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Abstract

The vulnerability of hearing aid devices to corrosion is critical due to their

exposure to various kinds of ionic contaminants from the human body, such as

sweat, sebum, and so forth, and harsh climatic conditions such as high

temperature, humidity, and atmospheric pollutants. The device failure rate

will vary depending upon the type of geographical location at which the device

is used and root cause failure analysis is a crucial tool to understand the effect

of geographical location on corrosion failures. In this study, field failed hearing

aid devices from Europe, the United States, and Japan markets were

investigated using a scanning electron microscope and elemental dispersive

spectroscopy to locate failure mechanisms and causes. Information from

the analysis was used for statistical analysis to compare the performance of the

devices in the three markets based on failure percentage and failure

probability for different parts and components. Solder terminals, battery

contacts, light‐emitting diodes, and wireless‐link coil showed consistent and

high failure probability across all three markets, whereas a higher failure rate

for microphones was found in Europe and the United States market as

compared to the Japanese market. The majority of the components corrosion

failures occurred in the presence of high chloride ions from human sweat and

the atmospheric conditions, whereas potassium hydroxide from the leakage of

Zn–air battery was found as the additional cause for microphone failure.
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1 | INTRODUCTION

Hearing aids (HAs) are low‐power electronic devices
with complex designs, which are used all over the world
in extreme conditions involving external climatic ex-
posure and contact with body fluids, therefore, corrosion
reliability is a serious concern. Several parts and
components of an HA device can undergo degradation
upon exposure to humidity, temperature, and contami-
nants such as ear wax, sweat, skin acids, and oils in
addition to atmospheric pollutants such as chlorides,
sulfur‐containing compounds, and so forth. The predom-
inant trend in HA design has always been invisibility,
which propelled extreme miniaturization of its compo-
nents and assembly. As a result, the robustness of the
electronic circuit against moisture‐induced corrosion
failures has been affected, for example, increase electric
field due to reduced conduction line spacing, which
makes corrosion cell formation on the flexible printed
circuit board assembly easy during local condensa-
tion.[1–3] Even a minute amount of corrosion can have
a significant impact on the reliability of HA devices due
to their smaller sizes. Other aspects are the materials
(metals and polymers) and designs used for the HA
devices, which can indirectly and sometimes synergisti-
cally contribute to corrosion issues.

The quality of electronics is the heart of hearing
device functionality. Sometimes, very low levels of stray
current in the print circuit board assembly (PCBA)
resulting from moisture layer formation due to conden-
sation can cause functional issues such as intermittent or
complete device failure. Several studies on the corrosion
reliability of electronics have shown that the miniatur-
ization of electronics together with: (i) unfavorable
material combination, (ii) direct current (DC) or alter-
nate current electric field applied to the system, (iii) ionic
contamination on the PCBA surface, and (iv) high
humidity, temperature, dust, pollutants containing
aggressive ions, and so forth, can cause serious reliability
issues.[3–6] With the above factors, corrosion in electro-
nics is caused by the water layer formation depending on
the surface's transient condensing conditions and the
hygroscopic nature of the surface.[7,8] The presence of
ionic residues and other atmospheric pollutants dissolved
in the condensed moisture layer makes it a good
electrolyte with high conductivity.[9,10] Primary failure
sequence resulting from water film formation can be: (i)
leak current due to faradaic reactions on oppositely
biased points, (ii) subsequent electrochemical migration
(ECM) leading to dendrite formation and shorting, (iii)
galvanic corrosion due to micro‐galvanic cell formation
between dissimilar metals, (iv) creep corrosion, and so

forth. The use of conformal coatings for environmental
protection of PCBA and other mounted discrete compo-
nents such as capacitors, solder joints, passive compo-
nents, and so forth, is a well‐established practice for
many years.[11] Conformal coatings can to some extent
act as a barrier to moisture. However, its adhesion to the
PCBA substrate is the key performance factor, which is
determined by the architecture and cleanliness of the
PCBA surface.

It can be inferred that the geographical locations for
the use of HA devices will impact their failure rate since
the environmental stresses such as relative humidity
(RH), temperature, human perspiration rate, and atmo-
spheric pollutants will differ from one location to
another. At a location where the temperature and
humidity are raised suddenly, a lag in temperature
difference can occur between the device and surrounding
air due to differences in their specific heat capacities. If
the device or surface temperature is lower than the dew‐
point of the surrounding moist air, a condensed water
layer will form on the device and its PCBA surface.[12]

Higher temperature differences can cause more volume
of condensed water; however, the water layer will
disappear when the transient climate period is over by
equilibrating the temperature. When contamination is
present on the surface, two properties become important
in connection with water film buildup: deliquescent
relative humidity (DRH) and efflorescence relative
humidity (ERH). The DRH values for contamination
inside the device determine the humidity at which
deliquescence occurs for water film buildup, while
ERH projects the level of humidity drop needed to
remove the moisture when the transient period is over.
Still, due to the hysteresis between DRH and ERH, many
contaminations on the PCBA surface originating from
the manufacturing process and external conditions can
retain moisture for a longer period of time even if the
outside climatic conditions have changed.

The thickness of the moisture layer with its increased
conductivity would affect corrosion‐related processes,
such as mass transport of dissolved oxygen, accumula-
tion of corrosion products, and hydration of dissolved
ions.[13] Thus, the thickness of the formed electrolyte
layer plays an important role in the corrosion of
electronic components. Certain geographical locations
such as tropical regions and coastal areas have a high
amount of moisture in the surrounding air. Thus the
electronic devices operating in those areas are more
vulnerable to moisture‐induced corrosion issues. In
addition, the concentration of atmospheric pollutants
differs significantly across the globe and is also subject to
variation due to meteorological factors such as
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temperature, RH, and rainfall.[14,15] Studies have shown
that tropical and subtropical areas, particularly those
closer to coastal areas were found to cause higher
atmospheric corrosion.[16–18] The atmospheric corrosion
was measured based on three key corrosion factors: RH,
airborne salinity (chloride concentration), and other
various gaseous substances such as sulfur gases. The
coastal regions of Japan, the east coast of the United
States, Central American states, Denmark, Netherlands,
Britain, and the coast of France have shown higher
atmospheric corrosion rates. The high corrosion rate in
these regions was either due to high airborne salinity or
by the interaction of all three main factors.[18]

Human sweat is another dominating agent respon-
sible for the failure of HA electronics and their
components. Environmental conditions are a key
factor in determining the human perspiration rate
besides other factors such as exercise, heat acclimati-
zation, gender, and age. Therefore, HA devices
operating in geographical locations such as tropical
and arid regions are more prone to failure due to
higher perspiration rates among the users. In a
previous study, the failure analysis of HAs from
tropical regions revealed a high failure rate of HA
components due to KOH electrolytes and human
sweat.[19] This study also showed that the failure rate
was seasonal dependent, with the summer season
accelerating the failure rate. Before this study, the
literature related to the failure of HA devices focused
on individual failure mechanisms without correlating
the user conditions and place of use, although the
amount of studies available on this topic is very
limited. Those previous studies focused mainly on
failure analysis at the component level without
holistically considering the whole device synergisti-
cally with the place of use.[20,21]

The present investigation focused on the root cause
failure analysis based on the physics of failure (PoF)
approach to identify various failure modes and mecha-
nisms for the field‐failed HA devices. Failed HA devices
from three different markets, such as Europe, United
States, and Japan, that represent to some extent the
tropical, subtropical, and coastal areas, were analyzed for
corrosion failures. It is expected that the root cause
failure analysis of the field‐failed HAs from various
geographical locations can identify critical environmen-
tal and operating stresses that are causing device
degradation and can predict the product behavior over
the entire domain of its operational environment.
Finally, statistical failure analysis of the failure data is
performed to show failure probability and failure
percentage to compare the performance of these devices
in the three markets.

2 | METHODOLOGY

2.1 | Description of the HA device and
its components

Various parts and components of a HA device are shown
in Figure 1a,b. These parts and components were
analyzed for root cause failure analysis during this study.
There are two microphones that are placed at the
backend of the device. The interior of a microphone
consists of a membrane plate, back‐plate, and associated
electrical circuit, and they function together to amplify
the sound from the surroundings. This is achieved by the
generated capacitance between the highly charged
membrane and back‐plate with the air gap as the
dielectric. A change in capacitance is recorded when
the sound travels through the sound inlet grid and strikes
the membrane plate, causing it to vibrate. The micro-
phone internal circuit connection consists of an external
load capacitor and DC blocking capacitor, which
amplifies this change in capacitance. The outer casing
of the microphone is made of stainless steel with a thick
top nickel surface. Both microphones are hand‐soldered
to the flex print circuit board (FPCB) using lead‐free Sn
solder alloy containing Ag and Cu alloying elements
(SAC solder alloy).

Other components such as battery contacts, Wireless‐
link (W‐link) coil, and LED are also hand‐soldered to
FPCB using SAC solder alloy. Gold‐plated battery
contacts are designed to supply a stable current with a
voltage output of 1.5 V from the HA battery to the
integrated circuit/thick‐film (TF) circuit. Battery contacts
are expected to maintain stable contact resistance
throughout their lifetime and are, therefore, manufac-
tured using the stainless substrate with electro/electro-
less Ni/Au‐system plating system. HAs use alkaline
Zn–air button cells as their main source of power and
have a capacity of 1.5 V. To switch off the device, the
battery should be removed and likewise should be
inserted into the device to switch it on.

The W‐link coil is a radio frequency (RF)‐based
wireless coil that functions to set up a wireless
connection between HA pairs and is also used for
programming the device remotely. The coil is built in the
form of copper wire windings, which are coated with
polymer lacquer to protect it from moisture and
corrosion. There are three microswitches for volume
and program control that are surface mounted on the
FPCB. They are tactile‐based switches consisting of a
separate silver‐plated steel push button and three silver
pads molded into plastic. They function with a touch that
pushes the dome to make contact with the silver pads,
completing the electric circuit. The switch housing is

YADAV AND AMBAT | 161
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protected with a laser‐welded Teflon cover, which seals
the switch and prevents it from any kind of electrolyte or
moisture intrusion.

The TF‐circuit component is considered the engine of
the HA device, whose function is to perform sound signal
processing and other electronic functions of the device. It
consists of various IC chips and other surface‐mounted
electronic components. The components are mounted on
the TF substrate by reflow soldering process using SAC

solder alloy, and the entire TF circuit is surface mounted
on the FPCB. All components of the HA device are
mounted and guided by a plastic block and are covered
with a plastic casing to cover the interior of the device.
These plastic casings are coated with hydrophobic
nanocoating to repel water off the liquid from the HA
surface.

The conformal coatings are applied to various
components to protect them from corrosion. Hand

FIGURE 1 (a) Schematic of different components and subcomponents mounted inside a HA device. (b) Schematic of mounted
components of a HA device and their conformal coating protection. FPCB, flex print circuit board; HA, hearing aid; LED, light‐emitting
diode; TF, thick‐film.

162 | YADAV AND AMBAT
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solderings are protected using fluorinated acrylate‐based
polymer coating, whereas the TF circuit is protected with
a silicone‐based coating. The three tact switches are
underfilled with hard epoxy. The protection at hand
solderings and TF circuit are marked as red and yellow
areas in Figure 1b, respectively.

2.2 | The methodology used for failure
analysis

Failure analysis begins by performing a quick life cycle
assessment of failed HA devices from the markets
through customer feedback systems and product repair/
maintenance history. A pool of failed HA devices were
received and subjected to initial failure analysis by
performing visual inspection and by conducting a device
performance test (DPT). The visual inspection is done
using a light optical microscope to look for corrosion
failure sites. DPT methods are the ones that are based on
parametric test values obtained from electrical testing of
each component or subcomponent of the device. These
parametric test values are fed as input to a computer
model to identify parameters that result in low perform-
ance. From the pool of failed devices, 30 HA devices from
each market (Europe, US, and Japan) were picked as
corrosion failed devices for detailed root cause failure
analysis. Some of the criteria to filter corrosion‐induced
failures were: (i) high current consumption, (ii) visual
observation of corrosion products, and (iii) very low
performance of device microphones from DPT.

The following step is to identify different parts and
components of the device to be analyzed based on the
results from the device performance test and initial visual
inspection of the device parts and subparts. Failure
analysis is performed at the identified failure site to
reveal the failure mechanism for that particular compo-
nent of the HA. The failure analysis was carried out
using a scanning electron microscope (SEM) equipped
with energy‐dispersive X‐ray spectroscopy (EDS) to
investigate the corrosion product morphology and
chemical composition. Instrument type Quanta FEG
ESEM with Oxford X‐max EDS capability was used for
microscopy analysis. Along with showing the corrosion
morphology, the low‐resolution SEM images of the
failure sites can determine the cause and effect of the
corrosion by finding the type of corrosion process.
Different components and subcomponents of the field‐
failed devices were dismantled carefully and mounted on
aluminum stubs using conductive carbon tape for SEM
analysis.

The next step in the failure analysis process is to
perform a statistical failure analysis of the data from life

cycle assessment and root cause failure analysis to reveal
the percentage distribution of failed components, failure
probability, and risk to failure probability for failed HAs
components from each market. Statistical failure analysis
was performed by creating a list of categories such as
product ID, failure areas, failure type, and device
operational period (the duration that the device was
operational in the field). Pie charts, histograms, and line
charts from pivot tables (MS‐Excel) were used to visually
summarize and conclude the identified failure parts of
HAs, failure probability and percentage for different
device components, and types of contamination present
inside the device. Failure statistics were compared for the
three markets to reveal the performance of HA devices
across different geographical locations.

3 | RESULTS AND DISCUSSION

3.1 | Failure analysis of HA device and
its components

The root cause failure analysis was carried out on 30 field‐
failed HA devices from each market, that is, European,
Japan, and the United States. These 30 devices were
particularly picked from a pool of faulty devices as
corrosion failed based on their visual inspection and DPT
tests. The root cause failure analysis was carried out using
an SEM equipped with EDS capability. Different compo-
nents of an HA were analyzed and their failure mecha-
nisms and causes were discussed based on microscopy
analysis. Similarly, chemical analysis of corrosion products
was able to reveal the type of corrosive species involved in
the corrosion failure of the components, and their potential
sources are discussed. Component failure mechanisms are
discussed by taking specific failure cases from individual
markets that are representative of similar failures found in
other failed devices.

3.2 | Battery contacts, FPCB, and hand
soldering

Figure 2a–c shows the macrographs of the corroded
battery spring contacts of the field failed devices from the
three markets. Significant levels of corrosion are
observed along with blue, white, and green corrosion
products, depending on the type of material involved in
the corrosion process. A similar type of corrosion and
corrosion products were observed on all the failed
devices from three markets, however, only relevant
images of the failure type are shown and failure
mechanisms are discussed.
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The SEM images representing one of the failure cases
for battery contacts from the US market are shown in
Figure 2a1–c1. It displays severe corrosion of the
hemispherical dome‐shaped contact area along with
delaminated Au‐plating and the exposed intermediate
Ni layer and substrate stainless steel substrate. Magnified
images of these corrosion products showed various kinds
of corrosion morphologies, with the majority being mud
crack and porous types (Figure 2c1).

The EDS analysis of the corrosion morphologies
found in corroded contacts is shown in Table 1. Both
mud crack and porous morphology consist of similar
elements. Nickel, possibly coming from the intermedi-
ate layer, along with oxygen, was found in higher
amounts, suggesting the presence of some type of
oxides/hydroxides‐based Ni corrosion products. In
addition, the presence of high amount of Fe and other
elements from substrate stainless steel is a manifesta-
tion of severe corrosion of the underlying substrate
material. Elements such as C, O, Si, Ca, S, and Cl were
detected and are expected from atmospheric contami-
nants, skin oil, and human sweat. Also, wear particles
of Au were found in the corrosion products. EDS
elemental mapping of these corrosion morphologies
was carried out to get a better overview of the nature

and composition of the corrosion products and is
shown in Figure 3.

The EDS elemental maps show that Ni and Fe follow
the distribution of O, suggesting the presence of Ni‐O and
Fe‐O‐based corrosion products such as NiO2, Ni O2 3,
Ni O3 4, Ni(OH)2 FeOOH, Fe O3 4, and Fe O2 3 that have
previously been reported.[22,23] Different amounts of Cl
element were detected among the two different morphol-
ogies, with the mud‐crack type having the lower amount.
Cl− ions are known to ingress into the oxide layer and
can make the oxide structure porous.[24] As a result,
more Cl− ions can reach the intermediate and substrate
material through these pores to create an aggressive
condition for localized pitting corrosion attack. The
possible source of Cl− ions to enter inside a HA device
is human sweat and atmospheric chlorides, especially if
the devices are used near seaside places.

The failure of battery contacts is due to the
combination of various corrosion failure mechanisms,
of which the most prominent ones observed are galvanic
corrosion and pitting corrosion. Various corrosion failure
mechanisms are depicted in Figure 4, summarizing the
corrosion failure of battery contacts from three markets
as similar types of corrosion attacks are observed in
all the markets. Corrosion was initiated by galvanic

FIGURE 2 Optical macrographs and BSED SEM images of the corroded battery contacts from (a–c) Different markets, (a1– c1) US
market. BSED, backscattered electron detector; SEM, scanning electron microscope.

TABLE 1 EDS analysis of corrosion
products found on electrical contacts
surface from US market

Market Figure 2 Area C O Si S Cl Fe Ni

US c1 3 26.59 40.55 0.24 0.22 18.70 5.01 10.69

4 23.04 30.16 0.16 0.90 23.95 7.01 14.79

Abbreviations: EDS, energy‐dispersive X‐ray spectroscopy; US, United States.
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corrosion, which later proceeds into other localized
corrosion attacks of the intermediate and substrate
material of the battery contacts. The galvanic corrosion
cell is formed either due to porosities in the Au layer
because of low plating thickness or due to its
delamination caused by wear as a result of the frequent
sliding motion of the battery against its surface.

Several defects in the Au plating were observed in the
form of porosities, as shown in Figure 4d. The source of
these defects could arise from the trapped impurities in
the gold layer during the fabrication process that can lead
to adhesion issues or, upon their removal during further
steps, can leave a cavity in the Au layer.[25,26] During
exposure to field conditions, the exposed Ni intermediate

layer through these defects and pores can react with the
environment and corrode. Under such circumstances,
corrosion of nickel will be accelerated by the noble Au
layer forming galvanic coupling. This corrosion process
can proceed and extend further towards the stainless
steel substrate material,[21] resulting in localized pitting
attack. A voluminous corrosion product formed as a
result will stress the Au layer for its further delamination.

The delamination of the Au‐layer can also occur due
to wear caused by the repeated sliding motion from the
insertion of the battery cell in the device. Initial steps of
the wear mechanism can cause delamination of the noble
plating surface, leading to the formation of loose wear
particles and the propagation of subsurface cracks in the

FIGURE 3 BSED image and EDS elemental maps of the corrosion surface region on electrical contact from the US market. BSED,
backscattered electron detector; EDS, energy‐dispersive X‐ray spectroscopy.

FIGURE 4 BSED SEM images showing: (a–c) Localized and pitting corrosion attack due to galvanic corrosion on the electrical contact
surface and (d) secondary electron image showing defects and pores in the Au layer. BSED, backscattered electron detector; SEM, scanning
electron microscope.
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worn surface. Further steps could grind and breaks the
particles from the intermediate and substrate surface into
smaller size with higher oxide content.[27] The oxide
debris can cover the particles of noble plating and
increase its contact resistance. Under such circum-
stances, a higher degree of contact force will be required
to break through the oxide layer to form a stable
electrical contact.

These battery contacts are joined to the FPCB circuit
by hand soldering process using SAC solder alloy and can
alone be considered as an individual HA component
(battery contacts soldering), whose failure can lead to the
failure of the whole device. Figure 5 shows the significant
levels of corrosion found on these hand‐soldered joints
between battery contact legs and FPCB inlays in the
failed devices from three markets. The corrosion is
evident from the heavy amount of blue and green color
products found at the soldering terminals and suggests
the failure of conformal coating at these solder joints

Similar SEM micrographs of the corroded solder
terminals and battery contact legs, along with the failed
conformal coating, are shown in Figure 6. A similar type
of corrosion failure was observed for this component
(battery contact solderings) in all three markets and,
therefore, only a specific case of failure from the
European market is shown to discuss failure mechanisms
and their causes. A considerable amount of corrosion is
observed at the solder terminals of electrical contacts as a
result of conformal coating failure. Fluorinated acrylate‐
based conformal coatings are known to have better
protection against moisture due to their low surface

tension, which gives them hydrophobic nature.[28–30]

However, the presence of process and atmospheric‐
related residues along with mechanical stress can cause
adhesion loss at the coating‐substrate interface,[31–33]

which can develop into big surface cracks. The electro-
lyte containing sweat residues and other ionic contami-
nation can gain access to the solder alloy surface through
these cracks and cause localized corrosion attacks of the
exposed alloy. The presence of an Au layer at the
soldering spot and on the battery contact legs can
accelerate the corrosion of solder alloy by galvanic
coupling. The generated corrosion products can exert
enough pressure to delaminate the entire coating from
the soldering surface. Likewise, a high amount of
corrosion products from soldering terminals are found
spread all over the FPCB surface.

The EDS analysis of the corrosion products (results
not shown) showed high amounts of Cl and O, along
with other elements like Cu, Sn, Ag, and Ni. Corrosion
products showed the similar type of elements from all
three markets. Sn, Cu, and Ag are from the SAC solder
alloy, and its corrosion in an acidic Cl environment have
reported to produce corrosion products such as SnO,
SnO2, SnCl2 SnCl4, SnOCl2, Sn O(OH) Cl3 2 2, Cu O2 ,
and CuO, andCuCl .2

[28–30] However, Ni in the corrosion
product is expected to be from the corrosion of Ni
intermediate layer of Au/Ni‐plated layers. A similar type
of corrosion failure and corrosion morphologies in the
presence of a high amount of Cl− ions were observed for
other hand soldering components such as W‐link coil
soldering and LED.

FIGURE 5 Light optical images showing (a–c) corrosion of battery contact soldering terminals and (a1–c1) corrosion of battery contact
legs from Europe, US, and Japan markets
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3.2.1 | W‐link

The W‐link can endure failure due to corrosion of its
connection soldering on FPCB and/or due to the
presence of moisture and ionic contamination on its
surface that can alter the dielectric properties of the coil.
The W‐link coil functions as an RF that transmits and
receives signals based on the produced electromagnetic
field, and the presence of moisture or any form of
contamination can significantly influence the electro-
magnetic and dielectric properties of the coil.[34]

Figure 7 shows the BSED SEM images of the failed
W‐link coils of the field failed HA from Europe, and it
represents a similar kind of failure observed in other
failed devices across all markets. The bright appearing
substance shown in Figure 7(a) on the coil surface is
some kind of contamination or corrosion product, which
appears to creep inside the capillary gap between the coil
windings. The EDS analysis (not shown) shows that the
corrosion product consists of Sn, O, and Cl, along with
traces of Cu and Ag. The detected Cl might be arising
from the salt crystals of Na and K as sweat residues.
Sn–O–Cl corrosion product comes from the corrosion of
W‐link coil soldering on the FPCB, under which the W‐

link coil is placed (Figure 7c). Like battery contact
solderings, a high amount of corrosion and corrosion
products are seen on the soldering terminals of the W‐
link coil (Figure 7b). Moisture formation and human
sweat intrusion inside the device can dissolve the
corrosion products and get deposited between the coil
windings due to the capillary force effect. Moreover,
these corrosion residues are hygroscopic and can easily
attract moisture at lower RH levels, causing permanent
failure of these coils.[9,35]

3.2.2 | Volume and program switches

Figure 8 shows the images of the failed switches from
different markets. A high amount of human‐secreted
sebum (brown greasy substance present inside of the ear)
was found on the Teflon cover of the switches and
around it. Human sebum is secreted from the skin and
consists of free fatty acids, triglycerides, wax esters,
squalene, sodium chloride, and some amount of choles-
terol.[36] It is a sticky substance and can easily enter the
HA device during its direct contact with human skin.
The effect of human sebum on the failure of switches is

FIGURE 6 BSED SEM images showing failure of battery contact solderings from Europe market: (a, b) Delamination of conformal
coating and corrosion of SAC solder alloy. (c) Corrosion of contact legs. BSED, backscattered electron detector; SEM, scanning electron
microscope.

FIGURE 7 (a) BSED SEM image showing the presence of corrosion product on the surface of the coil, (b) corrosion of W‐link coil
solderings, and (c) placement of W‐link coil inside the device. BSED, backscattered electron detector; SEM, scanning electron microscope;
W‐link, Wireless‐link.
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illustrated through macrographs shown in Figure 8. It
shows delamination of the Teflon switch cover, which
can allow moisture, sebum, and corrosion electrolyte to
enter inside the switch, causing corrosion degradation or
deposition of contamination on the surface of the silver‐
plated contact pads. Likewise, its soldering terminals
were found corroded in the presence of sebum and other
corrosive ions.

The SEM micrographs of the interior of the failed
switch from the US market are shown in Figure 9. These
contaminants seem to have covered the entire surface of

the contact junction (contact between the dome and
contact pads), which can lead to an increase in their
contact resistance and thus cause no functional response
from the switch. The high amount of C element was
detected during EDS analysis (not shown) of the
electrical pads that confirm the presence of organic
contaminants such as sebum. The presence of other
elements such as Ag, Na, K, and Cl suggest the corrosion
of these electrical pads occurred in the presence of
chloride‐based salts of Na and K. Extreme corroded areas
showing elements like Fe, Cr, and Ni suggest corrosion

FIGURE 8 Light optical images of the field failed switches from different markets. , (a) Corrosion on the soldering terminals of the
switch is observed, (b) High amount of human secreted sebum is found deposited on the teflon covering of the switches, (c) Delamination of
teflon cover due to ingress of human sebum is depicted, (d) Corrosion attack is observed on the internal silver‐ plated connection pads of the
tactile switches.

FIGURE 9 Backscattered electron detector images of the field‐failed switch showing the presence of contamination on (a) contact pads
and (b) push dome from the US market
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might have penetrated under the Ag plating into the
stainless steel substrate material.

3.2.3 | Microphones

Figure 10 shows the optical images of the sound inlet
grid and electronics of the failed microphones from
Europe, United States, and Japan markets. These optical
images are the representation of similar corrosion types
from different locations. The initial observation showed
the presence of green and blue corrosion products that
have clogged the sound inlet grid and corrosion of the
electronic circuitry of the microphones. The corrosion on
the electronic circuit has predominately occurred
between the Au‐plated outer ring and SMT‐soldered legs
of the resistors. Better visualization of the corrosion
found on the sound inlet and microphone electronics is
shown in Figure 11 through SEM‐EDS analysis of a
specific failure case from the US market.

The corrosion products and contamination found on
the sound inlet grid and membrane plate of the failed
microphone from all the three markets were character-
ized by EDS analysis and were found to consist of C, Ni,
and Cl, probably forming corrosion product of
Ni–O–C–Cl based phase. EDS elemental mapping was
performed on the mud crack corrosion morphology
found on the electronic circuit (from Figure 11c) to
understand the chemical composition of the corrosion
species entering the microphone component.

The elemental map of K shown in Figure 11(d) follows
the distribution of O, C, and Cl, while Na follows the
distribution of O, and C, suggesting the possibility of
contaminants such as KCl salt, C H NaO2 3 2 (sodium
acetate), and NaC H O3 5 3 (Sodium lactate). Sodium acetate,
sodium lactate, and potassium chloride salts can generate
from human sweat.[37] The corrosion product was found to
consist of Cu, Ni, and Sn that follow the distribution of O,
and C, suggesting the corrosion might have occurred in the
presence of the above‐mentioned residues and contami-
nants. Under similar conditions, these metals have been
reported to produce several different corrosion product
types such as Cu O2 , CuO, Cu(OH)2, CuCO3,
Cu(CH CO )3 2 2, SnO, SnO , NiO2 2, Ni O2 3, Ni O3 4, Ni(OH)2,
Ni(CH COO) ·H O3 2 2 .[23,24,38–41] Also, Sn‐O‐Cl corrosion type
potentially in the form of SnCl2 SnCl4, SnOCl2,
Sn O(OH) Cl3 2 2 can occur.[39,42] The corrosion products of
Ni and Cu might give characteristic light green and blue
colors similar to the ones found on the sound inlet grid.[43]

The corrosion products found on the electronic circuit of
the microphones can cause failure due to leak current and,
therefore, microphones are considered sensitive to the
intrusion of electrolytes with dissolved ions from both
human and environmental sources.

3.3 | Statistical analysis of failure data

Figure 12 shows the distribution of failure percentages of
components of the field‐failed HA devices from the

FIGURE 10 Light optical images of the failed microphones showing: (a–c) Corrosion of the sound inlet grid and (a1–c1) corrosion of
electronic circuits from Europe, US, and Japan markets
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European, Japanese, and US markets. The failure
percentage of components depicted here is derived from
the device performance test where the components were
reported as either dead or nonfunctional.

Some of the components, such as LED and
microphones, showed a high percentage of failure
compared to other components suggesting their higher
susceptibility to failure under the operating conditions.
Microphones showed different failure percentages
among different markets, whereas LED components
showed similar but high failure percentages. Among
all the markets, Japan showed the least failure
percentage for components like microphones (Mic 1
and Mic 2) and W‐link coil, while no failure was
reported for other components from this market. In
comparison, the highest failure percentage was
reported for all HA components failed in the European
market, with microphones showing the highest failure
percentage under field operational conditions. Of all
these exposure conditions, climatic conditions and

FIGURE 11 BSED SEM images of the failed microphones showing: (a) Corrosion of sound inlet, (b) presence of corrosion and
contamination residues on the membrane plate, (c) corrosion of electronics, and (d) EDS elemental maps of electronic corrosion product.
BSED, backscattered electron detector; EDS, energy‐dispersive X‐ray spectroscopy; SEM, scanning electron microscope.

FIGURE 12 Failure percentage distribution of HA components
for European, Japanese, and US markets. HA, hearing aid;
LED, light‐emitting diode; TF, thin film; W‐link, wireless‐link.

170 | YADAV AND AMBAT

 15214176, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

aco.202213420 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [03/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



atmospheric contaminants play a major role in the
corrosion of HA electronic devices.

From the failure analysis of the microphones, human
perspiration and KOH leakage from the Zn‐air battery
are expected to be the potential source of corrosive ions
present at different microphone components that can
lead to corrosion and ultimately its failure. No KOH was
observed on the corrosion products of other HA
components yet until the failure analysis of the
microphones. The indication of KOH residues inside
the microphone, for example, on the membrane and
electric circuit, suggests the presence of a moisture
layer and/or human sweat with dissolved OH− ions on
the entire HA interior surface during its field opera-
tion. OH− ions leaked from the Zn–air battery might
travel towards the electronics present in the micro-
phone under the effect of the electrical field generated
as a result of the high precharge voltage available on
the membrane plate. This becomes another added
source of corrosion inside microphones. Hence, KOH
leakage from the Zn–air batteries is considered a
potential factor to understand the reason behind
microphones showing different failure percentages
between the three markets. To illustrate this, the
percentage distribution of HA devices with specific
contaminants on microphones was evaluated and is
shown as a pie chart in Figure 13. KOH is considered to
be arising from the electrolyte leakage from the Zn–air

battery while the Cl and S contaminants are from the
atmosphere and human perspiration.

From the pie charts shown in Figure 13, it is clear that
in the Japanese market compared to the European and US
markets, fewer HA devices were found in which the failed
microphones had KOH contamination. As explained
earlier, OH− ions being a polar group might be attracted
towards the electronics present inside the microphone,
therefore becoming the dominant mechanism for corrosion
of microphones when comes in contact with moisture and
human sweat. Thus, in the Japanese market, the failure
percentage of microphones was significantly less compared
to the European and US market. However, it will be too
early to conclude that fewer microphone failures due to
KOH electrolyte are expected from Japan market because it
also depends on other factors as the quality control
practices in each market are different. Although contami-
nation from human sweat such as Cl and S might not be
the only dominant factor for the failure of microphones,
they are still a major corrosion‐causing factor for switches,
TF circuits, and W‐link coils.

The components such as battery contacts, solderings,
and FPCB are not included in the failure percentage
graph shown in Figure 12 due to the inadequacy of DPT
to detect their failures, although the visual inspection
and root cause failure analysis revealed the presence of
corrosion. This suggests that the corrosion on these
components does not result in failure, however, if the

FIGURE 13 The percentage distribution of hearing aids devices with specific or combination of field‐related contamination found
inside the failed microphones from the three markets i.e European, USA and Japan market. The following field‐related contamination
(elements) are depicted in the pie charts, Cl, chlorine related compounds, S, sulphur related compounds, KOH, potassium hydroxide.

YADAV AND AMBAT | 171

 15214176, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

aco.202213420 by D
anish T

echnical K
now

ledge, W
iley O

nline L
ibrary on [03/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



field operation of the device continued, they can fail and,
therefore, be categorized as prone to failure. Thus, the
risk of failure probability of such components is
important, as shown in Figure 14.

Components such as W‐link coil and switches can cause
intermittent failures due to corrosion during use. However,
these failures disappear once the device is not in use and
moisture inside the device is dried, therefore, not detected by
DPT. Several of these components were not reported to fail
during DPT but showed signs of corrosion during failure
analysis. Although the failure percentage for these compo-
nents might be very low, it does not mean that the
probability of failure is low. The risk to failure probability
for all these components is shown in Figure 14, where the
risk to failure for such components is significantly higher,
especially for battery contacts, hand soldering, and FPCB as
they have shown a maximum failure probability of 1. The
risk to failure probability for these components is calculated
by summation of the number of components in the failed
and prone category. The failed components were reported
nonfunctional after the device performance test, whereas
prone to failure components did not show any functionality
issues but showed a significant level of corrosion during
SEM‐EDS analysis.

4 | CONCLUSION

Corrosion failure analysis of field failed HA devices from
three different geographical locations, that is, Europe,
the United States, and Japan was performed. Different

corrosion failure mechanisms were found for various HA
parts and components. The study provided the following
key conclusions:

• High level of corrosion was observed on battery
contacts, contact soldering terminals, LED, and W‐
link coil soldering with a similarly high risk of failure
probability for all three markets. Galvanic corrosion
and failure of the conformal coating were the
dominant failure mechanisms observed.

• High failure percentage of microphones was observed for
the European and US market compared to the Japanese
market. This is due to the high amount of KOH electrolyte
found inside the microphones from the European and US
market. Factors such as harsh environmental conditions
in these markets causing increased leakage of KOH
electrolytes might be attributed to this behavior.

• KOH electrolyte was only found inside the failed
microphones. This might be due to the movement of
OH− ions into the microphones due to the presence of
high precharge voltage on its membrane plate.

• High amounts of sweat residues, potentially in the
form of sodium chloride, potassium chloride, sodium
acetate, and sodium lactate, were found inside the
device and at the location of the corrosion site. Some
atmospheric contaminants such as silicates, salts, and
sulfur were found at the corrosion failure site as well.
These dissolved contaminants in the sweat and the
moisture layer were able to cause severe corrosion
failures to the HA device and its components.
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