPS used in this study. Here,
1(Fre) the dielectric permittivity of substrate,

in electrical isolation of the inner conductor. In this case

be almost completely determined by the conductivity of the metal

oxide layer. For this reason, off Was lumped into tan

(7)), which, in turn, was used in the model as a “tting parameter. It

is noted that lumping of eff INto tan 8¢ is common practice  [18] .
r and tan S can also be expressed in terms of the capacitance

and tangent loss of the individual system elements:

Cerr

G\/acuum

where Cyacuum IS the capacitance of the resonator with vacuum
between both conductors.

According to [19], the effective capacitance ( Cg) of a coaxial
capacitor with a two-layer dielectric is given by Egs. (9) and (10) :

it Will

®)

r

1 1 S1

St e ©)
G G

where C; and G, are the capacitances related to the corrosion layer
and the "uid, respectively, each given by

Cett =

02:2 02

In(ra/r 1)

OL:Z 01

In(ry/r o)

where

(10)

1, dielectric permittivity of an oxide layer (...);

>, dielectric permittivity of a "uid (...);
ro, radius of the inner conductor of the resonator (m);
ry, radius of the occurred oxide layer (m);
r,, inner radius of the outer conductor (m).

Taking into account Egs. (9) and (10) , ¢ of a cylindrical capac-
itor with dielectrics 1 and , in radial direction can be expressed
by Eqg. (11) [20] :

1 2 In(ra/r o)
= 11
= (ol )+ 2 (2l o) an
Egs. (3)...(11) give a full description of the behavior of the stub
resonator.

2.2. Coplanar stripline (CPS) stub resonator

Apart from the coaxial type, we also investigated a sensor based
on a coplanar stripline transmission line, shown schematically in
Fig. 5.

Analogous to the coaxial stub resonator, the behavior of the CPS
resonator is de“ned by its electrical parameters: the distributed
elementinductance L, resistance R, capacitance Cand conductance

| represents the length, w the width of the signal wire,
2(Fiia) the dielectric permittivity of the "uid. On the left panel, the "uid level is indicated by arrows.

St (see Eq.

h the substrate thickness, t the width of ground signal,

Table 2
Geometric parameters of the CPS resonator. The outer and the inner conductors
were made from Sn...Ag alloy.

Parameter

34 x 1052 (m)
1.93 x 1053 (m)
7.60 x 1054 (m)
2.2x 1053 (m)
48(...)

8.7 x 106 (SmS?)

Length, |

Substrate thickness, h

Width of the signal wire, ~w

Width of ground wire, t

Effective dielectric permittivity of substrate (FR4), r
Conductivity of tin,

G [27,28] . Knowing these parameters allows accurate modeling of
its AF response [17].

Table 2 gives an overview of the relevant dimensions of the CPS
resonator used in this study. As a dielectric substrate, laminated
epoxy resin “berglass composite sheets (FR4) were used.

Both the inner and outer conductors of the CPS were made
of tin...silver or Sn...Ag alloy, with tin (Sn) being the predominant
surface-active component  [35] . In order to study the effect of oxi-
dation we applied a 10 mA dc-current to accelerate the corrosion
process. Given a surface area of the (working) inner electrode of
1cm2, the current density was 10mA/cm 2. The dc-current induced
corrosion test experiments were performed in a sodium hydrox-
ide (NaOH) solution, a highly corrosive condition for Sn. Due
to a dissolution-precipitation mechanism, a thin layer of either
stannous hydroxide Sn(OH) , and/or oxide SnO develops on the
electrode surface. At higher anodic potentials this layer of Sn(OH) 2
and SnO is further oxidized to Sn(OH) 4 and SnO,. Apart from the
oxidation of Sn, oxidation of Agand H  ,O might occur as well.

The resonatores AF response is also sensitive to the ionic species
present in the solution, with a high ionic conductivity causing
increased dielectric losses. Calculation of the change in solution
composition is however not feasible because the relative contrib-
utions of the oxidation of Sn, Ag and H ,0O remain unknown. But
because oxidation will affect the ionic species present in the solu-
tion, the change in AF response due to dc-currentinduced oxidation
needs to be separated from the one due to dc-current induced
change in solution composition. We therefore worked along the
following protocol:

(1) Perform the control (non-corroded conductor) according to
Fig. 6 and in MilliQ water.

(2) Mount the CPS resonator into a vessel containing 11 2mM
NaOH.

(3) Apply a dc-current of 10mA for 1 h using the circuit of
and a Ag/AgCl reference electrode.

Fig. 6
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Fig. 6. Schematic representation of a test cell for a CPS-based transmission line. The
inner and outer conductor functions as working and auxiliary electrode, respec-
tively. Corrosion tests can be performed with the sensor either fully or partly
immersed into the electrolyte solution as well as during constant or periodic expo-
sure to the corrosive electrolyte.

(4) Wash the specimen with demineralized water and dry under
laboratory conditions.

(5) Repeat the measurement of step 1 but with (partly) corroded
conductor.

(6) Repeat steps (2...5) for 2h and 3 h, respectively.

3. Materials and methods

The conductivity of the solutions was measured using a pH/Cond
340i-WTW electrode (VWR).

The Ag/AgClreference electrode used for the dc-currentinduced
corrosion experiments was of the type +0.200 V versus NHE (ProS-
ense QiS, The Netherlands).

Scanning electron microscopy (SEM) was used to characterize
and visualize the surface of the inner and/or outer conductors.

Chemicals were purchased from VWR International BVBA.

4. Results
4.1. Coaxial resonator

All experiments with the ("ow-through) coaxial resonator were
performed using tap water with conductivity of 545 x 1054 smSt?
(compared to 10 $4 5 mS1 of milliQ water), and at a temperature of
18+ 0.5 C.Fig. 7 shows a typical series of AF responses indicating
corrosion of the inner conductor over a time period of four days
using an inner conductor diameter of either 2mm (A) or 15mm
(B). The differences in the AF responses are mainly caused by larger
dielectric losses when using the 15 mminner conductor (larger con-
ductor surface area, shorter distance between both conductors).
For that reason, all further experiments were performed with inner
conductorsof 2mm. Asshownby  Fig. 7A, an effectis already observ-
able after 1 h of operation (red curve), notably at higher frequencies.
Another conclusion arising from Fig. 7Ais that, in general, effects
of corrosion are more pronounced at higher frequencies. There are
two reasons for this. Firstly, according to Eqg. (5) and given a certain
change in ., the shift of fres ( fres) is proportional to  c(2n S 1)/4l,
implying a larger shiftat higher  n, i.e., at higher resonance frequen-
cies. Secondly, as for the amplitude, e.g., the skin effect is more
dominant at higher frequencies.

These “rst four harmonics of ~ Fig. 7A are shown in more detail in
Fig. 8. For comparison, Table 3 shows results obtained after “tting

Fig. 7. AF plots in response to corrosion over a time period of four days using an
inner conductor of 2mm (A) or 15 mm (B) (1000 point/scan). (For interpretation of
the references to color in this sentence, the reader is referred to the web version of
the article.)

the experimental data (red dots) of Fig. 8 to Eq. (2) in [17] and/or
Egs. (1)...(12) in [22] and Egs. (3)...(11) presented here, using the
Isqcurve“t option in MATLAB (2012B). This “tting procedure ren-
ders the thicknesses of the oxide layer andtan S, both at each day
of the experiment (see Eq.  (7)). Table 3 con“rms this assumption in

Fig. 8. The experimentally obtained “rst four harmonics of Fig. 7A shown at higher
resolution, i.e., in a frequency range between 5 and 250 MHz. (For interpretation of

the references to color in this sentence, the reader is referred to the web version of

the article.)
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Table 3
Simulations of the 3rd harmonic shown in Figs. 8 and 10, with the radius  r of an oxide layer and the effective loss tangent tan Seif, as “tting parameters. Drawn curves all refer
to simulation data whereas the red dots represent experimental data obtained with the resonator used for Fig. 7A and8 .
Day of experiment Results of simulation 3rd harmonic tan Seir (--.) rd (- m)
1st day 0.14 8
Istdayinlh 0.13 6
2nd day 0.14 10
0.16 15

3rd day
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Table 3 (Continued)

Day of experiment Results of simulation 3rd harmonic

tan Seit (-..) ré (- m)

4th day

0.16 17

2 Radius of an oxide layer.

that the highest agreement between experimental and simulation

data is, in general, observed at the minimum of the curves. Table 3
further suggests that  Fig. 7A has been recorded (after four days) in
the presence of an oxide layer with a thickness of 17 m (see also
Section 5).

These “rst four harmonics shown in Fig. 8 were used to get a
clearer picture of the observed AF responses. We therefore plotted
the resonance frequency and amplitude as a function of time. The
resultis shownin Fig. 9. Even though the precise shape differs, the
trend of resonance frequency as well as amplitude is essentially the
same (perhaps except for the amplitude plot of the “rst harmonic).

This similarity is an important observation as it strengthens the
hypothesis for the shift of each harmonic, i.e., the formation of a
corroded oxide layer on the inner conductores surface.

At higher frequencies we observed an increased dispersion of
the signal. Fig. 9 demonstrates this phenomenon, showing the cor-
relation between the shiftin resonance frequency and in amplitude,
plotted for the “rst four harmonics and each monitored over a time
frame of four days. Whereas the data points for the “rst two reso-
nance frequencies almost overlap, those of the 3rd and 4th clearly
start to diverge, an effect due to enhanced dielectric losses.

Importantly, Fig. 9 is based on a triple set of data, also measure-
ments were repeated 10 times but with resonator tubes of different
lengths (0.3, 0.61 or 1.01 m), different outer diameter (20 or 70 mm)

and an inner conductor diameter of 1.5, 15 or 60 mm (see Sup-
plementary information Figs. A.2...A.4). Despite this difference in
experimental setup, the trend in the data was always the same (i.e.,
as shownin Fig. 9), an observation that makes us conclude that the
method is reproducible.

Atlow frequencies, the AF response is mainly determined by the
real partof | inEg. (6) and the conductivity of the dielectric. Polar-
ization losses and conductivity losses of the solution both increase
the relative contribution of the imaginary part of ¢ in Eg. (6) with
increasing frequency [14,17] . Fig. 10 shows the 3rd harmonic over
time at higher resolution. After an initial shift in the direction of
lower frequencies after just 1 h (red curve), the response starts to
shift in the opposite direction, i.e., to higher frequencies.

We investigated this phenomenon in more detail and measured
the AF response after 1, 2 and 24 h of corrosion ( Fig. 11). We now
observed a shift to the left during the “rst 2 h followed by one to
the right after 24 h.

To correlate, at least at the qualitative level, the shown changes
in AF response with visual corrosion effects, we also obtained SEM
pictures of the surface of the inner conductor with corrosion pro-
gressing over time ( Fig. 12). Whereas we do see spots of corrosion
appearing atthe surface during the “rst2 h (A, B), itis only after 24 h
that the surface is completely covered with oxide (D). In addition,
SEM pictures were made from cross sections of the inner conductor,

Fig. 9. Changes of resonance frequency fies (top row) and amplitude (bottom row) during four days and plotted separately for the “rst four harmonics.
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Fig. 10. AF plot of 3rd resonance frequency showing the shift in frequency and
amplitude caused by corrosion during 1, 2, 3 or 4 days. (For interpretation of the
references to color in this sentence, the reader is referred to the web version of the
article.)

Fig. 11. AF response of 3rd resonance frequency after 1, 2 and 24 h of corrosion
shown at higher resolution.

with estimated thicknesses of the observed oxide layer covering its
surface ( Fig. 13).

The SEM images shown in Fig. 13 were analyzed using open
source software IMAGEJ (image processing and analysis in java)

Table 4

Estimated thickness of the developed oxide layers over time obtained from the
SEM images shown in  Fig. 14. Each thickness has been based on three independent
measurements on the same specimen.

# Measurement Day

2 3 4
1 12 27 62
2 7 22 30
3 5 25 16

[46] , resulting in estimated oxide layer thicknesses summarized in
Table 4.

Itis worth to mention that the stub resonator is much more sen-
sitive for corrosion of the inner conductor surface as compared to
the outer conductor surface. The converging of electric “eld lines
near a surface depends on the curvature of the particular surface.

It is for this reason that the electric “eld near the inner conduc-

tor is stronger than that near the outer conductor surface. This
effect of geometry becomes apparent also when calculating the
change in ¢ upon the formation of an oxide layer on either the
inner or outer conductor surface. Based on the resonator geometry
listedin Table 1, coveringthe inner conductor witha 17 m layer of
metal oxide (  =2.4) lowers, accordingto Eq. (11), ¢ from72.47to
66.36. Repeating this calculation but for an oxide layer of the same
thickness on the outer conductor surface hardly affects ff at all
as it lowers o4 from 72.47 to just 72.46. Note also that the 17 m
oxide layer on the outer conductor surface represents a much larger
metal oxide volume than a similar layer on the surface of the inner
conductor, thereby emphasizing the much higher sensitivity of the

inner conductor to corrosion effects.

The difference in sensitivity of both conductors is also shown
graphically in  Fig. 14, representing simulations of AF responses in
the absence and presence of a 17  m oxide layer on the surface of
either the inner or outer conductor.

The oxide layer forms and functions as an insulating layer for the
conductor. It is also for this reason that the sensor is much more
sensitive to the formation of the “rst oxide layer compared to the
subsequent progressively increasing layer thickness over time.

Fig. 12. SEM images showing the non-corroded (A) and corroded inner conductor surface after 1h (B), 2h (C) and 24 h (D).
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Fig. 13. SEM images showing cross-sections the inner conductor during four days of experiment. Row A: 1st day, after 1 h; Row B: 2nd day; Row C: 3rd day and Row D: 4t h
day. In both panels, the oxide layer at the outer surface is clearly visible. Note the difference in scale bars used, 500 m in the left panels versus 100 m in the right panels.
Left and right panels in each row were obtained from the same specimen.

Apart from an increase in thickness, over time the oxide layer
becomes more porous and with that more brittle. As a result and
promoted by "owing through the resonator, oxide particles may
actually detach from the inner conductor surface thereby reducing
its diameter. Alternatively, the corrosion product may also leave the
resonator as metal ions instead of as metal oxide particles, thereby
reducing its inner conductor diameter as well. As the AF response
is a function of the diameter of the inner conductor, the thinning
of the inner conductor and eventually washing out of oxide prod-
ucts affects the resonator behavior.  Fig. 15 simulates this effect by
reducing the inner conductor diameter from 2.0 to 1.5 mm.

The high sensitivity of the inner conductor to corrosion is also
evident when replacing this conductor with one made of stain-

Fig. 14. Simulations of the 3rd harmonic shown in Figs. 8 and 11 of the manuscript. less steel, rendering an inert, corrosion resistant electrode ( Fig. 16).
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Fig. 15. Simulations of the 3rd harmonic shown in
dimensions of the inner conductor.

Figs. 8 and 10 for different

Fig. 16. AF response of a resonator with a stainless steel inner conductor, in the
frequency range of 5...250 MHz.

Compared to Fig. 8, the AF response hardly changes over a period
of four days.

4.2. Coplanar stripline (CPS) stub resonator

The working principle of the CPS stub resonator is essen-
tially the same as the one of the coaxial stub resonator, it just
exploits a different geometry. Fig. 17 shows the AF-response of

Fig. 17. AF plots of the CPS resonator showing the shift in resonance frequency and
amplitude of the 1st harmonic due to the effect of 3 h of corrosion, induced by a dc-
current of 10 mA (1000 point/scan). Measurements were performed in the presence
of 2mM NaOH.

Fig. 18. AF plots of the CPS resonator showing the shift in resonance frequency and
amplitude of the 1st harmonic due to the effect of 3h of corrosion, induced by a
dc-current of 10 mA (1000 point/scan). Measurements were performed in MilliQ,
i.e., in the absence of NaOH.

the 1st harmonic with the CPS (completely) immersed in 2mM
NaOH (533 x 1054 SmS1), while applying a dc-current current of
10 mA. During these dc-currentinduced corrosion experiments, the
potential difference between the inner conductor and the Ag/AgCl
reference electrode changed from  $0.537V at the start to a value
in the range of 3.75...4.19V after applying dc-current for 3h. The
variability of the monitored voltage difference after 3 h may re”ect
differences in oxide layer composition (see Section 5).

The result shows the response of a single inner conductor but
recorded after different times of exposure to NaOH, for up to three
hours. Both the resonance frequency fes and the amplitude were
affected by corrosion. As already remarked, dc-currentinduced cor-
rosion will change the composition of the solution. Therefore, the
response shown in  Fig. 17 represents both the effect due to surface
corrosion and change in solution composition. In order to isolate
the response caused by the oxidation of the surface, we repeated
the experiment but following the protocol outlined in Section 2 of
Paragraph «Coplanar stripline (CPS) stub resonatorZ. While corro-
sion was performed in 2 mM NaOH, the actual measurement was
recorded in MilliQ (after carefully rinsing the CPS with MilliQ). The
result is shown in  Fig. 18. Compared to Fig. 17, the effect of corro-
sion of the AF response is more profound. The reason is the rather
high background of ionic conductance in the experiment of Fig. 17
due to the presence of 2mM NaOH. The enhanced losses resulting
from this ionic effect predominantly shapes the AF response and
partly masks the effect due to surface corrosion. This is also the
reason that we show the 1st instead of the 3rd harmonic (as with
the coaxial type) because the response is so much more sensitive
to losses at higher frequencies. The reason for the almost identical
response after 2 and 3 h is twofold. Firstly, once an oxide layer has
been formed, the sensor becomes less sensitive to further oxide for-
mation. Secondly, the (accelerated) oxidation dissolves the inner
conductor and by that increases the relative contribution of the
oxidation of the outer conductor, also resulting in a compromised
sensitivity.

As we did for the coax resonator, the CPS inner conductor surface
was also characterized by SEM ( Fig. 19). Because the outer conduc-
tor of the CPS resonator is made from tin as well, this conductor
is also susceptible to oxidation. We therefore also examined sam-
ples of the outer conductor with SEM and examples are shown in
Fig. 20. After 2 h ( Fig. 20B), the outer conductor suffered less from
oxidation compared to the inner conductor shown in Fig. 19C.

5. Discussion

In this study we explored the possibility to use a stub resonator-
based sensor for the detection of metal corrosion. These “rst results
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Fig. 19. SEM images showing non-corroded (A) and corroded parts of the inner conductor of the CPS resonator after 1 (B), 2 (C) and 3 h (D) of oxidation.

are encouraging buta number of questions remains to be answered.
For example, in case of the coaxial resonator, how to explain the ini-
tial shift of the AF response to the left, followed by the one to the
right ( Figs. 10 and 11). We hypothesize that even though corro-
sion occurs during the “rst 2 h already, the effects remain limited

to the appearance of isolated spots of oxide on the inner con-
ductores surface. When corrosion progresses the surface becomes
covered by a concentric oxide layer completely isolating the con-
ductor resulting in a signi“cant shift of minimum in the AF plot

to higher frequencies. Remains the question what causes the initial
shift to lower frequencies? We have two possible explanations. The
“rst one assumes the presence of small air bubbles on the (rough)
metal surface prior to immersing the conductor in solution. Upon
immersion, these air bubbles will (partly) dissolve or escape into
the bulk solution thereby replacing a dielectric of low permittivity
(air) for one of much higher permittivity (water). As a result, the
resonance frequency will shift to lower frequencies, i.e., to the left.
The next explanation offers an answer in quite different direction.
The presence of (non-conducting) metal oxide spots intruding the
conductor surface will make the total current pathway through the
conductor longer resulting in an increase of the resonator induct-
ance [29,31] . The larger surface area due to increased roughness
leads to a higher resonator capacitance  [29,31] . Both the increase
of the resonator inductance and the resonator capacitance will
shift the (resonant frequencies in the) AF plot to the left, i.e.,

toward lower frequencies. Finally, the increased roughness also
affects the resistance of the inner conductor. All effects mentioned
above increase with increasing frequency, implying changes in
AF response can be used to recognize pitting corrosion. However,
studying pitting corrosion was considered to be beyond the scope
of this study and the authors did not (yet) explore this potential
application in more detail.

Even though we made a distinction between steel and stain-
less steel, suggesting the latter to be corrosion resistant, it should
be realized that the main difference between the two types of steel
refers to the rate they corrode. Corrosion rates depend on a number
of parameters including temperature, composition of the corrosive
medium the metal is exposed to and the type of metal itself. For
example, according to  [32] , the corrosion rate of stainless steel at
room temperature and in 5 g/l of NaCl is 1.85 x 1052 mpy. The cor-
rosion rate of stainless steel type 316 L in drinking water and at
room temperature is reported to be <0.1 mpy [33].

In comparison, the corrosion rate of steel can be as high as
40 mpy [34],i.e., avalue 400 times higher than the one for stainless
steel.

Correlation of the oxide layer thickness with the (change in)
AF response requires knowledge of the layer thickness and dielec-
tric permittivity of the oxide layer and the thickness of this layer.
Experimental determination of the layer thickness is challenging
since corrosion forms all but a homogeneous layer.

Fig. 20. SEM images showing non-corroded (A) and corroded parts of the outer conductor of the CPS resonator after 2 h (B) of oxidation.
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A further complication arises from the (unknown) composition
of the oxide layer. Even though Fe(OH) 3 might be the predominant
form with a dielectric permittivity in the range of 1.5...2.3 [39,40] ,
Fe(OH),, FesHOg-4H,0, Fe;04, FeO, polymorphs of either FeOOH
or Fe, O3 and any combination between them, may form as well.
Reported dielectric permittivity values for these mentioned oxida-
tion products range from 12.7...14.2t0 24  [41] to a value as high as
32.8 [42] .

Despite the dif‘culty to establish the aforementioned correla-
tion we did compare experimental results with model predictions.

As already remarked, effects are more enhanced at higher har-
monics. To do so we assumed the inner conductor covered with

a homogenous oxide layer consisting exclusively of Fe(OH) 3 with
an  value of 2.3. By minimizing the difference between measured
(26.97 MHz) and calculated resonance frequency of the 1st har-
monic with the layer thickness as free “tting parameter, we obtain

an oxide layer thickness of 17 m, a value close to the one derived
by eye from Table 3. It remains hard to judge to what extent this
estimate deviates from its actual (effective) value but according to

the SEM picture of Fig. 13 such value seems quite realistic. Because
of the heterogeneity of the oxide layer, any theoretical descrip-
tion based on homogenous layers is at least incomplete. This is
true even more because prior to the actual recording standard pro-
cedure holds to sandpaper the inner conductor surface in order

to remove the protection layer. This treatment improves surface
roughness and affects surface resistance in a way simulation can-
not account for, implying a further deviation between simulated

and experimental data.

It is noted that the sensor is most sensitive for the “rst thin
layer of metal oxide formed on the inner conductor, even if this
metal oxide layer is not homogeneously distributed over the inner
conductor surface. This makes the sensor concept feasible to detect
corrosion at an early stage. Once the inner conductor is completely
covered with a homogeneous layer of metal oxide, the signal shift
in the AF plot per micron formed metal oxide layer thickness will
decrease. This feature of the sensor is an advantage to detect early
stages of corrosion but makes the sensor less sensitive for recording
progressive corrosion.

The sensor described here monitors processes at a metal sur-
face, notably that of the inner conductor. Apart from such surface
effects, the behavior of the stub resonator depends on the dielectric
properties of the "uid located in between inner and outer conduc-
tor as well as the geometry of the system. Attempts to include
temperature [see 43, 44] and the conductivity of the "uid under
investigation (now lumped in tan Seff) In the model used for the
AF response simulations by the authors look most promising and
are close to “nalization (results not shown). Noteworthy, a rel-
atively larger conductor surface will not per se make the device
more sensitive. According to Egs.  (9)...(11), a larger diameter low-
ers the sensitivity. Also, the relative contribution of losses caused
by the conductivity of the dielectric will increase because of the
larger electrode surface. In addition, a larger inner diameter will
decrease the distance between both conductors, thereby increasing
conductivity losses in the solution. Another argument deals with
the necessity to keep the resonator impedance matched. The mea-
surements used for this study were all performed with an as closely
impedance matched resonator as possible, i.e., with the impedance
of all circuit elements as close as possible to 50 . Changing the
diameter of the (not yet corroded) inner conductor from 2 to
15 mm reduced the impedance of the resonator; when “lled with
tap water from 19.1 to 3.5 . As a result and due to signi“cantly
increased mismatch-related losses the behavior of the resonator
totally changed, notably at higher frequencies ( Fig. 7). On the other
hand, reducing the diameter of the inner conductor increases the
characteristic impedance  Z; of the system, which at  Z; values close
to 100 loses its ability to resonate (see also  Appendix C ).

It is noted that the anode/cathode area ratio is an important
factor in determining the corrosion rate and has an in"uence on
the AF-response of the resonator. Therefore, in a real-life applica-
tion, the inner conductor/outer conductor surface area ratio should
re”ect the actual anode/cathode surface area ratio, resulting in a
relatively closer estimate of corrosion onset. However, it should be
taken into account that changes in resonator geometry will result
in changes of the characteristic impedance of the resonator which
should be close to 50

The sensor described here ful“lls two (economic) requirements
valid in general for all types of (ideal) sensors, i.e., easy to use and
inexpensive. This is the case, for instance, if using a coaxial res-
onator of relatively large dimensions. Other advantages are: the
sensor operates online and can be exposed to ¢real life process con-
ditionsZ because it can be applied to, for instance, the interior of
industrial piping systems. In addition, the sensitivity of the sen-
sor can be adjusted by “ne-tuning the inner and outer conductor
surface area ratio, with, for instance, the inner conductor suscepti-
ble to corrosion but the outer conductor chemically inert. Another
advantage of the stub resonator is that it responses to a number of
different parameters affected by corrosion: skin effect, resonance
frequency and dielectric losses.

In this study all results has been represented by AF responses.
A Nyquist plot offers an alternative representation of the dielec-
tric properties of a system showing the real and imaginary part of
the input impedance (see for an example Fig. A.1 in Supplemen-
tary information). AF- and Nyquist plots are equivalent in terms of
the information they render about the dielectric properties of the
system under investigation. The reason we opted for AF plots is,
“rst, that they relate more directly to the behavior of the resonator
and, secondly, that they can be measured in a straightforward
way, resulting in a practical and cost ef‘cient sensor, i.e., a net-
work analyzer for AF plots versus a more expensive impedance
analyzer or network analyzer required for Nyquist representation.
Further suggestions for cost reduction are given in the Supplemen-
tary information.

According to [47,48], for a non-ideal capacitor, the constant
phase element Q(CPE)is a very helpful parameter for “tting experi-
mentalimpedance data, even more so because it can be represented
interms of an equivalent electrical circuit. CPE behavior is generally
attributed to distributed surface reactivity, surface inhomogeneity,
roughness or fractal geometry, electrode porosity, and to current
and potential distributions associated with electrode geometry.
Furthermore, observations on different types of diffusing species
and electrode materials show that, in contrast to an ideal capac-
itance, the diffusive response of an non-ideal capacitance shows
frequency dispersion in its low frequency tail, usually in the form
of a CPE.

The model described in detail in ~ [22] and applied in the present
study accounts for dispersion of off, Including the dispersion arising
in the dielectric lossy part of the system. The real part re Of o Ccan
be considered to represent the behavior of an ideal capacitance,
implying a fies entirely de“ned by re @and not i, (see Eq. (5)). For
a non-ideal capacitance, i.e., for all real-life systems, fres is de“ned
by im, and Raswell

As for potential application, we foresee most opportunities for
the sensor as an early warning system where maintenance can be
limited by replacing the inner conductor (just a metal rod) from
time to time. After replacement, the corroded rod can easily be
visually inspected for further detail. Depending on its precise appli-
cation, the material of this metal rod can be adjusted (as long the
permittivity of the particular oxide is known). Because of its rel-
atively large dimensions, the metal rod can be produced in a cost
effective and reproducible way. Another “eld of application can
be a platform technology to test, for example, anti-corrosive com-
pounds or other type of compounds that need to be tested for their
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dielectric properties. To do so, the (inner) conductor can be coated
with an anti-corrosive compound. The rate at which the oxida-
tion process proceeds upon dc-current application, compared to
the resonator with uncoated electrodes, is a direct measure for the
effectiveness of the anti-corrosive.

6. Concluding remarks

The results presented here are a “rst step toward the devel-
opment of a stub resonator as an early warning system for the
detection of corrosion. Future research will focus on a better under-
standing of the correlation between oxidation and the observed AF
response. This is true even more for resonators with conductors
made of alloys, implying more complex oxidation processes and
kinetics. A related question still to be answered is, does passivation
occur and if so how does it in"uence the AF response? The ultimate
goal is to develop a sensor that monitors the rate of corrosion rather
than one that just measures whether or not corrosion actually has
happened.

Despite all the work still needed to come to the sensor outlined
above, we do believe that compare to other currently existing tech-
nologies the stub resonator described in this study combines most
of the advantages. For one thing, most of the techniques listed in
Section 1 are intrusive and of"ine. The few techniques that are non-
intrusive and online are either dif‘cult to implement or require
skilled personnel, implying higher operational cost.

7. Conclusions

The feasibility of using a "ow-through coaxial stub resonator to
detect the onset of corrosion was demonstrated for the corrosion
of a steel inner conductor in tap water. Experimental data recorded
during four days were in good agreement with model simulation
data representinga 17  m homogeneous oxide layer.

A coplanar stripline, i.e. , a 2 dimensional analog of the coaxial
stub resonator was shown to successfully record the dc-current
induced corrosion of a Sn/Ag alloy in water.

The large degree of freedom in sensor geometry design of trans-
mission line resonators opens possibilities to operate the sensor
in-line at ereal life process conditionsZ, such as the interior of
industrial piping systems. This feature, combined with limited
maintenance of the system (e.g., replacing a metal inner conductor
rod from time to time) opens possibilities to develop the sensor
system to an early warning system.
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Appendix B.

Here we demonstrate an example of the MATLAB code and data

“le to realize the “tting of the radius of the oxide layer, r and

effective loss tangent tan St from the measured output voltage
Vout -
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Main program fa paranetr estimation for coaxialresonata:

clear all % Clear all variables in function workspac e

close all % Close all figure S

clc % Clear command windo w

clearvar s

formatlong E

load dayone.txt % load the file with data of the day of experimen t

f=dayone (:,1); % Load experimental data; frequency

amplitude=dayone(:,2); % Load experimental data; amplitud e
f=f*1e+6; % Frequency conversio n

%- Plot experimental dat a

plot(f/1e+6, amplitude, ‘or' )

holdo n

x0 =1[0.01 0] ;

ya0 = corr_coax_resonator_main(x0,f) ;

% %- Plot initial value 5

% holdon

% plot(f,ya0, - m')

%-Boundary condition s
LB =[0.01 O]; % Lower bounds
UB=[11 e-4]; %Upperbound s

% - Solving nonlinear leas t- squares curve fittin g
[x,resnorm] = Isqcurvefit(‘corr_coax_resonator_main',x0,f,a nplitude, LB, UB )
ya = corr_coax_resonator_main(x,f) ;

%- Plot fit result s

Hf = plot(f/1le+6,ya,'b") ;

set(Hf, 'Linewidth',3 )

holdo n
xlabel(‘Frequency, (MHz)','fontsize",42, fontweight','b") ;
ylabel('Amplitude, (dBm)','fontsize",42,'fontweight','b") ;
grido n
holdo n

Function evduates the moel the amplitudefrequency respong of coaxialtransmisson line type
resonatos filled with corroded inne conductor:
function F = corr_coax_resonator_main(x,f )
h=0.267+0.029; % the hgth of the coaxial reso nator, [m ]
h_polymer=0.042; % the hgth of the layer of the polymer layer, [m ]

db=25e- 3; % diameter of the resonator ;

Vt=pi*h*db"2/4; %volume of the empty resonator [m"3 ]
f_polymer=(pi*h_polymer*db”"2/4)/\/t %volume fraction of the polymer layer [ 3]
f_feed_t= 1- f_polymer %volume fraction of the fluid [m"3 ]

e_polymer=2.2 % dielectric constant of the polymer laye r

r2=(25.4 e- 3)/2; %inner radius of the outer conductor, [m ]
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=(2 e-3)/2; %radius of the inner conductor of the resonator, [m ]
Erl =2 . 4; %dielectric permittivity of an oxide layer, [-]
Er2 =80; % dielectric permittivity of a fluid substrate, [-]

Ur =1; %relative dielectric permeability of the dielectric between inner and outer
conductors, [-]
e =8.854 e- 12; % vacuum permeability [H/m

=Ur*1.257 e- 6;% magnetic permeability of the dielectric, [H/m ]
r1=r0+x(2); %radius of the occurred oxide layer (m) ;

c=3*1e+8; % speed of light in vacuum, [m/s

% capacitance of the open ended coaxial stub resonator, contains the oxide layer, [F/m]
C1=2*pi*e*Er1/(log(r1/r0) )

% capacitance of the open ended coaxial stub resonator, contains a fluid, [F/m]
C2=2*pi*e*Er2/(log(r2/rl) )

% total capacitance of the open ended coaxial stub resonator, [F/m]
C=1/(1/C1+1/C2 )

% inductance of the open ended coax i al stub resonator, [H/m ]
L = ((u/(pi*2))*log(r2/r0))

Ur=1; %relative dielectric permeability of the dielectric between inner and outer
conductors, [-]

u = Ur*4*pi*1 e-7; % magnetic permeability of the dielectric, [H/m]

sigma_stainless_steel=7.7e+6;%conductance of the metal applied for outer conductor
(stainless steel), [1/(Ohm*m) ]

sigma_steel=6.99e+6;%conductance of the metal applied for inner conductor ( steel),
[1/(Ohm*m) ]

Eeff_coax= (Erl*ErZ*Iog(r2/r0))/((Er1*Iog(r2 / r1)+Er2*log(r1/r0)))% effective dielectric
constant of whole system,

sigma_steel=7.7e+6;%conductance of the metal for the outer conductor(stainless steel)
[1/(Ohm*m) ]

Eeff=Eeff_coax*(f_feed_t)+e_polymer*f_polymer

E=Eeff * 1/(4*pi*1l e- 7*c*c); % vacuum permeability [H/m ]
sigma_eff=0; % effective conductivity of the system, [S/m ]

vin=120 e- 3; %input voltage supplied by the function generator, [V ]

omega = 2*pi*f,% angular frequency, [rad/s ]

Eim=((omega.*E.*x(1) )- sigma_eff)./omega;%imaginary part of complex dielctric

permittivit y

skin_depthl=sqrt(2./(omega.*u.*sigma_stainless_steel));%skin_dept h
skin_depth2=sqrt(2./(omega.*u.*sigma_steel));%skin_dept h
Rs1=1./(sigma_stainless_steel.*skin_depth1);% surface resistivi t y of the outer
conductor of the resonato r

Rs2=1./(sigma_steel.*skin_depth2);% surface resistivity of the inner conductor of the

resonato r

R=Rs2/r0+Rs1/r2;% distributed element resistance R of the resonator [Ohm/m
G=(omega.*Eim+sigma_eff)./(omega.*E).*om ega.*C;%distributed element conductance of the
resonator [F/(m*s) ]

gamma =(sqrt((R+1i.*omega.*L).*(G+1i.*omega.*C)));%complex propagation constant [1/m ]

%notes on gamma: Re(gamma)=alfa = attenuation constant representing losses [Np/m];
Im(gamma)=beta=phase  of the propagation constant [rad/m ]

%since the signal is oscillating in time with omega rad/s, the propagation velocity of

the wave [m/s] = omega/beta; also, beta = 2*pi/wavehgth

Zc=sqrt(((R+1i.*omega.*L)./(G+1li.*omega.*C)));% complex characteristic i |mpe dance of the
resonator [Ohm ]

Zin=Zc.*coth(gamma.*h);%complex input impedance of the resonator [Ohm ]
vout=sqrt((real(Zin.*(vin./(50+2*Zin)))).A2+(imag(Zin.*(vin./(50+2*Zin)))).”2);%modulus

of vout, the is the recorded voltage by the spectrum analyzer [V ]

F =20.*log10(vout)+13;%vout as a power ratio in dBm i.e., the measured power referenced

to one mWatt and the underlying assumption of a 50 Ohm load resistanc e
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Appendix C.

Decreasing the inner conductor diameter increases the charac-
teristic impedance Z; of the system. At values close to 100 the
system loses its ability to resonate, as shown in Fig. C.1L

Fig. C.1. Simulations of the 3rd harmonic shown in Figs. 8 and 11 of the manuscript
by changing the diameter of the inner conductor from 2 mm (original value, pink)

to 20 mm (green) and 0.02 mm (blue), respectively. (For interpretation of the refer-
ences to color in this “gure legend, the reader is referred to the web version of the
article.)

Mathlab code for the simulations in Fig.C.1

o

INNER CONDUCTOR Day 1 2mm

clc

clearvars

format longE
h=0.267+0.029;

h polymer=0.042;
db=25e-3;

o°

the hgth of the coaxial resonator, [m]
the hgth of the layer of the polymer layer, [m]
diameter of the resonator;

o

oe°

Vt=pi*h*db”2/4; %$volume of the empty resonator [m"3]

f polymer=(pi*h polymer*db”2/4)/Vt %volume fraction of the polymer layer [m"3]

f feed t=1-f polymer%volume fraction of the resonator with the polymer layer [m"3]
e polymer=2.2 % dielectric constant of the polymer layer

r2 = (25.4e-3)/2; %inner radius of the outer conductor, [m]
r0 = (2e-3)/2; %radius of the inner conductor of the resonator, [m]
Erl = 2.4; %dielectric permittivity of an oxide layer, [-]

Er2 =80; % dielectric permittivity of a fluid substrate, [-]

Ur =1; S%relative dielectric permeability of the dielectric between inner and outer
conductors, [-]

e = 8.854e-12; % vacuum permeability [H/m]

u = Ur*1.257e-6;% magnetic permeability of the dielectric, [H/m]
r1=r0+8.202735219555178e-06; %$radius of the occurred oxide layer [m]

c=3*1e+8; % speed of light in vacuum, [m/s]

o

% capacitance of the open ended coaxial stub resonator, contains the oxide layer, [F/m]
Cl=2*pi*e*Erl/ (log(rl/r0)

% capacitance of the open ended coaxial stub resonator, contains a fluid, [F/m]
C2=2*pi*e*Er2/ (log(r2/rl)

o

% total capacitance of the open ended coaxial stub resonator, [F/m]
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C=1/(1/C1+1/C2)

% inductance of the open ended coaxial stub resonator, [H/m]
L = ((u/(pi*2))*log(r2/x0))

Ur=1; S%relative dielectric permeability of the dielectric between inner and outer
conductors, [-]

u = Ur*4*pi*le-7; % magnetic permeability of the dielectric, [H/m]

sigma stainless steel=7.7e+6;%conductance of the metal applied for outer conductor
(stainless steel), [1/(Ohm*m) ]

sigma_steel=6.99e+6;%conductance of the metal applied for inner conductor ( steel),
[1/ (Ohm*m) ]

Eeff coax=(Erl*Er2*log(r2/r0))/((Erl*log(r2/rl)+Er2*log(rl/r0)))% effective dielectric
constant of whole system, [-]

sigma_steel=7.7e+6;%conductance of the metal for the outer conductor (stainless steel)
[1/ (Ohm*m) ]

Eeff=Eeff coax*(f feed t)+e polymer*f polymer

E= Eeff * 1/ (4*pi*le-T*c*c); % vacuum permeability [H/m]

sigma_eff=0;

vin=120e-3; %$input voltage supplied by the function generator, [V]
f=120E+06:10000:180E+06;

omega = 2*pi*f;%$ angular frequency, [rad/s]

tg= 1.36e-01

Eim=( (omega.*E.*tg)-sigma eff)./omega;$imaginary part of complex dielctric permittivity
skin depthl=sqrt (2./ (omega.*u.*sigma stainless steel));%skin depth

skin depth2=sqrt (2./ (omega.*u.*sigma steel));%skin depth
Rsl=1./(sigma_stainless_steel.*skin depthl);% surface resistivity of the outer
conductor of the resonator

Rs2=1./(sigma_steel.*skin depth2);% surface resistivity of the inner conductor of the
resonator

R=Rs2/r0+Rsl/r2;% distributed element resistance R of the resonator [Ohm/m]
G=(omega.*Eim+sigma eff) ./ (omega.*E).*omega.*C;%distributed element conductance of the
resonator [F/ (m*s)]

gamma = (sqrt((R+1i.*omega.*L).* (G+1i.*omega.*C)));%complex propagation constant [1/m]
$notes on gamma: Re (gamma)=alfa = attenuation constant representing losses [Np/m];
Im(gamma)=beta=phase of the propagation constant [rad/m]

$since the signal is oscillating in time with omega rad/s, the propagation velocity of
the wave [m/s] = omega/beta; also, beta = 2*pi/wavehgth.

Zc=sqrt ( ((R+1i.*omega.*L) ./ (G+1i.*omega.*C))) ;% complex characteristic impedance of the
resonator [Ohm]

Zin=Zc.*coth (gamma.*h) ;%complex input impedance of the resonator [Ohm]

vout=sqrt ((real (Zin.* (vin./ (50+2*Zin)))) . "2+ (imag (Zin.* (vin./ (50+2*Zin)))) ."2) ; $modulus
of vout, the is the recorded voltage by the spectrum analyzer [V]
vout =20.*1logl0 (vout)+13;%vout as a power ratio in dBm i.e., the measured power

referenced to one mWatt and the underlying assumption of a 50 Ohm load resistance
hF = figure
hA = axes

set (hA, 'XGrid', 'off', 'YGrid', 'on')
hold on
set (0, 'DefaultTextFontSize', 36, 'DefaultTextFontName', 'Times New Roman',

'DefaultTextFontWeight', 'bold');

load dayone.txt % load the file

MHz=dayone (:,1); % Load experimental data; frequency
CHl=dayone (:,2); % Load experimental data; amplitude
frequency=MHz;

amplitude=CH1;

plot (frequency,amplitude, 'LineStyle', 'none', '"Marker','."', '"MarkerEdgeColor', 'r"',
'MarkerSize',40)
plot (f/le+6,vout, 'm', 'LineWidth' ,3);

xlabel ('Frequency, (MHz)','fontsize',42,'fontweight','b"');
ylabel ('Amplitude, (dBm)', 'fontsize',42,'fontweight','b");












