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RELIABILITY ANALYSIS OF ELECTRONIC BOARDS: ANALYZING OF 

FILED RETURN DATA AND THE IMPACT OF VARISTOR 

DEGRADATION 

SUMMARY 

The rapid developments in electronics, especially in the last decade, have initiated the 

inception of electronics reliability. Manufacturers such as public utilities like white 

appliances, the airline and the military are conscious of the costs of unreliability. They 

usually suffer high costs of failure under warranty. Field return data or warranty data 

can be used for variety of purposes that include the prediction of future claims, the 

estimation of field reliability, and the identification of opportunities for quality and 

reliability improvement. Filed return data sometimes gives us valued information 

about most failed components during their usage in the field. By examining the cause 

of failure for a specific components reported on the filed return data, designers and 

reliability engineers can have a superior vision about reliability of that component and 

whole system. However, the problem is usually these data are not well recorded. In 

reality, field return data contains errors corresponding to improper, correlated, 

incomplete, and poorly collected data that result in misleading reliability predictions. 

Very few literatures concerning the impact of improper filed return data analyzing and 

consequently prediction of electronic cards reliability. The first part of this study 

presents filtering and modeling based on probabilistic distribution function.  We 

propose a new technique to eliminate improper data, correlated to incomplete and 

poorly collected data, from the whole field return data. In the second step of modeling, 

we use the filtered data to develop our reliability model. Rather than conventionally 

using a single distribution for all service times that does not accurately model the 

substantial changes of the electronic boards reliability performance over time, we use 

different distributions for different service time intervals. In order to determine the 

distributions we propose a technique that deals with forward and backward time 

analysis of the data. 

One of the most field reported data was for varistior and related failures. ZnO varistors 

have been widely used in electrical and electronics systems against overvoltage surges 

for their high nonlinear electrical properties (non-Ohmic current-voltage 

characteristics) and excellent energy handling capabilities. Choosing an appropriate 

varistor plays an important role in system safety and reliability. If ZnO varistors are 

used within their well-defined specifications, degradation due to the environment is 

not likely. ZnO varistors in-use are usually subjected to a long-term AC or DC voltage 

stress and surge which may lead to degradation of the varistors with an increase of the 

varistor clamping voltage Vv. This is called ageing phenomenon and will eventually 

make the varistors degraded and even thermally broken down or destructed. Degraded 

varistors affect system reliability and safety. 

Based on studies on varistor degradation, researchers have argued that the impact of 

varistor degradation in reliability of electronics is following one-failure mechanisms, 

which is dependent on increasing of lekage current or decreasing in Vv parameter. 
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However, due to the lack of experimental results and the complexity of varistor 

structure, the argument decreasing leakage current that results in an increase of Vv, is 

totally disregarded. Very few papers concerning the impact of different degradation of 

varistor can be found in the literature. Further, most of these studies perform a specific 

test on the varistor degradation without considering its relationship with the system 

where the varistor is placed.  

In practice, commercial varistor are used as a sample for degradation in experiments. 

In this research, varistor samples were as same as the real field used application of 

white appliances. Accelerated degradation tests are applied for different AC current 

levels; then voltage values are measured. Different from the common practice in the 

literature that considers a degradation with only decreasing Vv values, we demonstrate 

either an increasing or a decreasing trend in the Vv parameter. The tests show us a 

decreasing trend in Vv for current levels above a certain threshold and an increasing 

trend for current levels below this threshold. We find a threshold value to determine 

the border of moderate and heavy overvoltages.  

We simulated the related circuit in SPICE software for different analysis and different 

overvoltage types. As a conclusion from simulation results, we observed that as a ZnO 

varistor degrading (Vv parameter increasing), the related system capability to handle 

the overvoltage is decreasing. It means that, if we consider a typical overvoltage type 

for a specific environment, the designed circuit maybe stand against this overvoltage, 

but in case of the degradation the failing is possible. 

Considering both of these degradation mechanisms, we present a mathematical 

degradation model. The proposed model exploits physics of the degradations for a 

single grain boundary that is the core structure of ZnO varistors. To validate the 

proposed model, we perform Monte Carlo simulations and the results are compared 

with those obtained from accelerated AC tests. At the end as a summary of this study, 

we introduce a conceptual accelerated AC test methodology to analyze the reliability 

of a new ZnO varistor. 
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ELEKTRONİK  KARTLARIN GÜVENILIRLIĞI: SAHA VERILERININ 

ANALIZI VE VARISTORUN BOZUNMA ETKISI 

ÖZET 

Elektroniğin hızlı gelişmesiyle, özellikle son on yılda, elektronik güvenilirliği önemli 

bir rol taşıyor. Beyaz eşya gibi kamu hizmeti olarak üreticiler, havayolu ve askeri 

güvenilirliğin önemini ve maliyetlerini göz önünde bulundurmalılar. Bunlar genellikle 

garanti kapsamında başarısızlıktan dolayı yüksek maliyetlere maruz kalıyorlar. 

Güvenilirlik analizi sayesinde, ürünü sahaya sürmeden, ürünün hata eğilimleri 

giderilebilir ve böylece gerek garanti masrafları gerekse ürünün ve üreticinin 

piyasadaki itibarı üst seviyelere çıkartılabilir. Saha dönüş verileri veya garanti verileri, 

gelecekteki ürün bozunma tahmini, saha güvenilirlik tahmini, kalite ve güvenilirlik 

iyileştirme amaçları için kullanılabilir.  

Saha dönüş verileri bazen bize alandaki kullanım esnasında en başarısız bileşenler 

hakkında değerli bilgiler verir. Saha verilerin üzerinde bildirilen belirli bileşenler için 

başarısızlık nedenini inceleyerek, tasarımcılar ve güvenilirlik mühendisleri bu bileşen 

ve tüm sistemin güvenilirliği hakkında üstün bir vizyona sahip olabilirler. Ancak, 

sorun genellikle şu ki bu veriler uygun şekilde kayıt edilmemişler. Gerçekte, saha 

dönüş verisi uygunsuz korelasyon, eksik ve kötü toplanan verilere karşılık gelen 

hatalar içeriyor. Böyle hatalar yanlış güvenilirlik tahminine neden olabilir. Yanlış 

dosyalanmış saha dönüş veri analiz etkilerine ilişkin ve dolayısıyla elektronik kart 

güvenilirliği tahmini için, çok az sayıda literatür var. Bu çalışmanın ilk bölümü olasılık 

dağılım fonksiyonu dayalı bir filtreleme ve modelleme metodolojisi sunmaktadır.  

Bu çalışmada tüm saha dönüş verilerinden yanlış, eksik ve kötü toplanan veriler, 

ortadan kaldırmak için yeni bir teknik öneriliyor. İkinci modelleme aşamasında, 

güvenilirlik modelini geliştirmek için filtrelenmiş veriler kullanılıyor. Bu çalışmada , 

geleneksel tüm servis süreleri için tek dağılım kullanmak aksine farklı servis zaman 

aralıkları için farklı dağılımlar kullanılmaktadır. Zira tek dağlım elektronik kartların 

güvenilirlik performansı zaman üzerinde önemli değişiklikleri tüm servis süreleri için 

doğru ve tam olarak modelleyemez. Modelleme kısımında, istenen dağılımı daha 

doğru belirlemek için, bu çalışmada ileri ve geri yönde bir veri analiz yöntemini 

öneriyoruz.  

Bir örnek olay saha dönüş verisinde en çok hata veren ve hataya neden olan 

elemanlardan varistör elemanıdır. ZnO varistörler yüksek doğrusal olmayan elektrik 

özelliğine sahip olmaları ve mükemmel bir enerji işleme yetenekleri için, elektrik ve 

elektronik sistemlerinde aşırı gerilim, dalgalanmaları karşı yaygın olarak 

kullanılmaktadır. Uygun bir varistör seçme sistemin güvenlik ve güvenilirlik 

konularında önemli bir rol oynar. ZnO varistörler, kullanımda, genellikle uzun süreli 

AC veya DC gerilim stresi ve dalgalanmalara tabi tutulur. Bu yüzden varistör Vv 

geriliminin artış ile bozulmasına neden olabilir. Buna yaşlanma olgusu adı verilir ve 

sonunda varistör bozulmuş ve hatta termal kırılmasına veya tahrip olmasına neden 

olur. Bozulmuş varistörler sistem güvenilirliğini ve güvenliğini etkiler.  
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Varistör bozulması çalışmalara dayanarak, araştırmacılar varistör bozulmasının 

elektronik güvenilirliğinde etkisini tek bir arıza mekanizmasını takip ettiğini 

savunuyorlar. Yani bu mekanizma kaçak akımın artışı veya Vv parametresinin 

azalmasına bağlıdır. Ancak, deneysel sonuçların olmaması için ve varistör yapısının 

karmaşıklığı nedeniyle, kaçak akımın azalması yani Vv değerinin artma argümanı 

tamamen göz ardı edilir.  

Varistör farklı bozulma etkilerine ilişkin çok az sayıda bildiri ve literatür 

bulunmaktadır ki bu çalışmaların çoğu varistörün yerleştirildiği sistemi ile ilişkisini 

dikkate almadan, varistör bozulmasını belirli bir test yaparak inceliyorlar. 

Uygulamada, ticari bir ZnO varistör  degradasyon deneylerinde örnek olarak 

kullanılmaktadır.  

Bu araştırmada, varistör örnekleri beyaz eşya elektronik kartları örnek verilerinden 

kullanılmıştır. Hızlandırılmış degradasyon testleri farklı AC akım seviyeleri için 

uygulanır; daha sonra gerilim değerleri ölçülmüştür. Literatürde yaygın bir 

uygulamadan, sadece Vv değerlerini azalan bozunması önemsemekten farklı olarak, 

bu çalışma Vv parametresinde artma ve düşüş eğilimi göstermektedir. Bunun 

nedeniyse, artan bir kaçak akımı olan bozunma mekanizması karşı, düşen kaçak akımı 

varistörün bozulmasına ve patlamasına sebep olmaz. Bu yüzden düşen kaçak akıma 

veya yükselen Vv değerine, artan kaçak akımı veya azalan Vv değeri gibi  önem 

verilmemiştir.  

Bildiğimiz kadarıyla, bu araştırma ZnO varistörinde modelleme ve karakterizasyonu 

üzerine her iki buzunma süreçlerini dikkate alarak ilk çalışmadır. Bozunma faktörü 

tanımlayarak varistör bozunma modeli tarif ediliyor. bozunma faktörü değiştirerek 

aşırı gerilim ne tür sistem tarafından tolere edilebilirliğini gösterilmektedir. Farklı 

bozunma faktörleri için farklı giriş gerilimi şekilleri inceleniyor. Simülasyon sonuçları 

varistör bozunmaya maruz kaldığında, kurulu aynı güç bloğundaki diğer bileşenler için 

ciddi hatalara neden olduğunu göstermektedir. 

Bu çalışmada test süresi ve test cihazları açısından hem de maliyet etkin olduğundan, 

AC hızlandırılmış testleri kullanılmıştır. Hızlandırılmış AC sinyalleri uygulayarak, Vv 

parametresinde artan ve düşen bir eğilim görmekteyiz. Vv parametresi varistörden 

geçen akım seviyelerine bağlıdır.   

Testler, akım seviyeleri belli bir eşiğin üzerinde olduğu zaman Vv de bir düşme eğilimi 

ve bu eşiğin altında olduğu zaman, artan bir eğilimi göstermektedir. Bu çalışmada orta 

ve ağır aşırı gerilimlere sınır belirlemek için bir eşik değeri belirleniyor.  

SPICE yazılımında ilgili devreyi farklı analizleriyle, farklı gerilim türleri için simüle 

ediyoruz.   Simülasyon sonuçlarından Sonuç olarak, ZnO varistör buzundukca (Vv 

parametresinin artması), ilgili sistemin aşırı voltaj işlemek için yeteneği azalıyor. Bu 

yüzden yeni bir aşırı gerilim geldiği zaman sistem her an bozulabilir. 

Sonra AC hızlandırılmış testlerinde gözlenen bozunma süreçlerinin fiziksel temellerini 

araştırıyoruz.Bu bozunma mekanizmalarının her ikisini de göz önünde bulundurarak, 

bu çalışma bir matematiksel bozunma modeli sunuyor. Önerilen model, ZnO 

varistörlerin çekirdek yapısı olan tek bir tane sınırı için bozunma fiziğini inceliyor. 

Sonra, önerilen modeli doğrulamak için, Monte Carlo simülasyonlarını uygulayarak, 

sonuçları hızlandırılmış AC testlerle karşılaştırılıyor.  

Simülasyonların sonuçları hızlandırılmış AC testlerinden elde edilen sonuçlar ile iyi 

maç ediyorlar. matematiksel simülasyon ki her iki mekanizmalarını sergiliyor, ayrıca 

deney sonuçlarının uygulanabilirliğini teyit etmektedir.Bu çalışmanın bir özeti olarak 



xxi 

 

sonunda, kavramsal hızlandırılmış AC test metodolojisini yeni bir ZnO varistörün 

güvenilirliğini analiz yapması için tanıtıyor.   
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1.  INTRODUCTION  

The reliability of electronics has been an active research area with fast development of 

the electronics industry. The reliability of electronics is usually affected by the 

manufacture process and operating environments. The circuit designer commonly has 

little control over the design reliability of the device. For complex electronic systems 

it becomes more complicated to predict the reliability of the system. Manufacturers 

such as public utilities like white appliances, the airline and the military are conscious 

of the costs of unreliability. They usually suffer high costs of failure under warranty.  

Field return data or warranty data can be used for variety of purposes that include the 

prediction of future claims, the estimation of field reliability, and the identification of 

opportunities for quality and reliability improvement (O’Connor and Leyner, 2012).  

Filed return data sometimes gives us valued information about most failed components 

during their usage in the field. By examining the cause of failure for a specific 

components reported on the filed return data, designers and reliability engineers can 

have a superior vision about reliability of that component and whole system (Kleyner 

and Sandborn, P, 2004; Yuan & Kuo Y, 2010). But the problem is usually these data 

are not well recorded. In reality, field return data contains errors corresponding to 

improper, correlated, incomplete, and poorly collected data that result in misleading 

reliability predictions.  

We propose a systematic approach to eliminate errors from field return data. We call 

this process of elimination as “filtering”. In the filtering process, we classify errors 

into two categories: obvious and hidden errors. Obvious errors are the errors that can 

be easily determined with applying one-by-one data check. Changing data orderings 

make this process even faster. Examples for such errors are unknown assembly dates, 

invalid time-to-failure values, and quality related errors. In contrary to the obvious 

errors, hidden errors and their probable sources cannot be directly determined from the 

data. Examples for hidden errors are significant changes in product manufacturing 

process, data loss, and inappropriate data recording in services. Hidden errors are fatal 

and overwhelm obvious errors in terms the number of occurrences. This obligates us 
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to eliminate hidden errors before starting statistical analysis. In this work, we propose 

a new systematic approach to determine and eliminate both obvious and hidden errors. 

After eliminating the errors, now we have “filtered data” that is accurate and ready to 

be used in our statistical modeling. 

In statistical modeling, the hazard rate of an industrial product is an important 

parameter especially for companies which have high volume products in the field. 

Additionally, hazard rate functions can directly be used for warranty forecasting. In 

this study, we mainly construct our model on hazard rate functions. In the literature it 

is well accepted to assume that the hazard rate function of a product shows a bathtub 

characteristic. In general hazard rate models depict an entire bathtub curve as a 

combine of two Weibull distributions for early failure and wear out periods (Dhillon, 

1999; Kececioglu, 2002). Although the models using all regions of the bathtub curve 

are theoretically correct, they are not practically applicable to some industrial product 

groups with relatively long lives (Kleyner and Sandborn, 2004). Electronic boards, 

studied in this work, fall into these product groups. Electronic boards are expected to 

work at least 10–15 years with a warranty period of at most 5 years. This is illustrated 

in Figure 1.1. 

 

Figure 1.1 : A bathtube curve-hazard rate function over time. 

In this study, we propose a model regarding early failure and useful life periods of 

electronic boards. Our model is based on Exponential and Weibull distributions among 

many other distribution options regarding the optimum curve fitting. Rather than 

conventionally using a single distribution for all time-to-failures that does not 

accurately model the substantial changes of the board’s reliability performance over 
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we propose a new technique that deals with forward and backward time analysis of the 

data. In the fitting process we use “rank regression” and “maximum likelihood” 

methods. The data used in this study (filtering and modeling analysis) contains 

assembly and return dates for each warranty call. Warranty period of the board is three 

years. The maintenance policy for electronic boards under this study is to replace the 

board with a new one in any suspected case such as stopping from time to time or 

breaking down entirely in the field. Therefore the analyzed data has no record of 

repaired boards. Throughout our analysis we benefit from Weibull++ by ReliaSoft 

Corporation. 

This thesis presents an experimental study of varistor degradation mechanisms which 

is one of the most failed component of field return data of an electronic board case 

study. In addition, there were numerous amount of varistor related failures. Thus, the 

precise study of varistor failure mechanism is needed. ZnO varistors have been widely 

used in electrical and electronics systems against overvoltage surges for their high 

nonlinear electrical properties (non-Ohmic current-voltage characteristics) and 

excellent energy handling capabilities (Clarke, 1999; Mahmud, 2006; Gupta, 1990). 

There are published results on failures that are caused by one mechanisms (Sato 

,Takada,Takemura and Ototake, 1982). But, among the published results on varistor 

degradation, there is still a lack of experimental study with both mechanisms. For 

example, if there were evidence that varistor from different locations were subjected 

to mild degradation and the variations in the degradation were negligible, then one 

would have confidence that the failure of other part is not related to this kind of 

degradation. But the filed return data and simulation results do not support that.  

The filed return data and varistor samples were collected from a commercial electronic 

card for a white appliance.  First, filed return data were studied precisely. New 

methodology of analyzing of filed return data is presented. Investigating the causes of 

failures in the field return data, we see that more than %30 failures are related to 

overvoltage. The overload response can be classified in two group, respectively heavy 

overload and moderate overload. While the heavy overload directly destroys varistors, 

the moderate one makes it degraded. In our case study, we observe that the degradation 

of the varistor causes failures of other components in the same power block of the 

electronic board. Then due to numerous number of varistor and varistor related failure, 

the varistor degradation mechanisms and failure mechanisms were studied. 
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We describe the process of degradation of varistors and perform experiments on 

varistor degradation and failing mechanisms by applying 8/20 us, 2 ms and accelerated 

AC voltage test methods. By applying accelerated AC voltages, we see either an 

increasing or a decreasing trend in the Vv parameter of varistors that depends on the 

current levels passing through the varistors. The tests show us a continuous and fast 

decreasing trend in the Vv parameter for current levels above a certain threshold and 

a slow increasing trend for current levels below the threshold. When degradation is 

happening, it shifts the I–V characteristic of the varistor above. We can understand 

this phenomena by measuring the Vv parameter of the varistor which is increasing. 

Even varistors used within their well-defined specifications might fail due to 

degradation; ageing phenomenon makes the varistors degraded and even thermally 

broken down or destructed (Brown, 2004). Therefore degradation analysis of varistors 

is crucial. Overwhelming majority of the studies in the literature have reported an 

increasing leakage current and accordingly an increasing varistor clamping voltage 

Vv, manifesting the degradation (Clarke,1999; Eda and Matsuoka,1980; Ponce and 

Macchi, 2015; Tsukamoto;2014; Liu and He, 2011). On the other hand, decreasing 

leakage current that results in an increase of Vv, is totally disregarded. Only few 

studies have mentioned this without a detailed analysis (Sato and Takada, 1982; Zhao 

and Li, 2011). 

Here, the reason is that as opposed to an increasing leakage current, a decreasing 

leakage current does not lead to a varistor breakdown. However, we show and 

demonstrate that this kind of degradation directly affect system reliability and safety 

(Yadavari and Altun, 2015). This is illustrated in Figure 1.2. Even a slight increase in 

Vv leads to a dramatic change in maximum designed voltage criteria for other 

components in the same block, especially for those in the power supply block. This 

eventually causes a breakdown of the protected circuits and components. This 

phenomena is demonstrated by testing over 100 electronic cards that were 

commercially used and failed due to varistor degradations. As a result, to our 

knowledge, this is the first study on modeling and characterization of ZnO varistors 

regarding both degradation processes. We describe the varistor degradation model by 

defining a degradation factor. By changing the degradation factor we can see what type 

of overvoltage can be tolerated by the system. We examine different input voltage 

shapes for different degradation factors. Simulation results show us that degradation 
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of the varistor can cause serious failures for other components in the same power block 

of the board. 

 

 

Figure 1.2 :Breakdown of the system in case of different degradation processes of 

ZnO varistor 

We perform accelerated AC voltage/current tests to analyze varistor degradations. In 

general, accelerated tests are conducted by applying stresses such as temperature, 

vibration, humidity, and voltage, beyond their normal/expected levels in field (Nelson, 

2009; Meeker and Escobar, 2014). 

We use a single stress variable of voltage since it is by far the most dominant stress for 

varistors. Indeed, there are two major reliability/degradation test methodologies for 

varistors that are pulse tests (8/20 μs and 2ms tests) and accelerated AC tests. We use 

accelerated AC tests since it is cost efficient both in terms of test time and test 

equipment. By applying accelerated AC signals, we see either an increasing or a 

decreasing trend in Vv that depends on the current levels passing through the varistor. 

The tests show a continuous and fast decreasing trend in Vv for current levels above a 

certain threshold and a slow increasing trend for current levels below the threshold. 

We investigate physical bases of the degradation processes observed in the AC tests. 

Physically, a ZnO varistor has a structure containing numerous number of zinc oxide 

grains of different shape and size with other metal oxide additives (Epcos Data Book, 

2008). In our model, every single ZnO-ZnO grain boundary is considered as a resistor. 
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We formulate the resistor as a function of time and applied stress that determines 

relative effects of the degradation processes. Additionally, we need to determine how 

to combine the resistors by considering grain shapes and amounts. In this regard, 

several studies have been proposed aiming on varistor microstructures by considering 

grain shape and topology as well as type and distribution of defects (Bavelis and 

Gjonaj,2014; Meshkatoddini,2010;Wang and Wu,1995). In a similar way, we present 

a simple yet accurate microstructure that solely consists of grain boundary resistors. 

We perform a Monte Carlo method to validate our model; outcomes of the simulations 

match well with the results obtained from the accelerated AC degradation tests. The 

mathematical simulation exhibited the both failure mechanisms, which further 

confirms the applicability of the experimental results.  

This thesis is organized as the followings. Chapter 2 reviews the background on 

electronic reliability.  Chapter 3 analyze field return data and suggests new 

methodology to filter and model the field return data. Chapter 4 discusses varistor 

failing and degradation mechanisms and experimental results, which has great impacts 

in failing of a case study board according to field return data. Chapter 6 presents 

simulation results of varistor degradation on system failing. Chapter 7 presents 

modeling of varistor degradation mechanisms. Chapter 8 concludes this thesis with a 

summery.
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2.  BACKGROUND OF ELECTRONIC RELIABILITY 

Reliability engineering and management grew up largely in response to the problems 

of the low reliability of early electronic equipment, and many of the techniques have 

been developed from electronics applications. 

The design and construction of an electronic system, more than any other branch of 

engineering, involves the utilization of very large numbers of components which are 

similar, but over which the designer and production engineer have relatively little 

control. For example, for a given logic function a particular integrated circuit device 

might be selected. Apart from choosing a functionally identical device from a second 

source, the designer usually has no option but to use the catalogued item. The 

reliability of the device used can be controlled to a large extent in the procurement and 

manufacturing phases but, as will be explained, mainly by quality control methods. 

The circuit designer generally has little control over the design reliability of the device. 

This trend has become steadily more pronounced from the time that complex electronic 

systems started to be produced. 

Electronic components can be caused to fail by most of the same mechanisms (fatigue, 

creep, wear, corrosion,etc.) described in the previous chapter. Fatigue is a common 

cause of failure of solder joints on surface mounted components and on connections 

to relatively heavy or unsupported components such as transformers, switches and 

vertically mounted capacitors. Wear affects connectors. Corrosion can attack metal 

conductors on integrated circuits, connectors and other components. Electrical and 

thermal stresses can also cause failures that are unique to electronics. The main 

electrical stresses that can cause failures of electrical and electronic components and 

systems are current, voltage and power. For all of these failure modes there are strong 

interactions between the electrical and thermal stresses, since current flow generates 

heat. 
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2.1 Stress Effects 

2.1.1 . Current 

Electrical currents cause the temperatures of conductors to rise. If the temperature 

approaches the melting point, the conductor will fuse. (Of course fuses are used as 

protective devices to prevent other, more serious failures from occurring.) Heat in 

conductors is transferred to other components and to insulation materials, primarily by 

conduction and convection, so thermal damage can be caused to these. 

High currents can also cause component parameter values, such as resistance, to drift 

over time. This effect is also accelerated by high operating temperatures.  

Electric currents also create magnetic fields. If oscillating, they can generate acoustic 

noise and electromechanical vibration.  

2.1.2 . Voltage 

Voltage stress is resisted by the dielectric strength of the material between the different 

potentials. The most common examples are the dielectric material between capacitor 

plates, and the insulation (air or other insulator) between conductors. Potential 

differences generate currents in conductors and components, and if the current carrying 

capacity is insufficient the conductor or component will fail, in which case the failure 

mechanism is current, though the cause might be that the voltage is too high. For 

example, an integrated circuit might fail due to current overstress if a high electrostatic 

voltage is accidentally applied to it, and a 110 V appliance might fail for the same 

reason if connected to a 240 V supply. 

High voltage levels can be induced by: 

– Electrostatic discharge (ESD), caused by charge accumulation on clothing, tools, and 

so on. 

– Other electrical overstress, such as high voltage transients on power lines, 

unregulated power supplies, circuit faults that lead to components being overstressed, 

accidental connection of high voltages to low power components, and so on. This is 

referred to as electrical overstress (EOS). 
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Another effect of voltage stress is arcing, which can occur whenever contacts are 

opened, for example in switches and relays. Arcing can also occur between brushes 

and commutators of motors and generators. Arcing generates electromagnetic noise, 

and also progressively damages the contact surfaces, leading eventually to failure. 

Arcing can also cause damage to electric motor bearings, if they provide a current path 

due to inadequate design or maintenance. 

Arcing can be reduced by using voltage suppression components, such as capacitors 

across relay or switch contacts. Arcing becomes more likely, and is more difficult to 

suppress, if atmospheric pressure is reduced, since the dielectric constant of air is 

proportional to the pressure. This is why aircraft and spacecraft electrical systems 

operate at relatively low voltage levels, such as 28 V DC and 115 V AC. 

2.2 Printed Circuit Board 

Printed circuit board (PCB), which is also referred as printed wiring board (PWB), is 

used primarily to create a connection between components, such as resistors, 

integrated circuits, and connectors. It becomes an electrical circuit when components 

are attached and soldered to it, which then is called printed circuit board assembly as 

shown in Figure 2.1. 

 

Figure 2.1 : Printed Circuit Board Sample. 
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3.  FIELD RETURN DATA ANALYSIS 

The process of finding the best statistical distribution based on the observed failure 

data, can be graphically illustrated by Figure 3.1. Based on the available data 

comprising the shaded segment of the pdf the rest of f (t) can be ‘reconstructed’. The 

goal of this process is to find the best fitting statistical distribution and to derive 

estimates of that distribution’s parameters and consequently the reliability function 

R(t). However in practical terms, this procedure is typically done based on constructing 

the cdf curve which has the best fit to the existing data. 

 

Figure 3.1 : Probability plotting alternatives in regards to the possible pdf of failure    

distribution. 

The least mathematically intensive method for parameter estimation is the method of 

probability plotting. As the term implies, probability plotting in general involves a 

physical plot of the data on specially constructed probability plotting paper (different 

for each statistical distribution). The axes of probability plotting papers are 

transformed in such a way that the true cdf plots as a straight line. Therefore if the 

plotted data can be fitted by a straight line, the data fit the appropriate distribution  

Further constructions permit the distribution parameters to be estimated. This method 

is easily implemented by hand, given that one can obtain the appropriate probability 

plotting paper. Probability plotting papers exist for all the major distribution including 

normal, lognormal, Weibull, exponential, extreme value, and so on and can be 

downloaded from the internet (ReliaSoft, 2011) However most of probability plotting 

these days is done with the use of computer software. 
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The Weibull distribution  is a popular distribution for analysing life data, so the process 

is often referred to as Weibull analysis. The Weibull model can be applied based on 2-

parameter, 3-parameter or mixed distributions. Other commonly used life distributions 

include the exponential, extreme value, lognormal and normal distributions. The 

analyst chooses the life distribution, that is most appropriate to model each particular 

data set based on goodness-of-fit tests, past experience and engineering judgement. 

The life data analysis process would require the following steps: 

1. Gather life data for the product. 

2. Select a lifetime distribution against which to test the data. 

3. Generate plots and results that estimate the life characteristics of the product, 

such as the reliability, failure rate, mean life, or any other appropriate metrics. 

3.1 Weibull Distribution 

In reliability engineering Weibull probability data analysis is probably the most widely 

utilized technique of processing and interpreting life data. One of many advantages is 

the flexibility of the Weibull distribution, easy interpretation of the distribution 

parameters, and their relation to the failure rates and the bathtub curve concept shown 

in Figure . 

3.1.1 Two Parameter Weibull 

The simpler version of the Weibull distribution is the 2-parameter model. In 

accordance with its name, this distribution is defined by two parameters.The 

cumulative failure distribution function F(t) is: 

   

                                                (3.1) 

Where: 

 t : time  

β  : Weibull slope (the slope of the failure line on the Weibull chart), also referred as 

a shape parameter  

η : Characteristic life, or the time by which 63.2%of the product population will fail, 

also referred to as a scale parameter. 
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3.2 Filtering 

In order to guarantee accuracy of the analysis and eliminate errors, field return data 

must be filtered. For this purpose, we use a step by step procedure. In the first step, we 

filter obvious errors from the whole data. We filter data having unknown assembly 

date, data with quality failure records that result in zero time to failure (TTF), and data 

with negative TTF or unreasonable TTF. 

In the second step which is the main target of this section we are dedicated to find and 

eliminate hidden errors. As it is mentioned before, obvious errors can be easily found 

by applying one-by-one data check. But, we cannot find hidden errors as direct as we 

find obvious errors. Here, a systematic approach is needed. By using Weibull++ 

ReliaSoft Corporation software we survey the consistency of the data and 

systematically investigate if there are hidden errors or not. We use 2 parameter Weibull 

distribution for our analysis because of being mathematically more tractable than other 

distributions (Reliasoft, 2014; Babington et al., 2007). Also using Weibull distribution 

to model reliability has long been approved in the literature. Maximum likelihood 

method (MLE) is selected for parameter estimation since regression methods generally 

work best for large data sets (O’Connor & Kleyner, 2011). In analysis, we deal with 

six month assembly time intervals. Selecting 6 month intervals is quite reasonable 

because we have 54 month return data. 

The proposed methodology targeting hidden errors is as follows. We first perform 

forward analysis for 1–6, 1–12, 1–18, 1–24, 1–30, 1–36, 1–42, 1–48 and 1–54 month 

time intervals. This is illustrated in Figure 2. For example, 1–6 time interval represents 

products assembled in the first six months. Similarly, 1–42 time interval represents the 

whole data excluding the ones assembled in the last six months. In forward analysis 

we expand time window from left to right where the left edge is fixed. We then perform 

backward analysis for time intervals of 48–54, 42–54, 36–54,…,12–54, and 1–54. This 

is illustrated in Figure 3. Here, we expand time window from right to left where the 

right edge is fixed. Finally we perform analysis for seperate 6 month time intervals of 

1–6, 7–12, 13–18, 19–24, 25–30, 31–36, 37–42, 43–48, 49–54. This is illustrated in 

Figure 4. Note that X-axes in figures represent assembly times (not TTF). As a result, 

using parameters of Weibull distributions of these three analysis, we filter improper 

time intervals corresponding to hidden errors. 
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Figure 3.2: Beta (β) values for forward 

analysis. 

We develop our filtering systematic mainly on a Weibull parameter β that explains the 

hazard rate function’s behavior. If β < 1, it indicates a decreasing hazard rate and is 

usually associated with the early failure region. If β≈1, it means a constant hazard rate 

and is usually associated with the useful life region. If β > 1, it indicates an increasing 

hazard rate and is usually associated with the wear out region, corresponding to the 

end life of the product. As a reminder, the early failure, useful life, and wear out 

regions are illustrated in Figure 1.1 As follows we investigate Figure 3.2, Figure 3.3, 

and Figure 3.4 in details regarding β values. 

 

Figure 3.4 : Beta (β) values for analysis of 6-month periods. 

Figure 3.2 shows β parameters of Weibull distributions for the forward analysis. 

Looking at β values we can derive that there are problems in the first 3 intervals 1–6, 

1–12, and 1–18. These β values are greater than one, meaning that we are in the wear 

out region. This is impossible; the first 18 months of the field return data are suspected. 

Figure 3.3 shows β parameters of Weibull distributions for the backward analysis. 

Again, by looking at the β values we see that the last 6 months have β > 1. Here, we 

cannot come to a conclusion since we have insufficient data (sample size of 10) for the 

products assembled in the last six months. This low amount of sample size is not 
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enough to perform accurate statistical analysis. Finally, Figure 3.4 shows β parameters 

of Weibull distributions for 6 month periods. If we look at β values we can derive that 

the first 3 intervals 1–6, 7–12, and 13–18 having β > 1 are suspected. 

In conclusion, we should filter the first 18 months of the field return data 

corresponding to hidden errors. In other words, the products assembled in the first 18 

months have insufficient field return data with hidden errors. Note that if we just 

performed backward analysis, we would not find any hidden errors. This could also 

happen for only performing forward or 6-month analysis for a different case. However, 

with performing backward, forward, and 6-month analysis together, as suggested in 

this study, we consider all aspects of hidden errors. We have now 36 month field data 

to be safely used in statistical reliability modeling. 

3.3 Modeling  

As we discussed in introduction, the field return data can not be used for analysis of 

the wear out region since electronic boards get into this region long after their 

warranties expire. Therefore, we only deal with early failure and useful time periods. 

We develop our hazard rate function with phases having “Decreasing Failure/Hazard 

Rate (DFR)” and “Constant Failure Rate (CFR)” like those proposed by Yuan et al. 

(2010) and Chen et al. (1999). Here, DFR and CFR correspond to early failure and 

useful life regions, respectively. 

The proposed overall hazard rate function h0(t) is presented in Equation 1 where h1(t) 

= hazard rate function in early failure period, h2(t) = hazard rate function in useful-life 

period, t = time (TTF), and  

τ = change point from DFR to CFR 

ℎ𝑜(𝑡) = {
ℎ1, 𝑡 < 𝜏
ℎ2, 𝑡 ≥ 𝜏

                                                     (3.2) 

Using a piecewise hazard rate function for reliability modeling, as we suggest, is a 

well-studied subject in the reliability and statistics literature. This includes the 

determination of τ often called as change point problem. In some sources τ is even 

called as burn-in time. Studies on parametric change point analysis of nonmonotonic 

hazard rate functions consider the change point as a parameter and propose statistical 

estimation methods like MLE and least squares (Yuan & Kuo, 2010; Blischke 2011). 
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Also nonparametric methods were studied widely. Bayesian estimation method with 

prior distribution belief about change point was discussed using test data in Yuan & 

Kuo, (2010). A confidence interval for parametric estimation of change point in two 

phase hazard model was given by Chen et al. (2001). In this study, we propose a novel 

change point detection method with determination of the separate hazard rate functions 

h1(t) and h2(t) via parametric analysis and processing the data with graphical 

inferences. 

The data that we use, have TTF values between 1 and 36 months, since the product 

has 3 year warranty period. In our model, we do analysis for forward and backward 

time windows. While forward analysis is a widely used method in warranty analysis, 

investigating TTF values from backward is a new method that we introduce for 

accurate determination of the change point τ and the hazard functions h1(t) and h2(t). 

In our method, Mf and Mb are used as the number of months that constitute the 

boundaries of time windows. In Figure 3.5, an explicit demonstration of the time 

windows are shown. 

 

Figure 3.5 : Demonstration of forward and backward time windows. 

The forward analysis is conducted by using the filtered data with TTF values less than 

or equal to Mf. For example, if Mf = 3, the data to be analyzed will contain TTF values 

of 1, 2 or 3 months. After starting with Mf = 1, Mf is increased by adding months one-

by-one (Mf = 2, 3, 4,…,36). In other words, the forward time window is gradually 

expanding to the end of the TTF line as seen in the upper part of Figure 3.5. In forward 

time window analysis, we see that 2 parameter Weibull distribution is a good fit for 

almost all different Mf values. Although in some cases the best fitting is achieved with 

Lognormal or Gamma distribution, these distributions show almost the same DFR 
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pattern as that from Weibull distribution in our analysis. Therefore we determine 

Weibull distribution for h1(t). Note that in forward analysis we do not see a change 

point for Mf from which the DFR pattern changes significantly. 

The backward analysis is conducted by using the filtered data with TTF values 

between Mb and 36 months (1–36, 2–36 …30–36…). In other words, one end of the 

backward time window is fixed at 36-month and the other is gradually expanding to 

the beginning of the TTF line as seen in the lower part of Figure 3.5. In the backward 

time window analysis, we always achieve the best fitting with Lognormal or Gamma 

distribution for Mb < 14 (months) and Exponential distribution for Mb ≥ 14 (months). 

Therefore there is a change point approximately in the 14th month and we determine 

Exponential distribution for h2(t). The change point τ = 14 (months) also results in Mf 

= 14 for h1(t) and Mb = 14 for h2(t) that are shown in Figure 3.6 and Figure 3.7, 

respectively. 

Note that in this study we determine the change point from the backward analysis, but 

this is not a necessary and sufficient condition. For different field data, corresponding 

to different products, we could have had multiple change points or a single change 

point derived from the forward analysis. These cases are beyond the scope of this paper 

and considered as future work. 

 

Figure 3.6 : Hazard rate function h_1 (t) of forward analysis with Weibull 

distribution for Mf = 14 months. Beta: 0,715 Eta (Day): 2.44E + 6 
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Figure 3.7 : Hazard rate function h_2 (t) of backward analysis with Exponential 

distribution for Mb = 14 months. Mean time (Day): 303179.252, Gamma (Day): 

382.086 

After determination of the change point, two phase hazard rate function, consisting of 

Weibull and Exponential distributions, can be constructed directly. In this case, there 

is a discontinuity problem at the change point; overall hazard rate function is not 

continuous. In order to solve this problem, we propose a smoothing and fittingmethod 

similar to the method suggested by Selmic & Levis (2002) for neural networks. 

We achieve smoothing with a sigmoid function as a smooth step function 

approximation. Sigmoid function is given as follows: 

𝑠(𝑡, 𝜏) =
1

1+𝑒−𝑏(𝑡−𝜏)                                              (3.3)   

In Equation 2, τ is the change point in a unit of day. In our case its value is 14 × 30 

days. Sharpness parameter b of the sigmoid function, can be calculated empirically. 

As a result, overall hazard rate function is given as: 

ℎ𝑜 = (1 − 𝑠(𝑡, 420)) × ℎ1 + 𝑠(𝑡, 420) × ℎ2                              (3.4) 

 

ℎ1 = (1 −
1

1+𝑒−𝑏(𝑡−420))
𝛽𝑡𝛽−1

𝜂𝛽 +
1

1+𝑒−𝑏(𝑡−420)  𝜆                              (3.5) 

where β and η are the shape and scale parameters of the Weibull distribution h1(t), 

respectively. Additionally, λ is the hazard rate of the Exponential distribution h2(t). A 

plot of h0(t), h1(t) and h2(t) are shown in Figure 8 that clearly shows the idea under 

our smoothing operation. 

A small distortion and error around the change point is an expected situation with this 

kind of smoothing. In our smoothing process, there is a slight difference between the 
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overall hazard function h0(t) and h1(t) just before the change point at the 14th month 

(420th day). This can be seen in Figure 3.8.  

Fortunately, hazard rate values of h1(t) and h2(t) near the change point are very close 

to each other’s because of neutrality of the data that results in very low error values. 

 

Figure 3.8 : Proposed modeling approach. Plot of h_o (t), 

It should be noted that there may be seen different distributions in the forward and 

backward analysis. The distributions do not have to be only Weibull and Exponential. 

We already know that distributions like Gamma, Lognormal, etc. can give all phases 

of bathtub curves with DFR, CFR and IFR tendencies according to values of the 

distribution parameters. Therefore, the proposed method of having continuous hazard 

rate functions can be directly applicable to different distributions. 
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4.  VARISTOR DEGRADATION AND EXPERIMENTAL RESULTS 

4.1 Accelerated AC Tests  

It is well-known that a ZnO varistor experiences degradation due to voltage/current 

impulses. Several studies have shown this phenomena by explicitly showing that the 

Vv parameter of varistors which is one of the key parameters related to measuring 

reliability of a varistor, can be changed during reliabilities tests (Yadavari and 

Altun,2015; Tsukamoto,2014; Mardira,2001). It is a general pass criteria for reliabity 

tests that Vv changes should be in the range of ± 10 percent (|ΔV/V (1 mA)| ≤10%) 

(Epcos,2008). 

In order to investigate varistor degradation mechanisms, we perform accelerated AC 

tests which are cost efficient both in terms of test time and test equipment. The tests 

show different degradation processes including stable, decreasing, and increasing 

trends in Vv depending on the applied AC signal levels. 

Different accelerated AC signal levels are applied on varistor samples having a 

diameter of 12mm and a height of 15mm. For a specific AC current passing through a 

varistor, voltage values of the varistor are periodically measured. Our three-step test 

procedure is summarized as follows. 

1.All samples are shorted to ground for 24 hours in order eliminate any 

previous capacitive/inductive loads. 

2.A certain varistor AC current IVAR is determined and continuously applied. 

Then varistor voltage values VVAR’s are periodically measured for a 300 

minute time period. If the varistor burns then the tests are stopped at the time 

of the break down. 

3.Step-2 is repeated for different IVAR values to analyze different degradation 

mechanisms and finally to find the IVAR threshold value. 
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For the second step, we need to determine which IVAR values are used. Indeed, the 

suggested IVAR value according to IEC standard [IEC-60099-4] is 1mA (IEC 60099-

4,2014). However, we show that applying different IVAR values results in different 

degradation mechanisms. This is illustrated in Figure 4.1 with using 6 different IVAR 

values 5mA, 3mA, 2mA, 1.5mA, 1mA, and 0.7mA. Note that for a certain IVAR 

value, multiple samples are generally used to take into account probable process 

variations. Analyzing the results in Figure 4.1, we certainly see two different 

degradation mechanisms corresponding to increasing and decreasing VVAR values 

over time. While a decrease in VVAR results in an increase in leakage current and a 

decrease in Vv, increasing VVAR makes the leakage current decrease and Vv increase. 

Note that a varistor clamping voltage Vv represents a varistor voltage when 1mA DC 

current is conducted. Thus there is a positive correlation between VVAR and Vv if a 

considerable amount of varistor current is conducted in the range of mA’s. In the 

following section we separately analyze the cases in Figure 4.1 to find the threshold 

value of IVAR that distinguishes between the degradation mechanisms. 

 

Figure 4.1 : Accelerated degradation tests results: VVAR values in time domain for 

different IVAR values 
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4.2 Finding Threshold Value  

In order to find the threshold value, we first tried IVAR = 10mA. Here, the varistor 

voltage plunged dramatically and after seconds varistor started to burn up. We 

decreased this value to 5mA but still there was a dramatic decline in the varistor 

voltage. Then we performed IVAR = 2mA tests for two samples as shown in Figure 

4.2(a). We continued reducing IVAR until VVAR values stabilized by time. This was 

achieved when IVAR = 1.5mA. Indeed as shown in Figure 4.2(b), when IVAR = 

1.5mA, VVAR shows a slight decrease. It means that the threshold value is slightly 

under 1.5mA. We repeated the test for IVAR = 1mA and IVAR = 0.7mA as shown in 

Figure 4.3 (a) and (b), respectively. 

 

Figure 4.2 : Accelerated degradation tests results: VVAR values in time domain for 

(a) IVAR = 2mA and (b) 1.5 mA 

 

 

Figure 4.3 : Accelerated degradation tests results: VVAR values in time domain for 

(a) IVAR = 1mA and (b) 0.7mA 
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In conclusion, for current levels above 1.5 mA which is found the threshold value for 

this family of varistor samples, VVAR drops dramatically until it burns. We classify 

this as a hard degradation mechanism. On the other hand, for current levels below the 

threshold value (1.5 mA), we see a relatively slow increasing trend in VVAR. We 

classify this as a mild degradation mechanism.  
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5.  VARISTOR DEGRADATION AND THE IMPACT ON SYSTEM 

The environment that appliance electronic boards are used in is not homogeneous 

(Brown & Kenneth, 2004). Overvoltages are distinguished according to where they 

originate([EPCOS DataBook, 2008). In general, there are two type of overvoltages; 

internal overvoltages and external overvoltages. Internal overvoltages such as 

inductive load switching, arcing electrostatic, and ESD, originate in the actual system. 

On the other hand, external overvoltages like line interference, strong electromagnetic 

fields, and lightning can affect the system (EPCOS DataBook, 2008). Figure 5.2 

illustrates a general power block protected by a varistor. According to Figure 5.2, when 

a transient occurs, current flows across Zsoruce. Zsoruce can be the ohmic resistance 

of a cable or the inductive reactance of a coil or the complex characteristic impedance 

of a transmission line. But, for calculation purposes this impedance is normally taken 

as being 50Ω (EPCOS DataBook, 2008). According to I–V characteristics of a ZnO 

varistor, when overvoltage is occurring, resistance of the varistor drops from high 

ohmic values to small ohmic values. The voltage division ratio is shifted, so the 

overvoltage drops almost across Zsource and the circuit parallel to the varistor is 

protected. In circuit design procedure, designers should know the worst-case design 

criteria for the protected circuit and select a proper ZnO varistor. Let us assume that a 

proper ZnO varistor has been selected according to the worst-case design criteria. As 

we discuss in this work, when degradation happens, the I–V characteristic of the ZnO 

varistor is shifting above. We can justify this phenomena by measuring the varistor 

voltage (Vv) parameter. Degradation of varistors results in new marginal values of the 

Vv parameter leading to a change in maximum designed voltage criteria for the other 

part of the boards. 
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Figure 5.1 : Varistor model, basic structure (EPCOS DataBook, 2008). 

 

Figure 5.2 : Equivalent circuit when overvoltage is occurring (EPCOS DataBook). 

In our case study, the part of the board to be protected has a maximum design criteria 

of 730 V; clamping voltage of this part is 730 V. A proper ZnO varistor has been 

selected according to this maximum criteria. Since it is hard to predict exact harmful 

conditions in the environment, we use worst case and best case conditions as limits. 

Amplitude up to 6 kV and pulse duration of 0.1 us to 1 ms are considered (EPCOS 

DataBook, 2008).  

5.1 Simulation of Varistor Model and Degradation Factor 

In order to simulate the response of electronic board in case of overvoltage, we use a 

circuit simulation tool SPICE. We just simulate the related circuit which is subjected 

to overvoltage. We use a SPICE varistor model represented by its I–V characteristic 

curve, a parallel capacitance and series inductance as shown in Figure 5.1.  

Figure 5.3 shows a part of SPICE simulated circuit subjected to overvoltage. We use 

an equivalent resistance of 100 k as an approximation for the rest of the circuitry. This 

resistance has considerably large ohmic value. We know from datasheet information 

for the integrated circuit maximum clamping voltage is 730. In terms of overvoltage 
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in kV ranges, the varistor protects this part and don’t let it to experience voltages above 

this value. But what happens when the varistor is degraded. To see effects of 

degradation, we should apply some changes in the varistor SPICE model. For this pur-

pose, we define a new parameter as a degradation factor in the mathematical 

approximation description of the varistor SPICE model. We call this parameter “Deg”. 

The following approximation is used for the mathematical description of the tested 

ZnO: 

𝑙𝑜𝑔𝑉 = 𝑏1 + 𝑏2. log(𝐼) + 𝑏3. 𝑒−log (𝐼) + 𝑏4. 𝑒log (𝐼)   𝐼 > 0                         (5.1) 

We added degradation factor “Deg” to this formula according to below equation: 

𝑙𝑜𝑔𝑉 − 𝐿𝑜𝑔𝐷𝑒𝑔 = 𝑏1 + 𝑏2. log(𝐼) + 𝑏3. 𝑒−log (𝐼) + 𝑏4. 𝑒log (𝐼)                (5.2) 

We know that Vv parameter of ZnO varistor is measured voltage in 1 mA. Therefore, 

for currents equal to 1 mA, we can calculate different Vv values according to 

degradation factor. According to Table 5.1, the increasing trend of the Vv parameter 

is seen by change of the degradation factor considering that Vv of our tested varistor 

model is ideally 503 v. 

 

Figure 5.3 : SPICE simulation of board circuit. 

By using our degradation model, we can simulate different overvoltage types and 

different degraded varistors and see if it passes the maximum design criteria or not. 
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Table 5.1:Vv Values for different ‘Deg’ values. 

Degradation factor (Deg) Vv 

1 503 v 

1.01 505.2 v 

1.02 508.1 v 

1.03 511.84 v 

1.04 516.6 v 

1.05 522.6 v 

1.06 530.1 v 

1.07 539.2 v 

1.08 550.5 v 

1.09 551.68 v 

1.1 553.7 v 

5.2 Results of simulations 

We did several analysis by SPICE simulation software to understand the effect of 

degradation. We applied different overvoltage shapes to the input and then looked at a 

voltage which drops to the resistance of the circuitry. The maximum clamping voltage 

for our system was 730 v. So, we based our analysis on this value. Our main interest 

is to see the maximum possible applied overvoltage or input voltage satisfying that the 

circuitry does not have a voltage drop above 730 V. We gradually degraded the varistor 

and noted that the maximum passible applied voltage down dramatically. 

5.2.1 DC stress analysis 

Figure 5.4 shows the maximum tolerable applied DC voltage to the board by 

considering varistor degradation. According to Figure 8, maximum applied DC 

voltage for a varistor with Vv equal to 503 V is 1230 V. If we gradually degrade the 

varistor which results in increasing in Vv parameter, we will see that the maximum 

tolerable applied voltage is decreasing. This downward trend is continuing till the 

varistor has no contribution for protection. 
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Figure 5.4 : Maximum input voltage according to degradation of ZnO varistor. 

5.2.2 Surged pulse voltage analysis 

In Figure 5.4, we observed the effect of degradation on protection limit of for DC input 

voltages. But as we see in Figure 5.3, our circuit has capacitive and inductive features 

too. Therefore, the DC analysis can neglect the effect of these features. For this 

purpose we perform pulse voltage and time domain analysis to apply more realistic 

dynamic overvoltages such as sinusoidal and surge pulses. Figure 5.5, shows the effect 

of degradation on maximum tolerable applied pulse voltage amplitude for different 

pulse durations. We can see DC like results for pulse durations over 1 ms. It is obvious 

that if we decrease the pulse duration we can increase pulse amplitude, because varistor 

handles a specific amount of pulse energy. We didn’t repeat the simulation for a pulse 

duration below 0.5 ms because the amplitude of the maximum tolerable input voltage 

exceeds 6 kv which is not realistic overvoltage value. 
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Figure 5.5 : Different pulse voltage duration vs Vv. 

 

5.2.3 Time domain 

Figure 5.6, shows the results of simulations for the circuit shown in Figure 5.3. A 

voltage of 230 volts and a frequency of 50 cycles per second is used for the 

Alternating-Current (AC) electric power supply. For none-degraded varistor, we have 

selected surged pulse voltage duration 0.5 ms and we applied it in maximum value of 

sinusoidal wave to simulate the worst-case. Again our interest is to find the maximum 

tolerable applied pulse amplitude. According to Figure 5.6, the intersection of green 

curve which represents surged overvoltage pulse, and the red one which represents the 

dropping voltage on protected circuit is the maximum voltage value for the protected 

part of the system which the value should not pass the 730 v. In this case the maximum 

amplitude of overvoltage is 1570 v (peak value of the green curve). 
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Figure 5.6 : None-degraded time domain analysis with 0.5 ms surged pulse voltage. 

Again, to understand the effect of ZnO varistor-degradation on the system in time 

domain we should look at the possible overvoltage pulse types for different degraded 

varistors. Figure 5.7 shows the effect of degradation on maximum tolerable applied 

amplitude of overvoltage for different pulse durations. 

 

Figure 5.7 : Different pulse overvoltages in time domain vs Vv. 

According Figure 5.7, as the Vv parameter is increasing, in other words the ZnO 

varistor is degrading, the capability of system to tolerate overvoltages is decreasing for 

all pulse durations. Other important feature of this figure is that at primary values of 

degradation for ZnO varistor, the capability of the system to handle the specified 

overvoltage type drops dramatically. It means that even in a small amount of 

degradation, the system might fail. 
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6.  PHYSICAL BASES OF DEGRADATION PROCESSES AND 

MATHEMATICAL MODELING 

In this section, we aim to develop a mathematical reliability model for varistor 

degradations (Yadavari and Altun, 2016). For this purpose we first investigate physical 

bases of the degradation processes observed in the AC tests. It is a general conception 

that electrical stresses on varistors cause deformation of grain boundary potential 

barriers (Eda, 1980; Hayashi and Haba, 1982; Sato and Takada,1982). Figure 6.1 

shows a conceptual microstructure of a ZnO varistor where grains and boundaries are 

represented with white and grey regions, respectively. If boundaries are overcome then 

a current is conducted through paths of grains that is illustrated with the arrows in the 

figure. Note that while ZnO grains are conductive, intergranular boundaries are highly 

resistive. Since ZnO grains and boundaries are spread in almost a regular fashion, a 

single grain boundary between two grains can be used as a core structure for varistor 

models. This is indeed called a single grain boundary model (Ivanchenko and 

Tonkoshkur, 2007; Ivanchenko and Tonkoshkur, 2012). 

 

Figure 6.1: Microstructure of a varistor element (Epcos,2008). 

Consider a Schottky barrier model for a ZnO-ZnO grain boundary shown in Figure 

6.2. By depletion of carriers from surrounding grains, a double Schottky barrier is 

forming. Long-term stresses cause a degradation along with a change in the barrier 

height and characteristics due to migration of ionized donors in electric field and 
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redistribution of them in the near-surface region of grains. This results in an increase 

in leakage current, relevantly a decrease in Vv (Tonkoshkur and Glot, 2015). 

However, it is also reported that mild degradation after applying an electric field stress 

leads to a decrease in the effective doping concentration at the grains (Ponce and 

Macchi, 2015). On the other hand, applying a strong electrical field might lead to an 

increase in the doping concentration. This increase leads to a reduction of the grain 

boundary resistance, especially for low frequency applications (Ponce and Ramirez, 

2010). Other possible mechanisms of deformation of grain boundary barriers explain 

different processes of degradation in ZnO varistors. It is reported that there are two 

types of electron traps of importance for ZnO varistors: traps located at ZnO-ZnO grain 

boundaries known as interface traps, and traps located within the bulk of ZnO grains 

known as bulk traps. Interface trapping of electrons is generally considered as the 

mechanism giving rise to double Schottky barriers at grain boundaries (Cordaro and 

Shim, 1986). 

 

Figure 6.2 : A simple double Schottky barrier model of a ZnO-ZnO grain boundary. 

In this study, we contribute to a non-linear cross boundary resistor as a function of 

time and stress by exploiting the mentioned studies on physics of degradation. This is 

illustrated in Figure 6.3. 
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Figure 6.3 : Modeling of a single grain boundary as a resistor 

The proposed model formula for a single resistor (grain boundary) is shown below: 

   

Degradation depends on both stress (s) and time (t). The initial value of the resistor, 

degradation free value, is represented by that is obtained using initial VVAR and IVAR 

values. Degradations mechanisms causing increasing Vv and decreasing Vv in time 

domain are represented by (t) and functions, respectively. We select = used for AC 

signal stresses (Sato and Takada, 1982). We select that is derived using the leakage 

current formula given in (Sato and Takada, 1982). The functions and represent the 

effects of applied stresses on degradation. They could be in the form of the following 

exponential/power functions (Guo and Liao, 2015). 

 Arrhenius 

 Eyring 

 Inverse power law 

Note that since the above equations are used for a single stress (s), they can be 

applicable for our case using s = IVAR. In our accelerated tests we use a single stress 

of current IVAR. According to the tests described in Section 4, the threshold current ( 

) is close to 1.5 mA that determines the effects and dominances of and for different 

IVAR levels. Regarding this, we select and = where s = IVAR. The coefficients in the 

                            𝑅𝑡(𝑡, 𝑠)=𝑅𝑖𝑛(1 + 𝛼𝑅𝑖(𝑡)𝑅𝑖(𝑠)+𝛽𝑅𝑑(𝑡)𝑅𝑑(𝑠))                           (6.1)                                                     
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degradation formula α, β, n, m, and c are empirically calculated using the test data. As 

a result: 

α= 0.003, β= 0.001, n=0.1, m=0.7, c=4000. 

6.1 Varistor microstructure formation and simulation results 

Varistor ceramics are compound from ZnO grains of different shape, size, and 

orientation. Since ZnO grains have predictable sizes, the total number of the grains in 

a varistor can be found with using the varistor size (Epcos, 2008). Suppose that each 

grain diameter is in the range between 10 μm and 100 μm and a ZnO varistor has a 

size of nearly 5mm×10mm in two dimensions (Epcos, 2008) that results in 5 Thousand 

to 0.5 Million grains. Using these relatively high number of grains or grain boundaries 

and corresponding non-linear resistors in simulations is certainly unpractical, so we 

need a microstructure. Figure 6.4 shows a simplified varistor microstructure based on 

equal cubic grains or square grains on a mesh which represents all grains and 

boundaries (Bavelis and Gjonaj, 2014; Meshkatoddini, 2010). We exploit this structure 

by using resistors only for grain boundaries (Yadavari and Altun 2016). 

 

Figure 6.4 : Simplified grain model of a varistor. 

Considering the tested varistor dimensions, we use X and 3X number of vertical and 

horizontal squares, respectively. Here, increasing the value of X results in better 

accuracy at the cost of worse runtime and complexity for the simulation. Therefore we 

need to determine the minimum value of X for which we achieve relatively high 

accuracy. For this purpose we start with X=1, and increase X one by one. It is apparent 

that for X=1, there is no vertical grain boundary. For X=2 and X=3, corresponding 



37 

microstructures are shown in Figure 6.5. For each case we perform a Monte Carlo 

analysis using multiple samples. This is illustrated in Figure 6.6. For all four graphs in 

the figure, we use the test data obtained using IVAR = 2mA. According to Figure 6.6, 

as expected increasing X or the number of resistors improves the simulation accuracy 

that depends on the fluctuations between samples as well as the curve fitness to the 

test data. Analyzing the results in the figure, we conclude that the cases X=3 (26 

resistors) and X=4 (58 resistors) have almost similar performances. Trying larger X 

values also give very similar results. Therefore we decide to use X=3 with 58 resistors 

in further simulations. 

 

Figure 6.5 : Proposed microstructures (a) X=2, 6 resistors and (b) X=3, 26 resistors. 
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Figure 6.6 : Simulation results in comparison with the AC test data for (a) single 

resistor, (b) X=2, 6 

Figure 6.7 shows the results comparing the test data obtained using IVAR’s of 0.7mA, 

1mA, 1.5mA, and 2mA and the related curves obtained using the proposed 

microstructure having 58 resistors. Each of the 58 resistors is treated independently 

using the formula in (1). The results clearly proves the accuracy of the proposed model; 

there is almost a perfect match between the curves and the real test points.. 
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Figure 6.7 : Accelerated degradation test data in comparison with the simulation 

results for (a) IVAR = 0.7mA, (b) IVAR = 1mA, (c) IVAR = 1.5mA, and (d) IVAR 

= 2mA current stresses. 

  



40 

  



41 

 

7.  RELIABILITY TEST METHODOLOGY FOR A NEW VARISTOR 

A variety of endurance and environmental tests are conducted to assure the reliability 

of ZnO varistors. These tests are derived from the extremes of expected application 

conditions, with test conditions intensified to obtain authoritative results within a 

reasonable period (Epcos, 2008). The most commonly used test methodologies include 

“surge current derating (8/20 μs)”, “surge current derating (2 ms)”, “fast temperature 

cycling”, and “vibration” tests. Usually these methodologies are costly in terms of test 

time and test equipment. Additionally, only the FAIL/PASS criteria is considered for 

most of these methodologies, so they lack of analyzing reliability performance of 

varistors in time domain. They also neglect different varistor degradation mechanisms 

explained thoroughly in the previous sections. Considering these drawbacks, we 

present a simple yet efficient test methodology to assess the reliability of a ZnO 

varistor based on accelerated AC degradation tests. Figure 7.1 shows a flowchart of 

the proposed methodology. According to the flowchart, it is possible to analyze a 

varistor reliability based on accelerated degradation AC tests with using the proposed 

degradation model. 

First, accelerated AC tests are applied to find the threshold value that distinguishes 

between the degradation mechanisms. As examined in Section 2, the threshold value 

of ZnO varistors should be close to a 1 mA current. Second, both heavy and moderate 

degradation tests are performed to specify the trend of the mechanisms. Third, the 

proposed degradation model is used. The test data is fitted to the model by calculating 

empirical coefficients from the experiments. By considering the obtained degradation 

formula and the tested varistor usage in field, different critical degradation values can 

be chosen by designers. Finally, varistor reliability can be estimated. Note that the 

proposed methodology is conceptually given without certain procedures and steps 

having specific numbers for different varistor families. These details are out of scope 

of this study and can be considered as a future work. 
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Figure 7.1 : Reliability test methodology flowchart for ZnO varistors. 
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8.  CONCLUSION  

In this study, we propose a methodology to process field return data and model the 

hazard rate function of electronic boards. To reach our goal, we follow two steps that 

are filtering and modeling. In the filtering step, we propose a new systematic approach 

to determine and eliminate both obvious and hidden errors. Our method separately 

investigates the data in six-month time intervals, and shows us the problematic time 

spans corresponding to incomplete data that need to be excluded. In the modeling step, 

we use the filtered data to develop our reliability model. Our model is achieved by 

performing forward and backward time analysis of the data, and eventually finding the 

best fitting distributions for different time-to-failure intervals. In the fitting process we 

use “rank regression” and “maximum likelihood” methods. Throughout our analysis 

we benefit from Weibull++ by ReliaSoft Corporation.  

The proposed methodology, targeting a specific electronic board, can also be applied 

to the return data of other electronic boards. We apply it and the results, not to be 

disclosed here, show us clear evidence of our methodology’s success. 

we focus on the degradation characteristics of ZnO varistor and its effects on the 

overvoltage protection mechanism of electronic boards. It is shown that moderate 

overload can degrade the ZnO varistor characteristic which causes in increasing of the 

varistor voltage parameter (Vv). To show the degradation phenomena in Zno varistors 

we performed several reliability and AC aging tests. Results of these tests prove the 

increasing of Vv parameter for moderate overvoltages. Furthermore, we find a 

threshold value to determine the border of moderate and heavy overvoltages. To 

evaluate the degradation mechanism, we first study the field return data of a product. 

Data showed us a relation between degradation and failing of the circuitry connected 

to a ZnO varistor. To verify this, we simulated the related circuit in SPICE software 

for different analysis and different overvoltage types. As a conclusion from simulation 

results, we observed that as a ZnO varistor degrading (Vv parameter increasing), the 

related system capability to handle the overvoltage is decreasing. It means that, if we 

consider a typical overvoltage type for a specific environment, the designed circuit 
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maybe stand against this overvoltage, but in case of the degradation the failing is 

possible. 

We study degradation processes for ZnO varistors. For this purpose, accelerated AC 

degradation tests are applied aiming on measuring varistor voltage values in time 

domain. As opposed to the common practice in the literature that considers a 

degradation with only decreasing Vv values, the tests show either an increasing or a 

decreasing trend in the Vv parameter. To justify the observed degradation processes, 

physical bases of the degradations are investigated. For this purpose, a single grain 

boundary (Schottky barrier) is modeled as a nonlinear resistor; its characteristics in 

time domain changes with applied stress levels. Then a microstructure is formed using 

these boundary resistors. We perform a Monte Carlo method to validate the proposed 

varistor degradation model; outcomes of the simulations match well with the results 

obtained from the accelerated AC degradation tests. As a summary of this study, we 

introduce a conceptual accelerated AC test methodology to make the reliability 

analysis of a new ZnO varistor. 
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