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This master's thesis explores the issue of cracking in potting materials used for encapsulating 

converters in electric vehicles, with the aim of identifying root causes and proposing 

alternative materials to enhance performance and reliability. The research employs a 

multidisciplinary approach, integrating literature review, thermal testing, visual inspection, 

and simulation techniques to analyse failure modes and mechanisms. Results consistently 

reveal that thermal and mechanical stress incompatibilities among materials contribute 

significantly to cracking issues. The study underscores the importance of harmonizing 

material properties and behaviors to ensure the stability and durability of electronic converter 

assemblies. Recommendations for mitigating these challenges are proposed in the discussion 

and conclusion. This work provides valuable insights into optimizing material selection and 

product design for more reliable and robust encapsulation solutions in similar electric 

products and applications. 
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1  Introduction 

The utilization of potting technology with polymers for electrical components encapsulation, 

such as coils and power modules, is widely recognized for its provision of stabilization, 

electrical insulation, thermal conductivity, and resistance to humidity and corrosion. In 

practice, it has been observed that cracks and delamination constitute primary failure modes 

in the potting materials, leading to insulation and thermal conductivity breakdown and 

subsequent device overheating and damage. Commonly employed potting materials include 

polyurethane, epoxy, and silicone. 

In a specific electronic converter product designed for vehicular applications, polyurethane 

is utilized to encapsulate coil windings due to its material properties and economic 

feasibility. However, cracks have been detected in some units’ surfaces, under both elevated 

temperatures and thermal cyclic testing. These cracks lead to insulation failure, 

compromising the device's protective capabilities. Consequently, investigating the causes of 

crack formation and identifying critical parameters for these failure modes are of paramount 

importance. In addition to cracking mechanism investigation, the consideration of material 

substitution is necessary to improve the design and manufacturing of the device. 
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2  Objectives of the research 

Detailed objectives with research questions are defined firstly at the beginning of the work. 

Hypotheses for answering the questions are proposed and scope and limitations are clearly 

defined in this chapter. 

2.1  Objectives 

The main objective of this thesis is to investigate the root causes of cracking in polyurethane 

potting materials used in the converter winding encapsulation. This research aims to identify 

the underlying mechanisms that lead to these failures by focusing on understanding the 

material properties under the specific conditions that contribute to crack formation. 

Additionally, a secondary objective is to explore and evaluate potential alternative materials 

for the current application. The study will try to identify key properties or features of the 

potting materials which are essential to ensure the reliability and durability of electronic 

encapsulation systems. Actionable insights for selecting and designing more effective 

potting materials will be proposed based on the finding and conclusion to mitigate failure 

risks in electronic encapsulation applications.  

2.2  Research questions 

The research questions guiding this study are as follows: 

1) What are the underlying causes of the observed cracking in the potting material? 

2) Where do the cracks originate? Specifically, do they initiate from the potting material 

surfaces or from inside of the material?  

3) What are the root causes of the occurrence and progression of these failures in the 

potting material? 

4) Are there any other alternative materials that would be used to resolve this problem? 
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2.3  Hypotheses 

Hypothesis 1: Based on the theoretical study and literature review, the formation of cracks 

in the potting material under investigation can be caused primarily from mismatches of 

thermal expansion and contraction between the potting material and the other interface 

materials within the electronic device. During operation, the converter undergoes cycles of 

heating and cooling, which develop different expansion and contraction between the potting 

material and the surrounding components. Polymer in general expand and extract more than 

metals due to their higher thermal expansion coefficients. This differential expansion and 

contraction generate stress within the material with the potential risk for leading to failures 

through cracking or delamination. 

Hypothesis 2: Crack initiation is likely to occur at the interface between the polymer and the 

metal components. When the system undergoes thermal cycling, the metal and the polymer 

expand and contract at different rates. This differential movement creates stress 

concentrations at the interface. Furthermore, if the curing process was not performed in a 

correct way, the bond strength at the interface might be weakened which would further 

increase the cracks generation initiating in this region. Cracks initiated at the interfaces may 

propagate into both the potting material and the metal.  

Hypothesis 3: Issues during the potting process, such as incomplete curing, air bubbles, 

volume shrinkage and bad hardener mixing quality, can significantly affect the integrity of 

the potting material. Air bubbles trapped during the process create voids within the material, 

leading to stress concentration zones. Inadequate curing can exacerbate the effects of thermal 

expansion and contraction mismatch by leaving the material weaker, less stable, or poorly 

bonded to the substrate, making it more susceptible to failure under thermal stress. 

The procedure map in Figure 1 illustrates the hypotheses of root causes for the current 

research questions in this study. 
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Figure 1. Hypotheses for root causes of potting materials failures in converters 

 

2.4  Scope and limitations 

This research is focused on conducting a root cause analysis of cracking in potting materials 

used in the current electronic encapsulation. The scope of the study includes several aspects 

which are literature review, visual inspection, thermal testing with different materials and 

simulation.  

Firstly, a comprehensive literature review was conducted to learn background of the current 

packaging application and failures, influencing parameters of the cracking and failures and 

materials utilization of the similar application.   

Then visual inspection and microscopic examination were used to validate the cracks. The 

research involves detailed visual inspections and microscopic analyses of the cracks in the 

potting material to identify and characterize the nature of the cracking. 

A series of thermal tests were also conducted on various potting materials, including 

polyurethane, epoxy, and silicone, to identify the failure modes and compare the 

performance and results of each material under similar thermal loading conditions.  

Simplified simulations will be employed to investigate the influence of the key material 

properties on material deformation and stress. This will help in understanding how different 
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properties, such as thermal conductivity and thermal expansion and elasticity, affect the 

overall stability of encapsulation. 

While the study aims to provide a comprehensive understanding of key factors that influence 

the device reliability, it will not dive deeply into the design limitations of the converter 

device itself, or the operational parameters associated with its use. Although these factors 

would potentially impact on the overall system performance, they are beyond the primary 

focus of this research and will be briefly addressed in discussion. 
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3  Literature review 

To gain a thorough understanding to the background and to provide a comprehensive 

overview of previous and existing research and knowledge of potting material failure in 

electronic encapsulation, an extensive review is undertaken. And the review results are 

organized logically in several important aspects for the current topic in this chapter.   

3.1  Potting material technology applications in encapsulation 

Encapsulation of electrical components like power modules or PCBs (Printed Circuit 

Boards) for electronic devices with polymer materials has shown an increase in different 

application with the demanding of providing protection from mechanical attack, 

environment influence and electricity insulation. (Sprenger, Noll, Hecht, De Greiff, Müller 

and Franke 2022, p. 1; Lall, Dornala, Deep and Lowe 2018, p. 1097; Haynes, Cordes and 

Krug 2012, p. 1.)  

Soft silicone gel potting is one of the standard technologies mainly due to its low viscosity 

and high flexibility to be used in packaging of automotive power modules. And due to the 

potential cost reduction consideration, hard encapsulation with epoxy or polyurethane resin 

potting material was also developed. Besides transfer-molding of epoxy mold compounds, 

the alternative large-area liquid epoxy potting was also discussed by using experimental and 

thermal-mechanical simulations. The researchers found that cracks and delamination, which 

are main failure modes for hard encapsulation like epoxy potting under mechanical loading 

like vibration and shock. And the research shows that the failure is not only related to the 

mismatch of CTE (coefficient of thermal expansion) between potting and substrate, but also 

related to the geometry of the structure like layout and thickness as shown in Figure 2 and 

Figure 3. (Sprenger, Forndran, Ottinger, Dammann, Erben, Sippel, and Franke 2022, p. 1.)  
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Figure 2. Power module layouts with potting materials (Sprenger et al. 2022, p. 1).  

 

 

Figure 3. Shear stress at Gu-potting material interfaces under different potting heights 

(Sprenger et al. 2022, p. 5). 

 

Besides automotive industry, potting technology is also used in aerospace electronics where 

the potting material is used to enhance the stability of the devices from attack from harsh 

environment and under thermal-mechanical loading. (Lall, Pandurangan and Blecker 2023, 

p. 1.)  

The potting technology were also used in military application like gun launch devices. The 

thermal-mechanical analysis shows that the stresses and displacements in chips are different 
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between ringed potting and fully potting strategy. (Lall et al. 2018, p. 1097; and Lall et al. 

2023, p. 6-9.)  

3.2  Failure modes for potting material and encapsulated system 

Delamination and brittle fracture of the potting material or encapsulant are two main failure 

modes for potting material and the corresponding damage of the encapsulated system is main 

concern in this application and material selection. (Sprenger et al. 2022, p.1; Lall et al. 2018, 

p.1.) 

In the study of a pull-out test, a metal insert into a sandwich panel, the failure modes between 

the potting material and the inserted metal were investigated and classified into several types 

as shown in Figure 4: 1) variations in potting shape, 2) incomplete filling or presence of air 

bubbles, 3) irregular potting borders, and 4) defective bonding of the metallic insert. 

(Rodríguez-Ramírez, Castanié, and Bouvet 2021, p. 3.)  

 

 

Figure 4. Failure modes for a pull-out test in a potting assembly (Rodríguez-Ramírez et al. 

2021, p. 3). 

 

Although this study does not pertain to electronics packaging, the failure modes identified 

are similar to those encountered in electronics encapsulation applications. Furthermore, due 

to thermal effects, the failures in electronics encapsulation may be more severe compared to 

this case. 
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3.3  Failure mechanism for polymer and potting materials 

To find out the root causes of the cracking, the understanding of failure mechanism of the 

materials is crucial. Some research has already done in the similar cases as this study and it 

provides insights into this study. 

3.3.1  General failure mechanism for polymer 

The fracture process in polymers occurs when molecular bonds break for either inside or 

between molecular bonds. Glassy or amorphous polymers which lack a melting point (Tm), 

are normally rigid below their glassy transition temperature (Tg) and become less viscos 

above it. In contrast, semicrystalline polymers have both a Tm and a Tg with referring to their 

crystalline phase and amorphous phase respectively. (Meyers and Chawla, 2009, p. 507-

521.) 

For polymers having large, bulky side group or a high density of cross links, they normally 

fracture in a brittle manner. And the plastic deformation is always negligible and 

consequently the crazing or shear yielding are generally not observed. (Meyers et al. 2009, 

p. 507-521.) 

Crazing and shear yielding phenomena can cause or proceed the fracture in many polymers. 

The localized plastic deformation is always involved in these cases. The main difference 

between them is that object experiences volume changes in crazing process but it keeps the 

same volume in shear yielding process. (Meyers et al. 2009, p. 507-521.) 

3.3.2  Failure mechanism for polymer resin potting bi-material interface 

Numerous studies have been conducted on the mechanics of interface failure, driven by the 

development in encapsulation technology. A schematic representation of the bi-material 

interface crack in three-point bending load is discussed by Lall. Under assumption of linear 

elastic, plane strain condition due to the small yielding ahead of the crack tip, and steady 

state loading, Griffith strain energy release rate is the difference of the strain energy in the 
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two layers of materials which is shown in the following equations (Lall et al. 2018, p. 1103; 

Zhang and Lewandowski 1997, p. 3854): 

 

GSS=
M2(1-ν2

2)

2E2

(
1

I2
-

λ

Ic
)                                                           (1) 

 

  λ=E2(1-ν1
2)/(1-ν2

2)                                                             (2) 

 

Where E is Young’s modulus (Pa), ν is Poisson’s ratio of the material, M is the applied 

moment (N·m), and I is the moment of inertia per unit width (kg·m2). 

The stress intensity factor for interface can be obtained by the following equation (Lall et al. 

2018, p. 1103): 

 

KIC= (
GSSE2

1-ν2
)

1/2

                                                         (3) 

   

Where GSS is Griffith strain energy release rate (J/m2) under steady state, E is Young’s 

modulus (MPa) and ν is Poisson’s ratio. Due to the stiffening of potting compounds with a 

change in the cross-linking density after a long-term thermal exposure under constant 

temperatures, the interfacial fracture toughness was decreased. To predict the interfacial 

crack and delamination of potting-PCB with respect to aging, Lall proposed a cohesive zone 

model as shown in Figure 5. Four-point bending test was conducted for several potting 

materials with different elongation, hardness density, curing temperature and curing time. 

Simulation results with cohesive zone parameter calculation shows good alignment with the 

results of experiments. (Lall et al. 2023, p. 6.)  
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Figure 5. Cohesive Zone model (Lall et al. 2023, p. 6). 

 

In the study of Rodríguez-Ramírez, the pull-out tests revealed that the potting material 

exhibits brittle failure under tensive loading and plastic failure under compressive loading. 

This behaviour explains why the potting acts as a brittle material when it is well-bonded to 

the metal insert. Conversely, the potting behaves plastically when the bonding is inadequate 

under compression. The study also observed failure due to shear, which is a significant factor 

in overall failure mechanisms. The material used in this test was certain high-performance 

epoxy adhesive. (Rodríguez-Ramírez et al. 2021, p. 12-18.) 

3.3.3  Failure mechanism for bounded epoxy-metal region 

In Zhao’s study of failure mechanism of the bounded interface between mold epoxy and 

metal substrate in a power module model under high temperatures, it was found that the 

interface mechanism explained by bi-material fracture toughness alone is insufficient to 

account for certain scenarios. Zhao et al. conducted the study with one harshest reliability 

test which is called HST (high-temperature storage test) and used the bounding strength to 

evaluate the influence of HST. It shows in the study that the bounding strength change after 

different HST times during the shear test as shown in Figure 6. (Zhao et al. 2022, p. 4.)  
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Figure 6. Bounding strength under different HST times (Zhao et al. 2022, p. 4). 

 

The test results indicate that bonding strength significantly decreased after 1000 hours. In 

this study, the coefficient of thermal expansion (CTE) of the epoxy matched that of the 

contacted copper, and the glass transition temperature was very high at 270°C. Therefore, 

the reduction in bonding strength is not due to stress from thermal expansion mismatch 

between the two materials. By using various analytical methods, including global negative 

ion spectrometry, X-ray Photoelectron Spectroscopy (XPS), and Atomic Force Microscopy-

based Infrared Spectroscopy (AFM-IR), it has been discovered that the bonding changes 

close to the interface is related to a metal diffusion of copper. The mechanism during this 

process is illustrated in Figure 7. It’s been concluded that long-term heating caused copper 

atoms to diffuse into the epoxy, creating a pyrolysis layer. This pyrolysis layer has less 

strength under internal and external stress which created a potential risk for failure. (Zhao et 

al. 2022, p. 4-8; Zou, Chen, Yao, Chen, Lu, Ding, Wang, Hua and Shan 2022, p. 27391-

27394.) 

 

 

Figure 7. Fracture mechanism between epoxy and copper under long-term heating 

explosion (Zhao et al. 2022, p. 10). 
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3.4  General information for polyurethane material  

Polyurethane (often abbreviated as PUR or PU) is a class of polymers made from organic 

units connected by urethane links (as shown in Figure 8). Unlike polymers like polyethylene 

and polystyrene, polyurethane is a production from different original materials which 

causing diverse chemical structures. Figure 8 shows microstructure of PUR. (Gama, Ferreira 

and Barros-Timmons 2018, p. 2.) 

 

 

Figure 8. Microstructure of polyurethane (Gama et al. 2018, p.2). 

 

Polyurethane is applied in flexible foams, adhesives, coatings, electrical potting compounds, 

and fibres like spandex and polyurethane laminate. In 2016, foams accounted for 67% of all 

polyurethane production as shown in Figure 9. (Gama et al. 2018, p. 2.) 

 

 

Figure 9. Global consumption of polyurethane in 2016 (Gama et al. 2018, p. 2). 
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3.5  Influencing factors in potting failure 

There are a few factors that might influence the failure of potting material and related system, 

such as material properties, temperature, potting processing and quality, curing process 

quality, encapsulation design and layout and environmental influence. Each of these factors 

is important for the effectiveness and reliability of the system. Understanding and identifying 

the most significant or critical ones among these is essential for improving the reliability and 

performance of potting applications. By focusing on the most impactful factors, it is possible 

to develop more reliable and efficient potting techniques which will greatly reduce the 

possibility of failure and enhance the overall system reliability. 

3.5.1  Material properties influence 

The CTE (coefficient of thermal expansion) is very important because it helps predict how 

materials will behave when subjected to temperature changes. Mismatches in the CTE 

between the potting material and the components it encapsulates can lead to stress and 

potential failure. If the potting material expands or shrinks more or less than the encapsulated 

components when the temperature changes, mechanical stress into the system can be created 

and it might lead to cracks or delamination. Sprenger studied on the sensitivity for degerming 

the important material property and design parameters for successful hard. Through the 

thermal-mechanical modelling and simulation, the results show that the shear stress within 

the potting material is lower when the effective package CTE is matching with potting 

material’s CTE (around 10ppm/K to 11ppm/K in the example shown in Figure 10). The 

shear stresses are considered as an effective indicator of the tendency of delamination and 

crack initiation. (Sprenger et al. 2022, p. 665; Haynes, Cordes and Krug 2012, p. 10; Sippel, 

Tan, Schmidt, Botazzoli, Sprenger and Franke 2024, p. 2.) 

 



22 

 

 

 

Figure 10. Maximum and average shear stress in encapsulant with respect to CTE of 

potting material (Sprenger et al. 2022, p. 665). 

 

Glassy transition temperature (Tg) is also a very important material property in this study 

since the polymer behaves differently below or above Tg. 

Fracture toughness is an essential property for assessing the material failure and reliability 

application which is a measure of the material's resistance to fracture when a crack is present. 

The fracture toughness is measured by fracture energy GIC in J/m2 which represents the 

energy which the material requires to propagate a crack. (Meyers et al. 2009, p. 404-410; 

Lall et al. 2018, p. 1103-1104; Zhang et al. 1997, p. 3854.) 

3.5.2  Thermal effects 

Due to the big range of the operation temperature in general, the thermal effects are also 

essential for the potted electronics system stability and reliability. The material which shows 

significant changes in material property under different temperature as shown in gun launch 

application with polyurethane potting material during the testing. The Young’s modulus 

varies from 6131MPa at -51°C to 7.2MPa at 71°C. The potting material potentially cause 

risk for the potted electronics system. Therefore, the selection of potting materials should 

carefully consider thermal effects to ensure system reliability. (Haynes et al. 2012, p. 9-10.) 
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3.5.3  Curing temperature and curing processing influence 

Curing temperature significantly affects the properties of potting materials, such as hardness 

and maximum elongation. In the study by Lall et al., epoxy materials with varying 

characteristics were examined to identify influencing parameters in epoxy-potted PCB 

systems. The interfacial fracture toughness of epoxy-PCB interfaces was measured under 

different curing temperatures using three-point bending tests. The results were shown in 

Figure 11. Three different epoxy materials A, B and C with different material properties like 

hardness, glass transition temperature, Yong’s modulus and maximum elongation were used 

to do the comparison. This study demonstrated that the curing temperature has different 

influence on the interfacial fracture toughness for potting materials with different properties. 

The optimum cure temperature should be identified for the maximum fracture toughness. In 

general, a weak interface would promote the delamination along the interface. It can be seen 

in Figure 12 the crack propagation is faster for material A and slower for material B, and 

there is no crack in material C. And the peak fracture toughness was found when curing 

temperatures is closely below the glass transition temperature for all the three epoxy 

materials. In the test Tg values for material A, B and C are 120°C, 60°C and ~80°C 

respectively. (Lall et al. 2018, p. 1103-1105.) 

 

 

Figure 11. Fracture toughness of epoxy potting & PCB bi-material interface under different 

curing temperatures (Lall et al. 2018, p. 1103-1105). 
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Figure 12. Three-point bending test with epoxy potting for materials A, B and C (Lall et al. 

2018, p. 1100). 

 

Besides the curing temperature, the quality of potting processing is also very essential for 

the reliability of potting material and the potted components. In the study of bonding in a 

sandwich structure, the air bubbles are shown everywhere in the material and those are the 

areas for starting the cracks and failure (as shown in Figure 13). Potting process should avoid 

air bubble as much as possible. Vacuum potting is one of the ways to realize the 

decarbonization. (Rodríguez-Ramírez et al. 2021, p.2214.) 

 

 

Figure 13. Air bubbles in potting material (Rodríguez-Ramírez et al. 2021, p.2214). 

 

3.5.4  Hardener influence  

The mechanical, thermal, and chemical properties of cured polymers are also highly 

influenced by the type and quantity of hardeners used during curing process. The fracture 
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toughness of the material can be affected by the hardeners. Understanding the impact of 

hardener composition, the hardener-to-resin ratio, and the mixing process on curing is 

important because these factors ultimately determine the material properties of polymers 

such as the current potting materials in this study. 

Firstly, the type and composition of the hardener are fundamental to shape the properties of 

the final epoxy system. Choosing the right hardener depends on the curing speed, mechanical 

strength, temperature stability, chemical resistance and so on. Each type of hardener offers 

distinct advantages and characteristics which would be selected according to the application 

requirements. The study shows that epoxy hardeners have two categories which are latent 

hardeners and common hardeners. The study explores the dynamic cure mechanism of epoxy 

resin when an amine-containing borate was used as a latent hardener in nanocomposites with 

various nanofillers. Different filler types and sizes were tested to assess their impact on 

mechanical properties. As illustrated in Figure 14, epoxy/SO2 and epoxy/BN (Boron Nitride) 

exhibited big differences in mechanical properties. Boron Nitride (BN) showed higher 

fracture toughness, attributed to its ability to absorb more energy during epoxy fracture, as 

demonstrated in Figure 15 (Li, Wang, Cui, Feng, Teng, Xu, Su and He 2022, p.5-6.) 

 

 

Figure 14. Material properties of epoxy/SiO2 and epoxy/BN (Li et al. 2022, p. 5). 
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Figure 15. Nanofiller reinforcement mechanism diagram (a) BN reinforced composite, (b) 

SiO2 reinforced composite (Li et al. 2022, p. 6). 

 

The resin-to-hardener ratio is another critical factor influencing the mechanical and thermal 

properties of epoxy materials. In a study by d’Almeida et al., the effects of varying the 

resin/hardener ratio on the mechanical behaviour of a DGEBA/TETA epoxy system were 

investigated. By adjusting the hardener content from 7% to 21%, the study observed notable 

differences in compressive modulus and yield strength as illustrated in Table 1. (d’Almeida 

and Monteiro 1996, p. 331.) 

 

Table 1. Experimental results of different resin/hardener ratio (d’Almeida et al. 1996, p. 

331). 

phr 

(polymer hardener ratio) 
E(GPa) σy (MPa) 

7 3.00 ± 0.1 129.4 ± 3.0 

9 2.93 ± 0.1 121.0 ± 5.3 

11 2.60 ± 0.1 108.1 ± 4.0 

13 2.55 ± 0.3 97.0 ± 7.1 

15 1.98 ± 0.1 87.2 ± 8.1 

17 1.86 ± 0.2 85.7 ± 3.5 

19 1.48 ± 0.1 82.0 ± 5.0 

21 0.97 ± 0.2 72.5 ± 2.8 

 

Additionally, the mixing process plays a crucial role in achieving the desired properties of 

the polymer after curing. Various techniques, such as manual mixing, mechanical stirring, 

and vacuum mixing, can impact the quality of the final product. Factors like mixing method, 
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speed, and duration all contribute to the polymer’s optimal cure. In research conducted by 

Pullicino et al., the mechanical properties of graphene nanoplatelet (GNP) composites under 

the influence of shear mixing time and speed was tested. Shear mixing is recognized as an 

effective method for dispersing nanofillers within a polymer matrix, as it breaks down 

agglomerates into smaller particles. The study identified an optimal combination of mixing 

speed and time, finding that the highest tensile strength was achieved with a mixing speed 

of 3000 rpm for 2 hours, as illustrated in Figure 16. Wattanakul et al. studied the effect of 

mixing conditions on the BN-filled epoxy composites. Results shows the thermal 

conductivity increase as mixing speed, mixing time and mixing temperature increase as 

shown. A maximum thermal conductivity of 1.97W/K·m was obtained at 28% of volume 

for filler content with mixing conditions of 80rpm and 30minutes. for various applications, 

it's essential to explore and test mixing parameters to obtain the best results. (Wattanakul, 

Manuspiya and Yanumet 2011, p. 1976; Pullicino, Zou, Gresil and Soutis 2016, p. 306.) 

 

 

Figure 16. Tensile strength of 0.1 wt% GNP modified epoxy (Wattanakul et al. 2011, p. 

306). 

 

3.5.5  Encapsulation design and layout influence 

In Haynes et al.’s study of thermomechanical impact of polyurethane potting on gun 

launched electronics, the comparison simulation shows that the stress in chips is higher in 

ring-only-supported assembly than stress in fully potted assembly as shown in Figure 17 and 

Figure 18 under thermomechanical loading. The ring-only-supported design has some 

benefits related to thermal, storage and adhesion effects compared to fully potted assembly. 

(Haynes, Cordes and Krug 2012, p. 4-5.) 
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Figure 17. Geometry of simplified electronics package (left: fully potted geometry; right: 

ring supporting geometry) (Haynes et al. 2012, p. 4-5). 

 

 

Figure 18. Comparison of stress in chips with two different geometries (Haynes et al. 2012, 

p. 6-9). 

 

Further research has yielded opposite results, revealing that in the analysis of the non-

adhering scenario (where the potting does not adhere to the chips), the stress in fully potted 

systems dropped below that observed in the ringed model. Based on these findings, it is 

evident that in the context of gun launch applications, the selection of different geometries 

and the configuration of the assembly system significantly influence the system's reliability. 

(Haynes et al., 2012.) 
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4  Theoretical background 

The theoretical background on cracking mechanisms in polymers, adhesive bonding failures, 

and thermal expansion in solids provides essential foundational knowledge for 

understanding material behaviour in the electrical converter applications. The background is 

briefly discussed in this chapter. 

4.1  Cracking mechanism for polymers 

When the localized stress in polymer materials exceeds the material’s deformation ability, 

cracks might be created due to both internal molecular structure changes and external 

loadings. Brittle and ductile failures are two major failures in polymers. Brittle fracture or 

cracking when the polymer chains lack enough deformation to redistribute the stress. On the 

other hand, ductile failure involves the chain alignment and plastic deformation which 

normally happens in elastic or reinforced polymers. (Meyers and Chawla, 2009, p. 507-521.) 

Environmental factors also play a crucial role. Over time, exposure to varying temperatures, 

UV light, and moisture can weaken the polymer by causing changes in its molecular 

structure, making it more prone to cracking. This phenomenon is often linked to mechanisms 

such as crazing, where microvoids and fibrils form, or chain scission, where molecular bonds 

break down. Unlike metals, polymers are more sensitive to environmental fluctuations, 

which significantly influence their durability and failure modes. (Lokas 2000, p. 18 &108.) 

4.2  Adhesion bounding failure between polymer and metal 

When the adhesive bond fails caused by either internal stresses or degradation of the 

adhesive properties, delamination in adhesive bonding between materials can occur. Strain 

energy rate accumulated and exceeded the adhesive ability for the bonding between 

materials. And this strain energy could continue cause to crack propagation if the adhesive 

is not flexible enough, leading to delamination. Proper surface preparation of the metal, such 

as cleaning, priming, roughening or some other treatment, can improve the adhesive bond 

strength by increasing the contact area and improving the distribution of strain energy. 
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Additionally, the elasticity and toughness of the adhesive are critical in managing the strain 

energy to avoid failure and ensure that the bond can withstand mechanical stresses without 

delaminating. (Girolamo, Dávila, Leone and Lin 2012, p. 7-10.) 

4.3  Thermal expansion principle for solid 

Thermal expansion in solids is a common property of condensed materials. It occurs due to 

an imbalance in the attractive forces between the particles (atoms) that make up the material. 

While the distance between atoms is set by a balance of forces, the energy balance at that 

point is uneven. The energy in particles increases as the temperature rises. Then the 

movement of particles gets faster and during this process the intermolecular forces between 

them were weakened. The particles are displaced towards the flat side of the potential well 

and substance was expanded during this process. 

Thermal expansion is characterized by the Coefficient of Thermal Expansion (CTE). The 

CTE can be formally defined in various ways, as illustrated in the following equations: 

(Kompan 2016, p. 34.)  

 

α = dL / L dT    (4) 

αav = ∆L / L ∆T   (5) 

β = dV / V dT   (6) 

 

Where L is length (m), and T is temperature (°C). 

The first form of the CTE is primarily used in scientific research, while the second is more 

practical for industrial applications. The third form relates specifically to the relative 

expansion of volume. When thermal expansion is calculated, it’s essential to know if the 

object can expand freely or is constrained. When a material heats up, it naturally expands, 

and this expansion or strain is determined by its coefficient of thermal expansion (CTE). 

However, if the material is restricted from expanding, the temperature change leads to 

internal stress. To figure out this stress, we first calculate the strain the material would 
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experience if it were free to expand. Then, using the material's elastic modulus, we determine 

the stress required to counteract that strain can be determined. (Kompan 2016, p. 34.) 
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5  Research methods 

In addition to the literature review and outlined theoretical background, the study employs a 

combination of research methods, including thermal experiments, visual inspections, 

microscope analysis and simulations. The diverse methods provide a multi-perspective to 

investigate the research questions comprehensively. 

5.1  Experimental methods 

In order to deeper understanding the failure in the material and structures, several types of 

experiments were planned for this research. Visual inspection was the simplest method to 

assess the features of material deformation and failures. Subsequently, microstructure 

examination, such as scanning electron microscopy (SEM), was performed to reveal detailed 

insights into material deformation and fracture mechanisms. Additionally, various potting 

materials were selected, and the devices encapsulated with these materials were tested under 

dry heat and thermal cycling conditions. These tests were conducted to facilitate comparison 

and to establish guidelines for optimal material selection. 

5.1.1  Material properties for different potting materials under investigation 

To evaluate different materials feasibility for the current application, several types of 

materials were selected for testing and analysis. The primary material properties are detailed 

in Table 2.  
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Table 2. Main properties and parameters of potting material 

Mat 

No. 
Supplier Material 

Hardness 

(Shore D) 

Thermal 

Conductivity 

Coefficient 

W/(K·m) 

Glass 

Transition 

Temp.,  

Tg, °C 

Coefficient of 

Thermal Expansion 

ppm/K* 

Elongation 

after break 

% 

1 Wevo 
Polyuret

hane 
60-70 1.7 -12 

35 

(T<Tg) 

101 

(T>Tg) 
26 

2 Demak Epoxy 45 - 55 1.0 -5 - +5 
35 – 40 

(Tg-10°C) 

120 – 140 

(Tg+10°C) 
25-30 

3 Demak Epoxy 85 - 90 1.4 110-120 
23 – 27 

(Tg-10°C) 

85 – 95 

(Tg+10°C) 
2.5-3 

4 Wevo Silicone 
50-70 

(shore 00) 
1.5 < 45°C 220 (T>Tg) 150 

5 
Parker/ 

lord 
Silicone 54 3.0 N/A 110 15 

6 
Parker/ 

lord 
Silicone 50 4.0 N/A 105 10 

7 Loctite Silicone 
55-65 

(shore 00) 
1.45 

outside of 

operating 

temp. 

window 

220 70 

* 1ppm/K = 10-6/K=10-6/˚C 

 

5.1.2  Dry heat and thermal cycle tests  

Dry heat tests were conducted to the device with different potting materials by following the 

parameters and requirements of standards. (IEC 61800-5-1, 2007, p. 80-90; IEC 60068-2-2, 

2007, p.12-20.)  

The objective of the dry heat tests in this study is to determine whether potting cracks or 

other failures or damage occur in the tested converter devices after exposure to elevated 

temperatures for a specified period. Additionally, the tests also aim to monitor whether the 

device temperature remains within acceptable limits.  

Firstly, the converter was installed into the environmental chamber and connected to a 

system as shown in Figure 19. Then the test started by allowing the environmental chamber 

and coolant system to reach the specific temperature. After the temperatures were held for a 
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period, the system was rapidly powered on, and the measurement was lively recorded via 

sensors. Device temperatures were monitored continuously during the running phase. The 

test parameters are listed in  

Table 3. 

 

 

Figure 19. Dry heat test setup 

 

Table 3. Dry heat test parameters 

Ambient 

temperature 

 ˚C 

Duration 

hr 

Cooling 

temperature 

 ˚C 

Cooling rate 

l/min 

Switching 

frequency  

Hz 

105 ± 2 16 65 10 8 

 

The thermal cycle test is conducted following the dry heat test. And the objective of thermal 

cycle test is to investigate whether potting cracks or other failures/damage occur on the tested 

converter device after multiple cycles of heating and cooling. The test was performed 

without powering the device. The device was installed into the environmental chamber and 

after preconditioning, the temperature was varied according to the thermal cycle routine as 

shown in Table 4 for 10 cycles. Device temperature measurement was monitored and lively 

recorded via sensors during the operational phases. Table 4 gives the parameters of thermal 

cycle testing. 
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Table 4. Test parameters for thermal cycle testing 

Thermal cycle steps Cycle number 

Temperature -40˚C to 120 ˚C; 

Wait for 2.5hrs to reach thermal equilibrium; 

Wait for 15mins; 

Temperature 120 ˚C to -40 ˚C; 

Wait for 2.5hrs to reach thermal equilibrium; 

Wait for 15mins; 

10 

 

Potting materials used in thermal cycle tests are the same as those material used in dry heat 

test as listed in Table 2. 

5.1.3  Machining cutting and visual inspection 

High-resolution digital camera was used to check the locations and features of cracks on the 

potting surfaces. A ruler was used to measure the dimensions of these cracks accurately. To 

further assess the cracks and other potential internal failures within the device and materials, 

a visual inspection was enhanced through band saw cutting. The cutting directions mostly 

followed the cracks from the surface into the material's interior. However, to keep the 

integrity of the crack surfaces for further investigation, cuts were made along lines parallel 

to the cracks, rather than directly through them. Some cuts were made in random directions 

to explore areas where no surface cracks were visible. The cutting procedure was carried out 

at the LUT machining lab using a MEBA sawing machine. The cutting speed was carefully 

controlled at 20 mm/min to ensure a slow machining process, minimizing the risk of further 

damage to the cracks and surrounding material. The devices were securely fixed in place 

using fixtures, and a cooling liquid was applied throughout the cutting process. The 

machining process are illustrated in Figure 20. After saw cutting, the position, shape, 

dimensions, and orientations of the cracks were carefully examined and measured. 
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Figure 20. Cutting process pictures 

 

5.1.4  Microscope investigation for internal cracks 

A detailed investigation of the materials’ failure was conducted using an optical portable 

Dino-Lite microscope and an AVEN microscope. Microstructure images were captured at 

magnifications of 20, 50, and 230 times with the microscopes connected to a laptop for real-

time analysis as shown in Figure 21. 

 

 

Figure 21. Microstructure checking microscopes 
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5.1.5  Potting material mixing, degassing and curing 

In order to gain a deeper understanding of the potting process, including resin-hardening 

mixing, degassing, potting, and curing, we conducted laboratory experiments using two 

converter units potted with polyurethane. The mixing ratio was adhered to as specified in 

the material datasheet. A portable stirring machine facilitated the mixing process as shown 

in Figure 22, while a vacuum system was employed to remove gases from the liquid material. 

 

 

Figure 22. Hardener mixing process 

 

5.2  Simulation methods 

In this study, simulation approaches are employed to achieve multiple objectives. First, 

steady-state thermal analysis is utilized to determine the temperature distribution within the 

converter assembly, based on heat generation, heat flow and heat conduction simulation 

during device operation. This allows for the identification of the hottest locations in the 

assembly, which can then be compared with experimental testing results. Second, by 

applying appropriate boundary conditions and constraints, the deformation and stresses 



38 

 

 

induced by thermal expansion are analysed to identify critical zones susceptible to 

mechanical cracking. Finally, a comparative analysis of different materials is conducted to 

assess the impact of key material properties on the system's performance. 

5.2.1  3D geometry model and meshing 

The 3D CAD converter model of design with coating created in NX was utilized for the 

simulation. Due to the structural features of the converter, the middle inductor is likely to 

experience the highest thermal load, as the other two inductors have more surface area to 

dissipate heat from the coils to the enclosure during operation. To streamline the modelling 

process and reduce computational complexity, the middle inductor, along with its potting 

material, enclosure, and cooling structure, was chosen for the simulation, as illustrated in 

Figure 23. 

 

 

Figure 23. 3D Model simplification for converter 

 

Finite element meshing was conducted to the different components of the system. The free 

space in the device was modelled as solid air for heat transfer analysis. Tetrahedral solid 

elements were used for most components. Hexahedral solid elements were also used for the 

lid. In total 2120449 nodes and 1487407 elements (as shown in Figure 24) were obtained in 

the current meshing.   
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Figure 24. Finite element mesh for the who assembly including solid air 

 

5.2.2  Steady-state thermal analysis 

In this study, the steady state thermal analysis is firstly conducted to simulate the thermal 

behaviour within the device based on the defining and calculation of heat generation, heat 

convention parameters and the cooling parameters in the cooling channel. The analysis was 

performed in Ansys workbench 2023 R2. Isotropic thermal conductivity was defined for 

each component for the thermal analysis. 

5.2.3  Thermal-mechanical simulation 

After obtaining the system's temperature distribution, the results from the steady-state 

thermal analysis were imported into the structural analysis to serve as the initial conditions 

for the mechanical model. Following this, a thermal-mechanical analysis was performed to 

calculate the deformation and stresses in various components of the system. As there were 

no external loads applied to the system, the analysis focused on the thermal expansion 

resulting from the strain induced by temperature change. Due to the features of air, the solid 

air was deleted in this simulation. 
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The material properties used in the analysis are listed in Table 5. Values of core and potting 

were from material datasheet and all the other values are from Ansys engineering material 

database. 

 

Table 5. Relevant material properties for the thermal-mechanical simulation 

Material Component 

Young’s 

module 

MPa 

Poisson ratio 
CTE 

 °C-1 

Copper coil 1.1×105 0.34 1.8×10-5 

Iron core 3.3×104 0.28 8.34×10-3 

Aluminum enclosure 7.1×104 0.33 2.3×10-5 

Polyurethane  potting 3.2×102 0.3 1.01×10-4 

Epoxy  coating of core 3.8×103 0.3 5.5×10-5 

      

The material model and mechanical behaviour employed in the present study were assumed 

to follow linear elasticity, with no consideration of material nonlinearity, viscoelasticity, or 

elastoplastic behaviour to limit the complexity of the analysis in this study.  

The present analysis is primarily focused on identifying critical zones within the system, 

evaluating how the different materials are stressed under unbalanced thermal expansion, and 

examining the behaviour trends as the potting materials are varied with different thermal 

expansion coefficients. More accurate results will be obtained by modelling with more 

accurate material model and analysis setting. 

Contact at interfaces between different components in the current analysis were defined in 

Ansys by default. The constraints and boundary conditions of the model were defined 

according to mounting conditions and the symmetry between the central inductor and the 

two adjacent inductors. The specific definitions of these constraints are presented in Table 

6. 
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Table 6. Constraints and boundary condition definition for mechanical model 

Constraints and boundary conditions 

1 Fixed at enclosure bottom face 1 Displacements in x, y, z direction equal to zero. 

2 Fixed at enclosure bottom face 2 Displacements in x, y, z direction equal to zero. 

3 Displacements at symmetrical surfaces  Displacement in x direction is zero. 

  

Post processing was defined to see the results of deformation and the von-mises stress in the 

components of assembly. 
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6  Results and analysis 

This chapter presents the experimental results, findings from both macro- and microscopic 

inspection, as well as simulation outcomes. The analysis provides insights into the potential 

causes of the material failure issues. 

6.1  Summary of failure modes from dry heat and thermal cycle testing 

A summary of the failure modes found from the dry heat and thermal cycle testing in three 

different insulation design of the inductors are listed in Table 7. The insulation designs were 

varied either by using different coating, insulation film and plastic spacer (design 1, 2 and 3 

as shown in Table 7). Not all materials were tested with all the three designs but with the 

current test all failures have been identified.  

 

Table 7. Observed failure modes after dry heat and thermal cycle test 

Insulation 

design 

Type 

Failure Mode* 

Potting Material No. (as shown in table 2) 

1 

(polyurethan) 

2 

(epoxy) 

3 

(epoxy) 

4 

(silicone) 

5 

(silicone) 

6 

(silicone) 

7 

(silicone) 

1 I, II - - - - - - 

2 I, II, III - - - - - - 

3 I, II, III I, II, III I, II, III III III III III 

*Failure mode I: crack in potting; failure mode II: crack in potting and metal; failure mode III: delamination 

6.2  Material failure investigation with visual inspection 

From the experimental approach, all the polyurethane, epoxy and silicone materials involved 

in this research have shown different degree of failure. And overall, there are three types of 

failure were observed: cracks in potting material (failure mode I), cracks in both potting 

material and the interfaced iron core (failure mode II), and delamination between potting and 

different metals (failure mode III).   
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6.2.1  Visible cracks on potting material surfaces 

Cracks were identified on the surfaces of polyurethane and epoxy potting materials in 

converter devices after both dry heat and thermal cycle testing (as illustrated in Figure 25 

and Figure 26, with highlighted red arrows). With surface examination, it could be seen that 

the majority of the cracks were in radial direction within the cylindrical inductor cups, while 

a smaller number exhibited random orientations. The cracks show different shape, depth and 

width. And most cracks could be seen extending to or started from the edges of the inductors, 

reaching either the inner or outer wall boundaries. 

The radial orientation of the cracks corresponds to the axial symmetry of the cylindrical 

structural features of the converter inductor. The different features of cracks could be caused 

by the different stress distributions within the structure and the different material properties. 

In addition to the observed cracks, certain areas of the material exhibited coarse and uneven 

surfaces, as highlighted by the blue circles in Figure 25 and Figure 26. The possible reasons 

for this imperfection could come from the air bubbles trapped during potting process within 

the material, as well as slight shrinkage that occurred during the curing process. Minor 

separation or delamination between potting and enclosures were also observed in epoxy 

potted devices. 

 

  

Figure 25. Cracks on polyurethane potting surfaces 
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Figure 26. Cracks on epoxy surfaces (from left to right are material 2, 2 and 3 in Table 2) 

 

6.2.2  Internal cracks on cut sections 

After sectioning the devices, it was observed that the cracks extended from the potting 

surfaces into the material at significant depths. Cracks were observed in the iron cores of 

windings which was surrounded with potting materials as shown in Figure 27 and Figure 28. 

Some cracks were found to originate at the interfaces between the potting material and 

metallic components, such as the aluminium enclosure, copper windings, or iron core, and 

propagated either into the potting material or further into the iron cores. No cracks were 

detected in the aluminium enclosure or copper windings during the inspection. Some voids 

were also identified within the potting material as shown in blue colour highlighted areas. 

Furthermore, separation or delamination were observed at various locations where different 

materials interfaced. 
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Figure 27. Cracks inside the polyurethane potted device -unit1 

 

 

Figure 28. Cracks inside the polyurethane potted device -unit2 

 

In the original polyurethane-potted devices, cracks were predominantly aligned in the 

vertical (or axial) direction in cylindrical components. In some cases, cracks followed the 

winding pattern, attributed to significant delamination between the bi-material interfaces. 

The majority of cracks were either located along these interfaces or initiated at interface 

points then went in the direction either along or perpendicular to the interfaces. This 

observation aligns with the study’s hypothesis, which posits that differential thermal 

expansion between adjacent materials is the primary driver of crack formation. When these 

stresses on the interfaces exceed the adhesive bond strength of the potting material, 

delamination occurs. This separation creates stress concentration zones at the delaminated 

surfaces, which serve as initiation points for crack propagation. The propagation of these 

cracks is further exacerbated when the potting material and adjacent metal components, such 
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as iron, lack sufficient flexibility or toughness to resist fracture. Consequently, the materials 

fail as the cracks advance through the weakened areas. This mechanism reflects the interplay 

between thermal expansion mismatch and crack propagation in the failure of potted devices. 

In certain areas with material imperfections, such as the voids shown in Figure 28, no cracks 

were observed initiating from these defects. This suggests that imperfections in the curing 

process are not the primary or direct cause of the observed cracks. However, the 

compromised quality of the material in these regions bring a high risk for potential failure 

during operation. 

The crack and delamination patterns observed in the epoxy potting material, as illustrated in 

Figure 29, are similar with those found in the polyurethane system. Due to the brittle nature 

of the epoxy and the insufficient strength of the core material, cracks primarily form either 

along the material interfaces or perpendicular to these interfaces. This suggests a similar 

failure mechanism driven by the material's brittleness and the inability of the core to 

effectively resist crack propagation. 

 

 

Figure 29. Cracks inside the epoxy potted device 
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6.2.3  Delamination between materials 

Delamination between potting material and interfaced metal material was another common 

failure mode observed across all silicone potting materials. Compared to the other materials, 

silicone shows significant delamination phenomenon as depicted in Figure 30. During the 

dry heat testing, the silicone materials underwent thermal expansion as they were heated. 

Again, due to the different thermal expansion, stresses on the interfaces exceed the adhesive 

bond strength of the silicone, delamination occurs. Due to the flexible properties of silicone, 

internal stress was absorbed or released by the material deformation. So that there are no 

cracks found in these soft materials.  

Upon cooling in air, the expanded materials contracted slightly within the cylinders. 

Widespread delamination was evident at nearly all interfaces between the potting material 

and the metals, with varying degrees of separation. 

For polyurethane and epoxy the degree of delamination is relatively minor than silicone, but 

it causes the further failure with cracks. 

To investigate the internal conditions of the device, one unit was used to extract the silicone 

from the inductor cups. As illustrated in Figure 31, the adhesive bond between the silicone 

and the enclosure appeared to be quite weak. The cylindrical walls of the inductor cups were 

clean and shiny, exhibiting minimal adherence of the blue silicone. Upon careful removal of 

the silicone from the copper coils using a knife, it was evident that there was also a lack of 

adhesion between the silicone and the coils. Importantly, no significant voids or defects were 

observed in the potting material, and no cracks were present. However, the condition of the 

core could not be assessed, as this device was not subjected to machining for further 

inspection. Similar situations were estimated or inferred to the other silicones investigated 

in this study. 
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Figure 30. Silicone potting materials delamination after thermal test (from left to right: 

material 4,5,6,7) 

 

 

Figure 31. Silicone potting materials delamination after thermal test (material 6) 

 

6.3  Microscope failure investigation 

Clearer details of the material and its failures were obtained through microscope inspection, 

revealing cracks, micro-cracks, delamination and light delamination. Higher resolution and 

magnification allowed for the observation of crack surfaces in the epoxy, polyurethane and 

iron materials, where brittle fractures were evident. Additionally, the core material exhibited 

very coarse particles in microstructures. 
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6.3.1  Cracks along and/or across interfaces 

The initial findings provide a clearer view of the details surrounding the interfaces between 

the potting materials and their adjacent metallic components. The microscope examination 

revealed numerous micro-cracks propagating in various directions, as well as micro-

delamination in these regions, which may represent the initial stages for larger cracks. It was 

observed that nearly all cracks start from the potting surfaces (as shown in Figure 32), follow 

the contours of the interfaces (as shown in Figure 33) or across the interfaces (as shown in 

Figure 34). 

 

 

Figure 32. Cracks and delamination around interfaces of core and polyurethane 

 

 

Figure 33. Cracks near polyurethane potting surface (with 50x magnification) 
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Figure 34. Typical cracks cross polyurethane potting and iron core x50 magnification 

(epoxy coating film in between) 

 

6.3.2  Cracks surface investigation 

Under the microscope, the crack surfaces in the epoxy, polyurethane and iron(as shown in 

Figure 35, Figure 36, and Figure 37) exhibited sharp and straight features, lacking the fibrous 

appearance typically associated with a deficiency in flexibility or ductility.  

 

 

Figure 35. Crack surface of epoxy (50x magnification) 

 



51 

 

 

 

Figure 36. Crack surface of polyurethane  

 

 

Figure 37. Crack surface of iron (230x magnification) 

 

In one section of the iron core as shown in Figure 38, several bright lines/areas were 

observed, which were highly suspected as crack surfaces displaying microstructures 

characterized by smooth and shiny metal powder patterns. 
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Figure 38. Crack surface of iron and its position (230x magnification) 

 

6.3.3  Defects in potting materials 

The microscopic examination of the pores in the polyurethane revealed that the largest pore 

measures approximately 0.75 mm in diameter and has a round shape as shown in Figure 39. 

Interestingly, there were no cracks, or micro-cracks present in the vicinity of the pore. 

Although these areas do not appear to be the primary origin of the cracks, they still pose a 

significant risk for failure during the device's future thermal cycling operations. 

 

 

Figure 39. Defect in polyurethane 
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6.3.4  Microstructures comparison of potting materials 

Figure 40 shows the microstructures of polyurethane which has irregular shape due to the 

tangled chain molecular structure. Figure 41 shows the microstructure near the internal crack 

and Figure 42 shows the polyurethane material comparison between with crack and without 

crack. Figure 43 shows the epoxy material comparison between with crack and without 

crack. 

 

 

Figure 40 Microstructure of polyurethane 

 

 

Figure 41. Microscopic picture for polyurethane crack near surface 
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Figure 42. Microscopic picture for polyurethane with and without cracks 

 

 

Figure 43. Microscopic picture for epoxy with and without crack 

 

By comparison for the microscope pictures, it’s hard to see the difference between the area 

with crack and the area without crack. But the picture shows in some degree porosity of the 

structure which might be caused by incomplete curing or mixing of filler and resin material. 

The evidence could be found with furthermore precise optical experimental methods like 

SEM. 

6.3.5  Microstructures of iron and discussion of cracks 

Figure 44 displays the microstructure of the powder iron, revealing its loose density and 

varying particle sizes, which are characteristic of powder metals.  
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Figure 44. Microstructure of iron (230x magnification) 

 

6.4  Potting process testing findings 

The results from the manual potting process show the significant impact of processing on 

the cured potting material quality. The specified resin-to-hardener mixing ratio is 7:1 in this 

case. And the complete mixing is necessary to ensure an even distribution and proper 

combination of the resin and hardener. The stirring speed and sufficient mixing time are 

essential for maintaining material quality and due to the limited scope, comparison with 

different stirring speed and time was not conducted in this study.  

During the process, a big amount of air could be introduced into the material which should 

be removed as much as possible to prevent the formation of pores and voids that could 

ultimately lead to failures. During the degassing phase, the liquid material appears to boil, 

with numerous bubbles rising to the surface. As the process continues, the number of bubbles 

decreases gradually until no gas comes out. This degassing technique is applied both to the 

material before potting (as illustrated in Figure 45) and after it has been placed into the 

device. 
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Figure 45. Polyurethan degassing process (from left to right: before, during and after 

vacuum degassing) 

 

After curing for 1 to 2 days, two types of phenomena were observed. The first was shrinkage 

of the potting material within the device, which was evident from the lower surface level 

compared to the initial curing state.  

The second type of phenomenon involved the surface of the potting in one unit becoming 

uneven and rough as shown in Figure 46. These observations coincided with a period of 

relatively high temperature and humidity, as the potting was conducted at the end of June. 

The laboratory temperature was approximately 30 degrees Celsius, though humidity levels 

were not measured. While there is no definitive evidence to confirm the causes of these 

issues, several possibilities can be considered. Incomplete mixing or inadequate degassing 

may have contributed to the observed surface irregularities and shrinkage. 

 

 

Figure 46. Potting material with curing surface irregularities 
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6.5  Alternative materials’ properties comparison 

A normalized material properties map as shown in Figure 47 illustrates the comparison of 

the different materials in this study. Normalization was obtained by dividing the property 

values by the maximum number of the group. So based on this qualitative comparison, it 

could be seen that material 4 and material 7 which are both silicones have the highest thermal 

expansion coefficients. Material 4 also has very high elongation compared to others which 

could explain the biggest swelling for this potting material after the thermal experiment 

which is shown in Figure 30 (left bottom one). Material 3 which is epoxy has the highest 

hardness.  

 

 

Figure 47. Normalized material properties map 

 

Since another key function of the potting material is to transfer the heat from coils to the 

enclosure of the converters to avoid overheating of the device, the heat transfer ability which 

is reflected by the thermal conductivity coefficient of potting material is also a very 

important material property to be considered.  
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Figure 48 illustrates the relationship between the maximum winding temperature recorded 

during the dry heat test and the thermal conductivity coefficient of the potting materials. In 

general, as the thermal conductivity of the potting materials increases, their ability to 

dissipate heat improves, leading to a reduction in the winding temperatures. 

 

 

Figure 48. Relationship curve between the maximum temp. and thermal conductivity 

(material 7,4,1,5,6 in Table 2)  

 

As discussed before, the thermal expansion mismatch between the two materials on the 

interface is the direct risk or root cause for the potting failures. From combined information 

from Table 2 and Table 5 it shows the CTEs of the potting materials in this study compared 

to the aluminium (enclosure), copper (coils) and iron (core). As shown in the table, the epoxy 

material 3 from Demak has the best match with metals for the thermal expansion. This 

finding also aligns with the experiment results in which this material has very minor cracks 

and separation compared to other potting materials as shown in the right picture in Figure 

29. 

6.6  Steady-state thermal analysis results 

Temperature distribution in different components of the converter was obtained by steady 

state thermal analysis with the heat convention transfer within the system. For the 

polyurethane (with thermal conductivity of 1.7 W/K·m) potted system, temperature 
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distribution for the system is partially shown in Figure 49. The hottest position is at the 

busbar outlet.  

 

Figure 49. Temperature distribution for polyurethane potted system 

 

By changing the thermal conductivity of potting material in the simulation, different system 

temperatures were obtained. The comparison of different results is listed in Table 8. 

 

Table 8. System temperature comparison 

Material 

# 
Material 

Thermal 

conductivity 

W/(K·m) 

System max. 

temperature 

(°C) 

Coil max. 

temperature 

(°C) 

Core max. 

temperature 

(°C) 

Potting max. 

Temperature 

(°C) 

1 Polyurethane 1.7 125.4 123.0 107.4 113.9 

2 Epoxy 1.0 129.3 126.6 110.7 117.7 

3 Epoxy 1.4 127.0 124.2 108.5 115.1 

4 Silicone 1.5 126.6 123.8 108.1 114.7 

5 Silicone 3.0 123.0 120.1 104.9 110.7 

6 Silicone 4.0 121.8 118.8 103.9 109.3 

7 Silicone 1.45 126.7 124.0 108.3 114.9 
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From Table 8, when thermal conductivity increases from 1.7 W/(K·m) to 4.0 W/(K·m), the 

maximum temperature of the system from simulation decreases by around 4 degrees. These 

results are illustrated in the line chart below as shown in Figure 50. 

 

 

Figure 50. Device temperature with thermal conductivity from different potting materials 

 

The results align with the heat transfer principles behind.  When the thermal conductivity of 

the potting material increases, it improves heat dissipation by reducing thermal resistance 

and allowing heat to flow more freely away from the coil and core. So, with the higher 

thermal conductivity, it prevents heat buildup, leading to lower operating temperatures in 

the device and guarantee the better performance. When comparing these results with the 

those from testing, it looks not perfectly consistent. The main reason come from the different 

insulation designs were used in testing and simulation. In thermal testing the design with 

spacer was used but in simulation the design with coating was used. And because of the 

simulation errors from assumption and simplification, the quantitative results are not very 

important compared to the qualitative results with trends of changes which are aligned 

between different insulation designs.   
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6.7  Deformation and stress under thermal expansion  

Deformation and stress distribution in different components of the converter was obtained 

by performing the thermal-mechanical analysis. Results are listed in Figure 51 to Figure 52. 

 

 

Figure 51. Deformation of simplifed model 

 

The deformation distribution reveals significant deformation on the potting surface. Within 

the structure, the outer diameter surface of the cylindrical coil cups shows substantial 

deformation due to thermal expansion.  

 

 

Figure 52. Section view of stresses in coil, potting and core from thermal expansion 
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The stress distribution contour indicates that the most critical areas are located at the curved 

corners of the coil windings, which also serve as contact interfaces with the potting material. 

These regions experience concentrated stress due to the geometry change and material 

interactions. Additionally, the stress in the core is relatively high, aligning with visual 

inspection findings that revealed cracks and other defects. The combination of high stress at 

these interfaces and within the core suggests that these areas are particularly vulnerable to 

mechanical failure, especially under thermal cycling conditions. 

However, the current stress results are extremely high which is not reasonable in the real 

application. By changing the CTE (coefficient of thermal expansion) of core with higher 

value from 8.34×10.3 C-1 to 1.2×10-5 C-1, the deformation and stress results change 

significantly. The maximum deformation of the inductor (without enclosure) decreased from 

24mm to 0.87mm. The maximum stress location is still at the coil shape corner, but the 

maximum stress is now 276MPa (before it was 47,793MPa) with the similar location at the 

coil corner contacting potting. The core and potting stresses are now 41.3Mpa and 21.3MPa. 

These changes of results just show how significant influence of CTE in the system with 

multiple types of materials and how weak the core material is with the current available 

material model values. Attention should be given to the locations of the maximum stress on 

core and potting materials where are the contact areas or interfaces with other components.  

Simulation of potting material with epoxy material (material 2 and 3 in table 2) was also 

performed to see the difference. Deformation and stress results comparisons are listed in 

Figure 53 and Figure 54. The CTE of material 1, 2, and 3 are 1.01×10-4 C-1, 1.3×10-4 C-1, and 

2.5×10-5 C-1. Based on the analysis, the maximum deformations in material 1, 2 and 3 are 

0.89mm, 1.06mm and 0.91 mm respectively. And the maximum stresses in material 1, 2 and 

3 are 276MPa, 924MPa and 205MPa respectively. From Table 2, material 3 has the lowest 

CTE and smallest difference with the metals who shows the minimum stresses results in the 

simulation. The different mismatch degree of thermal expansion between materials results 

in different stresses. 
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Figure 53. Deformation comparison of different potting materials 

 

 

Figure 54. Stress comparison of different potting materials 

 

Simulation for soft materials of silicone was not included due to the lack of material 

information. Obviously, the trend of the thermal mechanical results shows that higher 

difference of thermal expansion properties between potting and metals, higher the system 

deformation and stresses.  
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7  Discussion 

A comprehensive discussion is presented in this chapter. It’s logically structured to interpret 

the results and analysis from the previous chapter, providing an in-depth explanation of the 

identified issues. 

7.1  Summarized findings of cracking phenomenon in studied devices 

This study investigates failure modes within an electronic converter assembly, with a 

primary focus on cracking in potting materials used to encapsulate coil windings. Surface 

cracks were observed in the polyurethane potting material, with variations in position, 

orientation, and size across different areas of the assembly. Following sectioning, additional 

internal cracks were revealed within the potting material, as well as at interfaces between the 

potting material and surrounding components, such as the copper coil and the core. 

Comparative thermal testing of alternative potting materials, including epoxy and silicone, 

demonstrated similar cracking patterns. Delamination was further observed at interfaces 

between the potting and the aluminum enclosure, indicating that the cracking and adhesion 

issues were not isolated to a specific potting material. 

Detailed cross-sectional analysis showed that cracks commonly originated from or along the 

interfaces between materials, such as those between the potting material and the copper coil 

or between the potting material and the core. These cracks typically extended inward from 

the surface or along these interfaces, often propagating within the potting material or across 

other interfaces. Unexpectedly, cracks were also identified within the core material itself, 

mostly initiating at interfaces with the potting and then extending deeper into the core or 

toward adjacent material boundaries. Microscopic examination further revealed the presence 

of microcracks throughout both the potting and core materials. Although some voids and 

pores were found within the potting material, their quantity was relatively low and not seem 

to be a key contributor to the observed cracking. 

Thermal testing results highlighted significant thermal stress effects, as coil and core 

temperatures approached the operational limit of 160°C in several cases, which in turn 

impeded effective heat dissipation due to cracks in the potting material.  
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Simulations confirmed that considerable stress arises due to thermal expansion across this 

multi-material structure, particularly in areas with higher temperature gradients. Critical 

zones with high stresses were found to coincide with geometric transition zones, such as 

corners and material interfaces, aligning closely with the experimentally observed crack 

locations. This correlation highlights the impact of thermal expansion mismatches and 

interface weaknesses on the mechanical integrity of the potting and core materials, 

suggesting that these areas are critical for understanding and mitigating cracking in future 

device designs. 

7.2  Root causes discussion  

Investigations in this study reveal that the current electronic converter device suffers from a 

significant lack of material property harmonization, which directly impacts its stability and 

reliability under thermal and mechanical loading. The assembly consists of materials with 

highly contrasting thermal and mechanical properties, aluminum, copper, polyurethane, and 

magnetic iron, all of which respond differently under operational conditions. Aluminum and 

copper provide high mechanical strength and thermal conductivity with low thermal 

expansion, enhancing stability in high-temperature environments. However, polyurethane 

exhibits low thermal conductivity, and high thermal expansion, making it less suitable for 

thermal loads. Similarly, the magnetic iron core has very low mechanical strength and an 

extremely high coefficient of thermal expansion (CTE), which makes it especially 

vulnerable to structural strain. 

This unavoidable mismatch in thermal expansion coefficients (CTE) and other material 

properties creates significant challenges under elevated temperatures and cyclic thermal 

loads. These inconsistencies lead to stress concentration and deformation, particularly at 

material interfaces and geometric singularity points or areas, such as corners and narrow 

gaps.  

The curing processing and microscopic investigation in this study does not show obvious 

evidence of potting material quality problems like direct effects of porosity, bubbles, 

imperfections. But the potential risks from these possible problems could not be neglected 

in future study in this and other similar applications since these are very important factors 

that could weaken the material properties and quality.   
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Additional risks arise from the limited heat dissipation capacity of the potting material, 

which restricts effective cooling of critical components like the coil. Poor heat conduction 

and dissipation, further degrade the device's performance and reliability. This study 

emphasizes that the successful design of a robust, reliable device requires careful 

consideration of material harmonization to mitigate the impacts of thermal and mechanical 

coupling loads, particularly in multi-material systems subjected to cyclic thermal 

environments. 

7.3  Alternative potting material options  

This study revealed that all tested materials exhibited cracks or delamination to varying 

degrees. Although silicone did not experience cracking, significant delamination was 

observed due to its high thermal expansion coefficient, which might lead to additional issues 

such as enclosure wear or insulation degradation over time. One epoxy material (Material 

#3) demonstrated a lower thermal expansion coefficient below its glass transition 

temperature, resulting in only minor cracking and delamination which was also aligned the 

relatively lower deformation and stress in the thermal mechanical simulation results 

compared with other hard potting materials. However, its lower thermal conductivity also 

limits heat dissipation from the coils, increasing the risk of coil overheating. 

Polyurethane in this study was found to lack flexibility and sufficient mechanical strength 

for this application. And from a sustainability perspective, polyurethane is not an ideal 

choice due to its potential environmental and human health impact risks, making it 

unsuitable for long-term material selection in this context. 

7.4  Potential measures for mitigating the material failure 

During the study there still veal the potential solutions that could mitigate the situation. As 

far as the special scope of this work about the cracking or fracture in the potting material, 

the hard encapsulation in this application might not be a very good choice. But hard 

encapsulation material like epoxy, which is widely developed could be further investigated 

if the mechanical strength could be enhanced by some primer or filler to get better flexibility 

and stability. Increasing the glass transition temperature (Tg) or selecting a similar material 
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with a higher Tg can effectively enhance the mechanical properties of potting materials, as 

these properties are typically superior below Tg compared to above it. Additionally, a higher 

Tg reduces the risk of creep, further improving the material's performance and reliability. 

Soft encapsulation of silicone in this study shows a potential better solution with its softness 

and flexibility, and good heat conductivity as well. The drawback of delamination might be 

an issue, but it could be mitigating by improving the adhesion bonding on metal by using 

some techniques like plasma or UV methods, or by applying some suitable adhesion agents 

or primers. Rhodes et al. studied primers used with silicone adhesives and sometimes with 

other adhesives like epoxies typically consist of reactive silane, and a solvent carrier to 

improve the adhesion of low surface energy materials. (Rhodes, Riegler, Thomaier and 

Sarria 2003, p.12-13; Sundriyal, Pandey and Bhattacharya 2020, p. 3-5.) 

The non-sticky potting scenario (silicone with delamination) could possibly work in this 

case, but the insulation and stability status need to be further investigated and evaluated. 

(Haynes et al. 2012, p. 10.) 

To extend the scope of this crack discussion, there might be some solutions after the findings 

of this study. Firstly, the exchange of the core material is to see the necessary action to take 

on the current products or in the future products. The importance of the mechanical 

properties of this kind of magnetic components was not obtained enough attention in this 

application. If the component lost its stability, it could not fulfill its electromagnetic 

functions and would even cause damage to the whole system.  

Another important aspect to consider in this study is the careful design of the device's multi-

material, multi-shape layout or architecture to ensure integrity and reliability. A relatively 

slim, tall structure with numerous sharp corners and narrow gaps may compromise 

mechanical stability. Instead, structural optimization should be prioritized for such complex 

solid designs to achieve the same functionality while enhancing stability and robustness. 
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8  Conclusion 

This work identified key failure modes and mechanisms in the studied electronic converter 

assemblies, focusing on cracking issues in potting materials used around coil windings 

within an aluminum enclosure. Obvious cracks and delamination in multiple directions and 

locations were observed. Several potting materials of polyurethane, epoxy, and silicone were 

tested under same conditions to make comparison. Unfortunately, all the materials used in 

this study were found to be either cracked or delaminated. 

The lack of compatibility among different types of materials like metals and polymers in one 

structurally compact solid structure was found to be a major contributor to these failures. 

The mismatch in thermal expansion between materials created stresses around interfaces 

between different materials and especially in sharp edges and corners, leading to structural 

instability under thermal and mechanical coupling stresses.  

The iron core, with very low mechanical strength and high thermal expansion, was found to 

crack as well. The loose powder structure of core material struggled under thermal stress 

internally and compressive loading externally from the potting material. 

As far as potting material itself is concerned, an optimal combination of physical, thermal 

and mechanical properties like thermal conductivity, thermal expansion and elasticity are 

essential to bear the loading and providing enough stable and reliable functions and should 

be carefully designed and selected for the applied electronic system by considering of the 

embedded or interfaced materials properties and behaviors used in the structure.  

Based on the findings and discussion, replacing the core material is needed first for the 

current inductor design. Then using softer potting materials, like silicone (for example the 

material 6 in Table 2), with enhanced adhesion techniques is recommended for the 

encapsulation option. Modifying the geometric layout to reduce stress singularity and 

improving the cooling design with more heat exchange surfaces should be also performed in 

a comprehensive way if more effort could be invested. Together, these changes could 

improve the converter’s performance and reliability under practical operating conditions.  

This research contributes a positive insight of overall layout integrity optimization and 

material selection for a more reliable converters and encapsulation design.  
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9  Future work  

The finding and study of this work are in the progress of technology update and optimization 

of this converter product in the company. Besides this potting failure study with focusing on 

potting material cracks and delamination and alternative material investigation, research on 

the operation parameters effect like switching frequency and mechanical structure design 

optimization like cooling optimization are ongoing in parallel. So, the future work in the 

team will continue to improve the reliability of the whole products.   
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