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Abstract—This paper describes experiments which investigate
the effects resulting from corrosion of air-core coils for high
frequency inductive power transfer (HF-IPT). A group of coils
were treated by exposing them to corrosive conditions for thirty
days. Afterwards, the coils were measured with an impedance
analyser and the coil with the lowest Q-factor was selected for
further experiments. The treated coil was tested at the transmit
side of a HF-IPT system, where the system DC-to-DC efficiency
was measured and compared against an equivalent system using
an untreated transmit coil. The total losses measured increased
when the system was operating with the treated coil across a
broad loading range, and thermal images were used to establish
the additional losses on the treated coil. Analysis of the treated
coil identified widespread damage to the surface of the coil.
However, it was specific aggressive corrosion only found locally
which was able to significantly reduce the Q-factor of the treated
coil by 20%.

I. I NTRODUCTION
With a growing number of applications and products using
non-radiative wireless power transfer [1]–[5] already, and
imminently, widely available, it is essential to investigate
reliability challenges. One significantly overlooked problem
is the corrosion of electronic circuits [6]. Whilst corrosion
mechanisms in electronic materials are known generally, the
specific conditions must be considered [7]. Moreover, corrosion resistance of materials in electronics are influenced by
a wide range of environmental variables, e. g. temperature,
relative humidity, presence of corrosive gases, as well as
fabrication defects and high-voltages [8]. The latter poses a
notable concern due to the presence of high voltages in the
coils used in loosely coupled inductive power transfer (IPT)
systems.
Limited studies detailing atmospheric corrosion on electronic materials can be found in literature, e. g [7], where a
review of the effects of corrosion on electronic circuits and
printed circuit boards (PCB) was carried out. Additionally,
assessment of corrosion in low frequency RFID has also been
presented [6].
The work presented herein demonstrates the performance
of HF-IPT systems after exposure to relevant and potentially
corrosive conditions. This work includes analysis of changes
to the coil during corrosion (using optical and electron microscopy, as well as elemental analysis) to establish the impact
on performance metrics.

II. Q- FACTOR OF HF-IPT C OILS
A fundamental principle in the design of IPT systems is that
in order to achieve high link efficiencies at low coupling, the
Q-factor of the coils is required to be high. For example, a
maximum link efficiency higher than 90 % is achieved when
k 2 Qp Qs > 360, where k is the coupling factor and Qp , Qs
are the Q factor of the coils:
Q=

2πfL
,
Resr (f )

(1)

f is the frequency of operation, L is the self inductance of
the coil and Resr is the equivalent series resistance of the coil,
which depends of frequency due to skin and proximity effects.
A. High Frequency Inductive Power Transfer
With the purpose of increasing the Q-factor of air-core coils
(which tend to have a low inductance), HF-IPT systems have
been proposed. These systems, which operate at megahertz
frequencies, namely at the first three ISM bands, have gained
popularity due to the possibility of transferring power, in the
order of 150 W, efficiently with simple and cheap air-core
coils made of copper pipe or PCB [9], [10]. It is important
to note that the Q-factor does not increase indefinitely with
frequency as Resr is frequency dependent.
Resr can be calculated from simulations, as done in [11],
where the distribution of current in the conductor, along with
the resistivity of the material determines the equivalent series
resistance of the coil.
B. Coil Losses and Corrosion
The possible effect of corrosion on Resr , and consequently
on the Q-factor of HF-IPT coils was raised in [12] where a
Q-factor of 2500 was expected from calculations, but it was
measured at 950. Authors claim that the unexpected lower
value of the Q-factor was probably due to a less conductive
copper-oxide layer on the copper wire that forms the coil, and
since the skin effect at these frequencies (9.9 MHz) causes a
much higher current density at the edge of the conductor (the
skin depth of copper is approximately 21 µm at 9.9 MHz and
18 µm at 13.56 MHz), this layer of oxide, would increase Resr .
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Fig. 1. Photograph of the gradually corroded coils in the corrosion chamber.

III. D ESIGN AND C ONSTRUCTION OF THE C OILS U NDER
T EST
Since air-core PCB coils allow achieving high Q-factors
(>500) when operating at the two first ISM bands (6.78 MHz
and 13.56 MHz) [13], two of the two-turn circular PCB coils
with an external diameter of 20 cm and no magnetically
permeable materials utilised in [13] were selected to conduct
the experiments.
The coils under test were fabricated on a 1.6 mm thick
FR4 substrate PCB with two-ounce-copper, a silver immersion
finish of 0.1 µm to 0.2 µm, and no solder mask.
A. Corrosion of Immersion Silver Finish
Copper, due to its good electrical conductivity and relatively
low cost, is the most widely used metal for PCBs. However,
copper corrodes when exposed to oxidising conditions [14],
thereby requiring a further protective layer (which also offers
ease for soldering). Most commonly, a surface finish (for leadfree electronics), which was employed in the fabrication of
the coils under test, is the immersion silver finish [14]. It is
characterised by both high solderability and wettability at a
considerably lower cost than most surface finish technologies.
Due to this fabrication method, consideration of corrosion
must include: silver, the interface between silver and copper,
and copper. The exposure of silver to a chloride-rich atmosphere can form a layer of non-conducting silver chloride
(AgCl) on the surface, thereby limiting the shelf-life and
solderability [14]. Secondly, due to the contact between silver
and copper, galvanic corrosion has been reported to occur.
Galvanic corrosion occurs when two metals are in contact
and the more noble metal is protected, whilst the more active
metal dissolves and corrodes [8]. For PCBs, the active metal is
copper and corrosion leads to the evolution of an oxide layer
on the surface of copper [15]. The initial phase of the oxide
layer is usually cuprite (Cu2 O) or tenorite (CuO). Thirdly,
for copper corrosion in marine environments, the chloriderich nature results in nantokite (CuCl) and then transforms to
paratacamite (Cu2 (OH)3 Cl) [15].
IV. C ORROSION OF THE C OILS U NDER T EST
The IPT coils were corroded in order to establish the
performance of a HF-IPT system as compared to one which

Fig. 2. Photograph of the experimental test rig for inductive power transfer.
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Fig. 3. IPT system DC-DC block diagram.

was untainted. A custom built chamber (Fig. 1), was used
to simulate a relevant marine-like corrosive environment. The
coils were placed in slots and were wetted daily with brine, a
7 wt.% NaCl aqueous solution. This was designed to mimic
a scenario where the coil was unintentionally splashed on occasion over the course of 30 days. The samples were removed
every ten days from the chamber to measure the Q-factor with
a Keysight E4990A Impedance Analyser. The baseline final
Q-factor of an untreated coil, subjected to the same analyses,
was measured at 766.9 at 13.56 MHz. By contrast, the worst
performing treated coil, described in further detail below, had
a Q-factor of 614.1 at 13.56 MHz. It should be noted that
Resr of high-Q coils is difficult to measure accurately [16];
however, these large differences in the measurements indicate
that the coils under test (treated and untreated) have different
conduction characteristics at the measured frequency.
V. D ESIGN OF A DC-DC HF-IPT T ESTING R IG
An IPT testing rig, consisting of a 13.56 MHz inverter, an
IPT-link with two PCB coils separated by a 15 cm air-gap, and
an IPT rectifier, was designed and built (Fig. 2, Fig. 3).
The inverter was designed using the load-independent tuning for the Class EF topology [17], which outputs a sinusoidal
current waveform which does not depend on load resistance.
This allows, by placing the coil under test at the transmit side,
to expect constant losses throughout the load spectrum. The
inverter was designed to drive the transmit coil under test with
a 13.56 MHz 4.3 A (RMS) sinusoidal current, to induce an
electromotive force on the receiver, and perform IPT.
The IPT-rectifier was designed and built using a dual
Class D topology [18], thereby generating a DC output voltage
which ensures simple and reliable output power calculations.
This DC-to-DC HF-IPT system quantifies the losses across
the entire system accurately, thereby providing a basis to

report total losses in the system when alternating between the
untreated and the treated coil at the transmit side.

A. X-ray Diffraction
The X-ray diffraction (XRD) technique provides insight to
the crystal structure of a material by probing with monochromatic X-rays and measuring the diffraction as a function of angle. Each of the peaks in the resulting diffraction pattern stands
for a group of crystal planes. The characteristic interplanar
spacing (d) can be calculated using Braggs law λ = 2d sin(θ),
where λ is the wavelength of the incident X-rays and θ the
angle between the incident beam and the scattering plane [19].
Each material has a characteristic diffraction pattern dictated
by its crystal structure. Therefore, a diffraction pattern can act
as a fingerprint to identify a material. The diffraction spectra
presented herein were obtained using a PANalytical Empyrean
XRD with a wavelength of λ=0.154 18 nm. The patterns were
collected using a Cu target at 40 kV and 20 mA, while data
analysis was performed using the HighScore Plus software.
B. Scanning Electron Microscopy - Energy Dispersive X-ray
Spectroscopy
Scanning electron microscopy (SEM) provides information
about the topography and elemental composition of the sample
surface. Imaging can be achieved via the interaction of the
surface with a high energy beam of electrons (20 keV). The
result of such interactions can be inelastic or elastic leading
to the generation of secondary or backscattered electrons,
respectively [19]. By collecting and counting the electrons
leaving the sample surface using appropriate detectors, an
image is formed and recorded. Additionally, the elemental
composition of the surface can be probed by collecting the Xrays produced when the inner shell electrons of atoms on the
surface are excited. These emitted X-rays have a characteristic
energy for each element, allowing for identification. The
latter technique, termed energy dispersive X-ray spectroscopy
(EDX), provides a valuable qualitative analysis of the surface
elemental composition.
Imaging and elemental analysis of the PCB samples was
performed using 6400 and 6010LA microscopes, both by
JEOL, while the image and spectra collection and analysis was
performed using INCA software. As non-conductive samples
cannot be analysed with the SEM, due to charging, the samples
were coated with chromium to enhance electron transfer and
improve resolution.

Untreated Coil
Treated Coil

Total Losses [W]

VI. M ATERIALS C HARACTERISATION OF THE C OILS
U NDER T EST
At the conclusion of the experimental study, the conductive
materials of the coils can be analysed to investigate the relationship between a reduced Q-factor, and consequently system
DC-DC efficiency, and material changes. The characterisation
methods utilised to probe the conductive layer of the coils are
X-ray diffraction and Scanning Electron Microscopy (SEM).
Elemental analysis was establish via Energy Dispersive X-ray
(EDX) spectroscopy. Additional approaches including Raman
Spectroscopy are not reported herein, but were also used.
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Fig. 4. IPT dc-dc total losses plot.

VII. E XPERIMENTAL R ESULTS OF A HF-IPT SYSTEM
O PERATING WITH C ORRODED C OILS
The losses in the transmit coil were calculated to be 2.71 W
for the untreated coil and 3.24 W for the treated one in
accordance to the measurements of Resr , and the inverter
output current. Therefore, since Rsec is the only variable that
changes when the transmit coils are exchanged, the power
losses are expected to be higher for the treated coil across the
loading range.
Measurements of the total losses of the system (Fig. 4),
demonstrate that the system using the treated coil is indeed
less efficient than the system using the untreated coil over a
broad range of DC loads.
In addition, thermal images (Fig. 5) of the treated and
untreated coils were used to highlight discrepancies which may
have arisen from the treatment process. The untreated coil has
a temperature maximum of 33.0 ◦C at the point where the two
turns cross and intersect with the inverter, when driving 4.3 A
at 13.56 MHz for five minutes. By contrast, the treated coil
has a maximum temperature in the section of the coil marked
in Fig.6. The maximum temperature on the treated coil was
measured to be 35.8 ◦C, thereby also confirming that there is
an increase in the Rsec of the treated coil.
VIII. I NVESTIGATION OF THE C ORROSION M ECHANISM
OF THE C OILS U NDER T EST
The coils used in the HF-IPT experiments were imaged
with optical microscopy and SEM. Investigation with XRD
was conducted along with elemental analysis using EDX.
Untreated coils were established to be uniform across the
entirety of the surface. The low magnification optical microscope image (Fig. 6(b)) demonstrates an example of this.
However, this is not the case for the treated sample. The
most exaggerated example of a treated coil is presented
herein, where the the thermal imaging (Fig. 5(b)) indicated a
maximum temperature inconsistent with the untreated sample.
This location (Fig. 6(a)), shows significant surface damage in

(a) Untreated coil

(a) Depth profile of the left edge

(b) Depth profile of the right edge

(c) 3D model of the left edge

(d) 3D model of the right edge

Fig. 7. Images of the untreated coil taken with a digital microscope at 500x.

(a) Depth profile of the left edge

(b) Depth profile of the right edge

(c) 3D model of the left edge

(d) 3D model of the right edge

(b) Treated coil
Fig. 5. Thermal images of the coils under test driving 4.3 A at 13.56 MHz.
Fig. 8. Images of the treated coil taken with a digital microscope at 500x.

(a) Coil diagram with an indication of the location
under test

(b) Untreated coil, red boxes and
black rombi indicate specific location of further optical and electron
microscopy analysis respectively

(c) Treated coil, red boxes and
black rombi indicate specific location of further optical and electron
microscopy analysis respectively

Fig. 6. Images obtained with a digital microscope (100x).

the optical microscope image (Fig. 6(c)). Whilst the original
edges of the coil are apparent, the uniformity of the surface
material no longer exists. Moreover, the colour changes to

the bulk material are observed across the entirety of the coil.
The two distinct regions, each starting at the edge and moving
inwards, showed the most severely discoloured and apparently
damaged surface observed across the entirety of this coil
(Although, other instances of this process commencing could
be speculated).
As a baseline, the topography of the untreated coil was obtained using depth profiling (in the red box regions highlighted
in Fig. 6(a,b)). The untreated coil has a thickness of ca. 65 µm,
above the surface of the plastic board (FR4) (Fig. 7(a,b)). This
thickness is even across all edges, as is evident from a threedimensional rendering (Fig. 7(c,d)). Changes to the topography
on the damaged coil is evident from both depth profiling
(Fig. 8(a,b)) and a three-dimensional rendering (Fig. 8(c,d)).
From the original bulk material down to the region, which
shows extraordinary damage, an overall reduction in height of
ca. 30 - 35 µm was recorded. This level of loss implicates not
only the removal of the outer silver finish, but also exposure
of the underlying copper.
A further assessment of this corrosion with electron microscopy images allows a closer inspection of the removal
of the outer layers in the treated coil. For this purpose, the
areas indicated with black rombi in Fig. 6(b,c) were selected.
Imaging of the untreated coil shows a distinct edge between

TABLE I
AVERAGE CHEMICAL COMPOSITION ( AT.%) OF THE TREATED AND
UNTREATED CONDUCTIVE LAYER

Treated
Element

Site A
0.1 ± 0.0

Silver
Copper

Oxygen

36.2 ± 4.0

43.3 ± 1.0

1.4 ± 0.0

0.0 ± 0.0

33.0 ± 5.6

52.4 ± 4.3

66.4 ± 5.4

10.0 ± 1.2

0.5 ± 0.0

Chloride

Untreated
Site B
56.7 ± 1.0
0.0 ± 0.0
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Fig. 10. X-ray diffraction patterns of the untreated and treated coil.

(c) Treated - copper trace
Fig. 9. Electron microscopy images.

the copper trace and the FR4 (Fig. 9(a)). The edge between
the FR4 substrate and the corroded material was probed
(Fig. 9(b)). Whilst the border is still evident, the nature of the
corroded layer is dramatically different in appearance. A closer
inspection of the center of the coil is also considered, where
the smooth layer in the untreated sample is no longer evident.
Rather, there is evidence of poorly adhered flakes (Fig. 9(c)).
This change is observed across the coil surface, not just local
to the area with extreme damage.
Using EDX, a semi-quantitative assessment of the superficial elemental composition of the coil was made. To ensure
the analysis is accurate, multiple measurements were done on

each sample and the average values, including the standard
deviation are presented in Table I. As a basis of comparison, the untreated coil indicates an elemental composition
consistent with the coil fabrication: silver coating on copper
is detected (Table I). Whilst the total content of the coil is
higher in copper, this is an artefact of the technique. As such,
the detection of some copper is a result of the interaction
volume of the electron beam and the sample surface, thereby
probing not only the surface but some material underneath.
Two specific points on the corroded regions were targeted
for elemental analysis. On a poorly adhered flake (site A on
Fig. 9(c)), only traces of silver remain. The composition is
primarily copper and oxygen, with traces of chlorine. This
suggests that a copper oxide corrosion product has been
formed on the surface. On the underlying material (site B on
Fig. 9(c)), below the loosely adhered flakes, 36 and 52 at. %
of silver and copper are measured, respectively. Furthermore,
oxygen content, at 10 at. %, is markedly lower than on the
flakes. Additionally, there is a continuing presence of chlorine
across this surface as well.
Small distinctions between the treated and untreated samples can be noted from the diffraction patterns (Fig.10).
Whilst notable peaks for copper, 44, 50 and 74◦ 2θ, are
consistent, the less intense peaks at lower 2θ values are of

specific interest. The small peaks at 36 and 38◦ may indicate
that Cu2 (OH)3 Cl or Cu2 O is formed on the surface [20],
consistent with the previous elemental analysis. Additionally,
changes to the nature of the copper crystallinity are suggested
as a function of changing peak ratios amongst the three most
prominent peaks. Notably, whilst the bulk material changes
are not immediately responsible for reduced performance of
the coil, it likely provides a foundation upon which more
significant, and impactful, corrosion can occur.
IX. C ONCLUSION
Impedance measurements and thermal images indicate that
the treated coil, with the lowest Q-factor, has an additional
source of losses at a local region of the copper trace. This
subsequently compromises the overall conduction path of
the coil. Observations of this part of the trace using optical
microscopy indicate that the trace was heavily corroded,
thereby significantly reducing the conduction path. As such,
the local corrosion damage is attributed with a 20 % decrease
in Q-factor on the treated coil, as compared to the untreated.
Notably, the oxide layer and damage across the surface more
widely is not implicated in these performance losses. As
such, this work demonstrates that corrosion can influence
the Q-factor of IPT coils, and consequently the end-to-end
efficiency of a HF-IPT system.
ACKNOWLEDGEMENT
The authors would like to acknowledge the following
funding sources: EPSRC grand ref. EP/L015277/1 as part
of the Center for Doctor Training in Advanced Materials
Chracterisation, the Department of Electrical and Electronic
Engineering of Imperial College London, PINN Programme
by the Ministry of Science and ICT of Costa Rica MICITT,
University of Costa Rica, EPSRC Converter Architectures,
grant ref: EP/R004137/1, and the Royal Society and EPSRC
for the funding of Dr. Sedransk Campbell’s Dorothy Hodgkin
Research Fellowship.
R EFERENCES
[1] G. Covic, J. T. Boys et al., “Modern trends in inductive power transfer
for transportation applications,” IEEE Trans. Emerg. Sel. Topics Power
Electron., vol. 1, no. 1, pp. 28–41, 2013.
[6] A. I. Sunny, G. Y. Tian, J. Zhang, and M. Pal, “Low frequency (lf)
rfid sensors and selective transient feature extraction for corrosion
characterisation,” Sensors and Actuators A: Physical, vol. 241, pp. 34–
43, 2016.

[2] A. Zaheer, M. Neath, H. Z. Z. Beh, and G. A. Covic, “A dynamic
EV charging system for slow moving traffic applications,” IEEE Trans.
Transport. Electrific., vol. PP, no. 99, pp. 1–1, 2016.
[3] S. Y. R. Hui, W. Zhong, and C. K. Lee, “A critical review of recent
progress in mid-range wireless power transfer,” IEEE Trans. on Power
Electron., vol. 29, no. 9, pp. 4500–4511, Sept 2014.
[4] J. M. Arteaga, S. Aldhaher, G. Kkelis, C. Kwan, D. C. Yates, and
P. D. Mitcheson, “Dynamic capabilities of multi-MHz inductive power
transfer systems demonstrated with batteryless drones,” IEEE Trans. on
Power Electron., vol. 34, no. 6, pp. 5093–5104, June 2019.
[5] V. Bana, M. Kerber, G. Anderson, J. D. Rockway, and A. Phipps,
“Underwater wireless power transfer for maritime applications,” in IEEE
Wireless Power Transfer Conf. (WPTC), May 2015, pp. 1–4.
[7] M. S. Jellesen, V. Verdingovas, H. Conseil, K. Piotrowska, and R. Ambat, “Corrosion in electronics: Overview of failures and countermeasures,” in European Corrosion Congress, 2014.
[8] H. H. Uhlig, Uhlig’s corrosion handbook. John Wiley & Sons, 2011,
vol. 51.
[9] M. Pinuela, D. C. Yates, S. Lucyszyn, and P. D. Mitcheson, “Maximizing
DC-to-load efficiency for inductive power transfer,” IEEE Trans. on
Power Electron., vol. 28, no. 5, pp. 2437–2447, May 2013.
[10] J. M. Arteaga, S. Aldhaher, G. Kkelis, D. C. Yates, and P. D. Mitcheson,
“Multi-MHz IPT systems for variable coupling,” IEEE Trans. on Power
Electron., vol. 33, no. 9, pp. 7744–7758, Sept 2018.
[11] P. Meyer and Y. Perriard, “Skin and proximity effects for coreless transformers,” in International Conf. on Electrical Machines and Systems,
Aug 2011, pp. 1–5.
[12] A. Kurs, A. Karalis, R. Moffatt, J. D. Joannopoulos, P. Fisher, and
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