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A B S T R A C T   

Corrosion reliability of hearing aid (HA) devices is a critical issue due to their exposure to harsh 
climatic conditions like high humidity and temperature, along with the combination of high level 
of salt contamination from human sweat and environmental pollutants. Statistical analysis of 
corrosion failure data can provide a better understanding of the failure sequence and cause, which 
is important as the issue is due to multiple parameter effects on a complex device consisting of 
many components. In this study, root cause failure analysis of the failed hearing aid devices used 
in the tropical regions was performed using scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS). Analysis was used for understanding the failure mechanisms, 
while the data was used for statistical analysis in order to elucidate the device degradation rate 
and failure probability. Potassium hydroxide (KOH) electrolyte leakage from faulty Zn-air bat-
teries (ZABs) and human sweat were prominent causes for the corrosion failure of hearing aid 
components. The rate of corrosion failures was found to accelerate during the summer season due 
to an increase in human perspiration rate and the release of KOH electrolyte from the batteries.   

1. Introduction 

Electronic devices have penetrated the increasing variety of applications in the field of consumer products, medical, automotive, 
and aerospace, and they are exposed to a variety of environmental conditions during application. In the past few decades, electronic 
devices have undergone rapid progression in design complexities and increased package density, causing a reduction in the size of the 
components and spacing between them. Additionally, high functional requirements have led to larger system integration to produce 
integrated circuits with widths, spacing, and thickness in the order of a few micrometers. Numerous published papers on corrosion 
reliability of electronics show that the miniaturization together with (i) unfavorable material combination, (ii) DC or AC bias applied to 
the system, (iii) ionic contamination on the print circuit board assembly (PCBA) surface, and (iv) high humidity, dust, pollutants 
containing aggressive ions, etc. can cause severe corrosion reliability issues [1–4]. 

A vast number of failures in electronic devices are reported due to corrosion caused by the formation of the water layer on the PCBA 
surface in the presence of high humidity and temperature variations [5,6]. Furthermore, ionic impurities on the PCBA surface and 
atmospheric contaminants that are dissolved into the condensed water layer make the water film a good electrolyte, which influences 
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the corrosion process. Many corrosion failure modes are relevant for electronics, although the major one is the electrochemical 
migration (ECM) due to its effect on the device’s functionality [7,8]. Inherent contaminations on the PCBA surface are the residues 
resulting from the manufacturing process. The major contributing factor for this are the no-clean fluxing agents used for the soldering 
process, and the residue contains ionic activators that are hygroscopic. The presence of these hygroscopic residues on the PCBA can 
decrease its critical relative humidity and cause moisture adsorption at lower relative humidity (rRH) levels [9,10]. These residues 
absorb moisture from the atmosphere until they reach deliquescence and are dissolved in the condensed water layer to form an 
electrolyte solution of higher conductivity [11,12]. As a result, under bias condition, the formed electrolyte between the conductors 
can cause a reduction in surface insulation resistance (SIR), high leak current, and eventually corrosion occurrence such as ECM 
[13,14]. Other failures related to these residues include increased contact resistance and corrosion [8] or it affects the radio-frequency 
of the Bluetooth antenna and additional RF coils [15,16]. Similarly, contaminations entering the devices from the atmospheric con-
dition can generate many ionic species providing electrolyte properties to the water layer. Main external contamination can include 
both gas pollutants and particulate contaminants [17–19]. The corrosive gases such as SOx, CO2, H2S, and NOx can cause corrosion to 
interconnects, solder joints, electrical contacts, and ECM under humid conditions [20]. An example is the failure of the power module 
due to ECM on exposure to the harsh Sulphur environment [21]. Whereas the particulate contaminants are atmospheric generated 
aerosol particles and are typically sea spray, sand, or dust. They usually consist of chlorides, sulfate, ammonia, sodium, potassium, or 
nitrates and exhibit high hygroscopic nature that can cause failures in a similar manner to process-related residues [17,19,22]. 

Hearing aid instruments are low-power electronic devices with intricate designs and, during applications, come in close contact 
with the body and different climatic conditions. Corrosion is a major contributing factor that can affect the performance and func-
tionality of HA devices, particularly in regions with a high levels of relative humidity (RH). Several components of a HA device can 
undergo degradation upon exposure to moisture, temperature, and contaminations such as ear wax, sweat, skin acids, oils, in addition 
to atmospheric pollutants such as chlorides, sulfur-containing compounds, etc. Additionally, the predominant trend in HA design has 
always been invisibility, which propelled extreme miniaturization of components and assembly. As a result, the robustness of the 
electronic circuit against moisture-induced corrosion has been affected; for example, reduced conduction line spacing increasing the 
electric field, which makes corrosion cell formation easy during local condensation under a humid environment [1,23,24]. The 
synergetic effect of reducing the spacing between the components, applied voltage, water layer formation, and the presence of ionic 
impurities can lead to corrosion in the form of ECM. 

Corrosion failures of electronic parts of the HA device are not only limited to ECM but also other failures such as solder joints [25], 
wire bonds/bond pads [26,27], switches [28,29], battery connectors [30], etc. Most of the parts and components of a HA device are 
manufactured using materials of good electrical properties such as Ag, Cu, Al, and Au. Some of the major parts using these materials are 
Ag-plated steel or copper frames for tact switches, Au-Al for thin-film metallization wire bond to connect IC’s to the output source, use 
of Al for bond pads, and Au or Ag plated connectors, etc. Studies have reported that the susceptibility of silver and copper towards the 
atmospheric contaminants such as H2S and carbonyl sulphide (COS) dissolved in the thin layer of electrolyte [31,32]. This caused 
sulphidation of copper and silver, forming an insulating layer of sulfide corrosion film (Cu2S,Ag2S) resulting in electrical failure. 
Studies have also reported the effect of ionic contamination on the failure of silver tact switches in a cell phone keyboard through silver 
migration and corrosion [28,29]. Such contamination can come from the manufacturing process (corrosive species/particles trapped 
inside the switch membrane during the assembly) and from the field environment. A high level of Chloride contamination along with 
high humidity can cause corrosion of positively biased aluminum bond pads by dissolving the passivation layer of aluminum and 
forming soluble tetracholoroaluminate ions (AlCl−4 ) [33]. Au-Al based wire bonds are reported to be susceptible to corrosion failures in 
the presence of halogens, RH, temperatures and corrosive gases. Such conditions normally results in the complete dissolution of the 
bond pads, causing component failure. Similar attacks can occur at thin gold plated electrical contacts if the top gold layer is porous or 
damaged through fretting. This can lead to corrosion of underlying materials due to galvanic coupling. As a result, the corrosion 
products may creep out of the pores and across the gold layer, giving rise to high electrical resistance [33]. A thin nickel layer is applied 
in between gold layer and metal substrate in order to stop inter-diffusion and eliminate pores extending to the substrate metal. 
However, the investigation on ENIG (Electroless Nickel/Immersion Gold) plated battery contacts of a hearing aid from the field showed 
severe localized corrosion of both substrate material and nickel intermediate layer in the presence of chloride ions from the envi-
ronment and human sweat [30]. Fretting corrosion of connectors is another form of accelerated surface damage at the interface of the 
contacting materials subjected to small oscillatory movements, humidity, and temperature [25]. It can lead to the accumulation of 
wear debris and oxidized products in the contact zone, which eventually leads to an open circuit and rapid increase in contact 
resistance [26]. 

Although there are various publications in the literature dealing with the reliability of electronics in general under humid con-
ditions and humidity buildup in an electronic enclosure, almost no information is available on failure mechanisms or investigation of 
corrosion reliability of HA devices. Few works are reported on the failure analysis of hearing aid devices [27,30]. However, the in-
formation is limited to 1–2 devices, which is not enough for a statistically relevant root cause analysis [34–36] and for deducing 
common failure mechanisms when multiple components are involved and need to function together for better device performance. 

The present paper focuses on corrosion failure analysis of a large number of HA devices used in tropical climate conditions. The 
methodology used in this work involves a detailed analysis of each component of the failed devices based on Physics of Failure (PoF) 
intended for understanding the failure root cause. Using the failure data of each component, statistical analysis was performed to show 
the failure probability, failure percentage, and rate of degradation for different components of a HA device. The overall objective of the 
paper is to provide a more robust understanding of the physical processes, different failure modes, mechanisms, failure sites, and 
device degradation rate, which can be used to assess product reliability, quantifying, and reporting field failures in future. 
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2. Device description and methodology for systematic failure analysis 

2.1. Description of the hearing aid device and its components 

Various parts and components of a HA device are shown in Fig. 1. The illustrated parts are also the ones that were analyzed for 
detailed root cause failure analysis. The two microphones are placed at the backend of the device. The interior of a microphone consists 
of a membrane having a fixed surface charge and is placed close to a conductive backplate, forming a capacitor with the air gap as the 
dielectric. The sound waves travel inside the microphone through the sound inlet grid. It strikes and causes movement of the mem-
brane plate, which results in a change of capacitance. External load resistor and dc blocking capacitor, which form the internal part of 
the microphone circuit connection, amplify this change in capacitance. The microphones outer casing and the sound inlet grid are 
made of stainless steel with a thick nickel layer plating. These two microphones along with telecoil are hand-soldered to the Flex Print 
Circuit Board (FPCB) using SAC (Sn–Ag–Cu) alloy. SAC alloy is a lead-free Sn solder alloy containing Ag, Cu, and Ni as its alloying 
elements. Two battery spring contact terminals (contact legs) and a W-link coil (wireless link coil) are directly hand soldered to the 
FPCB using SAC alloy. The battery contact function in a HA device is to supply a continuous flow of electric current from the battery 
terminals to the integrated circuit (IC) with a voltage output of 1.5 V and maintain stable contact resistance throughout the device 
lifetime. These battery contact terminals are based on a traditional electro/electroless Ni/Au-system (ENIG) plated on the stainless 
steel substrate material. The thickness of the gold layer is in the micrometer range. The 1.5 V power output to the HA device is supplied 
by a dc source of the Zn-air button cell. In normal environmental conditions, the Zn-air battery has a working life of 10 days. The 
battery should be removed from the device in order to switch OFF the device. The W-link coil function is to set up a wireless link 
between each HA pair, connection to remote devices, and for programming of the device. It is made of copper wire windings and is 
protected using polymer lacquer due to its sensitivity to moisture and corrosion. The IC circuit or the Thick Film (TF) circuit is the 
engine of a HA device consisting of a frontend chip, radio chip, and backend chip, and integrated surface mount components. The 
frontend chip takes the input from the microphones and sends it to the backend chip for signal processing, and thereafter the sound is 
sent to the receiver. The TF circuit is manufactured by reflow soldering process, using SAC alloy solder paste, and is SMT (surface 
mount technology) mounted on the FPCB. There are three tactile-based switches for volume and program control that are SMT 
mounted on the FPCB. It consists of a silver-plated steel dome (push-button) and three silver-plated pads molded in the plastic and 
mounted directly on the FPCB. When it is ON, the silver-plated steel dome makes contact with the silver pads, allowing electric current 
to flow. When it is OFF, the dome retracts, and the connection is interrupted. Laser welded Teflon cover seals the switch and prevents 
any kind of electrolyte or moisture from entering the interior of the switch. The FPCB is bent and mounted on the plastic block along 
with other components of the device. Finally, plastic shells are placed to cover and close the interior of the HA. These plastic shell 
coverings are coated with a hydrophobic coating to prevent any liquid intrusion inside the device. 

The hand soldering and SMT components of the TF circuit are well protected using a conformal coating. Similarly, the Au plated 
legs of the battery contacts are protected with conformal coating to avoid any galvanic corrosion issues. The three tact switches are 
underfilled with hard epoxy (Black marked area in Fig. 2). SMT components of the TF circuit are protected with silicon-based wax 
(Yellow marked area in Fig. 2), whereas the hand soldering are protected by fluorine-based conformal coating (Red marked area in 

Fig. 1. Illustration of components and sub-components of a hearing aid device.  
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Fig. 2). 

2.2. Failure analysis methodology 

The general framework of the failure analysis methodology is shown in Fig. 3. The first phase starts at the repair or product service 
center with a life cycle assessment of the failed HA devices through the customer feedback system and product repair/maintenance 
history. The following step at the repair center consists of preliminary failure analysis of the devices by visual inspection and by 
conducting device performance tests. The visual inspection is done using a light optical microscope to look for corrosion failure sites. 
Device performance test (DPT) methods are based on parametric test values obtained from electrical testing of each component or sub- 
component of the device. These parametric test values are fed as input to a computer model to identify parameters that resulted in low 
performance. This section of the methodology is time effective and inexpensive and therefore is easy to analyze large sample volumes. 
One hundred sixty-three failed BTE (behind the ear) HA’s from the tropical regions were initially diagnosed at the repair center, out of 
which 30 HA devices were picked as corrosion failed devices for their 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 inside the device, and (iii) 
performance degradation of microphones. 

The second part of the first phase is based on the root cause failure analysis of the failed HA devices. It begins with collecting 
information about the product design specification (i.e., materials and dimensions) and manufacturing process. The following step is 
identifying component elements and functions to be analyzed based on results from the DPT and initial visual inspection of the device 
parts and subparts. Failure analysis is performed at the identified location of the original failure site to reveal failure mechanisms and 
provide a comprehensive list of parts and/or components within the failed device that can fail, its failure mode, and effects. The failure 
analysis was carried out using a scanning electron microscope (SEM) equipped with energy-dispersive spectroscopy (EDS) facility to 
investigate the corrosion product morphology and chemical composition. Along with showing the morphology, the low-resolution 
SEM images of the failure sites can determine the cause and effect of the corrosion. Different components and sub-components of 
the field failed devices were dismantled carefully. They were mounted for electron microscopy observations onto an aluminum stub 
with its edges painted with conductive silver paint to prevent charging. 

Phase 2 deals with the statistical analysis of the data from life cycle assessment and root cause failure analysis of 30 field failed HA’s 
to reveal the lifetime performance of the device in the tropical regions along with percentage distribution of failed components in a 
device, failure probability, and time to failure. A list of categories such as product ID, failure areas, failure type, and device operational 
period (the duration that the device was functional in the field) was identified, and a generic scoring system based on the number of 
failed components/sub-components was applied. Pie charts, histograms, and line charts from pivot tables (MS-Excel) were used to 
summarize and conclude the identified failure parts of HA’s, type of contamination present inside the device, and the lifetime per-
formance of the devices in the field conditions. 

3. Result and discussion 

3.1. Failure information table from root cause analysis 

Following the steps outlined in Section 2.2, a general failure information table is developed for the 30 corrosion failed devices from 
tropical market based on root cause failure analysis. Table 1 provides a comprehensive list of parts/subparts within a HA device that 
are failed or degraded, the failure mode, and their potential failure causes. From the details provided in the failure analysis table, most 

Fig. 2. Different components and sub-components mounted inside a hearing aid device.  
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parts of the HA device showed failure issues except for the Receiver and Telecoil components. 

3.2. Overview of corrosion failure of parts from HA devices 

Macroscale overview of the field failed HA devices from tropical regions showed severe corrosion on battery contact terminals, 
solder joints, and other hidden parts, as shown in Fig. 4. Images 1, 3, 4 & 5 in Fig. 4 show the characteristic color of the corrosion 
product found at both hand soldering terminals and SMT mounted electronic components of TF circuit. These corrosion products are 
characterized as blue, green, and white, depending on the type of material involved in the corrosion process. Some literature has 
mentioned that chloride, sulfate, oxides, hydroxides, and acetate of Ni and Cu are both known to give out green and blue corrosion 
products [37–40], while chlorides, oxides, and hydroxides of Sn give white color corrosion products [41,42]. The primary failure 
mechanism for the corrosion of these components mentioned in the table is due delamination and failure of the Si and Fluorine based 
conformal coatings applied at TF circuit and hand solderings respectively, thus allowing the electrolyte to reach the surface and cause 
corrosion failures. Images 2 & 6 in Fig. 4 show white residues distributed all over the contact surface. The following sections will 
provide a more detailed description of the failure of different parts and characterization of corrosion products and residues. 

3.3. Detailed failure description of different parts 

3.3.1. Battery contacts 
The elemental analysis of the white residues found on the surface of battery contacts (image 2 in Fig. 4) is shown in Fig. 5 together 

with high resolution SEM pictures. EDS elemental maps show C, O, and K, while other elements related to the material of the contact 
are not shown. Although carbon contamination could be found on all surface, the distribution of K follows the distribution of O and C, 

Fig. 3. Proposed framework of failure analysis methodology.  
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suggesting the possibility of K-O-C phases. 
Zn-air alkaline batteries (ZABs), particularly button batteries with potassium hydroxide (KOH) electrolyte, have significantly been 

used as a power source for hearing aid devices for some decades now due to their high volumetric energy density, safe operation, low 
manufacturing cost and environmental friendliness [43–45]. ZAB presents several drawbacks, mainly because they are half-open to the 

Table 1 
Results derived from the root cause failure analysis of field failed HA devices.  

Components Function Potential Failure Mode Potential Failure Mechanisms 

Battery Contacts Supply power output of 1.5 V from ZAB to the 
device 

Corrosion of contact surface Galvanic corrosion between metallic layers due 
to gold porosity Corrosion product accumulation 

at the contact zone 
Contact surface damage due to 
wear and fretting 

Abrasive wear 

FPCB & Hand 
Soldering’s 

Electrically connects microphones, battery 
contacts, and coils to the FPCB 

Corrosion of SAC solder alloys Delamination of conformal coating 
Localized corrosion attack, and Galvanic 
corrosion 

LED Shows ON/OFF Corrosion of LED terminals Presence of metallic corrosion products 
between terminals causing leak current failure 

W-link Coil Setup wireless link between HA pair Detuning of the coil Metallic corrosion products influencing 
performance 

Volume & Prog. 
Switch 

Control HA sound volume & change program 
modes 

Corrosion of silver contact 
terminals and push dome button 

Presence of metallic corrosion products 
influencing performance 
Electrochemical migration 
Delamination of the protective Teflon switch 
cover 

TF Circuit Signal processing, Audio and Information control Corrosion of SMT components 
Shorted failures & leakage current 

Electrochemical migration, metallic corrosion 
products influencing performance 
Creep corrosion 
Delamination of conformal coating 

Microphones Coverts sound waves to an electrical signal and 
then amplifies them to an analog or digital signal 

Corrosion of microphone 
electronic circuitry 

Electrochemical migration, metallic corrosion 
products influencing performance 

Increase in vibration sensitivity of 
the membrane plate 
Increase in inherent noise level 

Change in membrane mass due to presence of 
corrosion products and contaminants. 

Corrosion of Ni plated sound inlet 
grid 

Clogged sound inlet  

Delamination of the protective Teflon switch 
cover  

Fig. 4. Light optical microscope images of the interior of the failed HA showing corrosion on various components, (1, 3, 4): Corrosion on the hand 
solderings, (2, 6) White corrosion products or contamination on the battery contacts, (5): Corrosion of TF circuit. 

A. Yadav et al.                                                                                                                                                                                                         



Engineering Failure Analysis 130 (2021) 105758

7

surrounding and can therefore be affected by environmental conditions. The composition of the surrounding air with its relative 
humidity (RH), carbon dioxide content, and temperature conditions can significantly change the inside state of ZAB’s cells [46–48]. In 
the tropical regions where hot and humid climate conditions are prevalent, the ZAB might be flooded with water that can cause leakage 
of KOH electrolyte due to volume expansion of the cell, pushing the electrolyte out [49,50]. Further, the water intrusion inside the 
battery can cause corrosion of Zn electrode to produce Zn(OH)2 and H2 on the surface of the Zn anode (hydrogen evolution reaction) 
[51,52]. This corrosion process of Zn anode generated via hydrogen evolution reaction may buildup pressure inside the cell and can 

Fig. 5. Secondary electron SEM image and EDS elemental maps of the contamination present on the contact surface as shown in Fig. 4(2).  

Fig. 6. SEM micrographs showing (a): Hemispherical dome shaped contact, (b): Delamination of Au plating, (c): Wear track and contamination on 
the exposed substrate, and (d): Corrosion of the exposed substrate material. 
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cause rupture or breakage of protective sealant on the battery and cause electrolyte leakage. Another factor which is responsible for the 
leakage of electrolyte from ZAB and its failure is the concentration of dissolved CO2 in the moisture layer and in the surrounding air. 
Carbon dioxide from the outer atmosphere can get easily dissolved in the moisture layer which can enter the battery through the air 
electrode (open holes in the battery). It can react with the OH− in the electrolyte and decrease its ionic conductivity due to the for-
mation of HCO−

3 and CO2−
3 and the low solubility of formed K2CO3 and KHCO3 residues. These residues can deposit at the air electrode 

and can block the transfer of oxygen supply to some extent, resulting in the performance decline of ZAB. In rare cases, they can cause 
volume expansion of the cell, hence resulting in electrolyte leakage [48,53,54]. Therefore, the leakage of KOH electrolyte from ZAB 
could be the potential source for the detected K, O, and C elements during EDS analysis of the white residues. These residues have high 
solubility in the formed moisture or human sweat present inside the device and can travel to different electronic components to cause 
corrosion failures [30,55,56]. 

The Au plated battery contact surface, as shown in Fig. 6, displayed delamination of its Au plating at the contact zone. Besides, the 
surface of the exposed substrate showed wear track morphology. Severe organic contamination and mud crack morphology of 
corrosion products were observed at the contact zone. The features observed in Fig. 6 mostly correspond to the degradation of the 
contact surface due to wear and corrosion. The wear of contact surface can happen due to various modes like adhesive, abrasive, 
corrosive, and fretting wear [57]. Of all these wears, Au/Ni-based electrical contacts used in HA devices are susceptible to abrasive 
wear due to frequent removal/insertion of ZAB batteries. The initial sliding motion of the battery wears out the Au layer, exposing 
significant areas of the underplate and substrate material to the detrimental effects of wear process. The continuous sliding action 
breaks and grinds the accumulated wear particles into smaller sizes with higher oxide content and eventually leads to the propagation 
of subsurface cracks in the wear zone [26,57]. These oxide particles in the contact zone will result in increase contact resistance. 

Another corrosion failure observed on the battery contacts was galvanic corrosion due to the presence of microscopic pores as a 
result of low plating thickness of Au layer. These pores act as channels for the formed electrolyte to reach the un-noble nickel, causing 
pore corrosion. Once the underlying nickel layer is exposed and anodic dissolution of nickel is established, it forms a galvanic pair with 
the gold layer leading to the accelerated dissolution of nickel due to the large difference of the exposed area forming an unfavorable 
area ratio for galvanic coupling [58,59]. Severe localized corrosion of the nickel can produce high volume of corrosion products 
around the pores and cause delamination of the gold layer as observed in Fig. 7a. 

Table 2 summarizes the results of EDS analysis of the corroded contact surface. Overall the analysis shows the presence of O, F, Si, S, 
Cl, K, and alloying elements of substrate material (Ni, Fe, and Cr), which was also found incorporated in the corrosion products. Au top 
layer was not detected since the EDS analysis was performed locally on the contaminants and corrosion products present at the contact 
surface. The presence of K is mostly due to the release of KOH from the ZAB, while fluorine is suspected to be from the degradation of 
fluoropolymer conformal coatings, which are used to protect the hand soldering of the battery contacts (Fig. 7b). Fluoropolymers have 
been known to show deterioration in their chemical and mechanical properties in the presence of alkaline conditions such as KOH (pH 
> 10) [60]. This can cause elemental F to release from a fluoropolymer that can react and degrade the metal contacts. Chloride and 
sulfur are suspected to be from external sources such as body fluids and external contamination. Chloride ions are known to ingress into 
the oxide layer and make the structure porous, causing aggressive conditions for localized pitting corrosion attack, whereas Sulphur 
can lead to pitting as well as creep corrosion of the ENIG plated gold contacts [61,62]. In addition, elements such as Si can be present as 
silicates in the form of dust particles inside the device [63]. 

Release of KOH from the battery can produce high pH around the contact area resulting in its corrosion. Additionally, in case the 
water film connects between two terminals of the battery, the electrochemical redox process of water can create acidic pH around the 
positive terminal and alkaline pH close to the negative terminal. The presence of these ions together with chloride and other ions can 
cause corrosion and corrosion products seen on the contact surface. The corrosion of battery contact can cause an increase in their 
contact resistance and can interrupt the power supply to the device. Also, the corrosion products, residues, and salts of Cl are known to 
have hygroscopic nature and therefore can exhibit deliquescence at lower relative humidity. The presence of them inside the HA device 

Fig. 7. Backscatter electron image showing (a): Delamination of the gold layer with severe localized corrosion of underplate Ni layer, and (b): 
Degradation of fluoropolymer conformal coating at the leg of electrical contact. 
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can cause rapid absorption of moisture from the environment at a lower rRH levels and can affect the device corrosion reliability by 
increasing the conductivity of the formed electrolyte [4,64,65]. The desorption process for removing water from these corrosion 
products and residues may take place upon decreasing the ambient relative humidity level below the deliquescence, or the complete 
removal may not be possible due to their water retention capability [66]. 

3.3.2. FPCB & hand soldering areas 
The hand soldering on the FPCB shown in Fig. 8 displayed delamination of fluorine based conformal coating and severe localized 

corrosion attack of the exposed hand solder alloy. The corrosion products appear to connect the solder terminals. The EDS analysis of 
corrosion products (see Table 3) found on corroded hand soldering areas and the FPCB consist of high weight % of C, O, K, and Sn, 
together with traces of Cl. In addition to Sn from the SAC solder alloy, Ni, Cu & Ag were detected during the analysis, which are the 
alloying elements in the solder alloy and might have formed corrosion products depending on the generated surface potential and pH 
condition. To get a better overview of the possible corrosion product types, EDS elemental mapping of the corrosion products found on 
FPCB in Fig. 8b was performed and is shown in Fig. 9. Only the elements of interest are presented in the analysis. The bright appearing 
surface in BSED mode corresponds to Sn, which follows the distribution of O and Cl, suggesting the presence of several types of 
corrosion product such as SnO, SnO2, SnCl2 SnCl4 and SnOCl2 [41,55,67]. An elemental map of K is shown to follow O and Sn dis-
tribution, indicating that the corrosion of SAC alloy might have occurred due to KOH electrolyte from the ZAB. The presence of KOH 
electrolyte and chloride can attack the protective layer on the solder alloys leading to a higher corrosion rate [55,68]. 

The delamination of the fluorine conformal coating and subsequent corrosion attack of SAC solder alloy was the major failure cause 
for hand solderings. SEM images shown in Fig. 10 illustrate the delamination process of conformal coating and localized corrosion of 
the exposed solder alloy. The severity of corrosion attack and coating delamination appear extreme for the battery contact solder joints 
(Fig. 10 (a and b)). Initial cracks in the coating could have developed due to the battery contact movement when each time the battery 
cell is inserted in and out. The moisture together with human sweat and KOH electrolyte can easily diffuse through these cracks to gain 

Table 2 
EDS elemental comparison of various features observed on the battery contact surface.   

Fig. C O F Si S Cl K Cr Fe Ni 

Contamination 6 (c)  50.50  21.4  6.4  2.1   2.3  15.5   0.6  1.7 
Corrosion Products 6 (d)  37.77  28.02  2.52  1.88  0.23  2.20  10.20  1.41  13.84  1.93  

Fig. 8. Backscatter electron diffraction (BSED) images showing (a): Corrosion of battery contact soldering, (b): Corrosion products on FPCB, (c): 
Corrosion of microphone soldering, and (d): Corrosion of W-link coil soldering. 
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access to the underneath solder alloy, thereby causing localized corrosion attack. The corrosion products can then expand under the 
conformal coating with time and exert enough pressure to cause delamination of the entire coating layer. An important observation is 
presented by comparing Fig. 10, image (a) with (b), that shows the Au plated contact legs were not always protected with conformal 
coating. It can lead to galvanic coupling and can accelerate the corrosion of less noble hand solder alloy. The devices with such issues 
were the early field failures returned as a result of failed battery contacts. 

Another possible cause for the delamination of conformal coating could be the presence of flux residues around the solder joints 
from the soldering process. The use of a high amount of flux during hand soldering is a general practice and is skill dependent for 
making fast and easy soldering [69]. It is difficult to remove all flux residues in the post-cleaning process [70]. These flux residues can 
reduce the coating adhesion and can create voids between the solder joint surface and conformal coating into which moisture and 
another corrosive electrolyte can diffuse to cause corrosion failures [71]. In addition, the flux residues are known to cause other 
failures of electronic components such as electrochemical migration and high leakage current failures [3,4,12]. 

3.3.3. lED 
The LOM images of the corroded LEDs from the field failed HA’s are shown in Fig. 11. High volume of Blue-white corrosion 

products can be seen at the soldering terminals and all around the LED. These corrosion products are present as a bridge between the 
two terminals. Several SEM images of these corroded LED is shown in Fig. 12, which provide a better representation of these 
observations. 

Similar mud crack morphology that was earlier found on corroded hand soldering areas was observed from the corrosion product 
found on LED, suggesting the involvement of similar elements in the corrosion process. The EDS analysis (not shown) showed that it 
consists of similar elements like Sn, Cu, O, K, and Cl as previously found on the corroded hand solderings. Previous studies have 
reported that the corrosion of Sn and Cu in the presence of Cl− and OH− can produce corrosion products of white, and blue-green color. 

3.3.4. W-link coil 
Fig. 13a shows the surface of the W-link coil with the presence of corrosion products and possible contamination between the wire 

windings. The capillary gaps created by the windings can attract corrosive media. EDS analysis of the bright appearing corrosion 
products showed high amounts of K, O, Sn and traces of Cu (not shown). The source of these corrosion products might be from the 
corrosion of hand solderings (SAC solder alloy) in the presence of KOH electrolyte. The miniaturized HA design will allow moisture and 
sweat to cover both the interior and exterior surfaces of the device. As a result, the corrosion ions can travel through the generated 
liquid electrolyte and deposit on the coil. W-link coils are susceptible to the presence of moisture layer and contaminations on its 
surface as it can lead to changes in its dielectric properties resulting in the detuning of the coil [72]. This can permanently shut down 
the communication between the HA pair. 

Another mechanism of W-link coil failure can be attributed to the breakage of its soldered wire on the FPCB solder joint due to the 
corrosion of hand solder alloy and copper wire. This will cause immediate failure of the coil. It was earlier discussed that the corrosion 
of hand solder alloy has produced brittle mud crack type of corrosion products that are known to jeopardize the mechanical strength of 
the solder joint and eventually cause its fracture. Fig. 13b shows the corrosion of the W-link copper wire at the solder junction, and the 
image represents similar failures of W-link coils found in other failed devices. 

3.3.5. Volume and Prog. switch 
Fig. 14 (c and d) shows the images of the corroded silver-plated contacts of a HA switch. A high amount of corrosion products were 

found on both the positive contact terminals, while no corrosion is seen on the middle negative contact terminal (Fig. 14a). 

Table 3 
EDS elemental composition of corrosion products observed at different hand soldering area.  

Corrosion products Fig. 8 C O Si Cl K Ni Cu Ag Sn F Na 

Electrical contacts soldering (a)  10.62  33.2  0.21  2.06  10.28  1.65  1.67  0.61  35.58  4.14  
Microphone soldering’s (c)  18.71  26.81  0.99  1.32  8.90  0.47  1.71  2.01  30.61  8.26  0.2 
W-link coil soldering’s (d)  15.75  27.78  0.25  1.12  13.24  0.73  1.17   36.36  3.6   

Fig. 9. BSED electron image and EDS elemental maps of the corrosion products present on FPCB as shown in Fig. 8 (b).  
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Delamination and flaking of silver plating were observed, exposing the underlying substrate material. EDS elemental mapping of the 
corrosion products (Fig. 15) show the presence of the high amount of Ag, which follows the distribution of Cl and K, suggesting the 
possible formation of AgCl [73]. In addition Sn–O based corrosion products along with traces of possible types of Cu and Ni oxides 
were found present on the positive terminal. The distribution of Ni and Cu follows each other and is attributed to the corrosion of the 
exposed Ni–Cu-based substrate alloy of the terminals. Sn–O-based corrosion products are possible from the corrosion of the hand 
soldering areas mentioned before. The corrosion product build-up can cause an increase in the contact resistance of the terminals and 
will eventually led to the failure of the switches. Moreover, the dendritic structure produced by the ECM process was found extending 

Fig. 10. BSED electron images showing: (a): Galvanic corrosion of contacts soldering, (b): Conformal coating delamination, (c) Localized corrosion 
of contacts soldering and (d): Localized corrosion of microphone solderings. 

Fig. 11. Light optical microscope images of the corroded LED from the field failed HA’s.  
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from the negative terminal towards its adjacent terminal, creating the electric short failure of the switch. Fig. 14b shows the 
morphology of these dendrites, and EDS analysis (not shown) showed that it consists of Ag with 1–3 wt% of Cu. 

Usually, these switches are well protected with hard underfill epoxy, which is known to seal the switch interior from any outside 
contamination. Yet severe corrosion was observed inside the switches. The Teflon covering on the top of the switch shown in Fig. 16 
seem to have degraded and had developed cracks on its surface due to its possible exposure to KOH electrolyte. The probable high path 
for the electrolyte to enter inside the switch could be through these cracks found on the Teflon surface. 

3.3.6. Thick-film (TF) circuit 
The LOM images of the Thick Film circuit (TF-circuit) from the field failed HA’s are shown in Fig. 17. Pictures show ECM between 

Fig. 12. BSED SEM images of corroded LED from the field failed HA’s.  

Fig. 13. BSED electron images of W-link coil showing (a): Presence of corrosion products between the coil windings and (b): Corrosion of soldered 
coil wire. 
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Fig. 14. BSED electron images of switch inside showing, (a): Overview of the contact terminals, (b): Silver whisker morphology, (c & d): Corrosion 
of silver plated contact terminals. 

Fig. 15. EDS elemental maps of the corrosion products found on switch contact terminal.  
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electronic components and corrosion. The morphology of the corrosion products found on different components of the TF circuit is 
shown in Fig. 18. Severe corrosion of solder balls with mud-crack corrosion morphology was observed. The corrosion products can be 
seen present all over the circuit surface, in between the solder balls, and on the surface of SMT components. 

EDS elemental mapping shown in Fig. 19 was carried out on the corrosion product between the solder balls of the circuit to get a 
better overview of corrosion product distribution. Corrosion products consisted of K, Sn, O along with traces of Cu and Ni. The dis-
tribution of O follows the distribution of Sn, and K, indicating the presence of potential Sn-O phase corrosion products and KOH 
residues similar to that described earlier in connection with hand soldering areas. No dendritic structure morphology corresponding to 
ECM was observed between the components during SEM analysis while it was seen in optical macrographs (Fig. 17). However, the ECM 
dendrites may be buried under the voluminous corrosion products and/or under the conformal coating sticking to the surface of the TF 
circuit. 

The cross-section images of the TF circuit shown in Fig. 20d revealed microscopic cracks in the Si-based conformal coating and 
could potentially be the major failure cause for the corrosion of the circuit. Along with these cracks, small capillary gaps were found 
between the plastic block (components mounting block) and TF substrate (Fig. 20a). These cracks and capillary crevices can possibly 
allow moisture with dissolved sweat and KOH contaminants to creep in, forming channels for corrosive media to reach the electronics 
of the circuit. As a result, aggressive conditions for localized corrosion attack might be generated due to local changes in electrolyte pH 
and thus creating corrosive conditions. Corrosion of TF circuit, particularly in the form of ECM, can cause permanent failures to other 
HA components and can increase the current consumption rate of the device 

3.3.7. Microphones 
Fig. 21 shows the corrosion of different components of the microphone, such as the sound inlet grid, membrane plate, and elec-

tronic circuit. These images represent the general failure of microphone components on all the failed devices from the field. The first 
component that comes in contact with the corrosive media is the sound-inlet grid. It was found severely corroded and had formed blue- 
green corrosion products shown previously in Fig. 14. The micrograph shows that it consists of mud crack morphology. The EDS 
analysis (not shown) of the corrosion products revealed that it consists of high amount of Ni (21 wt%), O, and K along with other 
elements such as Fe, Cu, and Cr from the substrate material. The nickel plating of the sound-inlet grid can corrode severely in the 
presence of KOH electrolyte and have reported to produce NiO & Ni(OH)2 corrosion products [74]. 

The EDS elemental analysis shown in Fig. 22 show traces of residues, contamination, and corrosion products on the surface 

Fig. 16. Secondary electron SEM images showing cracks in Teflon cover on the switch.  

Fig. 17. Light optical microscope images showing corrosion of the electronic components mounted on the TF circuit.  
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Fig. 18. BSED electron images of TF circuit showing, (a): Solder ball corrosion, (b): morphology of corrosion products, (c): Corrosion overview of TF 
circuit, & (d): Corrosion product on a single component. 

Fig. 19. BSED electron image and EDS elemental maps of corrosion products found between solder balls on TF circuit as shown in Fig. 18(b).  
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membrane plate (Fig. 21b). The distribution of K follows the distribution of O, suggesting the possibility of KOH residues presence. In 
addition, Ni–O and Cu–O-based corrosion products were found on the membrane surface, which can possibly from the corrosion of 
the sound inlet grid and from the corrosion of hand solderings. The corrosion products of SAC solder alloy from hand solderings and 
residues of KOH can easily get dissolved in the present human sweat and moisture layer inside the device, which connects and bridges 
other components. The mobility of ions such as Cl− and OH− towards microphone membrane plate can increase under the influence of 
high electric field created by the availability of high electric charge on the membrane plate and therefore can preferentially deposit on 
its surface. 

Fig. 21c show the corrosion of microphone electronic circuit. The solder legs of the capacitors were found corroded. The corrosion 
morphology shows the presence of growing dendrites and crystals. The EDS analysis (not shown) of the corrosion products found on 
the surface of the electric component showed that it consist of Sn, O, and high amount of Cl (9 wt%), suggesting the possibility of 
similar type of corrosion products found previously on hand solderings and TF-circuit components. The presence of such a high amount 
of Cl salts suggests that microphones are more vulnerable to corrosion attack due to human sweat. This again points out to the presence 
of a high electric charge on the membrane plate as a cause for its increase in corrosion attack. 

3.4. Statistical failure analysis of failure data 

In total, 30 field failed HA devices from tropical market were analyzed for their root cause failure analysis. The failure data based on 
the root cause failure analysis and lifetime assessment of the field failed devices was generated and analyzed for statistical failure 
analysis. Fig. 23 shows the percentage distribution of HA components that has undergone corrosion during application. The failure 
distribution is divided into “failed” and “prone” categories based on the device performance test and root cause failure analysis. The 
failed components were reported nonfunctional after the device performance test (DPT). The prone to failure components did not show 
any functionality issues but showed some degree of corrosion or presence of salt spray and KOH residues during SEM-EDS analysis. 
Hence, the assumption is that the “prone” components can show failure over a period of time if they are continued to be operated in the 

Fig. 20. BSED electron images of TF cross-section showing (a) Capillary gaps between the TF circuit and the plastic block it is mounted, (b, c): 
Corrosion products creeping out of the circuit, and (d) Cracks in Si based conformal coating applied on the TF circuit. 
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field. 
As shown in Fig. 23, 100% failure risk (Prone + failed types) exists for Thick Film (TF) circuits, battery contact solderings, W-link 

coil solderings, battery contacts, FPCB, and LED. The high failure risk for these components is because of their close placement to the 
battery cell compartment. Leakage of KOH electrolyte from the battery was the primary failure cause for the corrosion of the 
mentioned components as described earlier. Whereas, failure of the conformal coating was found to be the main reason for the high 
failure percentage for components such as hand solderings, and TF-circuit. 

The components that showed a lower risk of failure are due to a suitable corrosion protection method for those components. For 
example, the Teflon covering on the switch was able to stop chemical degradation from the KOH electrolyte to an extent. Only in 
instances of excessive battery leakage showed delamination and cracking. The Prog. switch showed the lowest failure percentage 
because it is placed far away from the battery cell compartment and close to capillary gaps created between the W-link coil and the 
plastic block. Therefore, even during extreme battery leakage, the excess of dissolved KOH residues were attracted by these capillary 
prone areas, preventing the Teflon protection of the Prog. switch from the chemical attack and thereby avoiding subsequent corrosion 
of switch terminals. 

Although the risk of failure might be high for some components, it does not mean they have a high failed percentage. The “failure/ 
risk to failure” for all components, as presented in Fig. 24, shows the sensitivity of the component to failure when they are in the 

Fig. 21. BSED electron images of the microphone inside showing (a) corrosion of sound inlet grid, (b) corrosion products & contamination on 
membrane plate, (c) corrosion of electric components of the microphone electric circuit. 
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Fig. 22. EDS elemental mapping of corrosion products and contamination found of microphone membrane plate.  

Fig. 23. Distribution of HA components into failed and prone type (total device analysed = 30 HA’s).  
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category of prone to failure. The highest percentage of reported dead components from the DPT were microphones, LED, and W-link 
coil. Microphones are designed to capture surrounding sound and therefore have wide openings for the sound to travel inside the 
microphone. As a result, any atmospheric and human sweat contamination can easily enter the microphone, making them more 
vulnerable to corrosion attack. In addition, the presence of high charge on the surface of the membrane accelerates their corrosion 
failures. 

Table 4 provides a comprehensive list of parts within a HA that can fail or degrade, the potential causes of the failure, and its 
observed effects. For each component, the percentage distribution of HA’s with a specific contaminant is shown as a pie chart. These 
pie charts determine the probability of contaminant presence on a particular component and will help to establish what percentage of 
failure risk can be reduced by protecting the material from that particular contamination. This will also help to understand the major 
failure issues for each component and changing the design criteria of HA components and their assembly if required. The contaminant 
KOH is arising from the electrolyte leakage from the battery, while the Cl, S contaminants in the form of ions can most probably come 
from human perspiration. 

Overall the possible key failure mechanisms for different components of a field failed HA are: (i) galvanic corrosion of battery 
terminals due to high gold porosity and fretting wear of gold layer, (ii) corrosion of TF-circuit components and hand solderings due to 
the failure of conformal coatings, and (iv) deposition of corrosion products and residues on microphones membrane plate. 

As evident from the pie charts, most of the components have KOH along with S, Cl, or S & Cl ions, which suggests that along with 
battery leakage, human perspiration is an essential factor in corrosion failure. The number of samples found with just KOH on the TF 
circuit is a bit higher than others. This is because the amount of corrosion on the TF circuit was quite significant and might have 
covered the underlying Cl and S contaminations. On the other hand, all the samples had either S and/or Cl contaminant on the W-link 
coil, volume, and program switches along with KOH. As per HA design, these components lie towards the bottom part of the device 
when it is used by the user, which makes them more vulnerable to human sweat (gravitational effect). The capillary gaps on the W-link 
coil force hold the sweat ions between them and thus found to have high percentage of Cl and S ions. In the case of switches, the 
removal of Teflon coating had exposed the Ag plated contacts to moisture and sweat. Ag is known to attract Cl ions towards it, and thus 
high sample volume was observed with Cl ion contamination. 

A lifetime performance chart of the failed HAs from topical regions is shown in Fig. 25, providing a more detailed overview of how 
failures in a HA develop over time. Note that the failure date for all the devices was the day they were received for failure analysis from 
the service center. Therefore, the failure date is the same for all the devices, i.e., January 2018 (the service center provides the failed 

Fig. 24. Failure probability distribution of different HA components (total device analysed = 30 HA’s).  
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Table 4 
Failure cause and effect table.  

Components Observed Effect Potential Failure Cause Percentage distribution of HA’s with specific contaminant 

Battery Contact Increase contact resistance, loss of contact 
force, high power consumption 

Leakage of HA battery, human perspiration, and atmospheric 
contamination 

High power consumption, increase contact 
resistance 

Friction, vibrations, and mechanical movement 

FPCB & Hand 
Soldering’s 

High power consumption, intermittent device 
failure, and solder joint fall off 

human perspiration, humidity, temperature, and leakage of HA 
battery 

Intermittent electric short, high power 
consumption 

poor adhesion between the copper layers, human perspiration, 
moisture ingress, temperature, and leakage of HA battery 

TF Circuit High power consumption, intermittent failure Flux residues, Moisture ingress, human perspiration, and leakage of 
HA battery 

(continued on next page) 
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Table 4 (continued ) 

Components Observed Effect Potential Failure Cause Percentage distribution of HA’s with specific contaminant 

W-link Coil No communication between the HA pair Moisture ingress, human perspiration, and leakage of HA battery 

Microphones Distorted or no sound High humidity, human perspiration, ear wax, and leakage of HA 
battery 

Mic-1: 

Mic-2: 

(continued on next page) 
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Table 4 (continued ) 

Components Observed Effect Potential Failure Cause Percentage distribution of HA’s with specific contaminant 

Volume & Prog. 
Switch 

No response from the switch Hand solder flux, leakage of HA battery Vol ¡: 

Vol þ: 

Prog: 

(continued on next page) 
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devices for failure analysis w
ithin a m

onth). Fig. 25 show
s the 

cum
ulative failure percentage of various hearing aid com

po-
nents developed over a period of tim

e that the device has been 
in the region. A

lso, the m
onth in w

hich the devices w
ere sold in 

the m
arket is show

n. The chart follow
s an “S shape” curve for 

all H
A

 com
ponents w

ith a gradual linear increase in com
po-

nent failures betw
een 6 and 9 m

onths, follow
ed by a steep rise 

in failure percentage betw
een 9 and 12 m

onths and alm
ost no 

increase in failure percentage betw
een 12 and 15 m

onths. The 
steep rise in the failure percentage of various com

ponents in a 
H

A
 betw

een 9 and 12 m
onths is because these H

A
’s w

ere 
subjected to change in season to sum

m
er during these m

onths. 
The sum

m
er m

onth in tropical regions can cause high perspi-
ration rate am

ong hum
an beings along w

ith adverse hum
id 

conditions, w
hich can increase the rate of KO

H
 leakage from

 
ZA

B inside H
A

 devices and thus cause high device failure rate. 

4.
Conclusion 

This paper identifies the degradation and failure m
echa-

nism
s of different com

ponents of a H
A

 instrum
ent and is 

correlated to statistical failure analysis to reveal failure per-
centage, failure probability, and rate of device degradation.  

•
M

icrophones show
ed the highest percentage failure am

ong 
the failed com

ponents and the highest probability of failure 
in the tropical regions. The prim

ary failure cause w
as the 

dysfunction of the m
em

brane plate due to the deposition of 
corrosion 

products/contam
inants 

and 
corrosion 

of 
its 

electrical com
ponents. A

pplication of suitable conform
al 

coating is necessary in order to protect the m
icrophone’s 

electrical com
ponents from

 corrosion. 
•

O
ther com

ponents such as hand solderings, battery con-
tacts, and TF-circuit show

ed high percentage failure and 
w

ere found to be caused by the failure of conform
al coat-

ings. A
s a result, severe localized corrosion of electronic 

com
ponents and hand solderings w

ere observed in all the 
failed devices. The internal factor that can lead to the 
delam

ination of conform
al coating is the presence of high 

solder flux residues around the hand solder, w
hich can 

interfere w
ith the adhesion of the coating. This issue can be 

avoided or m
inim

ized if a suitable post cleaning process is 
adopted by the hearing aid m

anufacturer to rem
ove any 

process 
related 

contam
ination 

from
 

its 
circuitry 

com
ponents.  

•
The capillary gaps created by the W

-link coil w
indings 

resulted in the entrapm
ent of corrosion and salt residues, 

w
hich resulted in the alteration of its dielectric properties 

and thus affected their w
orking functionality. The coil 

w
indings can be covered w

ith additional lacquer protection 
to sm

oothen and flatten out the surface of the w
indings.  

•
Battery contacts show

ed severe galvanic corrosion at the 
contact zone and delam

ination of A
u layer. The corrosion 

w
as due to the high porosity in gold layer and due to its 

w
ear because of sliding m

otion of battery. The galvanic 
corrosion can be avoided either by increasing the thickness 
of the gold, w

hich m
ight not be an econom

ical solution for 
the m

anufacturer or by using different interlayers below
 A

u 
that w

ill avoid any galvanic coupling. A
n exam

ple of such 
an interlayer is SnN

i as replacem
ent for N

i interm
ediate 

Table 4 (continued ) 

Components Observed Effect Potential Failure Cause Percentage distribution of HA’s with specific contaminant 

LED No response from the LED Leakage of HA battery 
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layer, which have shown much better corrosion performance as compared to conventional ENIG plating.  
• Corrosion failure of various HA components was increased during the summer season because of an increase in human perspiration 

rate and leakage of KOH electrolyte from the battery due harsh climatic conditions. 
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[16] M. Duffy, L. Floyd, P. McCloskey, C.Ó. Mathúna, K. Tellefsen, M. Liberatore, A. Sreeram, RF characterisation of no-clean solder flux residues. Proc. SPIE - Int. 
Soc. Opt. Eng., 2001. 

[17] J.D. Sinclair, L.A. Psota-Kelty, C.J. Weschler, H.C. Shields, Measurement and modeling of airbone concentrations and indoor surface accumulation rates of ionic 
substances at Neenah, Wisconsin, Atmos. Environ. Part A, Gen. Top. 24 (3) (1990) 627–638, https://doi.org/10.1016/0960-1686(90)90018-I. 

[18] A. Litvak, Hygroscopic fine mode particle deposition on electronic circuits and resulting degradation of circuit performance: an experimental study, Indoor Air. 
(2000), https://doi.org/10.1034/j.1600-0668.2000.010001047.x. 

[19] P.-E. Tegehall, Impact of humidity and contamination on surface insulation resistance and electrochemical migration, in: ELFNET B. Fail. Mech. Test. Methods, 
Qual. Issues Lead-Free Solder Interconnects, 2011. https://doi.org/10.1007/978-0-85729-236-0_10. 

[20] C. Schimpf, K. Feldmann, C. Matzner, A. Steinke, Failure of electronic devices due to condensation, Microsyst. Technol. 15 (1) (2009) 123–127, https://doi.org/ 
10.1007/s00542-008-0643-y. 

[21] D. Minzari, M.S. Jellesen, P. Møller, R. Ambat, Morphological study of silver corrosion in highly aggressive sulfur environments, Eng. Fail. Anal. 18 (8) (2011) 
2126–2136, https://doi.org/10.1016/j.engfailanal.2011.07.003. 

[22] M.G. Perrone, B.R. Larsen, L. Ferrero, G. Sangiorgi, G. De Gennaro, R. Udisti, R. Zangrando, A. Gambaro, E. Bolzacchini, Sources of high PM2.5 concentrations in 
Milan, Northern Italy: molecular marker data and CMB modelling, Sci. Total Environ. 414 (2012) 343–355, https://doi.org/10.1016/j.scitotenv.2011.11.026. 

[23] M. Tencer, J.S. Moss, Humidity management of outdoor electronic equipment: Methods, pitfalls, and recommendations, IEEE Trans. Components Packag. 
Technol. 25 (2002) 66–72, https://doi.org/10.1109/6144.991177. 

[24] R. Ambat, S.G. Jensen, P. Møller, Corrosion Reliability of Electronic Systems, in: ECS Trans., 2008, pp. 17–28. https://doi.org/10.1149/1.2900650. 
[25] M. Ohring, Degradation of Contacts and Package Interconnections, in: Reliab. Fail. Electron. Mater. Devices, 1998. https://doi.org/10.1016/b978-012524985- 

0/50010-6. 
[26] R.B. Waterhouse, D.E. Taylor, Fretting debris and the delamination theory of wear, Wear 29 (3) (1974) 337–344, https://doi.org/10.1016/0043-1648(74) 

90019-2. 
[27] A. Islam, H.N. Hansen, F. Risager, P.T. Tang, Experimental investigation on corrosion properties of LDS MID for hearing aid applications, in: Annu. Tech. Conf. – 

ANTEC, Conf. Proc., 2014, pp. 770–774. http://www.scopus.com/inward/record.url?eid=2-s2.0-84938070409&partnerID=tZOtx3y1. 
[28] Jose Romero, Michael H. Azarian, Carlos Morillo, Michael Pecht, Effects of moisture and temperature on membrane switches in laptop keyboards, IEEE Trans. 

Device Mater. Reliab. 18 (4) (2018) 535–545, https://doi.org/10.1109/TDMR.2018.2866776. 
[29] Rajan Ambat, Per Møller, Corrosion investigation of material combinations in a mobile phone dome-key pad system, Corros. Sci. 49 (7) (2007) 2866–2879, 

https://doi.org/10.1016/j.corsci.2006.12.013. 
[30] V.C. Gudla, R. Ambat, Corrosion failure analysis of hearing aid battery-spring contacts, Eng. Fail. Anal. 79 (2017) 980–987, https://doi.org/10.1016/j. 

engfailanal.2017.05.045. 
[31] B. Valdez, M. Schorr, G. Lopez, M. Carrillo, R. Zlatev, M. Stoycheva, J. de D. Ocampo Diaz, L. Vargas, J. Terrazas, H2S Pollution and Its Effect on Corrosion of 

Electronic Components, in: Air Qual. – New Perspect., 2012. https://doi.org/10.5772/39247. 
[32] C. Hillman, J. Arnold, S. Binfield, J. Seppi, Silver and sulfur: case studies, physics, and possible solutions. STMA Int. Conf., 2007. 
[33] R.B. Comizzoli, R.P. Frankenthal, P.C. Milner, J.D. Sinclair, Corrosion of electronic materials and devices, Science 234 (4774) (1986) 340–345, https://doi.org/ 

10.1126/science:234.4774.340. 
[34] M. Pecht, A. Dasgupta, Physics-of-failure: an approach to reliable product development, in: IEEE 1995 Int. Integr. Reliab. Work. Final Rep., 1995, pp. 1–4, 

https://doi.org/10.1109/IRWS.1995.493566. 
[35] P.V. Varde, Physics-of-failure based approach for predicting life and reliability of electronics components, Barc Newsl. (2010) 38–46. 
[36] Huai Wang, Marco Liserre, Frede Blaabjerg, Peter de Place Rimmen, John B. Jacobsen, Thorkild Kvisgaard, Jorn Landkildehus, Transitioning to physics-of- 

failure as a reliability driver in power electronics, IEEE J. Emerg. Sel. Top. Power Electron. 2 (1) (2014) 97–114, https://doi.org/10.1109/ 
JESTPE.2013.2290282. 

[37] Tamara M. Andrade, Marins Danczuk, Fauze J. Anaissi, Effect of precipitating agents on the structural, morphological, and colorimetric characteristics of nickel 
hydroxide particles, Colloids Interface Sci. Commun. 23 (2018) 6–13, https://doi.org/10.1016/j.colcom.2018.01.003. 

[38] C. Leygraf, I.O. Wallinder, J. Tidblad, T. Graedel, Atmospheric Corrosion, second ed., 2016. https://doi.org/10.1002/9781118762134. 
[39] Wilder D. Bancroft, Harris White Rogers, The colors of the copper salts, J. Phys. Chem. 37 (8) (1933) 1061–1073, https://doi.org/10.1021/j150350a010. 
[40] K. Trentelman, L. Stodulski, D. Scott, M. Back, S. Stock, D. Strahan, A.R. Drews, A. O’Neill, W.H. Weber, A.E. Chen, S.J. Garrett, The characterization of a new 

pale blue corrosion product found on copper alloy artifacts, Stud. Conserv. 47 (4) (2002) 217–227, https://doi.org/10.1179/sic.2002.47.4.217. 
[41] Silvia Farina, Carina Morando, Comparative corrosion behaviour of different Sn-based solder alloys, J. Mater. Sci.: Mater. Electron. 26 (1) (2015) 464–471, 

https://doi.org/10.1007/s10854-014-2422-0. 
[42] Udit Surya Mohanty, Kwang-Lung Lin, Corrosion behavior of Pb-free Sn-1Ag-0.5Cu-XNi solder alloys in 3.5% NaCl solution, J. Electron. Mater. 42 (4) (2013) 

628–638, https://doi.org/10.1007/s11664-012-2452-4. 
[43] Jing Fu, Zachary Paul Cano, Moon Gyu Park, Aiping Yu, Michael Fowler, Zhongwei Chen, Electrically rechargeable zinc-air batteries: progress, challenges, and 

perspectives, Adv. Mater. 29 (7) (2017) 1604685, https://doi.org/10.1002/adma.201604685. 
[44] D. Sieminski, Primary zinc-air for portable electronic consumer products, Proc. Annu. Batter. Conf. Appl. Adv. (2000), https://doi.org/10.1109/ 

BCAA.2000.838390. 
[45] Mathew Aneke, Meihong Wang, Energy storage technologies and real life applications – a state of the art review, Appl. Energy 179 (2016) 350–377, https://doi. 

org/10.1016/j.apenergy.2016.06.097. 
[46] C. Chakkaravarthy, A.K.A. Waheed, H.V.K. Udupa, Zinc-air alkaline batteries – a review, J. Power Sources 6 (3) (1981) 203–228, https://doi.org/10.1016/ 

0378-7753(81)80027-4. 
[47] K. Harting, U. Kunz, T. Turek, Zinc-air batteries: prospects and challenges for future improvement, Zeitschrift Fur Phys. Chemie. 226 (2012), https://doi.org/ 

10.1524/zpch.2012.0152. 
[48] P. Chen, K. Zhang, D. Tang, W. Liu, F. Meng, Q. Huang, J. Liu, Recent progress in electrolytes for Zn–Air batteries, Front. Chem. 8 (2020), https://doi.org/ 

10.3389/fchem.2020.00372. 
[49] J. Balej, Water vapour partial pressures and water activities in potassium and sodium hydroxide solutions over wide concentration and temperature ranges, Int. 

J. Hydrogen Energy 10 (4) (1985) 233–243, https://doi.org/10.1016/0360-3199(85)90093-X. 
[50] Y. Xu, X. Xu, G. Li, Z. Zhang, G. Hu, Y. Zheng, Experimental research of liquid infiltration and leakage in zinc air battery, Int. J. Electrochem. Sci. (2013). 
[51] Ehsan Faegh, Travis Omasta, Matthew Hull, Sean Ferrin, Sujan Shrestha, Jeremy Lechman, Dan Bolintineanu, Michael Zuraw, William E. Mustain, 

Understanding the dynamics of primary Zn-MnO 2 alkaline battery gassing with operando visualization and pressure cells, J. Electrochem. Soc. 165 (11) (2018) 
A2528–A2535, https://doi.org/10.1149/2.0321811jes. 

[52] L. Lei, Y. Sun, X. Wang, Y. Jiang, J. Li, Strategies to enhance corrosion resistance of Zn electrodes for next generation batteries, Front. Mater. 7 (2020), https:// 
doi.org/10.3389/fmats.2020.00096. 
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