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Multilayer ceramic capacitors and thick film resistors are widely used in electronic 

circuits for frequency converters because of their small size and volumetric efficiency. In 

addition, as a result of the current trend of miniaturization in electronics, these 

components have become more vulnerable to different failure mechanisms. In a critical 

application, a failure in a multilayer ceramic capacitor or a thick film resistor may cause 

a complete functional breakdown of a device or a system. By understanding the physics 

of the failure of these components, higher reliability can be achieved by lifetime 

modelling and more robust component design in critical locations. 

In this doctoral dissertation, an industrial radiographic inspection method was used to 

determine the internal condition of an electronic component that had been subjected to 

stress in reliability testing. Four different reliability test setups were constructed, and the 

failure signature in the components was analysed by 2D and 3D X-ray imaging methods. 

Furthermore, destructive analysis methods were employed to verify the observed failure 

mechanisms in 2D and 3D X-ray imaging.  

The results presented in this doctoral dissertation verify the possibility to use 2D and 3D 

X-ray imaging methods in electronic component reliability testing. As a result, failures

induced mechanically, electrically, and chemically were identified.

Keywords: failure analysis, physics of failure, 2D and 3D X-ray imaging, reliability, 

multilayer ceramic capacitor, thick film resistor 
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Nomenclature 

Latin alphabet 

A1 constant – 

AF(V,T) acceleration function that describes reliability of an MLCC – 

B constant – 

b constant – 

C constant – 

Ci single capacitor – 

Ct total capacitance – 

d measured average dielectric thickness m 

Ea activation energy J/mol 
e base for a natural logarithm – 

k constant – 

N number of dielectric layers – 

n number of layers – 

n1 empirical parameter – 

P geometrical factor – 

p percentage of catastrophic failures % 

r size of the defect m 

Ri reliability of a single dielectric layer – 

Rt overall reliability – 

S1 capacitor chip size m 

�̅� average grain size m 

t failure time s 

Greek alphabet 

𝛼 experimental constant 

𝛽 slope for a particular failure mode 

𝛾(𝑡) statistical distribution that describes the variation of a population in a 

lifetime test 

𝜀  dielectrical permittivity 

𝜂 scale parameter when 63.2% of the population has failed 

𝜑(𝑁, 𝑑, r̅, S)reliability of the structure 

Acronyms and chemical formulas 

2D two-dimensional 
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AC alternating current 
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Ag2S silver sulphide 

Ar argon 
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BaTiO3 barium titanate 

BME base metal electrode 

CaTiO3 calcium titanate 

Cu copper 

DC direct current 

DUT device under test 

Dy dysprosium 

EIA Electronic Industries Alliance 

FoS Flower of sulphur 
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IGBT insulated gate bipolar transistor 

ISA Instrument Society of America 

KNO3 potassium nitrate 

La lanthanum 

MLCC multilayer ceramic capacitor 
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Ni nickel 
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Pa palladium 

PCBAs printed circuit board assemblies 

PME precious metal electrode 

PoF Physics of Failure 

ppm parts per million 

S sulphur 

Sm samarium 

Sn tin 
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Yb ytterbium 
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1 Introduction 

Frequency converters are used in vastly different fields of industries and applications, 

such as solar and wind power generation, pulp and paper production, and rubber 

vulcanization, and they face different environmental stressors in different use cases 

depending on their installation location. In solar applications, one of the most important 

stressors for a frequency converter is temperature cycling, which has a significant impact 

on the ageing phenomena of the insulated gate bipolar transistor (IGBT). In wind 

applications, humidity plays a significant role in the frequency converter reliability. Other 

harsh environments, such as those containing corrosive pollutants, can be found in pulp 

and paper production, as well as in rubber vulcanization and mining applications. In these 

industries, the amount of atmospheric sulphur in the environment has a significant impact 

on the lifetime of the frequency converters. Critical components, such as thick film 

resistors, are affected by corrosion caused by sulphur in the environment. Furthermore, 

the manufacturing processes of the frequency converters and handling of the printed 

circuit boards have an impact on the reliability. A component that is considered extremely 

fragile for improper handling is multilayer ceramic capacitor (MLCC). Component 

breakdown, such as cracking, is one of the most common failure mechanisms for ceramic 

capacitors (Teverovsky, 2019; Publication 3). 

 

There are five different types of stress that can affect the reliability of a frequency 

converter. These are mechanical, thermal, electrical, radiation, and chemical stress. For 

example, cracks in multilayer ceramic capacitors can be categorized as mechanical 

stresses, where flexing of the printed circuit board may produce significant tensile 

stresses, resulting in flex cracks. Another very well-known failure mechanism for 

multilayer ceramic capacitors is dielectric breakdown, which can be categorized as 

electrical stress. In this failure mechanism, the leakage current increases and eventually 

causes an internal short-circuit between the adjacent electrodes. Corrosion is an 

electrochemical reaction between two or more elements, and, as mentioned above, thick 

film resistors are extremely prone to corrosion in a sulphuric atmosphere. The inner part 

of these resistors consists of silver (Ag). Silver reacts with sulphur (S), forming silver 

sulphide (Ag2S). Silver sulphide is known to be non-conductive and leads to changes in 

resistance or, eventually, an open circuit (Publication 3). 

 

A common factor for the above-mentioned failure mechanisms is that a failure signature 

is not visible on the outer part of the component. Traditional failure analysis imaging 

methods, such as optical or scanning electron microscopes, are not capable of identifying 

the failure but it always requires a destructive method to conclude the root cause of the 

failure. However, such an analysis approach makes the component unusable and destroys 

the area that needs to be investigated, and in the worst case, the cause of the failure will 

remain unsolved. This doctoral dissertation addresses this problem by conducting 

multiple different research experiments on multilayer ceramic capacitors and thick film 

resistors to identify the failure mechanisms by non-destructive imaging methods, known 

as 2D and 3D X-ray.   
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1.1 Physics of Failure 

Physics of Failure (PoF) is a methodology based on the root-cause failure mechanism 

analysis combined with the knowledge of the product, its constituent elements, material 

characteristics, and their interactions when exposed to stressors. The aim of the PoF 

approach is to design and develop reliable products. In order to apply the PoF method, 

the stressors that can be expected to have an effect on the reliability of the product must 

first be identified. 

Overstress and wear-out are the main reasons why products fail. When a product is 

subjected to a stress that exceeds its strength, the failure is due to overstress. Wear-out 

failure is due to a longer-term failure process, where a product is exposed to a cumulative 

effect of stress and eventually fails when this stress exceeds the product’s durability. 

Stresses that can lead to overstress and wear-out failures comprise mechanical, thermal, 

electrical, radiation, and chemical stress. Figure 1.1 shows an image of the different 

stressors that have an effect on the reliability of a frequency converter.  
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Figure 1.1 Intact vs. defective products’ overstress and wear-out failure caused by mechanical, 

thermal, electrical, radiation, and chemical stress. Based on (Happich, 2017). 

 

Once a failure mechanism has been identified and analysed, higher reliability can be 

achieved by lifetime modelling and using more robust component design in critical 

locations. For example, flex capacitors could be added to locations where bending of a 

PCBA might occur. Investigation of failure mechanisms and their impact on the reliability 

of the frequency converter is one of the research topics of this doctoral dissertation.  

1.2 Definition of X-ray 

X-ray can be defined as an electromagnetic wave of high energy and with a short 

wavelength from 0.1 Å to 10 Å. In the field of component structural analysis, the term X-

ray analysis is typically used to describe some form of radiographic inspection. In 

radiographic inspection, an X-ray image is produced from a concentrated beam of X-ray 

photons travelling through the sample. Depending on the densities of the materials in the 

sample, different numbers of X-ray photons pass through it and hit a detector. The 
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detector consists of a scintillation foil, which converts X-rays into visible light. The light 

is detected by photodiodes in the detector and then converted into an image. X-ray as an 

inspection method can be used for spectrometry, X-ray crystallography, fluorescence 

analysis, medical radiography, and industrial radiographic inspection, to name but a few. 

In this doctoral dissertation, an industrial radiographic inspection method was used to 

determine the internal condition of a component that had been subjected to stress in 

reliability testing. There are multiple benefits when conducting radiographic inspection 

in a failure analysis process. The method allows a non-destructive analysis, rapid results 

can be obtained because of a fast-scanning speed, and the accuracy is within a level of 

microns (Bryant and Bernard, 2005). The X-ray method is especially suitable for printed 

circuit board assemblies (PCBAs), small semiconductors, area array packages, flip chips, 

chip scale package, and discrete components (Bernard, 2002). Any inner body crack of a 

component, void, and metallization defect can be detected and visualized in 2D and 3D 

in real time. X-ray imaging is not suitable for objects made of dense materials because all 

X-ray photons are then absorbed (Publication 2). 

X-ray imaging can be divided into two techniques: 2D radiography and 3D computed 

tomography, also known as 3D X-ray imaging. In 2D X-ray imaging, the produced X-ray 

radiation from the tube passes through the inspected sample and is captured by a digital 

detector. The detector translates the X-ray radiation into an electronic signal and greyscale 

values. The variation in the grayscale values determines the variation in the density of the 

sample in the 2D X-ray image. The closer the inspected sample is moved to the X-ray 

tube the larger the greyscale variation becomes and this is how the magnification, known 

as geometrical magnification, is achieved. In industrial 3D computed tomography, the 

sample is placed on a rotation stage between the radiation source and the digital detector. 

Each sample rotates 360° and multiple 2D X-ray images are taken. The images obtained 

are then reconstructed by using a software into a 3D model that can be sliced into multiple 

virtual cross-section images through the sample, allowing it to be inspected from different 

planes (Bernard, 2003; Villarraga-Gómez et al., 2022). 

 

Nowadays there are multiple different types of CT systems available in the market. The 

smallest ones are mounted inside a scanning electron microscope, and the largest ones are 

capable of rotating tall and heavy parts, such as automotive and aerospace components 

(Baker Hughes Company, 2020). The most relevant CT systems are clinical CTs, material 

analysis and industrial CTs, dimensional metrology CTs, SEM CTs, and large-scale CTs 

(De Chiffre et al., 2014). 

 

Computed tomography systems for clinical scanners are fundamentally different from 

industrial computed tomography systems. In clinical scanners, the X-ray source and the 

detector are continuously rotated around the patient to obtain high-resolution X-ray 

images. In an industrial CT system, the sample is rotated between the X-ray tube and the 

detector. In addition, greater radiation intensities can be used in industrial CTs compared 

with clinical systems, where the doses of radiation and power have to be limited to protect 

the patient. Furthermore, higher resolution and accuracy can be achieved by moving the 
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sample closer to the source or closer to the detector with the industrial CT. Clinical 

scanners are limited to a fixed rotation axis, which is centered between the source and the 

detector (De Chiffre et al., 2014). 

 

The dimensional metrology CT system provides a unique advantage compared with the 

conventional metrology system by giving the ability to perform nondestructive 

measurement of internal dimensions that is not possible with any other measurement 

technology. Furthermore, the method allows to measure components in the assembled 

state. For the dimensional metrology CT systems, the uncertainty specifications are given 

in the German guideline VDI/VDE 2630-1.3, which is currently the only standard for CT 

CMMs (Kruth et al., 2011; De Chiffre et al., 2014).  

 

The smallest CT system in the market is a specific CT device, which can be mounted in 

a standard scanning electron microscopy. This method allows 3D imaging of small 

samples with resolution down to 500 nm. The fundamental principle is almost the same 

as in industrial and large CT systems where the sample is rotated between the radiation 

source and the detector (De Chiffre et al., 2014).    

 

In this doctoral dissertation, an industrial X-ray system was used to evaluate failure 

mechanisms in electronics. The main advantage of the system is that it can be operated 

both in 2D and 3D X-ray imaging modes. Both techniques have their benefits and 

drawbacks, and it is not possible to determine whether 2D or 3D X-ray imaging is better 

than the other, or vice versa. For 2D X-ray imaging, the limitations are due to insufficient 

information of the depth and location of the internal features of an object. Furthermore, 

any material defects along the Z-axis of the inspected sample are impossible to analyse. 

Additionally, a complex geometry of a sample might cause certain limitations. If the 

sample consists of several features with different thicknesses or densities, the defects 

might be hidden owing to the restrictions on the viewing angles of the 2D X-ray imaging. 

The 3D X-ray imaging has no restrictions on the viewing angles because of the rotation 

stage, and thus, the method is useful to inspect complex geometries. The main drawback 

of 3D X-ray imaging is that there are no standard rules available that would specify the 

quality requirements of a computed tomography inspection. Furthermore, the method is 

more time consuming compared with 2D X-ray imaging. 

 

1.3 Objective and research questions 

The main objective of this work was to identify different failure mechanisms in electronic 

components by 2D and 3D X-ray imaging. For this task, two different passive electronic 

components were chosen: a multilayer ceramic capacitor and a thick film resistor. The 

doctoral research started by gathering information and physically analysing the structures 

of both component types. When the X-ray photons travel through a component, all 

different material layers are seen at the same time in the X-ray image, and some materials 

may shadow small defects in the sample. Without the knowledge of the internal structure 



1 Introduction 

 

18 

and the materials used in the component, defects such as dielectric breakdowns in 

multilayer ceramic capacitors may be invisible because of their small size. Furthermore, 

if one material layer inside a component has corroded, it is very useful to investigate the 

internal structure of the sample to understand the failure mechanism.   

The component manufacturing methods and processes play a significant role in terms of 

reliability. For multilayer ceramic capacitors, the fabrication of the internal ceramic is not 

a straightforward task, and if it is not produced well, it will have a dramatic influence on 

the reliability of the component. This doctoral dissertation goes into details of the 

manufacturing methods of the multilayer ceramic capacitor and explains which factors 

affect the reliability of a component. By understanding the crucial factors, it is possible 

to construct an appropriate test setup for testing the reliability of components. For this 

doctoral dissertation, four different reliability test setups were built to induce different 

failure mechanisms in multilayer ceramic capacitors and thick film resistors. In the study, 

mechanically, electrically, and chemically induced failures were produced.  

The trend of miniaturization has a strong influence on the demand of advanced analysis 

tools in the electronic failure analysis process to understand the failure mechanisms. For 

example, the thickness of an active dielectric layer can be within a micron or submicron 

range, and the short-circuit between these layers needs to be located (Publication 2). 

Without determining the failure location, the physics of a failure cannot be understood. 

Therefore, advanced analysis tools are needed to achieve high-resolution images of the 

failure to determine the failure mechanism. The present industrial X-ray devices can 

achieve a resolution within microns, and the part under analysis does not have to be 

destroyed to investigate the inner defect (Direct Industry, 2021). Although the X-ray 

imaging is an old method and has been used for decades, it is rather new in electronic 

industries, and to the author’s knowledge, only a limited amount of literature can be found 

on X-ray imaging of electronics.  

In this doctoral dissertation, the main research question was Can X-ray imaging be an 

evaluation method in component reliability testing? This question was answered by 

developing multiple different reliability test setups. As a result, failures induced 

mechanically, electrically, and chemically were identified.  

The second research question was Does the failure mechanism observed in reliability 

testing correspond to the failure mechanisms observed in the field returns? It is not 

always obvious that failures induced by reliability testing also occur in real applications 

in a similar manner. This question was answered by comparing results obtained from 

reliability tests with field failure returns. 

1.4 Scientific contributions of the doctoral dissertation 

Three main scientific contributions were achieved in this doctoral dissertation. The first 

scientific contribution was to discover the opportunities of using 2D and 3D X-ray 

methods in an electronic failure analysis process. 2D and 3D X-ray are well-known 
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methods in medicine, with a wide array of publications and case studies. On the contrary, 

in the field of electronics, only a small number of publications can be found on 2D and 

3D X-ray methods.   

The second scientific contribution was to develop reliability test setups for testing passive 

electronic components. In this doctoral dissertation, four different test setups were 

constructed and developed to cause stressors to multilayer ceramic capacitors and thick 

film resistors.   

Finally, the third scientific contribution was to provide understanding of the stressors and 

compare the failure signatures from the reliability tests and field failure returns. The focus 

was on investigating the fault pattern from the test DUTs and field returns to verify the 

significance of the developed reliability test setup. If the failure signature in the test DUTs 

showed a similar failure pattern compared with the field failure returns, the reliability test 

was considered to be successful. 
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2 Structure and reliability of the DUTs 

The research work was mainly carried out by conducting experiments on multilayer 

ceramic capacitors and thick film resistors. Both of these sample types are passive 

electronic components, and their structure consists of multiple different materials and 

layers.   

2.1 Structure of thick film resistor 

The most common type of resistor in the market is the thick film resistor. The name of 

the component originates from the film layer thickness, which is as thick as 100 µm. A 

surface mount package type is the most common package of thick film resistors, and it is 

one of the cheapest components compared with any other electronic components.  

The structure of a thick film resistor is very simple. The first part is an aluminium 

substrate, which acts as a mechanical support for the whole construction. On top of the 

substrate two conductors on each side of the terminals, a special resistive element and an 

undercoat are printed. Modern resistor pastes are based on oxide compounds, such as 

ruthenium, iridium, and rhenium oxide. Silver is mostly used as a conductor because of 

its good electrical conductivity.    

After the first printing phase, laser trimming of the resistor takes place. The laser is used 

to adjust the operating parameters. A cut in the resistor material narrows the current flow 

and increases the resistance value. By specifying the length of the cut, the target of the 

desired resistance value will be achieved.  

When the operating parameters have been adjusted for each resistor, the second printing 

phase takes place. On top of the undercoat, a middle coat, an overcoat printing, and a 

marking code are printed on top of each layer. Next, the end termination plating of nickel 

(Ni) and tin (Sn) is made. This part is added to ensure the solderability of the resistor. 

Finally, all thick film resistors are electrically verified and visually inspected before 

shipping. A typical cross-section image of a thick film resistor is shown in Figure 2.1a, 

and Figure 2.1b shows an illustration of the different materials and layers used in a thick 

film resistor.  



2 Structure and reliability of the DUTs 

 

22 

 

Figure 2.1: a) Typical cross-section image of a thick film resistor. b) Illustration of the different 

materials (Publication 3). 

2.2 Structure of Multilayer Ceramic Capacitor 

The structure of the multilayer ceramic capacitor can be divided into three main parts. 

The first part is the active area, which contains the dielectric material and the electrodes. 

The dielectric material often consists of ceramics based on barium titanate (BaTiO3), and 

electrodes based on nickel (Ni) or silver. The second part in the MLCCs structure is the 

conductive termination. This layer is added to the active area for the electrical connection. 

The material used in this termination is usually copper (Cu) or silver. The third part in the 

MLCC structure is the end termination. This part is added to ensure the solderability of 

the capacitor. The end termination is often made with a nickel barrier layer and tin 

(Keimasi et al., 2008). 

Electrically, one MLCC acts like a number of single layer ceramic capacitors, which are 

connected in parallel. Figure 2.2 illustrates, a cross-sectional image of one single MLCC 

as parallel-connected capacitors. It is assumed that the MLCC consists of an N number of 

dielectric layers inside, and every single capacitor Ci has the same electrode area, the same 

dielectric thickness d, and the same processing history. The total capacitance Ct can be 

expressed as (Liu and Sampson, 2012): 
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 𝐶𝑡 = 𝐶1 + 𝐶2 + 𝐶3. . . +𝐶𝐼…𝐶𝑁 = 𝑁 ∗ 𝐶𝐼 . (2.1) 

 

 

Figure 2.2: Left-hand image illustrates a cross-section of N number of capacitors. The right-hand 

image shows the electrical parallel connection for an N number of capacitors. Based on (Liu and 

Sampson, 2012). 

 

From Figure 2.2 it can also be noticed that if an electrode in the capacitor fails in an open 

mode, it will reduce the total capacitance owing to the lack of a contribution from that 

electrode. Unless the total capacitance drops below the required capacitance, it will not 

be critical. On the other hand, if the neighbouring electrodes are shorted, the entire 

capacitor behaves like a shorted one causing the entire component to malfunction. The 

calculation of the capacitance can also be simplified to a combination of a number of plate 

capacitors, as shown in the equation (Liu and Sampson, 2012)  

 
𝐶 =

𝜀 ∗ 𝑛 ∗ 𝐴

𝑑
 , (2.2) 

where 𝜀 is the dielectrical permittivity of the ceramic material, n is the number of layers, 

A is the area of an active surface of each layer, and d is the distance between the layers. 

The electrical characterization of multilayer ceramic capacitors is divided into different 

groups, known as application classes. These application classes come from 

standardization. There are two different standards for ceramic capacitors; the first is by 

the International Electrotechnical Commission (IEC), which is a non-governmental 

international standard organization. The second standard is established by the Electronic 

Industries Alliance (EIA). The EIA develops standards for electronic manufacturers to 

ensure that the equipment used in manufacturing is compatible and interchangeable. 

In this doctoral dissertation, the EIA standard is considered, and two groups of dielectric 

materials are explained. The two ceramic dielectric materials chosen are C0G and X7R. 

In both capacitors, the dielectric material is BaTiO3, and they differ from each other by 

the percentage of the BaTiO3 content.    
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The C0G dielectric is a Class 1 dielectric, and it has a high stability of the capacitance 

value over temperature and voltage. The capacitance varies by only ±30 ppm within the 

temperature range from -55 ˚C to 125 ˚C (Gurav et al., 2013). Compared with X7R, C0G 

has a lower dielectric permittivity, making it difficult to obtain high capacitances for the 

same volume. The C0G dielectric material is made of different titanate mixtures, such as 

BaTiO3, Nd2Ti2O7, TiO2, or CaTiO3. A typical amount of BaTiO3 in C0G dielectrics 

varies from 10% to 50% (Kishi et al., 2003). 

The X7R dielectric is a Class II general purpose dielectric. The capacitance value varies 

within ±15% within the temperature range from -55 ˚C to 125 ˚C. Table 2.1 and Table 

2.2 present the naming of the dielectrics in Class I and Class II, respectively. The code is 

given by the capacitors’ temperature range and their capacitance stability in the given 

temperature range. As it can be observed from Table 2.1 and Table 2.2, the X7R 

capacitance value is not as temperature stable that of C0G. Furthermore, the X7R 

dielectric is made almost solely of BaTiO3, and thus, the content varies from 90% to 98%.   
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Table 2.1: Dielectric classification for Class I. The example C0G is indicated in red in the table. 

C0G represents the maximum ±30 ppm/˚C capacitance change in the temperature range from -55 

˚C to +125 ˚C. Based on (Kemet Electronics Corporation, 2019). 

 

Table 2.2: Dielectric classification for Class II. The example X7R is indicated in red in the table. 

X7R represents the capacitance stability of ±15% in the temperature range from -55 ˚C to +125 

˚C. Based on (Kemet Electronics Corporation, 2019). 

 

The physical sizes of the capacitors are also standardized. The standards are used for 

determining the width and length of the capacitors. The size coding standard of the 

Electronic Industry Alliance uses a code which consists of four digits, representing the 

dimensions of the MLCC in one-tenths of an inch. The JEDEC Solid State Technology 

Association uses metric coding for the MLCCs. The metric code also consists of four 

digits indicating the dimensions in one-tenths of a millimetre. In both systems, the first 

two numbers indicate the length of the capacitor and the last two numbers the width of 

the capacitor. Table 2.3 shows the two size coding systems for multilayer ceramic 

capacitors.  

C 0.0 0 -1 G ± 30

B 0.3 1 -10 H ± 60

L 0.8 2 -100 J ± 120

A 0.9 3 -1000 K ± 250

M 1.0 4 -10000 L ± 500

P 1.5 5 1 M ± 1000

R 2.2 6 10 N ± 2500

S 3.3 7 100

T 4.7 8 1000

U 7.5 9 10000

Middle 

Digit

PPM/ºC 

Multipli

Last 

Letter

Tolerance of 

Temp Coefficient

Class I Dielectrics: Temperature Range -55°C to 125°C

First 

Letter
PPM/ºC

Z 10.0 2 45 A ± 1.0

Y -30.0 4 65 B ± 1.5

X -55.0 5 85 C ± 2.2

6 105 D ± 3.3

7 125 E ± 4.7

8 150 F ± 7.5

9 200 P ± 10

R ± 15

Class II Dielectrics: Temperature Range -55°C to 125°C

First 

Letter
Low Temp. 

Middle 

Digit

High 

Temp. 

Last 

Letter

Max Cap. 

Change Over 
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Table 2.3: Size coding by metric and inch codes. Based on (European Passive Components 

Institute, 2021). 

 

2.3 Multilayer ceramic capacitor manufacturing process 

According to (Murata Manufacturing Co., 2011), the multilayer ceramic capacitor 

manufacturing process can be divided into eight processing steps. The manufacturing of 

capacitors starts with the printing of the internal electrodes onto dielectric sheets. Nickel 

is the most commonly used metal for the internal electrodes of the multilayer ceramic 

capacitors. After the nickel metal paste has been printed onto the dielectric sheets, the 

sheets are stacked into layers on top of each other, layer by layer. When the desired 

number of layers has been added, pressure is applied to make the dielectric sheets crimp 

and to form them. All these three processing steps are taken in a clean room to avoid 

contamination from foreign materials (Murata Manufacturing Co., 2011). 

The next step is cutting. The stacked dielectric blocks are cut to a specific chip size, 

according to the inch or metric coding standard. Now, every chip is fired at a temperature 

from 1000 ºC to 1300 ºC. The heat combines the ceramics and the electrodes into a solid 

structure. When this processing step has been finalized, the chip ends are be coated with 

a metal paste that will become the external electrodes. Usually, copper paste is applied as 

the material for the external electrodes, and the chips are then baked at 800 Cº. Finally, 

the end terminations are added. One layer of nickel and one layer of tin are plated on the 

ends of the chips. The plating process is normally accomplished by an electrolytic 

process. The manufacturing process for the multilayer ceramic capacitors is shown in 

Figure 2.3 (Murata Manufacturing Co., 2011). 

01005 0.016 x 0.0079 0402 0.4 x 0.2 1806 0.18 x 0.063 4516 4.5 x 1.6 

015015 0.016 x 0.016 0404 0.4 x 0.4 1808 0.18 x 0.079 4520 4.5 x 2.0 

0201 0.024 x 0.012 0603 0.6 x 0.3 1812 0.18 x 0.13 4532 4.5 x 3.2

0202 0.02 x 0.02 0505 0.5 x 0.5 1825 0.18 x 0.25 4564 4.5 x 6.4

0302 0.03 x 0.02 0805 0.8 x 0.5 2010 0.20 x 0.098 5025 5.0 x 2.5

0303 0.03 x 0.03 0808 0.8 x 0.8 2020 0.20 x 0.20 5050 5.08 x 5.08

0504 0.05 x 0.04 1310 1.3 x 1.0 2220 0.225 x 0.197 5750 5.7 x 5.0

0402 0.039 x 0.020 1005 1.0 x 1.5 2225 0.225 x 0.25 5664/5764 5.7 x 6.4

0603 0.063 x 0.031 1608 1.6 x 0.8 2512 0.25 x 0.13 6432 6.4 x 3.2

0805 0.079 x 0.049 2012 2.0 x 1.25 2520 0.25 x 0.197 6450 6.4 x 5.0

1008 0.098 x 0.079 2520 2.5 x 2.0 2920 0.29 x 0.197 7450 7.4 x 5.0

1111 0.11 x 0.11 2828 2.8 x 2.8 3333 0.33 x 0.33 8484 8.38 x 8.38

1206 0.126 x 0.063 3216 3.2 x 1.6 3640 0.36 x 0.40 9210 9.2 x 1.16

1210 0.126 x 0.10 3225 3.2 x 2.5 4040 0.4 x 0.4 100100 10.2 x 10.2

1410 0.14 x 0.10 3625 3.6 x 2.5 5550 0.55 x 0.5 140127 14.0 x 12.7

1515 0.15 x 0.15 3838 3.81 x 3.81 8060 0.8 x 0.6 203153 20.3 x 15.3

EIA inch 

code

IEC/EN 

metric 

code

Dimensions     

L x W     

mm x mm

EIA inch 

code

Dimensions       

L x W                

inch x inch

IEC/EN 

metric 

code

Dimensions     

L x W     

mm x mm

Dimensions       

L x W                

inch x inch
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Figure 2.3: Manufacturing process for multilayer ceramic capacitors. Based on (Murata 

Manufacturing Co., 2011). 

 

There are two ways to manufacture the internal and external electrodes; the Precious 

Metal Electrode (PME) method and the Base Metal Electrode (BME) method. Their 

differences are that in the PME, palladium (Pa) and silver are used as materials for the 

electrodes, while in the BME, capacitor electrodes contain copper and nickel. 

The advantage of using precious metals in the electrodes is that they do not react with 

oxygen. PME capacitors are fired in the normal atmospheric pressure, and thus, the 

process eliminates the risk of oxidation of the electrode. Capacitors with base metals 

require a reduction in the atmospheric pressure to avoid oxidation during firing. The 

problem with the atmospheric pressure is that it can leave oxygen vacancies in the 

dielectric. The oxygen reduces the insulation resistance and degrades the reliability of the 

capacitor (Paulsen and Reed, 2002). 

It is known that the oxygen vacancies in an insulation material will gather at the cathode 

of the BME capacitors when a DC voltage is applied. The oxygen vacancies migrate 

through the grain boundaries. The positive-charge oxygen vacancies cause an 

inhomogeneous electrical field at the cathode resulting in a dielectric breakdown in time. 

One way to address this problem is to use rare earth materials for doping the ceramics by 

replacing some of the BaTiO3 with rare earth materials. 

Some of the rare earth materials used for the doping are: lanthanum (La), ytterbium (Yb), 

dysprosium (Dy), and samarium (Sm). Figure 2.4 presents different dopants used in 

MLCCs in a highly accelerated lifetime test. The MLCCs are subjected to an electric field 
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of 10 kV/mm and a temperature of 150 °C. The test results show that most of the added 

dopants significantly reduce the leakage currents because of the dielectric breakdown 

caused by the oxygen migration (Murata Manufacturer Capacitor Division, 2016). 

 

Figure 2.4: Highly accelerated lifetime test where a comparison of the increase in the leakage 

current of MLCCs doped with different rare earth materials is shown. The rare earth materials 

slow down the migration of oxygen vacancies and thereby the degradation of the MLCC. Based 

on (Murata Manufacturer Capacitor Division, 2016). 

 

In the firing process, the choice of the temperature during firing also influences the rate 

of the formation of O2 and thereby the risk of introducing oxygen vacancies. The higher 

the firing temperature is, the higher the partial pressure of oxygen will be, implying that 

more oxygen vacancies could have been created as seen in Figure 2.5 (Murata 

Manufacturer Capacitor Division, 2016). 
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Figure 2.5: Partial pressure of oxygen increases with an increase in firing temperature during 

manufacturing. Based on (Murata Manufacturer Capacitor Division, 2016). 

 

After the firing process, the ceramic will have a grain microstructure with a core of 

BaTiO3, and a shell of the dopant or dopants used for the protection against the oxygen 

vacancy as illustrated in Figure 2.6. 
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Figure 2.6: Grain structure of a ceramic dielectric. The density of BaTiO3 is higher in the core, 

and thus, a higher ratio of core to shell will cause a higher dielectric permittivity of the material. 

The dopants at the grain boundary limit the migration of oxygen vacancies, increasing the 

reliability of the MLCC. Based on (Yamada, 2012). 

 

Large grains and/or too thin layers of dielectrics should be avoided in high-reliability 

products, as they increase the risk of a dielectric breakdown. The ratio of core to shell 

should be increased, as this increases the dielectric permittivity, reducing the number of 

layers needed. At the same time, the amount of shell vs. core should be balanced, because 

too little doping material will allow oxygen vacancies to migrate, and excessive doping 

material will cause the dopant itself to migrate and cause a similar risk of failure (Yamada, 

2012). Figure 2.7 shows the results of a highly accelerated test where the influence of the 

grain size on the failure time was tested. As it can be observed, when the number of grains 

in a layer decreases, also the time to failure decreases. 
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Figure 2.7: Lifetime of the MLCC depends on the number of grains in each layer of the ceramic 

dielectric. As the number of grains in each layer of the ceramic dielectric decreases, the lifetime 

of the MLCC decreases correspondingly. Based on (Yamada, 2012). 

 

2.4 Reliability of BME capacitors 

The microstructure of the MLCC generally determines its reliability. When comparing 

the BME capacitors with the PME capacitors, the PME ones have a much higher 

reliability. This is due to MIL-PRF-123, which provides the minimum thickness of the 

dielectric material used in the PME capacitors. For the BME capacitors, it is not sufficient 

to determine the minimum dielectric layer thickness for ensuring a higher reliability. 

Instead, more attention must be paid directly to the fabrication requirements, and a 

qualification plan must be developed when choosing BME capacitors for a high-

reliability application (Liu, 2013). 

The dielectric material has a direct influence on the reliability of the MLCCs. It is very 

important that the dielectric material retains its insulating properties under the stated 

environmental and operating conditions for a specified period of time. The overall 

reliability R(t) of the MLCC consists of three main parts and can be expressed as:  

 𝑅(𝑡) = 𝜑(𝑁, 𝑑, r̅, S1) ∗  𝐴𝐹(𝑉, 𝑇) ∗  𝛾(𝑡), (2.3) 
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where 𝛾(𝑡) is a two-parameter Weibull statistical distribution that describes the variation 

of the population in a lifetime test. AF(V,T) is an acceleration function that describes the 

reliability of the MLCC when the capacitor is  exposed to external stress, such as voltage 

V and temperature T. One of the main criteria is that all devices under test should follow 

the same acceleration function by sharing the same failure mechanism. The term 

𝜑(𝑁, 𝑑, �̅�, 𝑆1) indicates the reliability of the structure, expressed as a function of the 

dimensions of the dielectric, such as the number of dielectric layers N, the dielectric 

thickness d, the average grain size �̅�, and the capacitor chip size S1 (Liu and Sampson, 

2011). 

To determine the reliability of an MLCC, all three parts must be specified. A two-

parameter Weibull statistical distribution model 𝛾(𝑡) is used to describe the reliability of 

a multilayer ceramic capacitor as a function of time. The equation can be written as: 

 
𝛾(𝑡) = 𝑒

−(
𝑡

𝜂
)𝛽

, (2.4) 

where 𝑒 is the base for the natural logarithm, t denotes the failure time, 𝛽 is the slope for 

a particular failure mode, and 𝜂 is the scale parameter when 63.2% of the population have 

failed. Because both the factors 𝛽 and 𝜂 are positive, the reliability can also be considered 

as the probability of a failure to occur (Liu and Sampson, 2012). 

To further specify the reliability of the BME MLCC, the term 𝜑(𝑁, 𝑑, r̅, 𝑆1) is attributed 

to the impacts of construction and microstructure parameters. These parameters include 

the measured average dielectric thickness d, the measured average grain size �̅�, and the 

number of total dielectric layers N. According (Liu and Sampson, 2012), the chip size S1 

is considered negligible. As shown in Figure 2.2, a monolithic multilayer ceramic 

capacitor can be converted both electrically and constructively into a number of single-

layer ceramic capacitors connected in parallel. The reliability of a single MLCC with an 

N number of dielectric layers that are connected in parallel can be expressed as follows: 

 𝑅𝑡 = 𝑅1 ∗ 𝑅2 ∗ 𝑅3…∗ 𝑅𝑖 …∗ 𝑅𝑛 = 𝑅𝑖
𝑁, (2.5) 

where 𝑅𝑡 is the overall reliability of an MLCC, and Ri is the reliability of an ith single 

dielectric layer capacitor (Liu and Sampson, 2012). 

From Equation (2.5) it can be observed that the reliability of an MLCC is highly 

dependent on one single-layer capacitor inside a monolithic MLCC. According to the 

structure of an MLCC, the capacitor reliability can be expressed as follows: 

 𝑅𝑡(𝑡) = 𝑅𝑖(𝑡)
𝑁, (2.6) 

where 𝑅𝑖(𝑡) is the reliability of a single dielectric layer. The capacitor overall reliability 

𝑅𝑡(𝑡) is a function of a single dielectric layer with an N number of individual dielectric 

layers. Figure 2.8 presents the influence of the number of dielectric layers and the 

capacitor reliability (Liu and Sampson, 2012). 
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Figure 2.8: Capacitor reliability according to different numbers of individual dielectric layers in 

a BME capacitor (Liu and Sampson, 2011). 

 

According to Figure 2.8, when 𝑅𝑖(𝑡) is very close to 100%, the number of individual 

dielectric layers does not have a significant impact on the reliability of the multilayer 

ceramic capacitor. If 𝑅𝑡(𝑡) drops slightly, the numbers of individual dielectric layers play 

a significant role in the MLCC reliability, and when the number of layers exceeds 250, 

the reliability will decrease rapidly (Liu and Sampson, 2011). 

 

As it can be seen, the structure of an MLCC has a major impact on the overall reliability 

of a component. The number of grains per dielectric layer also has a significant impact 

on reliability. Between each dielectric layer, the average grain size can be calculated by 

cross-sectioning the sample and analysing it with scanning electron microscopy to 

determine the dielectric reliability.  

 

Nakamura et al. (2011) showed that the mean time to failure of the multilayer ceramic 

capacitors follows a power-law relationship with respect to the dielectric thickness d, 

when the average grain size and the applied voltage are both given. Nakamura et al. 

(2011) has reported that the measured mean time to failure are proportional to the number 

of grains, which means that the mean time to failure increases when the number of grain 

boundaries per layer increases, as seen in Figure 2.9a. Additionally, they found that the 

mean time to failure became equal if the applied voltage per grain boundary was kept 

constant, as seen in Figure 2.9b. This shows that increasing the number of grain 

boundaries is a very important method to improve reliability (Nakamura et al., 2011). 
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Figure 2.9: Mean time to failure vs. degradation of the insulation resistance with different grain 

sizes. (a) Time dependence of the insulation resistance under a high temperature (150 ºC) and a 

high voltage DC (10 kV/mm). (b) Time dependence of the insulation resistance under a high 

temperature (150 ºC) and a constant voltage DC (1.85 V/grain boundary) per grain boundary 

(Nakamura, 2011). 

 

In each single dielectric layer, the layer has an average grain size r̅ . The number of grains 

in an average dielectric thickness d, can be expressed as: 

 𝑑

r̅
 (2.7) 

The dielectric reliability for a single layer 𝑅𝑖(𝑡) is based on the dielectric thickness and 

the size of the defect r, which can cause a catastrophic failure as illustrated in Figure 2.10.  

If the defect is almost as large as the dielectric layer (𝑑 ≈ 𝑟), the reliability 𝑅𝑖(𝑡) of the 

capacitor approaches 0, and if the defect is small enough (𝑑 >> 𝑟), the reliability 𝑅𝑖(𝑡)  
approaches 1. According to the 2-parameter Weibull distribution with respect to the 

thickness d and the defect size r, 𝑅𝑖(𝑡) can be expressed as follows (Liu and Sampson, 

2012): 

 

 
𝑅𝑖(𝑡) = 𝑒

−(
𝑡

𝜂
)𝛽
∗ [1 − (

𝑟

𝑑
)
𝜉

].  (2.8) 
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Figure 2.10: Illustration of two defects (a and b) inside the dielectric layer. (a) The defect r is non-

harmful because of the far greater dielectric thickness d. (b) The size of the defect r approaches 

the dielectric thickness d and can cause a catastrophic dielectric damage (Liu and Sampson, 2012). 

 

For simplicity, the average grain size �̅�  is directly related to the size of the defect r as 

𝑟 ≈ 𝑐 𝑥 r̅, where c is a constant. Equation (2.8) can be further expressed with a 

geometrical factor P as: 

 
𝑃 = 1 − (

𝑟

𝑑
)
𝜉

= [1 − (
r̅

𝑑
)𝛼]𝑁, (𝛼 ≥ 5), (2.9) 

where the dielectric reliability 𝑅𝑖(𝑡) and the microstructure are determined with the 

geometric factor P. 𝛼 is an experimental constant (assumed to be α ≥ 5), which is related 

to the processing conditions and to the microstructure of an MLCC. In general, the value 

of the empirical parameter 𝛼 has to be determined by experimental methods. N is the 

number of individual dielectric layers (Liu and Sampson, 2012). 

 

The Weibull reliability of a BME MLCC is equal to unity when 𝑡 < 𝜂. This gives us the 

reliability for a single dielectric layer: 

 
𝑅𝑖(𝑡 < 𝜂) = 𝑒

−(
𝑡

𝜂
)
𝛽

∗ [1 − (
r̅

𝑑
)
𝛼

] = 1 ∗ [1 − (
r̅

𝑑
)
𝛼

] =

       [1 − (
r̅

𝑑
)
𝛼

],  

(2.10) 

and the simplified time-independent dielectric layer reliability of a multilayer ceramic 

capacitor is obtained by combining Equation (2.6) and Equation (2.10) (Liu and Sampson, 

2011): 

 𝑅𝑡(𝑡 < 𝜂) = 𝑅𝑖(𝑡 < 𝜂)𝑁 = [1 − (
r̅

𝑑
)
𝛼

]𝑁 , (𝛼 ≥ 5). (2.11) 

The 2-parameter Weibull statistical distribution 𝛾(𝑡) and the reliability of the dielectric 

𝜑(𝑁, 𝑑, r̅, 𝑆1) have now been specified. The third part of Equation (2.3), AF(V,T), is the 

acceleration function of the multilayer ceramic capacitors. The acceleration function is 

the well-known Prokopowicz and Vaskas equation. In this equation, the external stressors 

are voltage and temperature. The acceleration function 𝐴𝐹(𝑉, 𝑇) represents the impact of 

the external stress on the reliability of the multilayer ceramic capacitor, where the time to 

failure of the MLCCs is caused by a single failure mode when both the voltage V and the 

temperature T are changed from V1 to V2 and T1 to T2 during the test. The Prokopowicz 

and Vaskas equation is given as follows:  
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𝐴𝑉𝑇 =

𝑇1
𝑇2
= (

𝑉2
𝑉1
)
𝑛1

= exp [
𝐸𝑎
𝑘
(
1

𝑇1
−
1

𝑇2
)], (2.12) 

where n1 is an empirical parameter, and 𝐸𝑎 is the activation energy. The empirical 

parameter n1 represents the voltage acceleration factor, and the activation energy 𝐸𝑎 

represents the temperature acceleration factor. In Equation (2.12), k is the Boltzmann 

constant (Liu and Sampson, 2012). 

In the capacitor lifetime testing, it is assumed that the BME capacitors have only one 

failure mode during testing, meaning that the value of 𝛽 should not change over the 

applied stress as specified in Equation (2.4). Only the Weibull distribution scale 

parameter 𝜂 changes. The temperature and the non-thermal stress can be expressed 

according to Equation (2.12) as follows: 

 
𝜂(𝑉, 𝑇) =

𝐶

𝑉𝑛1
∗ 𝑒(

𝐵
𝑇
)
 (2.13) 

where C and 𝐵 = 𝐸𝑎/𝑘 are constants (Liu and Sampson, 2012). 

Liu and Sampson (2011) have shown mixed failure modes during the acceleration lifetime 

test of the BME capacitors. The acceleration function 𝐴𝐹(𝑉, 𝑇) is found not to follow the 

power law as specified in Equation (2.12). In their study, two failure modes, catastrophic 

and slow degradation were found. These two failure modes were revealed from the 

measurements of time to failure vs. the capacitor leakage current as a function of stress. 

Figure 2.11 shows the leakage current graphs for both failure modes (Liu and Sampson, 

2011). 

 

Figure 2.11: Two-stage dielectric wear-out failure modes (Liu and Sampson, 2011). 
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Liu and Sampson (2011) found that the two-dielectric wear-out failures followed different 

acceleration functions. The slow degradation mode follows the exponential model, 

whereas the catastrophic failure fits the power-law model better. Table 2.4 presents the 

failure modes and their corresponding acceleration functions for the modelling of the 

multilayer ceramic capacitor lifetime.   

Table 2.4: Dielectric breakdown failure modes of the MLCC and the corresponding acceleration 

functions for modelling the multilayer ceramic capacitor lifetime (Liu and Sampson, 2011). 

Failure 

mode 

Expression of the scale 

parameter  

Expression of the time to failure (TTF) 

Slow 

degradation 

𝜂(𝐸, 𝑇) = 𝐶𝑒−𝑏𝐸

∗ 𝑒
(
𝐸𝑎
𝑘𝑇
)
 

𝑡1
𝑡2
= exp[−𝑏(𝐸1 −𝐸2)] exp [

𝐸𝑎
𝑘
(
1

𝑇1
−
1

𝑇2
)] 

Catastrophic 
𝜂(𝑉, 𝑇) =

𝐶

𝑉𝑛1
∗ 𝑒(

𝐸𝑎
𝑘𝑇
) 

𝑡1
𝑡2
= (

𝑉2
𝑉1
)

𝑛1

= exp [
𝐸𝑎
𝑘
(
1

𝑇1
−
1

𝑇2
)] 

 

Finally, the reliability of the multilayer ceramic capacitor consists of three parts. The first 

part is the structural reliability of the dielectric 𝜑(𝑁, 𝑑, r̅, 𝑆1), and it can be expressed by 

using Equation (2.11). The second part is the acceleration function 𝐴𝐹(𝑉, 𝑇), and it was 

summarized in Table 2.4 from two different acceleration functions. The third part is the 

two-parameter Weibull distribution 𝛾(𝑡), and it was expressed using Equation (2.4). The 

reliability of the BME capacitor can finally be given as follows: 

 𝑅(𝑡) = 𝜑(𝑁, 𝑑, r̅, 𝑆1) ∗  𝐴𝐹(𝑉, 𝑇) ∗  𝛾(𝑡) =  

 
[1 − (

r̅

𝑑
)
𝛼

]𝑁 ∗   

 

{
 
 

 
 

𝑝 ∗ 𝑒

−[
𝑡

𝐴1
𝑉𝑛
𝑒
(
𝐸𝑎1
𝑘𝑇

)
]

𝛽1

+ (1 − 𝑝) ∗ 𝑒
−[

𝑡

𝐶𝑒−𝑏𝐸∗𝑒
(
𝐸𝑎2
𝑘𝑇

)
]

𝛽2

}
 
 

 
 

, (2.14) 

where the Weibull slope 𝛽1 is the parameter for the catastrophic failure, and 𝛽2 is for the 

slow degradation failure. 𝐸𝑎1 and 𝐸𝑎2 are the activation energies for the two failure 

modes. The term p represents the percentage of the catastrophic failures, 𝐴1, 𝑏, 𝐶 are 

constants, and 𝛼 is a constant that can be determined experimentally. N is the number of 

dielectric layers, d is the average thickness of the dielectric material, E is the electrical 
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field per dielectric layer, and �̅� is the average grain size. The impact of the chip size S1 is 

negligible on the reliability of multilayer ceramic capacitor (Liu and Sampson, 2011). 
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3 Research methods 

Four reliability test systems were designed and constructed: one to induce mechanical 

failures, one for electrical failures, and two test setups, where the DUTs were exposed to 

corrosive gases. The failure analysis of the DUTs was made by using 2D and 3D X-ray 

imaging and traditional cross-section methods. The cross-section samples were analysed 

with different types of microscope.    

3.1 Bending setup 

For the bending setup, a four-point bending measurement setup was constructed. In the 

four-point measurement configuration, the strain along the bent board should 

theoretically be the same, as opposed to a three-point measurement configuration, where 

the strain varies along the length of the test board. It was desired to do board flex tests for 

a fully assembled PCBA, where the components are not located at a specific position at 

the point of loading.   

 

The four-point bending measurement setup consisted of two anvils that support the test 

specimen. On the opposite surface of the specimen another two anvils were used to cause 

the bending stress. When a uniform bending moment is applied, a symmetric load will be 

applied to the specimen because of the four anvils. Figure 3.1 presents an illustration of 

a universal tester for four-point bending measurements.  
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Figure 3.1: Universal tester for four-point bending measurements. Based on (IPC/JEDEC-9702, 

2004). 

 

In Publication 1, the Zwick/Roell Z010 bending setup was used. Figure 3.2 shows a 

schematic drawing of the bending test setup, where the bending setup complementary 

parts are indicated on the Zwick/Roell testing machine. Furthermore, the test setup 

consisted of two different LabVIEW programs to measure the different conditions: 

1. Strain on the strain gauges. The program for the strain-on-strain gauge was used 

to read the strain values from the strain gauges during the bending. Dynamic 

values and strain values at different heights of the board at a specific time were 

obtained. The interface between the strain gauges and the LabVIEW program 

was made by an NI 9219 4-channel universal analogue input connector together 

with an NI cDAQ-9174 Compact DAQ. 
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2. Continuous measuring of AC or DC to detect dynamic cracks or short-circuits 

during the bending. The software is a virtual interface program to observe the 

condition of the MLCC during the bending. By obtaining the current values 

during the bending, it was possible to detect cracks and shorts in the DUTs. 

 

Figure 3.2: Schematic drawing of the Zwick/Roell Z010 testing machine showing the 

complementary parts. 

3.2 High-temperature high-voltage DC test setup 

The accelerated lifetime test setup for the multilayer ceramic capacitor was built to test 

the samples in a high temperature and with a high DC voltage.  The test setup consisted 

of one climatic chamber, one power supply, eight test PCBs, a measurement unit, and a 
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custom-made LabVIEW application. The aim of this test setup was to investigate the 

lifetime of the multilayer ceramic capacitors and the failure mechanism produced under 

a high temperature and a high voltage.  

The climate chamber was a commercial 64 l ESPEC SH-642 vessel with a temperature 

range of -40 °C to +150 °C. This chamber was chosen because of its low temperature 

fluctuation (±0.3°C (up to 100°C)). Furthermore, a commercial Sorensen DC300-3.5E 

power supply was used to stress the DUTs. The maximum voltage and current 

specifications for the power supply were 300 VDC and 3.5 A, respectively.  

One separate measurement unit was designed and constructed in-house for this 

experiment. The measurement unit consisted of different National Instruments modules. 

The main unit was a National Instruments CompactDAQ eight-slot controller (NI-cDAQ-

9133), which controlled eight digital modules. The modules were of the type NI-9425, 

consisting of 32 digital channels. When one of the channels recognized an event of a 

capacitor short-circuit, the fuse opened the circuit on the test PCBA, whereby the data 

acquisition (DAQ) input voltage changed from zero to the Zener voltage. The time to 

failure was recorded by the DAQ utilizing a custom-made LabVIEW application. 

Furthermore, the CompactDAQ was powered with an NI PS-15 power supply.   

For the high-temperature and high-voltage DC test setup, five different test PCBs were 

designed. The design of the electrical circuit for all the test PCBs was kept the same, the 

only difference being in the pad sizes for the DUTs with the following case sizes 

(EIA(IEC/EN): (0402(1005)), (0603(1608)), (0805(2012)), (1206(3216)), and 

(1210(3225)). The PCBs were designed for 32 DUTs, and for each DUT the circuit 

consisted of the following parts: a DUT (multilayer ceramic capacitor), a zener diode, a 

resistor, a fuse holder, a fuse, and a connector. The schematic diagram and general design 

of the system for the high-temperature and high voltage DC reliability test is shown in 

Figure 3.3. Figure 3.4 shows an optical image of one test PCBA with ceramic capacitors 

of the case size 1210.  
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Figure 3.3: Schematic diagram of the accelerated test (Publication 2). 

 

 

Figure 3.4: Overview image of the test PCB. 

3.3 Flower of sulphur 

Flower of sulphur (FoS) is a simple test setup that is used to examine the susceptibility of 

electronics to sulphur-based corrosion. The test was developed to test the porosity of 

different metallic coatings used in electronics. In the traditional FoS test, a solution of 

KNO3 and deionized water is used to produce a stable humidity. The sulphur source, 

powdered sulphur, is placed in a petri dish, and the dish is placed at the bottom of a glass 

desiccator along with a dish of KNO3 solution. The DUTs are kept over both dishes in the 

desiccator. Finally, the whole construction is placed in an oven in a controlled ambient 
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temperature of 50 ºC. The setup for the flower of sulphur experiment is shown in Figure 

3.5. 

 

Figure 3.5. Flower of sulphur experiment. 

 

In Publication 3, minor changes to the traditional FoS test were made to accelerate the 

corrosion propagation. The solution of KNO3 and deionized water was removed from the 

test system, and the temperature was adjusted to 105 ºC. By increasing the test 

temperature from 50 ºC to 105 ºC, the corrosion was accelerated by two orders of 

magnitude as illustrated in Table 3.1.  
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Table 3.1: Comparison of 10-day test environments, based on (Osterman, 2015). 

 

3.4 Single gas test  

In the single gas experiment, the test PCBs were mounted in a glass vessel and placed in 

a heat chamber. The temperature in the experiment (inside the heat chamber) was set to 

60 ºC. The relative humidity was set to 90%, and it was controlled with a separate vessel 

by a mixture of air and 68 ºC water. The H2S concentration of 15 ppm was adjusted by 

mixing dry air and bottled nitrogen gas with 500 ppm H2S using a mass balance meter 

and a rotameter. The total gas flow was adjusted to 3 l/min, and a Dräger X-am 5000 gas 

detector was used to measure the H2S concentration during the experiment. An illustration 

of the single gas experiment setup is shown in Figure 3.6. 
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Figure 3.6: Illustration of the single gas experiment (Publication 3). 

 

The single gas experiment was performed in accordance with IEC 60068-2-43. According 

to the standard, the test should be performed within the following conditions: 

• hydrogen sulphide: 10 ppm–15 ppm; 

• temperature: 25 ºC ±2 ºC; 

• relative humidity: 75%. 

For the single gas experiment, changes to the test conditions were adjusted to accelerate 

the corrosion. The temperature and humidity were increased from 25 ºC to 60 ºC and from 

75% to 90 %, respectively. The diffusion of the water vapor and H2S gas through the 

conformal organic epoxy layer of the resistor was found to have an effect on the corrosion 

at higher temperatures. The corrosion does not commence before the gas mixture diffuses 

through the epoxy layer and reaches the underlying silver metallization. In Publication 

3, a diffusion model in a theoretical setting was described. The diffusion model was used 

to define a suitable temperature for the single gas experiment, and three different 

temperatures were modelled. It was found that by increasing the temperature from 25 ºC 

to 60 ºC, the diffusion of the H2S gas to come in contact with the inner silver layer in the 

thick film resistor would take 1.5 days to reach the level of 15 ppm. With the temperature 

of 25 ºC, it would take around 111 days. It was also observed that when using the relative 

humidity of 90%, it would take four days for the H2O to reach the equilibrium at 60 ºC.   
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3.4.1 Devices under test in corrosion experiments 

Thick film resistors as DUTs were soldered onto the printed circuit boards that were 

specifically designed for both the FoS and the single gas experiments. For both test 

experiments, biased and unbiased tests were carried out. Figure 3.7a and Figure 3.7b 

present the schematic diagram of biased and unbiased test configurations, respectively. 

Each test PCB was designed to hold up to 100 DUTs, of which 90 were in nine groups of 

ten resistors, each of the ten resistors connected in parallel to its own power supply 

terminals.  

 

Figure 3.7: a) Biased test configuration. b) Unbiased test configuration (Publication 3) 

 

In the FoS experiment, 180 DUTs were tested. Two boards were assembled with both 

having DUTs from nine different vendors. For each vendor, ten thick film resistors were 

connected in parallel. The first test board was unbiased, and the parallel resistance values 

of the nine resistor groups were measured. The second test board was biased with a 

voltage of 10 V resulting in 2.5 V across the reference resistors and 7.5 V across the 

DUTs. The corrosion propagation was verified by measuring the voltage drop across the 

external 160 Ω reference resistor (one per resistor group), which was placed outside the 

test chamber. The electrical measurements for both test setups were made with an Agilent 

34970A data acquisition unit equipped with Agilent 34901A multiplexers. 

In an event of an open circuit in a resistor, the change in the electrical values was recorded 

by the data acquisition unit. As a result, the corrosion propagation and the time to failure 

for each DUT could be tracked. The single gas test setup was performed similarly as 

described for the FoS experiment.  

3.5 Analysis methods 

 

In this doctoral dissertation, an industrial X-ray machine was used to analyse the failure 

mechanisms of multilayer ceramic capacitors and thick film resistors. The X-ray device 
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was a Phoenix Nanomex X-ray machine with the 2D and 3D imaging technologies. For 

the scans, the minimum feature resolution of the X-ray tube was 200 nm. In the field of 

X-ray systems there are two main types of X-ray tube used in the industrial X-ray 

inspection systems. These tubes are closed and open X-ray tubes, or in other words, sealed 

and demountable X-ray tubes, respectively. In the Phoenix Nanomex X-ray machine, the 

tube system was demountable.  

 

In Publications 1–3, the samples for both the 2D and 3D inspection were placed between 

the radiation source (demountable X-ray tube) and the image detector. The detector was 

an active temperature stabilized digital DXR detector for the Phoenix Nanomex X-ray 

system. The dimensions of the detector’s view and the oblique tilting angle for the 

detector were 1000 x 1000 pixels and the maximum of 70°, respectively. The 

demountable X-ray tube and the detector are shown in Figure 3.8a. Furthermore, the 

Phoenix Nanomex X-ray system is shown in Figure 3.8b. 

 

 
Figure 3.8: a) Blue and yellow arrows in the image indicate the demountable X-ray tube and the 

DXR detector, respectively. b) Phoenix Nanomex X-ray system. 

 

The tube voltage and beam current parameters for each test were carefully determined by 

testing and focusing on the grey level histogram. For the 2D X-ray imaging, a voltage of 

130–160 kV and a beam current of 120–150 µA were used. In the tests for Publication 1 

and Publication 3, the samples were imaged before and after the experiments to compare 

the obtained images. For the 3D X-ray imaging in Publications 1–3, a voltage of 130–

160 kV and a beam current of 130–150 µA were used. In the 3D X-ray imaging, the 

samples were only imaged after the experiment because the test samples had to be cut out 

from the test PCBs to obtain the high-resolution images. Each sample was rotated 360°, 

and 1000–1200 2D X-ray images were taken. The images obtained were then 

reconstructed into a 3D model by using the datos|x 2 and VGStudio MAX software. The 
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produced 3D model allows the images to be sliced into multiple virtual cross-section 

images.       

 

The verifications of the failure mechanisms, the defect locations and the structural 

investigations were made with the traditional cross-section analysis. In this method, the 

samples were encapsulated into epoxy for structural support during the grinding phase. 

Silicon carbide papers were used for all the investigated samples. The grinding process 

was usually started with P320, and the final step was made by P4000. The final polishing 

was made using woven acetate polishing cloths and aluminium oxide polishing films 

combined with polycrystalline diamond lubricants of different grain sizes. Additionally, 

in Publication 2, all samples were ground gradually using an Accustop precision grinding 

tool for removing a precise amount of material. The Accustop grinding tool is shown in 

Figure 3.9.  Furthermore, in Publication 3, the final polishing was made by a JEOL IB-

19520CCP cross-section polisher to obtain a contaminant-free surface. In this device, the 

final polishing is made by Argon (Ar) gas. The Argon ions are accelerated and 

concentrated by an ion gun to mill a few micrometres off from the surface of the sample.  

 

 
Figure 3.9: Accustop precision grinding tool. 

 

The analysis of the cross-section samples was made using different microscopes. In 

Publication 1, an inverted optical microscope (Nikon MA200) and a digital microscope 
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(Keyence VHX-1000) were used to analyse the results of cracked or uncracked MLCCs. 

A similar digital microscope (Keyence VHX-6000) with a higher accuracy was used in 

Publication 2 to compare the uncertainty of the analysis methods used. In Publications 

2 and 3, a JEOL IT300 scanning electron microscopy combined with a Thermo Fisher 

energy dispersive X-ray analyser was used to determine the elements within the samples. 

The JEOL IT300 scanning electron microscopy is shown in Figure 3.10. Furthermore, in 

Publication 3, a scanning electron microscope JEOL JIB-4700F focused ion beam with 

a gallium ion source was used. This technique allows contaminant-free material 

identification of the corroded area. The corrosion product was identified by the JEOL 

energy dispersive X-ray spectroscopy. 

 

 
Figure 3.10: JEOL IT300 scanning electron microscopy. 
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4 Results and discussion  

The research work produced several results of utilizing 2D and 3D X-ray imaging 

methods. First, it was found that 2D X-ray imaging is a non-invasive and reliable imaging 

method of detecting flex cracks in multilayer ceramic capacitors. In Publication 2, the 

2D X-ray imaging method was further validated to investigate another failure mechanism 

with a size of submicron inside an MLCC. The method was found not suitable for 

observing dielectric breakdown defects. On the contrary, 3D X-ray imaging showed to be 

very effective for detecting dielectric breakdown defects in MLCCs because of its short 

analysis time and high accuracy. In Publication 3, a 2D X-ray imaging technique to 

observe corrosion propagation in thick film resistors was presented.   

4.1 Mechanically induced failure 

Flex cracks normally occur when excessive bending is applied to a printed circuit board 

assembly. Typically, signs of flex cracks can be observed at the end termination, as shown 

in the cross-section Figure 4.1. If the crack expands to the capacitor active area and the 

capacitor is situated in a humid environment with an applied voltage, an electrical short-

circuit can occur through a conductive path. The conductive path can be formed either by 

the gas phase of water or by electrochemical migration.   

 

Figure 4.1: Flex cracks in an MLCC. 

 

In general, flex cracks occur during board level handling. Typical sources are for instance 

de-panelling, test probing, insufficient handling in visual examination, and attachment of 

stand-off elements and connectors, (Teverovsky, 2019). All of these processes are prone 

to a risk of a catastrophic system failure in the field. It has been reported that 30% of the 
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field failures in commercial systems are due to capacitors (Teverovsky, 2019), and 25% 

of these failures are due to flex cracking (Lambert, 2014).  

In the experimental phase of Publication 1, capacitors were subjected to bending. It is 

known that the bending stress separates the end of the electrodes, leading to an open 

connection between the end termination and the active area, resulting in a drop of 

capacitance. However, when the stress is released, the capacitor moves back to its original 

position and all connections are re-established. This phenomenon is presented in Figure 

4.2, where capacitance and bending strain measurements vs. time can be seen. In the 

Figure 4.2 the MLCC was exposed to an increasing bending stress and then returned back 

to the nominal situation. As it can be observed, when the bending stress increases to a 

certain level at which a crack occurs, the capacitance drops. The capacitance returns to 

its nominal value only after the bending is released. Hence, defective capacitors cannot 

be detected by capacitance measurements if the PCBA is in the nominal state.     

 

Figure 4.2: Influence of bending on capacitance when a flex crack develops in an MLCC (Keimasi 

et al., 2008). 

 

Keimasi et al. (2008) showed that defective capacitors can still be electrically functional 

and pass all electrical tests. Only after a short time in the field, capacitors with cracks will 

eventually fail in early failures. For example, if a defective capacitor fails in a short-circuit 

in a gate adapter board, the failure will result in a loss of control pulses in the insulated 

gate bipolar transistors.  
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One of the major challenges of identifying defective capacitors with flex cracks is the 

lack of an accurate and easily implementable screening or detection process in the PCBA 

manufacturing. In Publication 1, an industrial X-ray machine was used to identify cracks 

in multilayer ceramic capacitors. Multiple test PCBAs were bent with different strain 

levels, starting from 100 µStr to 10000 µStr. The changes in capacitance for each 

capacitor were measured under the whole bending process, and a structural examination 

was carried out for all capacitors by X-ray imaging. According to the findings, all failed 

capacitors were identified by 2D x-ray imaging. In contrast, the capacitance 

measurements during the bending of the MLCCs revealed only cracks in a small number 

of samples. The problem with this method of measuring the AC voltage drop was that it 

was not capable of detecting cracks in a reliable manner. Not even all the smallest cracks 

which were easily detectable in the X-ray imaging were detected by electrical 

measurements. This major finding proved that X-ray imaging can be an accurate and 

easily implementable screening method for PCBA manufacturing purposes. 

Additional investigation was performed to determine the visibility of a crack in different 

viewing angles with an industrial X-ray machine. For this task, one field failure sample 

and a bending test sample were analysed to determine the parameters required for the X-

ray imaging to detect a flex crack in a ceramic capacitor. Figure 4.3 presents an overview 

image of the field failure PCBA. The failure of the field failure unit was caused by two 

defective MLCCs on the bottom side of the PCBA. Both MLCCs were measured 

electrically open, and no external damage on the capacitor bodies was found. Eventually, 

flex cracks were found in both capacitors by 2D X-ray imaging. The root cause of the 

failure was identified as poor handling in the functional testing during the manufacturing 

process.  
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Figure 4.3: Red arrows indicate the defective MLCCs. 

 

The 2D X-ray image of the flex cracks in the MLCCs can be found in Figure 4.4. 

Furthermore, Figure 4.4 shows the ideal tilting angle for the detector and the orientation 

of the capacitors. It was observed that 55º tilting of the detector and -35º orientation 

showed the clearest view of the flex cracks for both capacitors. To investigate all possible 

parameters to observe a crack in the samples, the capacitors were imaged from 0º to 70º 

in the direction of the detector and from -90º to 90º in the direction of the capacitor 

orientation. The capacitors were analysed in five-degree steps in both dimensions, 

resulting in 555 different positions. Figure 4.5 presents the results obtained of the field 

failure sample; in the figure, four different colours are used to show how visible the crack 

was considered. The green colour indicates a clear sign of a crack in the capacitor, the 

yellow colour denotes a good visible view of the crack, the orange colour illustrates that 

only a limited view of the crack was detected, and the red colour demonstrates that the 

crack was not visible. The grey colour in the image indicates not analysed positions 

because of the restrictions on the detector tilting (maximum of 70º). According to the 

results obtained from the field failure analysis, a crack was found in 58% of cases. This 

finding shows that a crack can easily be detected in a screening process by X-ray imaging. 
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Figure 4.4: 2D X-ray image of flex cracks in MLCCs. The red arrows indicate the cracks. 
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Figure 4.5: Visibility of a flex crack in a field failure MLCC shown as a spherical coloured 

coordinate map.  

 

One test board from Publication 1 was also chosen for further investigations. Figure 4.6 

presents the result of the analysis. According to the study, a flex crack in the multilayer 

ceramic capacitor was easily observed between 45º and 70º in the direction of the detector 

and from -45º to 45º in the direction of the capacitor orientation. In 17% of the analysed 

positions, the crack was easily detected, and the crack was found in more than 37% of all 

555 positions.  
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Figure 4.6: Visibility of a flex crack in a test sample shown as a spherical coloured coordinate 

map. 

 

Combining the obtained results from Figure 4.5 and Figure 4.6, it was observed that the 

best inspection parameters for observing cracks in a ceramic capacitor are from 45º up to 

60º in the direction of the detector and from -45º to 45º in the direction of the capacitor 

orientation. The capacitor should also be imaged from multiple different positions to 

verify if the capacitor has been exposed to excessive bending. However, 65º and 70º of 

the detector tilting showed good results in the bending test samples. It was recognized 

that in most of the field failure samples, 65º and 70º angles caused overlapping of the 

neighbouring components, and thus, the crack was not detected.  

4.2 Electrically induced failure 

Dielectric breakdown in multilayer ceramic capacitor can be caused by two main reasons: 

a manufacturing weakness in the dielectric or an overvoltage condition. If the failure is 

related to a manufacturing weakness, the root cause of the failure is rarely found by 

traditional failure analysis methods or because the evidence is inevitably destroyed in the 

failure event. A dielectric breakdown results in an unintended flow of current between 

two neighbouring electrodes, which leads to excessive heat and possibly results in an 

explosive failure.    

In Publication 2, 64 pieces of multilayer ceramic capacitors were aged by a high 

temperature and high DC voltage, in an accelerated test. After the test, all samples were 

investigated by 2D X-ray imaging. As a drawback, the 2D X-ray imaging was not found 

suitable for localizing the minuscule dielectric breakdown defects in multilayer ceramic 
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capacitors. The drawback was mainly due to the small size of the defects and the limited 

tilting angle of the flat panel detector. On the other hand, 32 samples were further 

investigated by 3D X-ray imaging, and the method was found very effective for detecting 

dielectric breakdown defects in MLCCs because of its short analysis time and high 

accuracy. Figure 4.7 depicts a cross-sectional 2D X-ray image of the dielectric breakdown 

using 3D X-ray imaging.  

 

Figure 4.7: 3D X-ray image of a dielectric breakdown in an MLCC. The red circle indicates the 

dielectric breakdown. 

 

Because of the novelty of the method of localizing dielectric breakdown by using 3D X-

ray imaging, an uncertainty analysis was performed in Publication 2. The uncertainty of 

the dimensions measured by the 3D X-ray imaging were compared with the uncertainty 

of the traditional cross-section approach. According to the obtained results, it was noticed 

that the uncertainty in the traditional cross-section analysis is greater compared with the 

uncertainty in the 3D X-ray imaging. Therefore, it can be concluded that 3D X-ray 

imaging is more accurate. Furthermore, the 3D X-ray imaging greatly facilitated the 

cross-section preparation by providing the grinding depth and thereby minimizing the 

loss of evidence during the failure analysis process.  

In Publication 2, an additional advantage of using the 3D X-ray method as an analysis 

tool in the MLCC ALT was found. The distribution of defects inside an MLCC batch of 
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a selected sampling can be assessed by combining the location information for defects. 

To the author’s knowledge, the defect locations and distributions inside an MLCC test 

batch have not been reported before. By using 3D X-ray imaging to identify different 

defect distributions of a selected sampling, correlations to weaknesses in the MLCC 

microstructure or/and manufacturing methods, which could affect the reliability of the 

component, could possibly be revealed.  

According to the results obtained from Publication 2, the 3D X-ray imaging was found 

very successful for localizing dielectric breakdowns and facilitating the cross-section 

preparation to determine the failure mechanism produced in accelerated lifetime testing. 

In an effort to further explore the advantages provided by 3D X-ray imaging, eight pieces 

of field failure PCBAs with similar failure symptoms were analysed. The failure was 

caused by one defective multilayer ceramic capacitor on each PCBA. The capacitors were 

measured electrically shorted, and no external damage on the capacitor bodies was found. 

Eventually, a dielectric breakdown was found in all samples by 3D X-ray imaging. Figure 

4.8 presents a cross sectional 2D X-ray image of the failure mechanism in one of the 

analysed capacitors. Furthermore, the failed capacitor was investigated in a more detail 

by cross-section preparation. The failure location was easily revealed because of the 

grinding depth obtained from the 3D X-ray imaging. The root cause of the failure was 

identified as a poor quality of the component. In the grain structure nearby the breakdown 

region, a large manufacturing defect was found. The size of the defect and the dielectric 

layer thickness were measured to be 12.77 µm and 15.00, respectively. In an earlier stage 

of this doctoral dissertation process and in Figure 2.10, it was described and shown that: 

“The dielectric reliability for one single layer 𝑅𝑖(𝑡) is based on the dielectric layer 

thickness and the size of a defect r that can cause a catastrophic failure. If the defect is 

almost as large as the dielectric layer (𝑑 ≈ 𝑟), the reliability of  𝑅𝑖(𝑡) goes to 0, and if 

the defect is small enough (𝑑 >> 𝑟), the reliability of 𝑅𝑖(𝑡)  approaches 1.” In this case, 

the single-layer reliability of the investigated multilayer ceramic capacitor can be 

concluded to be very low because the defect is almost as large as the dielectric layer 

thickness. The defect inside the MLCC is shown in Figure 4.9.    
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Figure 4.8: Cross-sectional 2D X-ray image from a 3D X-ray scan. The red circle indicates the 

failure location. 
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Figure 4.9: Scanning electron microscopy image of the defect. 

4.3 Chemically induced failure 

Corrosion in electronics is a well-known failure mechanism, but still in many field failure 

returns of electronics, the conclusion is that no fault is found. This is most likely due to 

the fact that corrosion-related failures are not easily detected during a subsequent failure 

analysis. In these cases, the corrosion is most likely located underneath an organic layer 

that is usually added as a protection against corrosion. Such failures could, for example, 

be related to corrosion in a thick film resistor where the underlying silver conductor reacts 

with the atmospheric sulphur. 

In Publication 3, nine different vendors’ thick film resistors were stressed by two 

different corrosion experiments to investigate corrosion defects by 2D X-ray imaging. 

One of the major findings in Publication 3 was that the corrosion propagation in the 

underlying silver layer was successfully and easily observed by 2D X-ray imaging. On 

the contrary, by visual inspection and electrical measurements, no signs of corrosion 

propagation could be detected before the component totally failed. Furthermore, two 

similar measurement test setups (unbiased and biased) for each experiment were 
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constructed. The failure rates for the unbiased and biased tests in the FoS experiment were 

62.2% and 57.7%, respectively. According to the in-situ measurements and the time to 

failure probability plots, no difference was found between these two measurement test 

setups. This finding showed an important aspect of storing commercial thick film 

resistors, as exposure to a sulphuric environment may cause the end product to fail already 

during commissioning.            

Figure 4.10a from Publication 3, presents a 2D X-ray image of an unbiased DUT taken 

after the FoS experiment. When comparing the failure signature with a failed resistor 

exposed to a sulphuric environment in the field (Figure 4.10b), the failure mark is very 

similar in both cases. A comparison between these two samples, a and b, shows that 2D 

X-ray imaging and the flower of sulphur experiment are successful methods for 

investigating thick film resistors in an aim of benchmarking and reliability assessment. 

For example, by testing different coatings and resistor types, a higher reliability for a 

frequency converter can be achieved by these two methods.  

 

Figure 4.10: a) 2D X-ray image of an unbiased DUT taken after the FoS experiment. b) 2D X-ray 

image of a failed resistor exposed to a sulphuric environment in the field. 

 

Corrosion coupons were used in both corrosion experiments to determine the level of 

corrosion. The corrosion coupons consist of silver and copper stripes, which are placed 

together with the tested samples in the test chamber. The total thickness (in ångströms, 

Å) of the corrosion film of both copper and silver stripes is used to classify the 

environment according to the standards established by the Instrument Society of America 

(ISA) Standard S71.04-2013. According to the corrosion coupon result from the single 

gas experiment shown in Table 4.1, the corrosion level of Ag2S was 70629.0 Å/30 days. 

On the other hand, in the FoS experiment, considering the corrosion coupon result of the 

silver stripe given in Table 4.2, the corrosion level of Ag2S was 2604.2 Å/30 days. In 
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Publication 3, the single gas test did not cause any failure to the DUTs, and only incipient 

corrosion was observed in some samples. By comparing the results obtained from each 

coupon analysis, the single gas test showed to have 27.1 times as hard corrosive 

atmosphere as the FoS experiment. The coupon analysis result conflicts with the results 

of the failure rate obtained in Publication 3. As mentioned earlier, 62.2% and 57.7% 

(unbiased and biased) of the DUTs failed in the FoS experiment and 0.0% failed in the 

H2S single gas experiment. However, it is still unknown why the obtained failure rate data 

of each test experiment differ so much from the corrosion coupon analysis. One 

hypothesis is related to the sulphur diffusion through the conformal epoxy layer, but this 

needs further investigation. 

 
Table 4.1: Corrosion coupon result from the single gas experiment. 

 
 
Table 4.2: Corrosion coupon result from the FoS experiment. 
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5 Conclusion 

This work presents observations of utilizing an industrial X-ray machine in the analysis 

of passive electronic components from reliability testing and field returns. Four reliability 

test setups were built to induce different types of failure in multilayer ceramic capacitors 

and thick film resistors. For multilayer ceramic capacitors, failures such as flex cracks 

and dielectric breakdowns, were produced and analysed by 2D and 3D X-ray imaging. 

Furthermore, corrosion in thick film resistors was produced in two different corrosion test 

setups, and the propagation of corrosion was investigated by 2D X-ray imaging.  

In Publication 1, a non-invasive and reliable imaging method of detecting flex cracks in 

multilayer ceramic capacitors was reported. Furthermore, finding flex cracks by 2D X-

ray imaging was found very advantageous because of its possible implementation as a 

screening test in a production environment. By utilizing fully automated X-ray devices, 

failures such as flex cracks in MLCCs can be identified, and corrective actions can be 

immediately implemented before the defective capacitors reach the field. 

2D X-ray imaging was found very advantageous and effective for finding flex cracks in 

multilayer ceramic capacitors. On the contrary, dielectric breakdown defects were too 

small in their dimensions to be observed by 2D X-ray imaging. In Publication 2, a 3D 

X-ray imaging method was found to be a successful method for localizing minuscule 

dielectric breakdown defects in multilayer ceramic capacitors. By implementing 3D X-

ray imaging in the failure analysis process, more detailed investigation can be performed 

because of the known grinding depth. A precise amount of material can be removed, and 

the breakdown region can be examined step-by-step to determine the root cause of the 

failure. Additionally, the 3D X-ray imaging offers a new approach to investigate the 

distribution of defects inside an MLCC of a sampling. Weaknesses in the internal 

structure of a selected batch could be revealed if the distribution of defects was 

concentrated in a specific area.    

In Publication 3, the 2D X-ray imaging technique was successfully implemented to 

observe corrosion propagation in thick film resistors. The resistors were subjected to a 

sulphuric atmosphere in two different corrosion experiment setups: flower of sulphur and 

single gas test. Only the flower of sulphur experiment managed to produce severe 

corrosion of the silver electrodes in most of the DUTs. The failure signature of the DUTs 

was found to correspond well with failed thick film resistors exposed to a sulphuric 

environment in the field. For improving the protective coatings applied on the thick film 

resistors, X-ray imaging and the flower of sulphur experiment were found beneficial 

methods for evaluating the robustness of the coatings. 

As stated in the introduction, the main research question was Can x-ray imaging be an 

evaluation method in component reliability testing? The results presented in this work 

show that both the 2D and 3D X-ray imaging methods are suitable for this task. The 

methods provide a reliable and accurate measurement option for improving component 

and system reliability. Further benefits of the 2D and 3D X-ray imaging methods are that 
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they provide fast analysis time, the methods are mostly non-destructive and they impose 

no restrictions on the component structure or material.  

This work also presented an insight into a comparison between each failure mechanism 

observed in the field returns and in reliability testing by X-ray imaging. According to the 

research, all three failure mechanisms observed in the reliability testing were found 

similar in the field returns. This shows that bending, high-temperature, high-voltage DC, 

and flower of sulphur test setups were significant and reproduced identical failure 

mechanisms as seen in the applications of frequency converters.    

5.1 Future research 

Based on the findings from Publication 2 and the theory of the reliability of BME 

multilayer ceramic capacitors described in this doctoral dissertation, are two subjects that 

are considered for future research. The study could focus on 3D X-ray imaging and the 

capacitor leakage current. According to the theory, the BME multilayer ceramic 

capacitors will fail in two different failure modes: the slow degradation mode and the 

catastrophic failure. In the study by Liu and Sampson (2011), these two failure modes 

were revealed from the measurements of time to failure vs. the capacitor leakage current 

as a function of stress as shown in Figure 2.11.  

The high-temperature and high-voltage DC test setup has been further modified to fit this 

purpose. Both the software and hardware have been updated to measure the time to failure 

vs. the capacitor leakage current. Figure 5.1 presents the leakage current vs. time to failure 

for 64 DUTs tested in the new MLCC test setup. The test specifications for the 

temperature and voltage were 140 °C and 300 V, respectively. Furthermore, the 

maximum current limit for the leakage current was adjusted to 25 µA. When a DUT 

reached the maximum leakage current value of 25 µA, it was considered failed.  
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Figure 5.1 Test result of 64 pieces of the 1210 MLCC in an accelerated lifetime test. The test 

specifications were 140 °C and 300 V.  

 

According to the obtained leakage current measurements, eight DUTs failed in a different 

failure mode compared with the rest of the DUTs. The samples are indicated by numbered 

black circles in Figure 5.1. As it can be seen, these samples have most likely failed in an 

avalanche breakdown, which can be characterized as a sudden and extremely rapid 

increase in the leakage current. All other 56 DUTs can be characterized by a slow and 

gradually increasing leakage current, which eventually reaches the maximum current 

limit of 25 µA.  

For further research, the 3D X-ray imaging could be adopted to investigate the difference 

in the failure signatures between an avalanche breakdown and a slow degradation failure. 

Publication 2 showed that the proposed method allows volume approximation of the 

dielectric breakdown void, which could give a new insight of failure mechanisms in 

MLCCs. 
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A non-destructivemethod using X-ray imaging to find cracks inmultilayer ceramic capacitors (MLCCs)mounted
in different orientationswith respect to the bending direction is presented. In total 300MLCCs were investigated
by2Dand 3DX-ray imaging after bending to varying levels of strain, and cross-section analysiswas done to verify
the findings. With X-ray imaging it was possible to not only detect the continuously cracked MLCCs, but also the
cracked ones which were mounted 45° to the bending direction. These non-continuous cracks are difficult to
identify even with cross-section analysis because the crack can be absent at the selected interface. None of the
cracks could be identified by external optical inspection of the components using optical microscopy. The
MLCCs mounted perpendicular to the bending direction were not cracked during the experiments, whereas
the MLCCs mounted 45° or parallel to the bending direction were cracking at 3100 and 4300 μStr, respectively.
Finding cracks with a non-invasive technique such as X-ray imaging is very advantageous because of its possible
implementation as a screening test in a production environment.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

In all kind of electronic hardware capacitors are employed to store
energy, e.g. for stabilizing DC voltage levels or for filtering. During
manufacturing, handling and testing of PCBAs,mechanical stress can re-
sult in small cracks in multilayer ceramic capacitors (MLCCs), which
with state of the art measurement techniques cannot be easily detected
[1]. This defect can under critical conditions result in a failure. One com-
mon failure mode for cracks in MLCCs is in the form of an open connec-
tion, which in most application where e.g. DC voltage levels are being
stabilized is unfortunate but not necessarily detrimental for the func-
tionality of the overall circuit. However, if a crack reaches through the
electrodes from both terminals, and a combination of humidity and
voltage is stressing the component, the failure mode will instead of an
electrical open be an electrical short, which is far more serious for
most electrical circuits. Because the cracked MLCCs cannot be detected
by electrical measurements or be eliminated through burn-in testing,
it is crucial to find a screening test which detects the crack before it
can turn into a short in the field. One proposed method is by X-ray im-
aging and even though experiments to detect cracks in MLCCs with X-
rays have been done in the past [2], to our knowledge no large-scale ex-
aminations have been published so far.

2. Methods

2.1. Experimental setup

Instead of the more commonly used three-point bending test setup
[3], a four-point bending setup was used in order to provide approxi-
mately the same strain level over all the MLCCs in columns of 10
MLCCs in each (see Fig. 1) [4].

During the bending, which was done at 50 mm/min, electrical mea-
surements of the voltage drop over a shunt resistance were performed.
Ten test boards were bent to different crosshead travel distances (0–
18 mm), for which the strain was calculated according to Eq. (1).

ε ¼ δ� 6t
LS−LLð Þ LS þ 2LLð Þ ð1Þ

where ε is the global strain, δ is the crosshead travel distance, t is the
thickness of the PCB, LS is the support span and LL is the load spanwhich
is centred within the support span [4].

The calculated strain values were also compared to strain values
which were measured with rosette type strain gauges [5] on several
places on a test board (see Fig. 1). Even though the strain values are ex-
pected to be identical throughout the test board for a four-point bend-
ing setup, there were some small but reproducible differences.
Therefore a table translating the bending displacement in mm to the
real local strain measured by strain gauges at the 10 different locations
of the MLCCs in the column was used for the evaluation of the data.
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2.2. Design of ceramic capacitor test boards

Test boards with a thickness of 1.55 mm and two Cu traces were
used for examinations of the commercially available 1812-sized
MLCCs that are reported on in this publication. The capacitors were
mounted with a 96.5Sn-3.0Ag0.5Cu solder and the components had ca-
pacitance values of 22 μF with a rated voltage of 25 V and standard end
terminations. Ten MLCCs with identical conditions were placed in one
column to enable good statistical evaluation of the resulting data.
Three different orientations of the MLCCs (90°, 45° and 0°) to the axis
of bending were examined (see Fig. 2) in order to understand the im-
pact of bending angle on the cracking of MLCCs.

The size of the test boards was 30 × 40 cmwith a total of 120MLCCs
on each of them. However, only the results of one type of component
corresponding to 30 MLCCs per test board, are reported on in this pub-
lication. The 30 MLCCs are from the three rows with 10 in each of the
three mounting orientations.

2.3. Examination methods

During the bending tests the AC voltage wasmeasured with the aim
to detect an electrical open that recovers after the board is unbent,
which would correspond to a crack [1]. Before and after the bending
tests, also DC voltage was applied to screen for any possible small leak-
age currents indicating an electrical short. After the bending tests, the
MLCCs were examined in a Phoenix Nanomex X-ray machine that has
a resolution of 200 nm [6]. For the 2D X-ray imaging, 160 kV and
120 μAwas used, and 160 kV and 150 μAwas used for the 3D X-ray im-
aging. The software x|act was used for 2D X-rays and VGStudioMAX to-
gether with Phoenix datosx acq 2 reconstructionwas used for the 3D X-
ray computer tomography. Top-view optical microscopy images were
recorded using a Keyence VHX-1000 digital microscope, and the
cross-section images were made with a Nikon Eclipse MA200 optical
microscope. The results of cracked or uncracked MLCCs were recorded
as a function of the real local strain levels, calculated from the position
of the MLCC on the test board.

3. Results and discussion

3.1. Crack detection of MLCCs mounted at 0° using 2D X-ray imaging

After the bending experiments had been done to various strain
levels the test boards were examined with the Nanomex X-ray system.
Fig. 3 shows an example of an overview 2D X-ray image take with the
detector tilted to 70°, and the cracks in all of the five MLCCs mounted
parallel to the bending direction can be seen. This test board was bent
to δ=16.5 mm corresponding to an overall bending strain of 5800 μStr.

If oneMLCC is selected for furthermagnification, such as for example
in the following case the second from below in Fig. 3, the crack is even
better visible (see Fig. 4). Still the same detector tilt of 70° is used but
a slightly different rotation shows the crack even better. For this
image still several smaller cracks are visible aswell as voids in the solder
are easily detectable, and even the crack in the MLCC behind the centre
component is visible at this angle and magnification. The darker area

Fig. 1. Four-point bending test setup according to the IPC/JEDEC-9702A [4], during strain
gauge measurements.

Fig. 2. Mounting direction of the MLCCs on the test board compared to the bending
direction of the individual capacitors.

Fig. 3.Overview2DX-ray image showing several 1812-sizedMLCCs placed parallel (0°) to
the bending direction, where cracks in all five MLCCs can be seen.

Fig. 4.Magnified 2D X-ray image of the second from belowMLCC in Fig. 3. At the angle of
70° of the detector, the crack in the MLCC is clearly visible.
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inside theMLCC is the solder pad and Cu trace at the oppositeMLCC end
termination.

If the very same capacitor is viewed with an optical microscope,
however, there are no signs of a crack inside the MLCC. The topside of
Fig. 5 corresponds to the side facing the viewer in Figs. 3 and 4 which
is showing no signs of any cracks inside the MLCC or the solder of the
component. This shows that optical inspection of MLCCs is useless for
detection of flex cracks. All of the 300 MLCCs reported on in this publi-
cationwere optically inspected and no component showed any external
signs of cracks.

In order to verify the findings of the X-ray imaging, also cross-sec-
tions were made and Fig. 6 shows the same MLCC as in Figs. 4 and 5.

From the optical microscopy image of the cross-section the presence
of cracks in the MLCC is confirmed. Furthermore it is seen that the flex
cracks reach all the way into the active area where the electrodes are
(see Fig. 6). Also smaller cracks on the left side (backside of the MLCC
in Fig. 4) are seen. The solder looks undamagedwhich explains the nor-
mal external appearance in Fig. 5. The proposed explanation for this is
that the relatively soft solder is able to absorb the strain that is applied
though the bending test whereas the more brittle ceramic cracks.

3.2. 3.1. Crack detection of MLCCs mounted at 45° using X-ray imaging

TheMLCCsmounted 45° to the bending direction produce discontin-
uous and less obvious cracks than the ones mounted 0° to the bending
direction. However, also these smaller and discontinuous cracks can
be seen by 2D X-ray imaging (see Fig. 7 and inset for zoom-in on the
cracks). Also the MLCCs on this test board were bent to δ = 16.5 mm
corresponding to an overall bending strain of 5800 μStr. Even though
the cracks are not as obvious as in Fig. 4, several smaller cracks are easily
identified.

Fig. 5.Opticalmicroscopy image of the sameMLCC as shown in Fig. 4. No external sign of a
crack can be observed.

Fig. 6. Cross-section of theMLCC shown in Figs. 4 and 5, which is confirming the presence
of a crack into the active electrode area.

Fig. 7. Zoomed in X-ray image of an MLCC mounted 45° to the bending direction. Several
small cracks are identified at the 70° angle of the detector, especially in themagnified inset
at the top.

Fig. 8.Opticalmicroscopy image of the sameMLCC as shown in Fig. 7. No external sign of a
crack can be observed.

Fig. 9. Cross-section of theMLCC shown in Figs. 7 and 8, which is confirming the presence
of a crack into the electrode area.

Fig. 10. Non-destructive virtual 3D slicing images and 3D reconstruction of the cracked
MLCC from Figs. 4–6 for even better crack identification.
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The cracking profile is different for the MLCCs placed 45° to the
bending direction compared to the ones placed parallel to the bending
direction. This is most probably because the forces inside the compo-
nents are different when it is bent at 0° which gives clear and linear
cracks, and 45° giving more slanted cracks.

Also in the case of theMLCCs mounted 45° to the bending direction,
no external signs of cracks in the MLCCs can be seen by optical micros-
copy inspection from the outside of the component (see Fig. 8where the
topside is the side facing the viewer in Fig. 7).

Cross-sectionswere done also for the 45° mountedMLCC in order to
confirm the finding of small cracks in the X-ray images (see Fig. 9). The
optical microscopy images of the cross-section confirms the presence of
cracks that reach into the electrode area as seen in the X-ray image.

However, it is important to keep in mind that a cross-section only is
at one point of depth in the MLCC. When performing cross-sections

there is always the risk of not finding a discontinuous crack, as in the
case of 45° bending.While both cross-sectioning and e.g. chemical etch-
ing [7] are useful techniques to find cracks in MLCCs after a failure has
occurred, X-ray imaging has the added value of being non-invasive as
well as non-destructive and can therefore be used also in other areas
than failure analysis.

3.3. 3.2. 3D CT X-ray analysis of cracked MLCCs

Even better resolution of the cracks can be achieved if a 3D computer
tomography (CT) X-ray analysis is performed. For this a relatively small
sample is needed, and therefore a PCBA with an MLCC on it of the size
2x2cm was cut off the test board. A 15 min 360° rotating scan was
made, and for the MLCC mounted parallel to the bending direction,
the resulting images are shown in Fig. 10. The top-left image shows a
non-destructive virtual 3D slice from below the MLCC with part of the
solder and the continuous crack on the left-hand side. The top-right
image shows a virtual slice into the side of the MLCC from one of the
end terminals. The lower-left image shows a virtual 3D slice corre-
sponding to the mirror image of the cross-section in Fig. 6 with the
cracks in both sides visible, and the lower-right image shows the full
3D model.

From these 3D X-ray images it is not just clear that cracks are pres-
ent, which is also confirmed by the cross-section in Fig. 6, but it is also
possible to follow the crack propagation through the capacitor when
going through the virtual 3D slices in all three directions.

Also for the MLCCs mounted 45° to the bending direction a 3D CT
was done which also showed small and discontinuous cracks in the
MLCCs (see Fig. 11). The cracks from the 45° bending are much more
difficult to detect in the 3D X-ray images aswell as the 2D X-ray images
due to the non-continuous nature of the cracks. However, when follow-
ing the cracks in depth by focusing on different 3D sliced depths it is still
possible to follow the crack propagation paths.

3D X-ray analysis definitively has advantages and possibilitieswhich
2D X-ray imaging does not have such as the possible detection of very
small cracks, the possibility to see crack propagation paths from three
dimensions. At the same time it also has disadvantages and even prob-
lems such as that it is time consuming, there is a need for a small enough
sample in order to rotate at least 220° and it is difficult to capture all the
information from the 3Dmodel in a 2D representation neededwhennot
the 3D image can be used.

3.4. 3.3. Impact of strain levels on MLCC cracking

All the bent MLCCs (in total 300) were examined visually and by X-
ray from both sides after the bending tests, where the cracked MLCCs
could be identified in a reliable way. Cross-sections were made of
MLCCs of all three mounting directions for 20% of theMLCCs to confirm
the findings. Fig. 12 shows the number of cracked and uncrackedMLCCs
for the different mounting orientations with regards to the bending di-
rection as a function of strain levels at the individual MLCC sites.

MLCCs perpendicular to the bending direction were not found to be
cracked by either X-ray analysis or cross-sections. Whereas MLCCs at

Fig. 11. 3D CT X-ray images of the MLCC shown in Figs. 7–9 where a small and
discontinuous crack can be observed.

Fig. 12. Indication of cracked or uncracked MLCCs for different strain levels and
orientations of the MLCCs with respect to the bending direction.

Fig. 13.X-ray ofMLCCs oriented a) perpendicular (90°) to the bending direction, b) 45° to the bending direction, and c) parallel (0°) to the bending direction. a′)–c′) showsmagnifications
of the MLCC edge areas, where in b′) one small crack, and in c′) one large and several smaller cracks can be found.
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45° or 0° orientation started showing cracks at 3100 and 4300 μStr, re-
spectively. Even though the cracks in the 0° oriented MLCCs were only
obtained at higher strain levels, the cracks themselves were typically
more pronounced and penetrated further into the MLCC body (as seen
in Figs. 3 and 4),whereas the bending from the 45° bendingwere fainter
and also more difficult to detect. Fig. 13a–c show an uncracked (90° to
the bending direction), slightly cracked (45° to the bending direction),
and continuously cracked (0° to the bending direction) MLCC for com-
parison. In Fig. 13a′–c′ close-ups of the MLCC edge regions can be
seen, andwhile the crack in Fig. 13c′ is detectable also fromdifferent an-
gles, the fainter cracks in Fig. 13b’ are only seen clearly at a high magni-
fication and at the right rotation angle. As in the previous images, the
detector tilt angle is 70°. Fig. 13a’ does not show any cracks indepen-
dently of the viewing angle, instead only voids in the solder can be seen.

Electrical measurements during the bending of the MLCCs showed
that some of the MLCCs were cracking as the strain increased, which
was indicated by an AC voltage drop over the shunt resistance. Howev-
er, after evaluating the results from the electrical measurements and
correlating themwith the results from X-ray imaging and cross-section
analysis it was concluded that the sensitivity of this method of measur-
ing theAC voltage dropwas too low in order to detect cracks in a reliable
manner. Not even all 0° cracks which were very easily detectable in the
X-ray images were detected by electrical measurements.

4. Conclusion

In conclusion, this paper describes how crack detection inMLCCs can
be done in a non-invasive and reliable way, even when the cracks are

not continuous as often is the case when the bending direction is 45°
or visible from the outside of the component. 3D CT X-ray is also
shown to yield very clear crack profiles with very good resolution, how-
ever, smaller sample sizes are needed for the examinations and there-
fore this technique is not always non-destructive. It is also shown that
MLCCs mounted perpendicular to the bending direction do not crack
even at the elevated stress levels used in our experiments. Finding
cracks with a non-invasive technique such as X-ray imaging is very ad-
vantageous because of its possible implementation as a screening test in
a production environment. Furthermore, it is found that external optical
appearance inspection is not suitable for crack detection.
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A B S T R A C T

In this article, a non-destructive method using 3D X-ray imaging to find dielectric breakdown defects in mul-
tilayer ceramic capacitors (MLCCs) aged by high temperature and high voltage in an accelerated test is pre-
sented. In total, 64 aged samples were investigated using 2D X-ray imaging and half of them were further
analysed with 3D X-ray imaging. Miniscule dielectric breakdown defects located in the MLCC active region are
extremely difficult to identify solely using cross-section analysis or 2D X-ray imaging. In this study, the in-
formation provided by the 3D X-ray analysis was used to localize the defects for cross-section analysis. Cross-
section analysis was performed to verify the dielectric breakdowns and their locations. 3D X-ray imaging is an
effective method for detecting dielectric breakdown defects in MLCCs due to its short analysis time and high
accuracy. This further facilitates failure analysis processes by providing the required grinding depth in cross-
section analysis procedures.

1. Introduction

Multilayer ceramic capacitors are widely used in electronic products
[1] due to their small size. In addition, with the current trend of min-
iaturization in electronics [2] to reach even higher volumetric effi-
ciency [3], the thickness active dielectric layer has decreased into the
micron or submicron range. Consequently, MLCCs have become more
vulnerable to dielectric breakdowns because of the reduced insulation
resistance [4]. Hence, the thickness of the dielectric layer and the
number of stacking grains have been found to be crucial to the relia-
bility of MLCCs [5].

Dielectric breakdown is one of the most common failure mechan-
isms in multilayer ceramic capacitors [6]. In this particular failure
mechanism, areas in the dielectric material start to experience self-
heating due to local increases in leakage current, which in turn further
increases the leakage current [7]. As a consequence, the insulation re-
sistance of the dielectric deteriorates and eventually a conductive path
between neighbouring electrodes is created, resulting in complete di-
electric breakdown.

For MLCCs with base metal electrodes, Weachock and Liu [8] have
reported three distinct dielectric breakdown failure modes: avalanche
breakdown, thermal runaway, and slow degradation. Avalanche

breakdown and thermal runaway have been referred to as “cata-
strophic” failures, where the thermal breakdown void region is sur-
rounded by transverse cracks that extend through several layers of
electrodes. In slow degradation, the stoichiometry of barium titanate
(BaTiO3) grains is changed, causing local melting of the dielectric
grains and the formation of small cracks extending between the anode
and the cathode electrodes. As a result, nickel dissolves along the
cracks, eventually leading to a resistive short. In Weachock and Liu's
study, most of the MLCCs were observed to fail in a two-stage dielectric
wear-out, starting with a slow degradation followed by a thermally
dominated catastrophic breakdown.

Accelerated tests with overstress have been utilized to quickly in-
duce the aforementioned failure modes in multilayer ceramic capacitors
[9–11]. Typically, these failure modes have been studied by cross-sec-
tioning the tested samples in order to reveal the locations of dielectric
breakdowns for failure analysis. The disadvantage of this method is that
any flaw in the sample preparation process can easily destroy evidence
of the small defects. Furthermore, it is often quite time-consuming and
challenging to find the location of the dielectric breakdown solely by
cross-sectioning.

In this study, we demonstrate a novel non-destructive approach for
detecting dielectric breakdowns in MLCCs with 3D X-ray imaging. To
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induce dielectric breakdown due to melting of both the dielectric and
nickel electrodes, MLCCs with base metal electrodes were subjected to
high voltage and high temperature. It has been shown that 2D X-ray
imaging can be used successfully in investigating cracks in multilayer
ceramic capacitors [12]. The aged samples were therefore analysed
using both 2D and 3D X-ray imaging, of which only the latter could be
used to detect the dielectric breakdown defects directly. Additionally,
cross-section analysis was performed to verify the dielectric breakdown
locations obtained from the 3D X-ray analysis. The locations obtained
with 3D X-ray imaging greatly facilitated the cross-section preparation
by providing the grinding depth and hence minimizing the loss of
evidence during the analysis process. Furthermore, it was noted that 3D
X-ray imaging is faster than, and at least as accurate a method of de-
tecting dielectric breakdowns in MLCCs as, cross-section analysis.

Dielectric breakdowns have been discussed in multiple studies;
however, the distribution of the defect locations has not been reported
so far. With 3D X-ray, the distribution of defects inside an MLCC of a
selected sampling can be assessed by combing the location information
for defects. The defect locations analysed in this study were found to be
randomly distributed within the MLCCs. Using 3D X-ray imaging to
detect defects may allow future research to compare defect distribu-
tions of different MLCC manufacturers and/or batches to reveal weak
spots.

2. Methods

2.1. Test setup

A test setup was designed and built to induce dielectric breakdown
of MLCCs. The schematic diagram and general design of the printed
circuit board (PCB) for the accelerated test is shown in Fig. 1. The
devices under test (DUT) – C1 to C32 in the figure – were assembled on
eight PCBs, and each test PCB was designed to support 32 MLCCs with
accompanying 100mA fast-acting fuses. The current limit of the DC
power supply was adjusted to be 30 times the rated value of the fuse. In

the event of capacitor short circuit, the fuse opens, whereby the data
acquisition (DAQ) input voltage changes from zero to the Zener voltage.
The time-to-failure is recorded by the DAQ utilizing a custom-made
LabVIEW application.

The test PCBs were mounted inside a climatic chamber where the
ambient temperature was set at 140 °C. The voltage of the DC power
supply was selected to be six times the nominal voltage of the DUTs.
Industrial-grade MLCCs by Murata of type X7R and package size 1210
were selected for the accelerated test. The voltage and capacitance
rating of each capacitor was 25 V and 10 μF, respectively. To expose the
ceramic grain boundaries, one cross-sectioned sample was selected for
chemical etching and submerged in a solution of 95mL distilled H2O,
3mL HCl (32%) and 2mL HF (40%) for 10 s. The thickness of the di-
electric layer was measured with a Zeiss Sigma scanning electron mi-
croscope (SEM) to be 4.40 μm, and the average grain size was de-
termined to be 0.35 μm. The internal electrode consisted of 418 layers.
The ceramic grain boundaries and the dielectric thickness are shown in
Fig. 2a. A close-up picture of the ceramic grains is shown in Fig. 2b.

2.2. Analysis methods

After the test, the aged samples were scanned with a Phoenix
Nanomex X-ray machine using both 2D and 3D X-ray imaging tech-
nologies. For the scans, the maximum detail detectability of the open
nanofocus tube was 200 nm [13].

In 3D X-ray imaging, the samples were placed on a rotation stage
between the radiation source and the image detector. Each sample was
rotated 360° and 1000 2D X-ray images were taken. The images ob-
tained were then reconstructed using datos|x 2 and VGStudio MAX
software into a 3D model that can be sliced into multiple virtual cross-
section images. The 3D model produced was utilized to analyse the
failure location of the multilayer ceramic capacitors, as well as to
evaluate the geometry and the volume of the insulation defect.

To verify the locations provided by the model with cross-section
analysis, the samples were encapsulated into epoxy for structural

Fig. 1. Schematic diagram of the accelerated test.
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support during the grinding. The exposed surface was ground gradually
using an AccuStop precision grinding tool with silicon carbide grinding
papers with grain sizes ranging from 320 to 4,000, with an accuracy of
20 μm. The final polishing was made using woven acetate polishing
cloths and aluminium oxide polishing films combined with poly-
crystalline diamond lubricants with grain sizes of 9 μm, 3 μm and 1 μm.
The results of the cross-sections were captured with a Keyence VHX-
6000 optical microscope.

2.3. Measurement uncertainty analysis

The novelty of the proposed method of localizing dielectric break-
down using 3D X-ray imaging calls for an uncertainty analysis of the
aforementioned approach. For the analysis, one MLCC was chosen as a
calibrated workpiece and measured with a coordinate measurement
machine (CMM) of the Hexagon TIGO SF type to obtain a calibrated
value. In addition, an uncertainty analysis of the traditional cross-sec-
tion approach is presented in order to compare the two methods.

The uncertainty of the dimensions measured by the 3D X-ray ima-
ging method U D3 was determined according to the VDI/VDE 2630 part
2.1 standard [14] and given by

= ∙ + + + +U k u u u u uD c d p b w3
2 2 2 2 2

(1)

where k is the coverage factor, uc is the standard uncertainty of mea-
surement due to the uncertainty of calibration of the calibrated work-
piece, ud is the standard uncertainty of measurement due to the change
(drift) in workpiece shape, up is the standard deviation of the repeated
measurements, ub is the standard measurement uncertainty of the cor-
rection of the systematic error, and uw is the standard uncertainty of
measurement due to variations in materials and production (e.g.,
coefficient of expansion, form errors and roughness) and calculated as

= − ∙ ∙u t C u l( 20˚ )w α (2)

The parameters in (1) were defined as follows: uc was obtained from
the ratio between the uncertainty of the CMM and the coverage factor,
ud was assumed to be negligible, up was obtained from the 3D model by
repeatedly measuring the width of the calibrated workpiece, ub was
calculated as the difference between the mean value of the repeated
measurements and the calibrated value obtained from the CMM.

The combined uncertainty of the cross-section analysis UCS was
determined by identifying the prevailing uncertainty sources of the
process and given by

= ∙ + + +U k u u u uCS AccuS inst K rep θ
2

,
2 2 2

(3)

where k is the coverage factor, uAccuS is the standard uncertainty of the
AccuStop grinding tool, uinst K, is the standard uncertainty of the optical

microscope, urep is the standard deviation of the repeated measurements
and uθ is the standard uncertainty of the grinding angle.

The parameters in Eq. (3) were defined as follows: uAccuS was ne-
glected since the defects were large enough to always be revealed, uinst K,
(with the installed optics and applied magnification) was estimated
from the calibration data provided by the instrument, and urep was
obtained by repeatedly measuring the width of the calibrated work-
piece using the edge detection feature of the optical microscope.

The uncertainty caused by askew grinding was estimated based on a
cross-sectional drawing of a faulted MLCC as shown in Fig. 3, where the
breakdown void is modelled as a circle V with a radius of r . Optimally
executed grinding, parallel to the x-axis and with depth g, results in a
line f0, which is parallel to the y-axis and goes through the centre point
of the void P0. Slightly slanted grinding with an angle of θ, but with the
same depth g, results in a line f1 instead. With this grinding, P1 is er-
roneously regarded as the centre of the void, whereby the error e is thus
the difference between d0 (the distance from the real centre of the void
to the edge of the capacitor along f0) and d1 (the distance from P1 to the
edge of the capacitor along f1). The distances were always measured to
the closest edge, whereby d0 and d1 become ′d0 and ′d1, respectively, if

> ′d d1 1.
As shown in Fig. 3a, the greatest possible θ at which the defect is

still revealed, θlimit , is defined by f1 being the tangent of V at P1. This
represents the theoretical limit of a successful grinding, also resulting in
the maximum error emax with a given void location and radius. How-
ever, with some location and radius combinations, θlimit grows im-
practically large regarding realistic grinding angles in the actual cross-
section preparation process. For such combinations, a maximum
grinding angle of two degrees, θmax, was assumed. Thus, the maximum
error is either achieved with θlimit, or with θmax if >θ θlimit max. In the
latter case, emax is calculated based on Fig. 3b, where the erroneously
regarded centre of the void is in the middle of P4 and P5 – the points
where the askew grinding line and the void circle intersect.

The maximum error is derived by first solving θlimit for the given
void location and radius with simple trigonometry as

+ + + =g r θ y θ r(2 )tan 2 tan 0limit limit
2

0 (4)

and, if ≤θ θlimit max, utilizing the equation of the askew grinding line
expressed as

= + −f y θ y θ x g θ θ( , ) tan tan tan
21 0 (5)

in order to define P2 and ′P2, the intersections of f1 and the MLCC
edges. In the case of >θ θlimit max, f1 is determined by first solving the
intersections P4 and P5 as the roots in

− + − − =y y f y θ x r( ) ( ( , ) ) 00
2

1 0
2 2 (6)

Fig. 2. a) SEM image of the dielectric grain sizes between two electrodes in the MLCC and b) close-up image of the dielectric grains.
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Utilizing the coordinates of the intersections, the maximum error for
a given void location and radius is calculated as

=
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Finally, if we assume that the grinding angle is uniformly dis-
tributed between 0 and ∈θ θ θ{ , }limit max , the standard uncertainty is
achieved as

=u e
3θ

max

(8)

In addition, with a spherical void, the AccuStop grinding tool may
also cause errors if the grinding is executed askew, and this would be
seen as a vertical displacement of the grinding line f1. However, in cases
where the defect is revealed, the displacement can only move f1
downwards and thereby reduce the error. Thus, the greatest error with
a given location and radius is achieved with θlimit, whereby the error
caused by the AccuStop can be omitted. For very small defects, this
assumption may not be valid, since there is a risk that the defect will be
lost due to excessive grinding, or not revealed due to insufficient
grinding. In this study, however, the defects proved large enough to
always be revealed, whereby the aforementioned assumption can be
made.

3. Results and discussion

Sixty-four of the aged samples in this study were first investigated
using the 2D X-ray imaging method as described in [12]. It was ob-
served that the dielectric breakdown defects could not be easily de-
tected with this method, mainly due to their small size and the limited

Fig. 3. Illustration of optimal versus askew grinding for a spherical void. a) = ≤θ θ θlimit max , whereby the maximum error is achieved as the askew grinding line being
the tangent of the defect circle. b) > =θ θ θlimit max , whereby the maximum error is achieved as the askew grinding line is intersecting the defect circle.

Fig. 4. 2D and 3D X-ray images of the same multilayer ceramic capacitor. a) the anomalies are located at the surface of the ceramic capacitor body indicated by blue
arrow. The white anomalies in the solder joints are voids. b) dielectric breakdown was only revealed by virtual cross-section scan of the 3D X-ray model, indicated by
the red arrow (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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tilting angle of the flat panel detector. The only anomaly seen with 2D
X-ray imaging was in Sample 9, which is shown in Fig. 4a. The 2D X-ray
image was taken with a tube voltage of 130 kV and current of 100 μA.

With 3D X-ray imaging, there are no viewing angle restrictions,
since the samples can be rotated 360 ° around any axis. Thirty-two of
the aged samples were imaged with this method. For each capacitor, the
X-ray tube voltage and current was set to 130 kV and 102 μA. The image
acquisition time was set to 1000ms, and 1000 2D X-ray images were
taken, which resulted in a scanning time of one hour and seven minutes.
These settings provided virtual cross-section images with sufficient
accuracy for detecting dielectric breakdown in the 3D model in over 90
percent of the samples analysed. In the case of Sample 9, the precise
location of the dielectric breakdown near the interface of the active
area and the ceramic body was revealed in the 3D model, as indicated
by the red arrow in Fig. 4b. The anomaly seen in the 2D X-ray image, is
indicated by the blue arrow.

Fig. 5 shows a virtual 3D X-ray scan of one multilayer ceramic ca-
pacitor that failed in dielectric breakdown during the aging test. Di-
electric breakdowns, visible as dark spots, were found in 30 of the 32
samples that failed during the test. Fig. 5a–c represent the virtual 2D
slice through the breakdown location, where a) represents a top-down
view, b) the view perpendicular to the terminal, and c) the view per-
pendicular to the side of the capacitor soldered onto the test PCB.
Fig. 5d illustrates the capacitor in respect to the coordinate system with
origin in the centre.

To assess the location and to verify dielectric breakdown failure, a
physical cross-section of the sample shown in Fig. 5 was prepared. The
sample was ground perpendicular to the x-axis to expose the alternately
stacked layers of the internal electrodes. Based on the 3D X-ray mea-
surements (see Fig. 5) the grinding depth was set to 470 μm with an
additional polishing of 10 μm, whereby the defect was revealed. The

measurements along the y- and z-axes based on the physical cross-
section were 233.99 μm and 538.63 μm, respectively, which also cor-
responded to the measurements obtained from the 3D X-ray model in
Fig. 5.

The results of the cross-section and comparison to the 3D X-ray
analysis are presented in Fig. 6. As seen in Fig. 6c and d, molten di-
electric and nickel electrodes were found at the damage site, which
strongly supports that a dielectric breakdown had occurred. The red
arrows indicate molten nickel bridging of the neighbouring electrodes.

In Fig. 7a and b, all 30 dielectric breakdown locations from the 3D
X-ray imaging were plotted in scatter graphs with the same coordinate
system as in Fig. 5d. The grey box represents the dimensions of the
MLCC. Fig. 7a presents a top-down view and Fig. 7b a view perpendi-
cular to the end terminal of the ceramic capacitor. In order to verify the
dielectric breakdowns and the locations provided by the 3D X-ray
imaging, ten MLCCs were prepared by cross-sectioning. By grinding the
measured length along the x-axis, the defect was always revealed as a
void surrounded by molten dielectric and nickel electrodes. This phe-
nomena were observed at the damage site in all of these ten samples.
The selected samples are marked with a red hexagram in the scatter
plots.

In order to compare the accuracy of the 3D X-ray imaging and the
cross-section analysis in localizing the dielectric breakdown voids, an
uncertainty analysis was performed for the ten selected samples as
presented in Section 2.3. The results are shown separately for the y-and
z-axes in Figs. 7c), e), and d), f) respectively. It can be noticed that the
uncertainty in the cross-section analysis, indicated by the red error bars
in the middle subplots, is greater for each sample compared to the
uncertainty in the 3D X-ray imaging, indicated by the blue bars.
Therefore, it can be concluded that 3D X-ray imaging is more accurate
in locating dielectric breakdown defects than cross-section analysis

Fig. 5. The locations of the dielectric breakdown using 3D X-ray imaging. a) the location of the defect in a top-down view; b) the location of the defect from the view
of the end termination; c) the location of the defect according to the side view of the capacitor. d) illustrates the capacitor according to the coordinate system with
origin in the centre.
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only. Moreover, as seen in the lowermost subplots, the absolute dif-
ferences of the measured defect centre locations between the two
methods are within a few microns.

In an effort to further explore the advantages provided by 3D X-ray
imaging, the defect in Fig. 6 was studied by virtually cross-sectioning
the model through the middle of the defect. The resulting image is
presented in Figure 88a, where the void was measured to be 51.27 μm
and 64.85 μm respectively. From the cross-section analysis in Figure
88b, the width was measured to be 49.93 μm and the height to be
70.38 μm, which corresponds well to the 3D measurements. The un-
certainty in these measurements remains the same, 18 μm, for the 3D X-
ray imaging method. However, for the cross-section method, the un-
certainty is now reduced to 6-μm due to the increase in accuracy of the
VHX as a result of increased magnification.

Additional options provided with 3D X-ray imaging are the possi-
bilities to investigate the distribution of the defect locations as well as
the volume of the dielectric breakdown void inside the MLCC. For in-
stance, it can be seen from the scatter graph in Fig. 7, that the defects
were randomly distributed for this sampling of aged MLCCs. The

volume of the void shown in Fig. 8 could be estimated at 106,700 μm3

using VGStudio analysis software. The result of the volume analysis is
presented in Fig. 9. Hence, 3D X-ray imaging provides an opportunity to
obtain more information about different dielectric failure modes for
future research.

When considering cavity volume estimation of dielectric break-
downs within MLCCs, a short is first required to bridge two neigh-
bouring electrodes. Consequently, a minimum condition for at least one
dimension of the resulting failure site is defined by the thickness of the
dielectric layer, measured as 4.4 μm in the investigated MLCCs.
However, in this study, the dimensions of the smallest void measured
from the 3D models was 19.5 μm along the y-axis, 19.6 μm along the z-
axis and 24.3 μm along the x-axis and detected without difficulties.
Based on the uncertainty analysis, cavity dimensions smaller than
18 μm would not be detectable with this X-ray system. This corresponds
well with the observations made in this study.

The applicability of the presented method in multilayer ceramic
capacitors originates from the significant difference in the material
densities of the ceramic and the defect cavity. Thus, the proposed

Fig. 6. Comparison between 3D X-ray analysis and cross-sectioning. a) measurements along the z- and y-axes obtained from the 3D model; b) corresponding
measurements obtained from cross-section analysis. The red arrow indicates the molten internal electrodes which were electrically shorted. c) SEM image of the
damage site; d) energy dispersive X-ray image of the molten nickel that was shorted (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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method has the potential to be applicable for investigating breakdown
defects in other ceramic components such as metal oxide varistors and
ceramic disc capacitors.

Considering future research, an interesting and closely related topic
is the feasibility of this method for detection and investigation of mi-
crocracks in ceramic materials. Possible applications are for example:
detection of conchoidal cracks in ceramic substrates after the ultrasonic
welding process and porosity analysis of ceramic materials. In the
latter, more specifically, to determine of the closed pore size distribu-
tion which is not easily defined using the conventional mercury pene-
tration porosimetry technique. The proposed method could also be
appropriate for detecting delamination between the ceramic substrate
and the interfacing layers in components such as surface-mount re-
sistors and piezo actuators.

4. Conclusion

In conclusion, the feasibility of 3D X-ray imaging to easily localize
small dielectric breakdown defects in multilayer ceramic capacitors
with submicron accuracy and without destructive effects was demon-
strated. Compared to physical cross-section analysis, 3D X-ray imaging
is more accurate in detecting dielectric breakdown locations in MLCCs.
On the other hand, a physical cross-section is more accurate in de-
termining the size of the defect; however, the location provided by the
3D X-ray imaging is useful for this task as well. Another advantage of
3D X-ray imaging over cross-section analysis is the reduced time re-
quired to localize the dielectric breakdown region. By implementing 3D
X-ray imaging in the failure analysis process, succeeding in sample
preparation with cross-sectioning becomes a straightforward task, as
the exact grinding depth is provided beforehand. Moreover, a precise
amount of material can be removed to reveal the breakdown region
with minimal risk of accidentally losing failure evidence during the

Fig. 7. Scatter plots of the dielectric breakdown locations in
30 DUTs from 3D X-ray imaging. The samples selected for
cross-section and 3D X-ray comparison are marked with a red
hexagram, while the sample locations marked by blue dots are
the rest of the defect locations detected with 3D X-ray ima-
ging. a) the location of the defects from a top-down view; b)
the locations of the defects from the end termination view of
the MLCC. The uncertainty in cross-section (red) and in 3D X-
ray imaging (blue) are shown for the y- and z-dimensions in c)
and d). The absolute difference of the defect centres between
the measurement methods are shown for the y- and z-dimen-
sions in d) and f), where larger differences are in red and
smaller in green (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version
of this article).

Fig. 8. Comparison between 3D X-ray imaging and cross-sectioning of the size of the void. a) measurements along the z- and y-axes obtained from 3D model; b)
corresponding measurements obtained from cross-sectioning analysis. The red arrow indicates the molten internal electrodes that were electrically shorted (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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process. Lastly, it was observed that 3D X-ray imaging can detect di-
electric breakdown locations in MLCCs that may not be detected using
only 2D X-ray imaging.

For future research, the distribution of defects inside an MLCC of a
sampling can be easily assessed with 3D X-ray imaging. In this study,
the defects in the selected sampling were randomly distributed. The
proposed method also allows for volume approximation of the dielectric
breakdown void, which may contribute to new insight of failure me-
chanisms in MLCCs.
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ABSTRACT In this article, a non-destructive method is presented, using 2D X-ray imaging, to investigate
corrosion defects in thick film resistors stressed by two different corrosion experiments, a single gas
experiment and a flowers of sulphur experiment. In total, 370 devices under test (DUTs) were investigated,
using the 2D X-ray imaging technique, of which 10 were imaged in a sequence of 2D X-ray images to
evaluate the corrosion propagation. The observed underlying corrosion product was verified by using focused
ion beam analysis combined with an energy dispersive X-ray spectroscopy. The presented 2D X-ray imaging
technique enables a fast and non-destructive method for accurately identifying corrosion and corrosion
progression in thick film resistors. The presented imaging method was found to be particularly suitable for
supplier benchmarking purposes, as well as for the failure analysis of field returns as it allows for a proper
corrosion evaluation of surface mount thick film resistors, while keeping the analysed assembly intact.

INDEX TERMS Corrosion, resistors, failure analysis, scanning electron microscopy, silver, sulphur, X-rays.

I. INTRODUCTION
Frequency converters are used in vastly different fields of
industries and applications, such as solar, wind, pulp and
paper production, rubber vulcanization and mining. In solar
applications, one of the biggest stressors for a frequency
converter is temperature cycling, which has a big impact on
the ageing phenomena of the insulated gate bipolar transistor
(IGBT). In wind applications, humidity plays a significant
role on the drive’s reliability. Other harsh environments,
such that contains corrosive pollutants, can be found in pulp
and paper production, as well as in rubber vulcanization
and mining applications. In these industries, the amount of
atmospheric sulphur in the environment has a big impact on
the lifetime of the frequency converter. Critical components,
such as power modules [1], electrical contacts and thick
film resistors are affected by corrosion due to sulphur in
the environment. In these electrical components, corrosion
phenomena, such as electrochemical migration [1]–[3] and
open connection [4], [5], have been reported.

The associate editor coordinating the review of this manuscript and

approving it for publication was Zeev Zalevsky .

Surface mount thick film resistors are used in almost all
industrial electronic devices. Although the resistor is one
of the simplest and most inexpensive amongst all of the
other components, it may be responsible for the complete
functional breakdown of a device operating in a harsh envi-
ronment. In these environments, corrosion failures such as
resistive shorts, open connections or changes in resistance
indicating intermittent failure are typical. Usually, in sul-
phuric atmospheres, the weakest spot in a thick film resistor
is the silver (Ag) termination. It is well known that silver can
rapidly corrode in harsh atmospheres, particularly in those
containing sulphides [6]–[8]. Silver reacts with sulphur (S),
forming silver sulphide (Ag2S). Silver sulphide is known
to be non-conductive and leads to changes in resistance or,
eventually, an open circuit [4]. This silver termination is the
most underlying layer in the resistor structure. It is protected
by two different metallic terminations. The first one is a pro-
tective barrier, typically made of nickel (Ni), and the second
one is an outer solder termination of tin (Sn). Additionally,
a thin conformal organic epoxy layer is applied to the resistor
to limit the gas permeation of water vapour and pollutant
gases to reach the silver termination. A typical cross-section
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image of a thick film resistor is shown in Fig. 1a) with the
corresponding areas of interest visualized in Fig. 1b).

FIGURE 1. a) Scanning electron microscope image of a typical
cross-sectioned thick film resistor. b) an illustrated image of
the different materials and layers used in a thick film resistor.

Many different corrosion tests have been utilized to inves-
tigate the behaviour between the thick film resistor and
the corrosive sulphur. Typical corrosion tests are single
gas [9]–[11] and flowers of sulphur (FoS) [11]–[13] tests.
In single gas tests, the thick film resistors are exposed to
a high level of hydrogen sulphur (H2S) or sulphur dioxide
(SO2) at a high temperature and high humidity. The corrosive
gas concentration in these tests have varied from 1 – 10 ppm
and 1 – 15 ppm, respectively [14], [15]. Flowers of sulphur
test is one of the simplest corrosion tests when compared
to other gaseous experiment setups. In this test, sulphuric
powder is held at the bottom of a desiccator and the thick
film resistors hang above the sulphur powder. No humidity is
used, instead, a high temperature is applied. Usually, the thick
film resistors are tested without voltage in these corrosion
experiments and no information is presented in the literature
where thick film resistors have been exposed to both corrosive
gas and electrical stress.
The failure mechanism for thick film resistors in a

sulphuric atmosphere is a chemical reaction between the
silver termination and the sulphur. The reaction between
silver and sulphur causes the electrical connection to be
non-conductive and, eventually, leads to an open circuit.
Typically, cross-sections of the DUTs have been done to
determinate the existence of non-conductive silver sulphide
corrosion. One of the major drawbacks with this analysis
method is that it is destructive, and, therefore, the propagation
of the corrosion in a thick film resistor has not been properly
investigated. Also, in previous studies [9]–[12] optical and
scanning electron microscopy imaging methods have been
utilized for analysing the corrosion on the surface of a thick
film resistor. The drawback with these imaging techniques is
that the underlying corroded silver layer is not visible, and the
magnitude of the corrosion has not been fully determined.

This study demonstrates an effective non-destructive X-ray
imaging method for analysing corrosion in thick film resis-
tors.Multiple studies [16]–[20] have shown successful results
of analysing corrosion by X-ray imaging, where stainless
steel and steel used in concrete have been analysed. In our
study, standard commercial thick film resistors from differ-
ent vendors were subjected to sulphuric atmosphere in two
different corrosion experiment setups: single gas and flowers
of sulphur. In each of the experiment setups, 90 resistors
were electrically stressed, and 90 resistors were unbiased.
A data acquisition (DAQ) unit was used to continuously
measure the voltages and resistances of the DUTs during the
experiments in order to observe any corrosion propagation.
2DX-ray imagingwas implemented to provide deeper insight
for assessing the propagation of the corrosion. Large differ-
ences in the resistors’ corrosion behaviour were observed
between the vendors and between the experiment systems.
It was also found that with X-ray imaging it was possible to
detect the corrosion before it was observed in the electrical
measurements.

II. METHODS
A. EXPERIMENT SETUPS
Two experiment setups, a flowers of sulphur (FOS) experi-
ment and a single gas experiment, were designed and built to
induce corrosion in standard commercial thick film resistors.
For both corrosions experiments, standards related to corro-
sion testing were followed. For the flowers of sulphur experi-
ment, the EIA-977 [21] standard was followed. The single gas
experiment was carried out based on IEC 60068-2-43 [14],
with increased temperature and humidity to accelerate the
corrosion.
Thick film resistors used as DUTs were soldered onto

printed circuit boards (PCBs) specifically designed for the
experiment. Experiments were carried out in both biased
(Fig. 2a) and unbiased (Fig. 2b) configurations. Each PCB
can hold up to 100 thick film resistors of which 90
(R1 to R90 in Fig. 2) in 9 groups of 10 resistors each were
connected in parallel to its own PCB power supply terminals.
Thus, 9 different vendors could be easily tested per test board.
All thick film resistors were mounted with a 96.5 Sn - 3.0 Ag
- 0.5 Cu solder and all had resistance values of 4700� with
a rated voltage of 150V. The package size used was a stan-
dard 0805 package in all experiments and the electrical and
structural specifications of the analysed thick film resistors
are given in Table 1. The measured values in Table 1 were
obtained with SEM and EDX.
For the FOS experiment, 2 boards were used with both

having resistors from 9 different vendors. For each vendor,
10 thick film resistors were connected in parallel resulting
in 90 DUTs in total per board. To assess the influence of
voltage bias on the corrosion of the resistors, the first board
was unbiased, and the second board was biased with a voltage
of 10 V resulting in 2.5 V over the reference resistors and
7.5V over the DUTs. For the unbiased board, the parallel
resistance values of the 9 resistor groups were measured
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FIGURE 2. Schematic diagrams of both test setups. a) voltage biased experiment setup and b) unbiased experiment setup.

TABLE 1. The electrical (from datasheet) and structural (measured) specifications of the DUTs.

TABLE 2. Test specifications of each corrosion experiment.

directly with an Agilent 34970A data acquisition unit
equipped with Agilent 34901A multiplexers. For the biased
board, the voltage over an external 160� reference resistor
outside the chamber, one per resistor group, was measured
to electrically verify the propagation of the corrosion in
the DUTs. In an event of a resistor open circuit, the change
in voltage and/or resistance was recorded by the DAQ unit
to enable a time-to-failure comparison between the different
vendors. An additional unbiased FOS experiment was per-
formed by using 10 DUTs of only one supplier where each
resistance value of each single resistor was measured directly.
In this experiment, X-ray images of the DUTs were obtained
every 12h to analyse the corrosion propagation.
In the flowers of sulphur experiment, sulphuric powder

CAS:7704-34-9 was used. The powder was placed in a petri
dish and set at the bottom of a desiccator. Two desicca-
tors were used in this experiment, one for the unbiased
DUTs and one for the biased. Both desiccators were kept

in a heat chamber at 105 ◦C for 750 hours, as specified
in [21].
The single gas experiment was performed similarly as

described for the FOS experiment, except no additional unbi-
ased experiment with single resistors were performed. In the
single gas experiment, the test PCBs were mounted inside a
glass vessel placed inside a heat chamber. The temperature in
the experiment (inside the heat chamber) was set to 60 ◦C,
the relative humidity was set to 90% and controlled with
a separate vessel by a mixture of air and 68 ◦C water. The
H2S-concentration of 15 ppm was adjusted by a mixing of
dry air and a bottled gas of nitrogen with 500 ppm H2S
using a mass balance meter and a rotameter. The total gas
flow was adjusted to 3 l/min and a Dräger X-am 5000 gas
detector was used to measure the H2S concentration during
the experiment. An illustrative drawing of the single gas
experiment setup is shown in Fig. 3 and Table 2 presents the
corrosion experiment specifications of each experiment.
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FIGURE 3. A schematic picture of the single gas experiment.

FIGURE 4. An illustrated image of the diffusion through the conformal
epoxy layer.

B. STANDARDS RELATED TO CORROSIVE GAS TESTING
In the single gas experiment the temperature influences the
diffusion of water vapor and H2S gas through the confor-
mal organic epoxy layer. The corrosion does not commence
before the gas mixture encounters the underlying silver met-
allization. Therefore, to define a suitable temperature for
the single gas experiment, a diffusion model in a theoretical
setting is described in Fig. 5. Here, the surface of the epoxy at
x = L is exposed to a well-stirred water-vapor-H2S-mixture

FIGURE 5. H2S diffusion through conformal organic epoxy layer in thick
film resistors in different temperatures.

imposing one-dimensional mass diffusion in the x-direction,
through the epoxy to the silver metallization at x = 0. The
following assumptions apply:
• no chemical interactions occur,
• the temperature is uniform in all layers and
• the mass transfer between the epoxy and the silver met-
allization at x = 0 is negligible,

whereby the mass transfer within the epoxy is expressed
as [22, p. 889]

∂2C
∂x2
=

1
D
∂C
∂t

(1)
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FIGURE 6. An energy dispersive X-ray spectroscopy mapping of the DUTs.

where C is the mass concentration in consistent units (ppm),
x is the distance (m), D is the coefficient of diffusion (m2/s)
and t is the time (s). For the initial uniform concentration,
the following assumption applies [22, p. 890]

C(x, 0) = Ci. (2)

To solve the equation (1), the following boundary condi-
tions are needed [22, p. 890]

∂C
∂x

∣∣∣∣
x=0
= 0 (3)

C(L, t) = Ca (4)

where L is the thickness of the conformal epoxy layer (m).
An exact solution to the gas concentration at the metallic
silver layer (x = 0) is of the form [22, p.257]

C(0, t)− Ca
Ci − Ca

=

∞∑
n=1,3,5

sin
(nπ

2

)
exp

[
−

(nπ
2

)2 (Dt
L2

)]
.

(5)

TABLE 3. Physical properties for H2S and H2O [10].

The effect of temperature was modelled as the Arrhenius
relationship in the diffusion coefficient as [10]

D(T ) = DREF exp
[
−
Ea
k

(
1
T
−

1
TREF

)]
, (6)

where DREF is the diffusion coefficient (m2/s) at the refer-
ence temperature, Ea is the activation energy (eV), k is the
Boltzmann‘s constant 8.617 · 10−5 eV/K, T is the absolute
temperature (K) and TREF is the reference temperature (K).
Table 3 presents the physical properties for H2S and H2O
to calculate the theoretical diffusion through the conformal
organic epoxy layer [10].
The temperature in the standard [14] for single gas exper-

iments has been specified as 25 ◦C± 2 ◦C. As can be seen

VOLUME 9, 2021 133799



J. M. Ingman et al.: Detection of Corrosion in Thick Film Resistors by X-Ray Imaging

FIGURE 7. In-situ measurements of tested DUTs in un-biased and biased FOS experiment and corresponding time-to-failure probability plots.

TABLE 4. The obtained parameters from the Weibull probability distribution.

in Fig. 5 for the H2S to reach the inner silver layer in the
thick film resistors, it would take approximately 111 days
to reach the level of 15 ppm H2S. On the contrary, for a
temperature of 60 ◦C it would take around 1.5 days. There-
fore, it was not useful to perform a single gas experiment
at the specified temperature as given in the standard [14].
It was also calculated that it takes four days for the H2O
to reach equilibrium at 60 ◦C. Wassermann et al. [1] have
shown that increased humidity has an impact on the corrosion
behaviour of electronics in a single gas testing, where a higher
humidity generated larger dendrite structures under, other-
wise, the same conditions. Therefore, a 90% relative humidity
was chosen instead of 70% as specified in the standard [14].

C. ANALYSIS METHODS
X-ray images of the thick film resistors were obtained with
an industrial Phoenix Nanomex X-ray machine, using both
2D and µ-computerized tomography (µ-CT) X-ray imaging
technologies. For the scans, the maximum detail detectability
of the open nanofocus x-ray tube was 200 nm [23].
In 2D X-ray imaging, a beam current of 150 µA and a

voltage of 130 kV were used. All thick film resistors were
imaged before and after the experiments to investigate the
propagation of the corrosion. In µ-computerized tomogra-
phy X-ray imaging, the DUTs were only imaged after the
experiment since the DUTs needed to be cut out from the test
PCBs to obtain high resolution images. In the µ-computer
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FIGURE 8. 2D X-ray images of both unbiased and biased DUTs (vendor D) taken before and after the FOS experiment. a) and c) images depicts the initial
state of silver electrodes of the DUTs for both the unbiased and biased experiments, respectively. b) and d) depicts the corroded electrodes of two of the
failed DUTs in the unbiased and biased FOS experiments, respectively.

tomography imaging, the DUTs were placed on a rotation
stage between the radiation source and the flat panel detec-
tor. Each thick film resistor was rotated by 360◦ and 1200
2D X-ray images were taken. The images obtained were
then reconstructed by using datos|x 2 and VGStudio MAX
software into a 3D model that can be sliced into multiple
virtual cross section images. The 3D model produced was
utilized to analyse the structure of the corroded thick film
resistor. This method has been shown to be successful in
displaying miniscule defects in electronic components such
as multilayer ceramic capacitors [24].
To analyse the materials used in the end termination for

each supplier, cross-section preparation techniques were uti-
lized. For the cross-sectioning, the DUTs were encapsu-
lated into epoxy for structural support during the grinding.

The exposed surface was ground gradually by using silicon
carbide grinding papers with grain sizes ranging from P320 to
P4000. The final polishing was made by using woven acetate
polishing cloths and aluminium oxide polishing films com-
bined with polycrystalline diamond lubricants at grain sizes
of 9µm, 3µm and 1µm. Furthermore, the DUTs were pol-
ished with a JEOL cross section polisher to obtain a contam-
inant free DUT after the grinding process by using argon gas
for the polishing. The flow rate for the argon gas was adjusted
to 6.2 and an acceleration voltage of 7.0 kV was used in this
study. The polishing process for each DUT was adjusted to
45 minutes. After polishing, the results of each thick film
resistor were captured with a JEOL JSM-IT300 scanning
electron microscopy combined with a Thermofischer energy
dispersive X-ray spectroscopy (EDX).
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FIGURE 9. A sequence of X-ray images showing the corrosion propaga-
tion in thick film resistor (vendor E). The red box at 24 h indicates the first
sign of corrosion and the green arrow at 48 h shows that only a small
electrical connection is remaining.

To verify silver electrode corrosion in the thick film resistor
DUTs, a JEOL JIB-4700F focused ion beam (FIB) with a
gallium ion source was used. This technique allows for a con-
taminant free material identification of the inner structure of
the analysed DUT. The final corrosion product was analysed
by a JEOL energy dispersive X-ray spectroscopy.

III. RESULTS
A. STRUCTURAL INVESTIGATION
The thick film resistor end termination structure was inves-
tigated by cross-sectioning. All DUTs were ground and pol-
ished to the middle of the package. Fig. 6 shows an EDX and
scanning electron microscopy image of each suppliers’ end

FIGURE 10. Online resistance measurement of a single DUT (vendor E).

termination structure after the polishing process. In all DUTs,
tin and nickel were found in the top metallization and the
protective barrier, respectively. Underneath the nickel layer,
a silver layer was observed in all thick film resistors. The
only difference between the suppliers was the thickness of
the conformal organic epoxy layer.

B. TEST RESULTS
The time-to-failure (TTF) probability plot for the FOS exper-
iment is shown in Fig. 7. The top row shows the TTF
corresponding to the in-situ resistance measurements of the
un-biased DUTs, whereas the bottom row shows the time-
to-failure corresponding to the in-situ voltage measurements
of the biased DUTs. Each step increase/decrease in the mea-
surements indicates a DUT failure. As seen from the mea-
surement results, the step changes (i.e. the failures), whether
biased or unbiased, occur at similar times for each DUT type.
Therefore, no differences in the time-to-failures probability
could be observed, indicating that voltage biasing has little to
no influence on the failure mechanism.
It is noted that in the biased experiment, once a

DUT fails into an open circuit, the applied stress voltage over
the remaining parallel connected DUTs increases slightly
(and, as a result, the voltage over the reference resistor
drops slightly). The maximum added stress voltage remains
within 1.5% of the rated voltage of the DUTs and is assumed
to have a negligible effect on the resistors.
Table 4 presents the obtained values from theWeibull prob-

ability distribution. The parameter β for all vendors shows
that the failure rate is increasing (β > 1) and results in a
wear out failure due to corrosion for the DUTs. In Weibull
analysis, parameter η describes the time at which 63.2% of
the thick film resistors have failed. N presents the amount of
failures in each experiment and AD is the Anderson-Darling
(AD) statistic, which measures how well the data follows the
Weibull distribution. The p-value determinates whether the
data follows a normal distribution. Because the p-values for
all vendors was greater than the significance level of 0.05,
the decision was not to reject the null hypothesis and it
cannot be concluded that the data does not follow a normal
distribution.
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FIGURE 11. 3D X-ray images of a failed thick film resistor (vendor E) and location of the FIB cut (blue box) are depicted in a) and b). c) shows the
corrosion product observed with FIB and d) shows the interface between the pure and corroded silver electrode.

Comparing DUT type H and E, both having similar end
termination structures and conformal epoxy thicknesses, indi-
cates an approximately ten-time higher η for the H type.
Likewise, comparing DUT type F with G and I, all having
similar conformal epoxy thickness at the end termination,
indicates an approximate a four-time higher η for type F.
Thus, based on the results, no direct correlation between the
structure of the conformal epoxy layer and TTF in the corro-
sion experiments could be drawn. No failures were observed
in the reference DUTs type B with anti-sulphur packaging.
X-ray images of an un-biased and a biased DUT taken

before and after the FOS experiment are shown in Fig. 8.
Fig. 8b) and d), both taken after the experiment of an unbi-
ased and a biased DUT respectively, clearly shows severe
corrosion of the underlying silver electrode resulting in open
contacts. The corroded area is indicated by orange arrows.
Shown in the obtained X-ray images, the unbiased and biased
DUTs have failed due to the same corrosion failure mech-
anism. Together with the results from the time-to-failure
data, it can be concluded that the voltage bias has negligible
influence on the corrosion mechanism in thick film resistors
failing in an open connection. Approximately 60% of the
DUTs failed in an open connection and all were detected with

2D X-ray imaging. Furthermore, the progression of the cor-
rosion was observed to be similar for all suppliers.
A sequence of X-ray images, taken at 0 hour until the

open connection of the thick film resistor in the FOS exper-
iment is shown in Fig. 9 and the corresponding online resis-
tance measurements of the same DUT is shown in Fig. 10.
The first sign of corrosion in the underlying silver layer is
observed already at 24 hours in the X-ray image, even though
no changes in the electrical measurements were observed.
The corroded location is indicated by a red box in Fig. 9.
The corrosion is seen as a small white area in themiddle of the
right-hand side end termination. Moreover, a denser material
had appeared at the end of the end termination (seen as a
black dot). After 36 hours, the propagation of the corrosion
was easily observed as a bright stripe at the underlying silver
layer, covering almost the full length of the end termination.
Additionally, a dark line of denser material was now observed
at the end of the top metallization. After 48 hours, only a
small electrical connection remains, shown as a green arrow
in Fig. 9. The only change in the electrical measurement
was observed after 57 hours as the resistor failed in an open
circuit indicated as a large step increase in the measured
resistance shown in Fig. 10. In the following X-ray image
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FIGURE 12. EDX point scan locations.

taken at 60 hours, a large area of the underlying silver layer
had completely corroded.
To verify the results observed with the 2D X-ray imaging

technique, a µ-computerized tomography X-ray image of the
failed DUT was taken and compared with results obtained
with FIB of the same DUT. The FIB cut at the end of
the top metallization of the end termination is indicated by
the blue box in the µ-CT X-ray image Fig. 11a) and b).
As seen in the FIB image c) the underlying silver electrode
has transformed into a porous corrosion product causing a
change in the material density which can be detected with 2D
X-ray imaging. The transition area of the porous corrosion
product (red arrows) to the non-corroded silver layer (green
arrow) is shown Fig. 11d) which corresponds to the red box
in Fig. 11c). Additionally, multiple-point EDX scans were
taken from the FIB cut with the corresponding atomic per-
centage of each element at the points shown in Fig. 12. Based
on the EDX results, the elemental ratios at the corrosion
location in point 1 is roughly 2:1, indicating that the under-
lying silver electrode has formed into silver sulphide by the
reaction

2Ag+ S2−→ Ag2S+ 2e−(s). (7)

The protrusion at point 2 in the EDX measurements
consists of silver sulphide which has originated from the
underlying silver electrode. This protrusion phenomenon is
caused by forces created by volumetric expansion of the
corrosion product, which ‘‘pushes’’ the growth out from the
interface between the conformal organic epoxy layer and
the top metallization. This same protrusion was observed as
a dark line of denser material at the end of the top met-
allization in the 2D X-ray images. Finally, point 3 shows
the elemental analysis results at the un-corroded silver
electrode.
In the single gas experiment, no increase or decrease

in the electrical measurements were observed as shown
in Fig. 13. Fig. 13a) presents the in-situ resistance mea-
surements of the un-biased DUTs, whereas Fig. 13b) shows
the in-situ voltage measurements of the biased DUTs.
Although, no failures were observed in the electrical mea-
surements, incipient corrosion was detected in multiple
DUTs with 2D X-ray imaging. In Fig. 14, the red arrows
depict the incipient corrosion in two thick film resistors
from different vendors. The bright area at the end ter-
mination reveals the corrosion in the underlying silver
electrode.
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FIGURE 13. In-situ resistance and voltage measurements obtained from
the single gas unbiased and biased experiments, respectively.

On the other hand, in the biased single gas experiment
an additional electrochemical corrosion failure mechanism
was observed where the sulphur gas initiates silver dendrite
growth on top of the conformal organic epoxy between the
end terminals of the tick film resistors, as shown in Fig. 15.

IV. DISCUSSION
Two different corrosion experiments were used to produce
corrosion in thick film resistors. In both the FOS and sin-
gle gas experiments, corrosion of the silver electrodes was
observed. In the FOS experiment, the corrosion resulted in
most DUTs failing in an open circuit during the 750-hour test
time, whereas, in the single gas experiment, no open circuit
failures could be observed during the experiment. Although
no failures were recorded in the electrical measurements for
the single gas experiment, incipient corrosion in the silver
electrodewas still detectedwith 2DX-ray imaging. TheAg2S
corrosion product observed in the DUTs was verified with
FIB and the corrosion observed in the X-ray imaging corre-
sponded well to the obtained results from the SEM image and
the elemental analysis.
Both experiments are standardized, with only minor

changes made to the temperature and humidity for the single
gas experiment to accelerate the corrosion, only the FOS
experiment was found to be applicable for a thick film resistor
corrosion resistance evaluation in a practical testing time. The
main reason for the different time-to-failure results is that
the flowers of sulphur experiment is extremely aggressive,
as shown in a comparison between single gas and flowers
of sulphur setups in Ostermans et al. work [25]. In their

FIGURE 14. 2D X-ray images showing incipient corrosion in DUTs from
the single gas experiment (top: vendor G and bottom: vendor I).

FIGURE 15. The red arrows depict the electrochemical corrosion on top of
the conformal epoxy layer (vendor H).

work, it was shown that the corrosion thickness (nm/day)
in copper coupons for a single gas experiment when using
1.8 ppm H2S was 163.2 nm/day and in the flowers of sulphur
experiment, 54094.2 nm/day. In our study, the amount of H2S
gas (15 ppm) in the single gas experiment was still too low
and the test time was too short to obtain equivalent results
as in the flowers of sulphur experiment. However, the single
gas experiment should not be dismissed completely, as a
biased single gas experiment with a higher humidity and H2S
gas concentration enables a reliable evaluation of thick film
resistors in terms of resistance to electrochemical corrosion,
as was shown in Fig. 15. In this case, X-ray imaging is not
needed as the silver dendrite growth is optically observable.
Two major results were obtained in this study. Firstly,

this paper clearly shows that 2D X-ray imaging is a power-
ful imaging technique for observing corrosion in thick film
resistors. Contrary to most used methods for evaluating the
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FIGURE 16. A failed device, where a corroded thick film resistor caused a
critical process to stop. The corrosion can be observed in the 2D X-ray
image shown with red dotted lines.

corrosion failures in thick film resistors, this technique can
be used without destroying the printed circuit board assem-
bly or single component. Furthermore, X- ray imaging was
found to be a unique method for investigating the corrosion
propagation in thick film resistors. From Fig. 9 and Fig. 10,
it can be concluded that the change in resistance takes place
instantaneously at the end of the corrosion propagation when
the last contact point at either terminal finally corrodes open.
Secondly, the applied voltage bias of 7.5 V over the DUTs

did not accelerate the corrosion. When comparing the results
from the time-to-failure data, it can be concluded that the
voltage bias has negligible influence on the corrosion mech-
anism in thick film resistors when failing in open connec-
tion. Furthermore, the failure signature from both biased and

unbiased experiments showed identical corrosion progres-
sion, as shown in Fig. 8.
As an additional note, the failure mechanism produced

in the corrosion experiments corresponds well to failures
observed in the field where a device or a system has been
exposed to a sulphuric atmosphere. Fig. 16 shows a device
where a corroded thick film resistor caused a critical pro-
cess to stop. As seen from Fig. 16, an open connection
in the underlying silver electrode was easily observed with
2D X-ray imaging. The corroded area is shown with red
dotted lines in the figure. Without X-ray imaging, it would
not be possible to identify the root cause of the failure due
to the black potting material on top of the surface mounted
devices (SMD) of the failed device.

V. CONCLUSION
Two setups, a single gas and a flowers of sulphur experi-
ment, were realized for evaluating corrosion progression in
thick film resistors. The propagation of the corrosion was
successfully examined by the implemented 2DX-ray imaging
technique. FIB and EDX analysis were further utilized to
verify the observed corrosion product.
In the single gas test, only incipient corrosion of the silver

electrodes could be detected in the DUTs. However, opti-
cal analysis revealed an additional electrochemical corrosion
failure mechanism in the form of dendrite growth on top of
the conformal organic epoxy layer of the resistors.
In the FOS experiment, severe corrosion of the silver elec-

trodes was observed in most of the DUTs. The corrosion
occurred and progressed similarly, whether a voltage bias was
applied over the DUTs or not. Hence, care must be taken
when storing commercial thick film resistors, as exposure
to a sulphuric environment may cause the eventual electrical
device (end product) to fail already during commissioning.
In this study, the 2D X-ray imaging technique was suc-

cessfully implemented to observe corrosion propagation in
thick film resistors. This novel technique enables a fast and
non-destructive investigation of corrosion in thick film resis-
tors, as well as providing additional crucial information for
further in-depth failure analysis. Moreover, for thick film
resistor benchmarking and reliability assessment, this tech-
nique allows for a quick evaluation of the protective coating
applied on thick film resistors. For thick film resistor bench-
marking, only the flowers of sulphur experiment proved to
be successful, and the resulting failure signature was found
to correspond well with failed thick film resistors exposed to
a sulphuric environment in the field.
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