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Abstract 
 
This major project report identifies the effects of induced thermal stress on EPAS power modules 

through thermal cycling. Extensive research has been carried out to determine the importance of 

steering systems to control automotive vehicles and how assistive control has evolved from 

conventional, to electronic control. 

 

Research and analysis has been completed to establish the inherent potential failure modes and effects 

of EPAS systems, in this instance potential failures as a result of applied thermal stress and fatigue. 

Following thermal cycling of the power modules using thermal shock chambers, a complex 

methodology to collect data of the surface flatness and electrical performance was carried out on 

specialist automated equipment to gather data for analysis. 

 

Analysis of the data has been carried out and identified the effects of thermal cycling, where it was 

found that as a result of thermal fatigue, there are changes in the surface flatness and electrical 

performance with thermal cycles respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



2 
 

Acknowledgements 
 
The completion of this major project could not have been achieved without the assistance and 

cooperation from members of staff at KSR International Swansea. 

I would like to express my gratitude and appreciation for the support of the engineers throughout the 

project, in particular; Mark Jenkins (SQE), Colin Lewis (CQE), Llewellyn Dunn (FAE), Malcolm 

Platt (VE) and Gareth Stephens (QM). 

 

I would like to thank my supervisors and lecturers for their encouragement, extensive support and 

guidance in the completion of this project and report; specifically I would like to thank Andrew 

Gibson, Peter Charlton and Tim Tudor. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3 
 

Table of Contents 

Abstract ........................................................................................................................... 1 

Acknowledgements .......................................................................................................... 2 

Table of Figures ................................................................................................................ 4 

1. Introduction .............................................................................................................. 5 

1.1. Background .................................................................................................................. 5 

1.2. Aims ............................................................................................................................. 6 

2. Research-Informed Literature Review ....................................................................... 7 

2.1. Electrical Power Assisted Steering .............................................................................. 8 

2.2. Potential Failure Modes .............................................................................................. 9 

2.3. DBC Substrates .......................................................................................................... 12 

2.4. What is the purpose and significance of the flatness measurements? .................... 14 

2.5. Electrical Performance Parameters .......................................................................... 15 

2.6. Further Research ....................................................................................................... 16 

3. Methodology .......................................................................................................... 17 

3.1. Thermal Shock Cycling ............................................................................................... 17 

3.2. Visual Inspection and Electrical Continuity Test ....................................................... 18 

3.3. Flatness Measurements ............................................................................................ 19 

4. Results and Analysis ................................................................................................ 21 

4.1. Post 500 Thermal Cycles ........................................................................................... 23 

4.2. Post 1000 Cycles ........................................................................................................ 26 

4.2.1. DBC Flatness measurements ............................................................................. 27 

4.2.2. Plastic and Overall Flatness measurements ...................................................... 28 

4.2.3. Electrical Performance post 1000 cycles ........................................................... 30 

5. Conclusion .............................................................................................................. 35 

6. References .............................................................................................................. 37 

7. Appendices ............................................................................................................. 41 

7.1. Appendix 1 - Flatness Measurements ....................................................................... 41 

7.2. Appendix 2 – Electrical Test Results .......................................................................... 41 

7.3. Appendix 3 – CSAM imaging ..................................................................................... 43 

 
 
 
 
 



4 
 

Table of Figures 
 
Figure 1: Rack and Pinion (Source: Sharma, 2017) .................................................................... 7 

Figure 2: Recirculating ball system (Source: Bajza, 2009) ......................................................... 7 

Figure 3: Hydraulic vs Electrical Power assisted steering (Source: Denton, 2014) ................... 9 

Figure 4: DBC with no missing dimples (Source: KSR and Thomas, 2017) .............................. 11 

Figure 5: DBC with missing dimples (Source: KSR and Thomas, 2017) .................................... 12 

Figure 6: DBC substrate (Source: KSR and Thomas, 2017) ...................................................... 12 

Figure 7: Comparison with/without thermal relief dimples (Source: Curamik, 2014) ............ 13 

Figure 8: Power Module attached to customer's heatsink (Source: Thomas and KSR, 2018) 14 

Figure 9: GD&T flatness example (Source: Pareto Learning LLC, 2017) .................................. 15 

Figure 10: Thermal Shock Chamber (Source: KSR and Thomas, 2017).................................... 17 

Figure 11: Thermal Cycle Test (KSR, 2017) .............................................................................. 17 

Figure 12: CSAM ultrasound (Source: KSR and Thomas, 2017) ............................................... 18 

Figure 13: Electrical Test Machine (top) and Internal contact points (bottom) (Source: KSR & 
Thomas, 2017) ......................................................................................................................... 19 

Figure 14: OGP machine (Source: Thomas, 2017) ................................................................... 19 

Figure 15: CSAM imaging Defect (left) and Controlled (right) (Source: KSR, 2017) ................ 21 

Figure 16: Benchmark flatness measurements (Source: Thomas & KSR, 2017) ..................... 22 

Figure 17: Benchmark electrical test data (Source: KSR, 2017) ............................................... 23 

Figure 18: Flatness measurements post 250 and 500 thermal cycles (Source: Thomas & KSR, 
2017) ........................................................................................................................................ 24 

Figure 19: Flatness vs Thermal Cycles post 500 ....................................................................... 24 

Figure 20: CSAM imaging of defect (left) and controlled (right) parts post 500 cycles (Source: 
Dunn & KSR, 2017) ................................................................................................................... 25 

Figure 21: Electrical test data post 250 and 500 cycles (Source: KSR, 2017) .......................... 25 

Figure 22: Current, Voltage and Resistance vs Thermal cycles ............................................... 26 

Figure 23: DBC Flatness measurements post 1000 cycles (Thomas & KSR, 2017) .................. 27 

Figure 24: DBC Flatness vs Thermal Cycles .............................................................................. 27 

Figure 25: Plastic and Overall Flatness measurements post 1000 cycles (Thomas & KSR, 
2017) ........................................................................................................................................ 28 

Figure 26: Plastic Flatness vs Thermal Cycles .......................................................................... 29 

Figure 27: Overall Flatness vs Thermal Cycles ......................................................................... 29 

Figure 28: CSAM imaging of defect (left) and controlled (right) parts post 1000 cycles 
(Source: Dunn & KSR, 2017) ..................................................................................................... 30 

Figure 29: Electrical test data post 1000 cycles (Source: KSR, 2017) ...................................... 31 

Figure 30: Current, Voltage and Resistance vs Thermal cycles (post 1000) ............................ 32 

Figure 31: Power Module Model ............................................................................................. 33 

Figure 32: Power Module model temp chart .......................................................................... 34 

 
 
 
 
 

file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167181
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167182
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167183
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167186
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167187
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167188
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167189
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167190
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167191
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167192
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167193
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167193
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167194
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167195
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167199
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167200
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167200
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167202
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167204
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167206
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167207
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167208
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167208
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167210
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167211
file:///C:/Users/jthomas2/Desktop/Diss.docx%23_Toc512167212


5 
 

1. Introduction 
 
This major project report is an investigation in to the performance of a manufactured product 

following extensive applied thermal cycling. 

The manufactured product is a power control module for an automotive electrical power assisted 

steering system (EPAS). This major project investigates through research and testing, the concerns of 

a potential failure of an EPAS system through extensive research into determining the implications, 

thermal stress has on its capability. 

Steering systems are extremely critical within an automotive vehicle; they allow the driver to control 

the vehicle accordingly in every instance, for example during cornering. Therefore, it is a safety 

critical feature of a vehicle and it is extremely important to identify and reduce any inherent issues 

with the systems.  

Issues such as a defect concern with a manufactured EPAS power control module could possibly 

result in EPAS failure, where worst case scenario is loss of steering. 

 

Prior to the introduction of EPAS, steering assist systems were predominantly hydraulic assist, 

therefore mechanical issues would have been the more prevalent concern, such as loss of fluid or 

issues with the drive to rotary pump etc. Mechanical issues can also occur in EPAS systems, such as 

failure with the rack and pinion or steering column.  

However, EPAS can also experience electrical failures, electrical items could experience inherent 

issues, such as the ECU or the power control module, issues can lead to failure within the electrics 

and have consequences on the overall system, issues can occur from noise and vibration damage, 

water ingress, electrical radiation interference and thermal stress etc.  

The main objective of this major project is to determine the effects of thermal stress on the 

manufactured EPAS power control module.  

 

1.1. Background 

 

The EPAS power control module that will be critically analysed is manufactured at KSR International 

Swansea. KSR manufacture and supply to a customer which uses the power control module within its 

EPAS system. During manufacturing of the module a defect was identified with the integrated direct 

bonded copper (DBC) circuit substrate which is supplied to KSR from an external supplier. The 

defect was identified at end of the production line by quality inspection staff, and it was found that 

several power modules had missing thermal stress dimples on the back of the DBC substrate. To 

determine the effects of the missing dimples the power module will be thermal stress tested and 

critically analysed. Through thermal cycling, the power module will be analysed on its performance 
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and a comparison will be made between the power modules with defect DBC’s and power modules 

with no defects. 

 

Live testing will be carried out using testing equipment at KSR Swansea, a thermal shock chamber 

will be used to apply thermal stress to the power modules through cycling of a top and bottom 

temperature, and surface flatness will be measured using an optical gaging product (OGP) coordinate 

measuring machine (CMM), where a surface flatness measurement will be taken of the modules 

surface plane. 

A production line electrical tester will be used to carry out a continuity test to determine the voltage, 

current and resistance change of the internal metal-oxide-semiconductor-field-effect transistors 

(MOSFET) and ultrasound imaging will be used as a binary test, all data collected will be used to 

determine how thermal cycling has effected the working performance of the module, and provide a 

comparison between the power modules with missing dimples (defect) and power modules without 

missing dimples (controlled). 

 

1.2. Aims 

 

 Identify the effects of thermal induced stress on the surface flatness and electrical 

performance of electrical power assisted steering power modules. 

 Carry out analytic processes through extensive research and live simulation testing techniques 

to assess the effects of thermal stress.  
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2. Research-Informed Literature Review 
 
As discussed, steering systems are an extremely safety critical system within an automotive vehicle, 

they allow the vehicle to be accurately steered (turned) in a direction according to the drivers input. 

Steering systems consist of a steering column and wheel, and steering gears and linkage (Jain and 

Asthana, 2002). The drivers input through the steering wheel, rotates the steering column shaft – the 

steering gears transfer the rotational motion of 

the shaft to linear motion of the steering 

linkage which moves the vehicles front wheels 

in the desired direction and the steering gears 

increase the steering output allowing the 

drivers input effort to be reduced (Erjavec and 

Thompson, 2014). 

There are two types of steering gear systems 

most commonly used in automotive vehicles; 

these are the “rack and pinion” and “recirculating ball” mechanisms.  

Rack and pinion systems use a pinion gear at the end of the steering column shaft, which transfers 

rotational motion to a geared rack which transfers linear motion to the wheels via tie rods (Noorulla et 

al., 2010) as shown in figure 1.  

The recirculating ball system (figure 2) uses a 

gearbox at the end of the steering column shaft, 

which connects to an input shaft worm gear which 

rotates with the steering column, the worm gear has 

a ball guide  which contains ball bearings that mesh 

with the worm gear, the ball guide allows the ball 

bearings to pass through the thread of the worm gear 

then return in a loop which moves a sector gear 

which transfers the rotational motion to linear 

motion, the sector gear controls a pitman arm (up 

and down), which transfers the motion across the steering linkage to the tie rod ends (Bennett, 2007).   

 

Most modern automotive vehicles have power assist systems to aid steering. Power assist systems 

were introduced to vehicles to overcome the larger steering effort required as vehicles become larger 

and heavier – also as tyres became wider the tyres resistance to motion became larger, therefore a 

greater effort was required (Horobin, 2003).  

Figure 1: Rack and Pinion (Source: Sharma, 2017) 

Figure 2: Recirculating ball system (Source: Bajza, 2009) 
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An advantage of power assisted steering is it provides increased accuracy and reacts quicker to allow 

for sudden wheel movements while allowing for heavier steering loads (Nunney, 2015). 

There are two main types of power assisted steering, Hydraulic assist and Electrical assist. Both assist 

systems are used within the automotive industry, however prior to the introduction of Electrical assist, 

hydraulic was more prevalent (Automotive Training Centre, 2014). 

Hydraulic power assist systems (HPAS) work with the use of a hydraulic pump which is driven by the 

engine, predominantly driven by the engines crank via a belt. The hydraulic pump, delivers hydraulic 

fluid to a ram cylinder, which using pistons, manoeuvres the pressurized fluid through a rotary valve 

which transfers torque to a torsion bar connected to the pinion/worm gear (Denton, 2011). 

However, although this system was widely used, there are many disadvantages to hydraulic power 

assist systems, one disadvantage is that the hydraulic pump is driven via a pulley which as mentioned 

is driven by the engine therefore, there is always energy drawn from the engine by the pump even 

when the assist to steering isn’t needed, as a result this method isn’t considered highly fuel efficient 

(Dell et al., 2014). In fact, hydraulic power assisted steering, as a system isn’t particularly fuel/cost 

efficient.  

 

2.1. Electrical Power Assisted Steering  

 
EPAS is an alternative to hydraulic power assisted steering, which is entirely electrically powered by 

the use of an electric motor rather than a hydraulic pump (Jurgen, 1999), therefore as previously 

discussed EPAS systems can be subject to both mechanical and electrical failures. EPAS is becoming 

more prevalent and there is more widespread deployment of EPAS within the automotive industry; 

this is because it allows improved assistive control, by reacting faster to steering alterations than 

hydraulic assist. EPAS also provides economic benefits, as it is cheaper to install and run throughout 

its lifecycle, the use of EPAS eliminates the large, heavy hydraulic components, therefore reducing 

the mass and size of the steering system and providing a reduction in overall vehicle mass (Crolla, 

2009).  

An electric motor replaces a hydraulic pump, therefore, fewer loads are placed on the engine, as a 

result EPAS only requires approximately 2% of the required power to power a belt driven hydraulic 

pump, therefore a significant reduction in energy usage and vehicle emissions (VanGelder, 2017). 
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Due to global emission standards, the automotive 

industry is under extreme pressure to reduce vehicle 

emissions and therefore reducing the mass and 

amount of energy used in each sector of the vehicle 

will help to reduce the vehicles overall energy 

consumption and ultimately reduce engine load to 

become more efficient and reduce its emission 

output, in order to aid this global mission – the 

requirement for downsizing doesn’t just restrict 

engines but also other vehicular systems i.e. steering 

– a lighter and less energy consuming system will 

reduce the overall load on the engine (Kahfagy, 2017). 

It can be seen from figure 3 that hydraulic power steering uses significantly higher average energy 

consumption than electric power, based on figure 3, on average of motorway, main road and urban 

hydraulic uses approximately 360 watts more than electric. 

 

2.2. Potential Failure Modes 
 

Hydraulic and Electrical power assisted steering, much like many other mechanised/electrical 

systems; both have inherent concerns regarding potential failure modes.  

HPAS is larger, heavier and has more parts than a EPAS system, therefore it could be suggested that 

there is a larger chance of potential failure with HPAS, for example, hydraulic fluid leakage, which 

could lead to the system being without oil therefore, moving parts that require oil for lubrication such 

as the rotary valve could cease and be damaged (Dell et al., 2014). Mechanical issues such as parts 

ceasing, i.e. rack and pinion gears etc. usually result in a decrease in steering ability, preventing full 

steering ability until fixed, however allowing the vehicle to be manoeuvred to a safe place – complete 

loss of steering is very rare in this circumstance (Thompson, 2013). 

However, as mentioned EPAS systems can have inherent issues also, mechanical issues remain a 

potential concern due to moving parts. Although, a major concern for EPAS is the electrical 

components that control the assist, electrical components can be damaged by many contributing 

factors such as vibrations, electro-magnetic radiation/interference, water ingress and thermal 

stress/damage (Gilles, 2005).  

 

In this project, the potential failure mode that will be critically analysed is the thermal stress factor of 

the electrical components within the EPAS system.  

An analysis will be carried out to determine the performance characteristics of the power control 

module following extensive thermal stress testing.  

Figure 3: Hydraulic vs Electrical Power assisted 
steering (Source: Denton, 2014) 
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The power module is used within a column assist type EPAS, which uses a power assist unit, 

controller and torque sensor. The power module is used within the power assist unit to power the 

electric motor, the controller receives information from the torque sensor which monitors load on the 

steering wheel, the controller uses the load feedback from the torque sensor to determine the amount 

of assist required by the power assist unit (motor) (Kershaw and VanGelder, 2017). 

 

Electrical components can become subject to thermal fatigue due to thermomechanical and 

thermoelectric stresses caused during operation, in this instance the power module will be within an 

engine bay of a vehicle, therefore will undergo a range of different temperatures due to its subsequent 

environment, therefore the use of thermal cycling will accelerate the thermal fatigue process.  

Applied thermal stress, can lead to both mechanical and electrical failures – the electrical failures can 

be caused by thermal fatigue to the power module internals such as transistors and capacitors, in this 

instance the MOSFET’s, if damaged, can result in reduced performance or failure due to thermal 

fatigue which can result in electrical over-stress (Bâzu & Băjenescu, 2011).  

The power module can also experience electrical failure, caused by mechanical thermal fatigue. 

Different thermal properties of materials can mean that different materials react to thermal stresses 

and changes differently, thermal stress within power modules can cause cracking and shape changes 

(warping) to the integrated circuits/DBC’s which can damage solder joints and wire bonds causing the 

power module to fail (Frear et al., 1988). 

Thermal stress isn’t just limited to the electrical components i.e. integrated circuits, thermal stress can 

also cause defects and failure to the encapsulate material i.e. the plastic moulding enclosure, which 

acts as a protective barrier to the components and wire bonds, however excessive thermal stress could 

possibly lead to delamination of the plastic, compromising its structural integrity, therefore could 

result in the internals, in particular the wire bonds, being subject to further stress, through reduced 

protection from thermal stress, water ingress, vibrations and electromagnetic interference (Yao et al., 

2011). 

 

Potential failures, causes and effects are critically analysed and reviewed prior to manufacture of the 

project using a DFMEA (Design Failure Mode and Effects Analysis), therefore all potential failure 

modes of a full power assisted steering system would have been considered. A DFMEA is a complex 

methodology completed by engineers, it consists of a list which is compiled of potential failure modes 

and their effects, it is important to ensure that the potential failure modes and effects are identified as 

early as possible i.e. design verification, to ensure any failure modes directly determined by the design 

are identified and all endeavours are made to alter design to minimise risk (Quality-One, 2017). 

The DFMEA for the power module was completed by the design team at KSR, due to intellectual 

property the DFMEA documents are company confidential, and therefore are not disclosed within this 

project. All potential failure modes such as loss of steering etc. would have been rated out of ten in 
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three categories in accordance with its severity, likelihood of occurrence and detectability which 

multiply together to give a risk priority number (RPN) for each potential failure mode. The initial 

DFMEA will highlight the severity of the all the potential failure modes and the effects it would have 

if occurred in the field and its effect on customer and/or manufacturing assembly in accordance to 

safety and/or regulatory requirements (General Motors Corp, 2008). 

Upon review of the initial DFMEA, design, process and quality engineers work on reducing 

occurrence and improving the detectability of each failure mode to reduce the RPN of each failure 

mode, therefore all the potential failure modes associated with thermal stress would have been 

considered and the risk of high occurrence and low detectability would have been improved to reduce 

the overall RPN. 

However, in the result, there is any assist system failure, there is a fail-safe and the system reverts to 

manual steering without assist (Hillier et al., 2004), even in fully electrical steering (steer-by-wire), 

the system has a backup source of power which provides a minimum of 50% of the required power 

(Els, 2017). 

 
A defect DBC was identified at the end of the production line during manufacturing, it was 

discovered that many of the power modules were found to have missing thermal stress relief dimples 

on the back of the DBC as seen in figures 4 and 5.  

 

 

Figure 4: DBC with no missing dimples (Source: KSR and Thomas, 2017) 

A controlled sample of power modules with no missing dimples i.e. non-defect parts, as seen in figure 

4, will also be analysed to determine the effects of thermal cycling, and the consequent stress from 

thermal loading, has on the surface flatness and performance of non-defect parts to provide a 

comparison of the effects on the defected power modules with missing dimples on the DBC. 
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Figure 5: DBC with missing dimples (Source: KSR and Thomas, 2017) 

In figure 5, it can be seen that there are a number of dimples missing on the DBC, the pattern shown 

isn’t a direct trend in all 6 defect parts collected for this investigation, and some have less/more 

dimples missing than others. The project aims to determine the implications of the missing dimples on 

the DBC and power module, firstly while looking at a company (KSR) point of interest, it is 

important to determine the implications of a product produced and supplied to a customer with a 

quality concern, it’s important to ensure that a quality concern does not have any effect on the 

working performance of the product and/or customer parts/assemblies. 

A defect part reaching a customer could lead to a customer complaint/return, investigations, loss of 

contract therefore loss in revenue etc.  And/or negatively affect the reputation of the company (Uzun, 

2002). 

There were many DBC’s found with missing dimples, although, no power modules have been found 

without any dimples at all on the DBC. For further study, a recommendation would be to carry out an 

analysis of a comparison between DBC’s with no dimples at all. Therefore, this would provide a best 

(no defect) and worst scenario comparison. 

To provide a detailed evaluation on the critical analysis of the effects of thermal stress on the flatness 

and performance of the power control modules with missing thermal relief dimples, a sample of 6 

defect parts have been selected for testing and analysis along with a sample of 6 controlled parts as a 

comparison. 

 

2.3.  DBC Substrates 

 
The DBC substrates are supplied to KSR for the use within the power module, the DBC substrate is 

an integrated circuit which is made up of copper and ceramic (a ceramic tile coated with a sheet of 

copper each side to produce a top and 

bottom layer of oxidised copper). The 

ceramic material is made up of 

Aluminium Oxide (𝐴𝑙2𝑂3). 

 

Figure 6: DBC substrate (Source: KSR and Thomas, 2017) 
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𝐴𝑙2𝑂3  although a brittle material, is widely used for this purpose due to its low cost and use within 

the microelectronics manufacturing, it has a thermal conductivity of 24 W/mK @ 20C which isn’t a 

perfect thermal conductor however the DBC with the ceramic and copper layers has a very low 

coefficient of thermal expansion which is significantly lower than copper alone - as a result provides 

excellent electrical insulation (Dong et al., 2010). 

However, copper and Aluminium Oxide have different thermal expansion properties, therefore due to 

excessive thermomechanical stress caused when operating within exaggerated operational conditions 

which is induced through thermal cycling, delamination and cracks can form between the copper and 

aluminium oxide causing warpage and performance reduction (Lei et al, 2009). 

 

To increase the thermal reliability of the DBC, thermal relief dimples are etched into the copper. The 

copper is cut forming dimples using a photochemical etching process which uses a cover plate to hide 

areas which don’t require etching and areas which require etching are left exposed to an etching acid 

(Madou, 2007).  

The thermal relief dimples work by reducing the mass and 

overall volume of the copper, copper alone has an 

extremely high electrical conductivity and also high 

thermal conductivity, because of this copper heats up 

when current is passed through it and therefore is more 

thermal sensitive than the ceramic (Laughton & Warne, 

2003). With the reduction in copper, there is a decrease 

also in the tensile strength – however according to a report 

written by Schulz-Harder in 2002, the reduction in copper 

material caused by the forming of the dimples “increases 

the temperature cycling reliability by 10 times” (Schulz-

Harder, 2002). 

This theory is also supported by a report written by Curamik in 2014, where it was also stated that the 

lifetime can be increased significantly as shown in figure 7. 

 
Figure 7, shows the comparison between DBC’s with/without dimples, it can be seen that there is a 

significant increase in the amount of thermal shock cycles the DBC’s can endure with dimples 

compared to DBC’s without dimples. Virgin DBC’s (not power module) without dimples appear to 

endure less than 100 thermal cycles before cracks form, however, DBC’s with dimples endure 

approximately 600 thermal cycles before cracks form, therefore the advantages of thermal relief 

simples can be seen (Curamik, 2014).  

 

Figure 7: Comparison with/without thermal 
relief dimples (Source: Curamik, 2014) 
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Although, a statement made by Lei, et al., in 2009, is although DBC’s with dimples can endure more 

thermal cycling due to increased reliability, reliability remains a concern at higher temperatures than 

used within cycling, this is due to the copper and ceramic boundary conditions and different thermal 

expansion rates (Lei et al, 2009). 

 
2.4. What is the purpose and significance of the flatness measurements? 

 
The flatness of the back of the power module, which includes individual measurements of the surface 

flatness of the DBC, the plastic moulding and an overall value for the overall flatness of the back of 

the power module are significant dimensions specified by the customer on the design specification 

and technical drawing, due to the connection of the power module to the customer’s assembly – the 

power module is attached to a heatsink via thermal adhesive and bolt connections as shown in figure 

8. 

 

Therefore this dimension has a significant effect on the customers product and as a result, the flatness 

measurement is controlled using statistical process control (SPC), which is a tool used to control 

manufacturing processes, SPC works by using the upper and lower tolerances to set upper and lower 

safe limits in conjunction with quality and process capabilities, the upper and lower safe limits are 

tighter than tolerances set by the customers specification as this aids in control process capabilities 

and ensure that all products are meeting specification, this is achieved by introducing control methods 

such as measuring and collecting statistical data which can be accessed at any time to ensure 

measurements are within specification (Does et al., 1999). Surface flatness is measured weekly as part 

of SPC checks to ensure that the weekly shipments are of a high process capability, enough to 

produce products within specification. The SPC data is collected and submitted to the customer as a 

certificate of analysis (CofA), which is an “authenticated document” which certifies the quality and 

quantity of each shipment, validating that the measurements, specifically the surface flatness 

measurements meet specifications, controlled by SPC checks and certified by the CofA (Kondhare, 

2016).  

Figure 8: Power Module attached to customer's heatsink (Source: Thomas and KSR, 2018) 
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However, using SPC to control dimensions in conjunction with manufacture and product design, 

could lead to the production of an over-engineered product, although this can be good as it ensures the 

quality of the product to a high standard, it can increase the overall cost of the product, a higher 

quality product, comes at a cost such as material and cost of tighter controls such as SPC, therefore 

the product demands a higher price which can lead to customers changing to a cheaper supplier, 

therefore many companies are able to benefit from the theory and practice of lean manufacture to 

improve products and processes that reduce the overall cost, by making modifications to an over-

engineered product’s design/process (Strutt and Hall, 2003). 

 

Flatness is measured by determining the distance a surface differs from the specified plane (Quality 

Digest, 2007).  

The distance between the surface and the specified plane must be within tolerance, the tolerance is 

stated on the technical drawing by the customer with the use of geometric dimensioning and 

tolerancing which is a tool used to accurately state the 

significance of the flatness dimension and provides guidance 

of the design expectations, for example as shown in figure 8. 

The symbol on the left shows that there is a GD&T flatness 

dimension and the figure on the right-hand side is the 

tolerance of the flatness dimension (Pareto Learning LLC, 

2017). 

Flatness tolerance within the upper and lower limits are 

extremely important as it ensures all sections of the power 

modules relationship face with the customers heatsink 

component are in contact, if the surface wasn’t in specification i.e. outside limits, there would be 

sections of the surface face not in contact with the customers heatsink, which would create micro 

pockets of air and would increase the thermal resistance between the heatsink and the module, 

therefore to reduce the thermal resistance and reduce the dependence on thermal adhesive it is critical 

to ensure the surface flatness meets the specified limits (Lutz et al, 2018). The aim of this 

investigation is to determine if the thermal stress will negatively affect the surface flatness, i.e. 

creating a negative impact on the working condition and not meeting the flatness specifications. 

 
2.5. Electrical Performance Parameters 

 
The electrical performance of the power module is an extremely important characteristic, as it 

provides electrical power to the customers overall EPAS assembly,  a reduction in the electrical 

performance or complete failure would result in no power from the power module, therefore no power 

to the EPAS system, reverting the system to conventional steering without assist. In order to monitor 

Figure 9: GD&T flatness example 
(Source: Pareto Learning LLC, 2017) 



16 
 

and determine the electrical performance of the power module, each power module undergoes an 

electrical continuity test where the MOSFET’s in each module is tested for its voltage, current and 

resistance outputs. This is an in-line process as part of production, where power modules that pass the 

test continue down the production line, and power modules that fail the test are rejected from the line. 

During the manufacturing process of the power module each DBC substrate is populated with 6 

MOSFET’s, the 6 MOSFETS’s are used to control the voltage and current flow by switching and 

amplifying the source signal (Baliga, 2014). 

 

The voltage, current and resistance of the 6 MOSFET’s are parameters which will be analysed to 

determine the overall electrical performance of the power module. 

Resistance is an extremely important parameter; this is because during current flow it is important to 

have a very low resistance, to increase voltage gain and overall functionality of the MOSFET and 

power module (Dehghani, 2013). 

Resistance is thermal sensitive, and inversely proportional to temperature changes; resistance is 

reduced when temperature increases and increases when temperature falls (Vassighi & Sachdev, 

2011). Considering ohm’s law, Voltage = Current x Resistance, due to changes to resistance as a 

result of temperature changes, it would be expected to see changes to the current and voltage also, and 

therefore effect the electrical performance of the power module (Luryi & Xu, 2010). In relation to the 

resistance of the MOSFET’s, ideally the resistance would need to be low during switch on, to reduce 

restriction of current, and prevent electrical over-stress (Korec, 2011). 

 
2.6. Further Research 

 
A question was asked in the initial viva presentation if the concerns of the effects of thermal stress on 

electrical integrated circuits are a concern in other applications as well as this power module, this was 

a question which required research to provide an answer. 

 
The power module manufactured, as mentioned is used within an EPAS system, however, it 

ultimately is a power module which provides power to an assembly or ECU etc. Therefore, the 

concerns of thermal stress is a concern in all electrical components and circuitry, electrical resistance 

is sensitive to thermal changes, and according to ohm’s law, current is inversely proportional to 

resistance, therefore, applied thermal stress could affect the electrical performance as discussed above 

(Cook, 2010). 

In relation to thermal stress causing distortion/warpage, this is a concern in all applications where a 

material is thermal sensitive, specifically during thermal cycling which will accelerate the thermal 

changes, and the material will expand and contract, this applied thermal stress will then contribute to 

distortion/warpage of the material and/or cracks (Fischer, 2013) 
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3. Methodology 
 
All live practical testing was carried out at KSR Swansea in a laboratory environment and various 

tools and equipment were used, therefore appropriate PPE (personal protection equipment) was used 

and all company health and safety guidelines were be followed with the adequate and appropriate 

supervision. 

 

3.1. Thermal Shock Cycling 

 
Application of thermal stress to the controlled and defect samples, were carried out by placing the 

power modules inside a thermal shock chamber (figure 10), the process of thermal shock cycling was 

carried out by objecting the power 

modules to a total of 1000 cycles. 

Thermal shock cycling is a test where a 

thermal shock chamber is used to subject 

components/parts etc. to sudden changes 

in significantly high/low temperatures, 

achieved by rapidly over a controlled 

period moving the components/parts 

from one temperature section of the 

chamber to the other (Ward & Angus, 

1999). 

 

The thermal shock cycles were carried out in 250 cycle increments i.e. the power modules endured 4 

cycle increments in total, 250, 500, 750 and 1000. One cycle 

consisted of -40C  5% for 30 minutes with a maximum of 

30 second transition to 115C  5% for 30 minutes and 

maximum 30 second transition back to -40C  5%, as 

shown in figure 11, this was one full cycle, in total this was 

completed 1000 times.  

The thermal cycling durations are determined by the 

customers test specification, where the customer specifies 

the discussed cycle for a total of 500 cycles in 250 

increments, at which the power module is inspected using a 

ultrasound microscope to ensure there is no cracks or damage to solder joints and/or wire bonds on 

the DBC, also an electrical continuity test is carried out to ensure power modules are still in working 

order after each 250 cycles. This validation process is completed every month as part of SPC checks 

Figure 10: Thermal Shock Chamber (Source: KSR and Thomas, 2017) 

Figure 11: Thermal Cycle Test (KSR, 2017) 
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to provide the customer with data to show that the manufactured power modules meet their 

requirements. 

Although the test specification set out by the customer is 500 thermal shock cycles, in this instance – 

to improve the accuracy and validity of the testing and validation process, the power modules 

completed 1000 thermal shock cycles as mentioned, and were removed every 250 cycles for 

inspection, testing and measuring. 

 

The use of thermal cycling is to accelerate the time to failure of the power module, by running 

thermal cycles it will simulate temperature changes of life in service in an accelerated and controlled 

time frame, and through repetition it can be used to predict the thermal fatigue life of the product.  

Although it can be used to predict the thermal fatigue life of the product, it is only a prediction 

however, as there is no certain connection between the acceleration of fatigue rate through live 

simulation to full life in service conditions, and therefore manufacturers simulate a number of other 

tests and sometimes over-engineer a product to ensure that it meets life in service requirements (Liu & 

Liu, 2011). 

 

3.2. Visual Inspection and Electrical Continuity Test 

 
Following each 250 thermal cycles, the power modules were removed from the thermal shock 

chamber and inspected by the failure analysis engineer, using a 

non-destructive method, with the use of Scanning Acoustic 

Microscopy (CSAM), which uses ultra-high frequency ultrasound 

to identify any physical failures within the power modules, such as 

cracks caused by the thermal stress. Other methods of non-

destructive testing such as X-Ray could be used, however for this 

purpose CSAM imaging provides clearer and more accurate 

analysis due to the high-frequency ultrasound, which allows cracks 

to be identified much easier (Kessler, 2013). 

 

The electrical continuity test was carried out by the validation 

engineer, following the CSAM imaging after every 250 cycles 

also, as part of the non-destructive testing. The electrical continuity 

test is carried out to ensure that the power module is working correctly. An electrical continuity test is 

a means of ensuring that current flows through a circuit. Therefore, a voltage is sent through the 

power module and used to determine if it is in working order (Stewart & Jardine, 1994).  

 

Figure 12: CSAM ultrasound (Source: 
KSR and Thomas, 2017) 
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An electrical continuity test can be carried out with simple 

electrical test equipment such as a multi-meter, however 

as the power module is a bespoke product with specific 

power terminals, a specific and custom-made electrical 

testing machine (figure 13) has been specially made for 

production to carry out the electrical continuity test on the 

power module during production. The continuity test 

measures 6 parameters on the MOSFET’s, which reflect 

the electrical specifications and their performance. 

It has specific contact points which line up to each 

terminal on the power module keys, each key corresponds 

to specific MOSFET’s and their parameters, via wire 

bonds, with it being a production line tester, it is 

automated, and therefore reducing human contact and 

subsequently reducing human error and increasing accuracy and validity of results (Cresswell, 2002). 

 

3.3. Flatness Measurements 
 

Flatness measurements were also be completed after every 250 cycles to determine the surface 

flatness of the back of the power module. Flatness measurements were taken to determine surface 

flatness changes, indicating if there was any warping occurring of the power module and if the 

missing dimples have any accelerated effect on the change in flatness - due to the thermal stress 

occurring during thermal shock cycling. 

The flatness measurements were completed using a 

specialist coordinate measuring machine(CMM), 

produced by a company called Optical Gaging Products 

(OGP), this OGP machine (figure 14) uses specialist 

software which is programmed and calibrated every 6 

months to ensure it is extremely accurate, the software is 

programmed with customers specified dimensions and 

tolerances and can therefore accurately measure the 

distance the surface differs from the specified plane – 

providing an accurate flatness measurement.  

The flatness measurements are recorded by measuring 

specific points across the surface, on each power module 

29 points are measured, consisting of 15 points across the 

DBC and 14 points across the plastic moulding. The 

Figure 13: Electrical Test Machine (top) and 
Internal contact points (bottom) (Source: KSR & 

Thomas, 2017) 

Figure 14: OGP machine (Source: Thomas, 
2017) 
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programme automatically takes an average of the points to determine a flatness measurement for the 

overall, DBC and plastic moulding flatness. 

The OGP machine uses a specific programme to complete automated measurements, this could be 

completed using a manual touch probe CMM which is less expensive than the OGP machine used. 

However, the OGP machine uses specially written programme software, relating to the drawing 

design and dimensions, with it being a bespoke automated programme, it reduces the possibility of 

human error, and there is increased accuracy due to laser measurement technology (Dhillon, 2013).  

The flatness measurements will be extracted from the integrated software into Microsoft Excel for 

analysis, and the results after each 250 thermal shock cycles will be reviewed and analysed, a 

comparison will be made from start to finish of testing with controlled and defect DBC’s. 
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4. Results and Analysis 
 
By using 12 power modules, with a total of 6 controlled and 6 defect for comparison, a vast amount of 

data is able to be collected and therefore increases the validity of the critical analysis, compared to if 

only one of each power module was tested. A bigger sample tested increases the testing practice and 

provides an increased validity of the results, therefore improving the overall analysis and evaluation 

(Wei et al., 2013). 

Bench mark data was taken prior to testing, therefore before thermal cycling each of the 12 power 

control modules were measured to determine it benchmark surface flatness, the electrical test was 

carried out to determine the average and standard deviation of the voltage, current and resistance of 

the MOSFET’s on each module. As well as measurements and electrical test, all power modules were 

inspected using CSAM imaging and no cracks or damage was identified as shown in figure 15. 

 
 
 
 
 
 
 
 
 

 
 
 
The flatness of the power modules is measured in microns, as shown in figure 16 and appendix 1 the 

overall flatness is significantly higher than the DBC flatness, this is because the overall flatness is 

taken from an average of the 29 total points measured across the power module, the plastic moulding 

which encapsulates the DBC, and therefore provides a higher distance from the surface plane 

effecting the overall flatness. 

An average of the 6 defect/controlled power modules have been calculated to provide a flatness 

measurement for the DBC, plastic and overall.  

 

 

 

 

 

 

 

Figure 15: CSAM imaging Defect (left) and Controlled (right) (Source: KSR, 2017) 
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 DBC Flatness 

(microns) 

Plastic Flatness 

(Microns) 

 

Overall Flatness 

(Microns) 

Controlled Part 1 33.5 64.3 72.5 

Controlled Part 2 36 66.6 72.4 

Controlled Part 3 33.5 67.5 70.5 

Controlled Part 4 32.4 69.5 68 

Controlled Part 5 39.3 69.6 74.6 

Controlled Part 6 36.9 74.3 79.2 

Average 34.9 67.5 71.6 

Standard Deviation 2.47 2.79 3.85 

 
   

Defect Part 1 37.8 64.5 71.2 

Defect Part 2 38.3 67.9 73.6 

Defect Part 3 33.7 63.9 61.3 

Defect Part 4 34.4 68.2 69.6 

Defect Part 5 32.3 67.2 63.7 

Defect Part 6 36.7 65.2 69 

Average 35.5 66.2 68.1 

Standard Deviation 2.42 1.85 4.66 

Figure 16: Benchmark flatness measurements (Source: Thomas & KSR, 2017) 

 
The overall average flatness for the controlled power modules is 71.6 microns and defect is 68.1 

microns, this compared to the customer’s specification tolerance which is 120 microns is much lower. 

As part of SPC, KSR have an upper control limit of 90 microns, 30 microns lower than the 

specification tolerance set by the customer, the benchmark results show that even with defects the 

power module meets both customer and KSR specifications. 

The average DBC flatness was measured as 34.9 microns for the controlled, and 35.5 for defect, again 

significantly lower than the specification tolerance for the DBC of 100 microns with a KSR upper 

control limit of 80 microns.  

The plastic has a tolerance specification of 200 microns with a KSR upper control limit of 150 

microns; the average flatness for the plastic is significantly lower again as shown in figure 16 as 67.5 

microns and 66.2 microns. 

 

The MOSFET’s were tested for their voltage, current and resistance, all 6 MOSFET’s on each power 

module was tested. Therefore, with a total of 12 power modules, 6 MOSFET’s, there are a total of 72 

sets of data. To remain consistent, an average and standard deviation for each power module’s 

MOSFET’s were calculated to provide a comparison for analysis.  
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 Drain 

Current 

(amp) 

Drain 

Voltage 

(V) 

Drain 

Resistance 

(Ω) 

Controlled Part 1 6.8 x10−8 43.4 1.881x10−3 

Controlled Part 2 7.9 x10−8 43.9 1.89 x10−3 

Controlled Part 3 6.9 x10−8 43.7 1.881 x10−3 

Controlled Part 4 7.5 x10−8 43.6 1.88 x10−3 

Controlled Part 5 6.9 x10−8 43.7 1.882 x10−3 

Controlled Part 6 7.1 x10−8 43.5 1.893 x10−3 

Average 7.2 x10−8 43.6 1.885 x10−3 

Standard Deviation 4.2 x10−9 0.2 5.46 x10−6 

 
   

Defect Part 1 5.9 x10−8 43.2 1.873 x10−3 

Defect Part 2 1.3 x10−7 43.7 1.886 x10−3 

Defect Part 3 6.4 x10−8 43.1 1.889 x10−3 

Defect Part 4 1.6 x10−7 43.7 1.894 x10−3 

Defect Part 5 6.1 x10−8 43.3 1.913 x10−3 

Defect Part 6 6.8 x10−8 43.6 1.874 x10−3 

Average 8.9 x10−8 43.4 1.888 x10−3 

Standard Deviation 4.3 x10−8 0.3 1.475 x10−5 
Figure 17: Benchmark electrical test data (Source: KSR, 2017) 

 
The benchmark data doesn’t allow for critical analysis; however it does provide a comparison for the 

data collected every 250 cycles. It can be seen that from figure 17 and appendix 2, the data doesn’t 

vary a lot with each power module, and this may not become more apparent until compared to data 

taken following thermal cycling. 

In order to determine the “electrical performance” characteristics of the power module, the drain to 

source current, voltage and resistance will be analysed. 

 
In order to benchmark the internal condition of all the power modules, as mentioned CSAM imaging 

was carried out also shown in figure 15 and appendix 3. 

 

4.1. Post 500 Thermal Cycles 

 
Firstly, looking at the data for after the first 500 cycles, this is because 500 cycles is the specification 

set by the customer as discussed; the extra 500 thermal cycles are for further analysis and guarantee 

the quality of the power module. 

Following 500 thermal cycles the power modules as discussed were measured for their surface 

flatness and tested for their electrical performance, this was also completed at 250 cycles. 
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The flatness data was recorded as shown below in figure 18, this was taken from the raw data in 

appendix 1, averages have been made for the 6 controlled and the 6 defect parts for DBC, Plastic and 

overall flatness.  

 Post 250 Cycles Post 500 Cycles 

DBC 

Flatness 

(Microns) 

Plastic 

Flatness 

(Microns) 

Overall 

Flatness 

(Microns) 

DBC 

Flatness 

(Microns) 

Plastic 

Flatness 

(Microns) 

Overall 

Flatness 

(Microns) 

Controlled Average  37.78 74.44 80.25 39.17 76.22 82.53 

Standard Deviation  2.37 1.76 1.63 0.88 1.65 2.44 

Defect Average  38.83 74.23 81.05 40.63 75.97 83.8 

Standard Deviation  0.78 1.72 1.41 1.87 1.18 1.68 

Figure 18: Flatness measurements post 250 and 500 thermal cycles (Source: Thomas & KSR, 2017) 

 

In comparison from figure 16 and in figure 18 from 250 to 500 cycles, it can be seen that the surface 

flatness of the DBC, plastic and as an overall has risen, following the 500 cycles.   

For example, the average DBC flatness for controlled has risen from 34.9 microns to 39.17 microns, 

and the average defect DBC flatness has risen from 35.5 microns to 40.63 microns, it can be seen that 

the defect part has had a larger increase in the surface plane, decreasing the flatness capability.  

Overall the flatness as a whole has increased with thermal cycles respectively with the exception of 

the plastic as shown in figure 18 and 19. 

 

Figure 19: Flatness vs Thermal Cycles post 500 
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The DBC and overall flatness both increase with thermal cycles respectively, it can be seen that the 

DBC has an almost linear increase with thermal cycles, and appears to increase significantly more 

than the changes seen in plastic flatness, this could be due to the difference in thermal expansion 

coefficients of the materials with the polyethylene resin pellets having a lower thermal expansion 

coefficient compared to varying thermal expansion coefficients of the DBC substrate causing larger 

thermal dissipation within the material (Singh & Asthana, 2011). 

From figures 18 and 19, it can be seen that the defect sample of power modules have a larger increase 

in the flatness measurement compared to the controlled samples, meaning a lower flatness capability, 

this could suggest that due to the missing dimples, the power modules aren’t performing as well as the 

controlled samples, which may be due to the reduction in thermal relief. 

 
The CSAM imaging of the power modules following the 500 thermal cycles show no subsequent 

defects as a result of stress as shown in figure 19 and Appendix 3. 

 
 
 
 
 
 
 
 
 

 

 

It can be seen from the CSAM images taken of a defect part (left) and controlled part (right), that 

following the 500 thermal cycles, all wire bonds and solder joints are intact and there are no cracks in 

the material of the DBC or plastic (Dunn, 2017). 

 
 Post 250 Cycles Post 500 Cycles 

Drain 

Current 

(amp) 

Drain 

Voltage  

(V) 

Drain 

Resistance 

(Ω) 

Drain 

Current 

(amp) 

Drain 

Voltage  

(V) 

Drain 

Resistance 

(Ω) 

Controlled Average  8.26x10−8 43.64 1.89x10−3 7.99x10−8 43.70 1.89x10−3 
Controlled Standard Deviation  5.65x10−9 0.2 7.85x10−6 3.91x10−8 0.38 1.52x10−5 
Defect Average  8.51x10−8 43.53 1.89x10−3 7.66x10−8 43.75 1.9x10−3 
Defect  Standard Deviation  3.7x10−8 0.4 1.79x10−5 4.59x10−9 0.27 6.41x10−6 

Figure 21: Electrical test data post 250 and 500 cycles (Source: KSR, 2017) 

In relation to the current and resistance values it can be seen that the values are extremely small, and 

across all three parameters it can be seen that the deviation between power modules and with thermal 

cycles are extremely small also with the standard deviation ranging from 4.59x10−9 and 3.91x10−8 

amps, 0.2 and 0.4 volts and 6.41x10−6 and 1.79x10−5 ohms. 

Figure 20: CSAM imaging of defect (left) and controlled (right) parts post 500 cycles (Source: Dunn 
& KSR, 2017) 
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Applying the equation voltage = current x resistance, it can be seen more evidently in the current and 

voltage graphs the relationship between voltage and current, with a slight reduction in the drain 

current of the controlled and defect samples with thermal cycles it can be seen that consequently there 

is an increase in drain voltage, however with the defect sampled it can be seen that the changes in 

current, voltage and resistance from 250 to 500 cycles, are more significant, displayed by the larger 

incline in voltage and resistance and decline in current from 250 to 500 than benchmark to 250 cycles, 

this could be as a result of the thermal stress causing the MOSFET parameters to experience electrical 

overstress (Gamota, 2014). 

 
With CSAM imaging portraying and confirming that there are no cracks and all 12 power modules are 

in good working order, confirmed by the electrical test. Also, flatness measurements significantly 

below tolerance specification, the application of thermal stress doesn’t show significant effects after 

500 cycles. 

Therefore, all 12 power modules meet quality standards, however as shown in the flatness 

measurements there was a slight increase in the surface flatness, altering and reducing the overall 

flatness capability, and it was also seen that voltage, current and resistance values altered with thermal 

cycles accordingly. 

 
4.2. Post 1000 Cycles 

As discussed, the extra 500 thermal cycles completed were to improve the accuracy and validity of 

the results and provides increased analysis through further testing.  

Figure 22: Current, Voltage and Resistance vs Thermal cycles 
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Due to the observation of the changes to the power modules, as a result of the first 500 thermal cycles, 

a calculated hypothesises would be that the changes continue with thermal cycles respectively. 

4.2.1. DBC Flatness measurements 

 

With the DBC being the component with the defect (missing thermal relief dimples), while all 

parameters are being kept at a constant, the defect and controlled samples were the main variables, 

therefore an expectation would be to see varying outcomes particularly in the isolated measurements 

of the DBC, controlled compared to defect. 

 

DBC Flatness (microns) Benchmark Post 250 

Cycles 

Post 500 

Cycles 

Post 750 

Cycles 

Post 1000 

Cycles 

Controlled Average  34.9 37.78 39.17 40.02 40.28 

Controlled Standard Deviation  2.47 2.37 0.88 2.35 2.11 

Defect Average  35.53 38.83 40.63 41.53 41.85 

Defect  Standard Deviation  2.42 0.78 1.87 1.6 1.11 

Figure 23: DBC Flatness measurements post 1000 cycles (Thomas & KSR, 2017) 

 
From figure 23 it can be seen that for both controlled and defect sample power modules, on average 

the surface flatness measurement increases with thermal cycles respectively, with a rise from 34.9 

microns to 40.28 microns for controlled samples average, an increase of 5.38 microns. The defect 

samples average increase is 

6.32 microns, which is a larger 

increase than the controlled 

samples, increasing from 35.53 

microns to 41.85 microns after 

1000 thermal cycles. 

The flatness change of the 

DBC is far more drastic, 

between benchmark and post 

500 cycles; this can be seen 

also in figure 24.  

 

Following the first 500 cycles, the controlled samples average surface flatness increased by 4.27 

microns and 5.1 microns for defect samples, however the flatness change from post 500 cycles to post 

1000 cycles, didn’t increase as significantly. The change for controlled samples between post 500 and 

1000 cycles was 1.11 microns and 1.22 microns for defect samples. 

 

Figure 24: DBC Flatness vs Thermal Cycles 
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Throughout the project, it can be seen from both figures 23 and 24 that the surface flatness 

measurement of the DBC on both controlled and defect samples increases respectively with thermal 

cycles, which suggests that the applied thermal stress from cycling is causing the surface flatness 

capability to decline and due to the rise in measurement of the DBC surface, it suggests that initial 

distortion of the DBC could well be occurring (Dunn, 2017).  

 

However, while it can be seen that DBC surface flatness has increased with thermal cycles, it can also 

be seen that the increase is more significant and apparent in the defect samples. Overall, the average 

DBC defect sample increase was 0.94 microns more than the controlled samples; 0.83 microns more 

post 500 cycles and 0.11 microns between 500 and post 1000 cycles. Therefore, it can be suggested 

that due to the defect samples having a number of missing thermal relief dimples on the DBC, the 

thermal dissipation isn’t as effective as the controlled samples and therefore on average the DBC on 

the defect samples have an increased sensitivity to the applied thermal stress (Spencer & Lorenz, 

2008). 

4.2.2. Plastic and Overall Flatness measurements 

 

In comparison to the DBC flatness it would be expected for there to be very little change between 

controlled and defect samples of the plastic and overall flatness measurements, this is because due to 

manufacturing process, the condition of the plastic is a constant for all 12 power modules, and as 

stated previously the defects were associated with the DBC substrates only (thermal relief dimples), 

however there is no evidence to suggest that the thermomechanical effects on the DBC cannot have a 

consequential effect on the plastic or overall flatness.  

 

 
Plastic Flatness (microns) Benchmark Post 250 

Cycles 

Post 500 

Cycles 

Post 750 

Cycles 

Post 1000 

Cycles 

Controlled Average  67.5 74.4 76.22 79.32 80.12 

Controlled Standard Deviation  2.79 1.76 1.65 2.06 1.54 

Defect Average  66.2 74.23 75.97 78.4 79.27 

Defect  Standard Deviation  1.85 1.72 1.18 1.81 1.67 

Overall Flatness (microns) 
     

Controlled Average  71.6 80.25 82.53 84.47 86.25 

Controlled Standard Deviation  3.85 1.63 2.44 1.4 2.14 

Defect Average  68.17 81.05 83.8 85.67 85.77 

Defect  Standard Deviation  4.66 1.41 1.68 2.39 1.43 

Figure 25: Plastic and Overall Flatness measurements post 1000 cycles (Thomas & KSR, 2017) 

Similar to the flatness measurements recorded for the average DBC flatness, it can also be seen that 

plastic and overall flatness also increases with thermal cycles. The average controlled plastic flatness 
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rises from 67.5 microns to 80.12 microns, a total of 12.62 microns and the average defect plastic 

flatness increases by 13.07 microns, from 66.2 microns to 79.27 microns over 1000 thermal cycles. 

Plastic flatness follows the same trends as DBC flatness increase, however, the controlled samples 

appear to have the worse of the two variants of plastic flatness, but the defect samples appear to have 

increased the most over the 

1000 cycles, by a total of 0.45 

microns more than the 

controlled samples. Although, 

the controlled samples have a 

larger flatness measurement, 

0.85 microns larger, therefore 

0.85 microns lesser flatness 

capability as shown in figure 

26.  

 
The plastic increase is far more 

significant than the DBC flatness increase with the largest increase being 6.32 microns for defect 

DBC, the plastic increase is nearly double, defect samples increasing 13.07 microns, this could be due 

to the polyethylene resin pellets having a larger thermal expansion coefficient than the ceramic and 

copper of the DBC substrates (Ho, & Taylor, 1998). 

 
The overall flatness as discussed also increases with thermal cycles. It’s seen in figure 25 that the 

overall increase for the controlled sample average is 14.68 microns, increasing from 71.6 microns at 

benchmark to 86.25 microns post 1000 cycles, and for defect samples average, the overall increase is 

17.6 microns from 68.17 microns to 85.77 microns, again it can be seen that the defect samples 

overall have the largest increase in flatness measurement and therefore the largest decline in flatness 

capability. However, similar to the plastic flatness it can be seen from figure 25 and 27 that the 

controlled sample average has 

the largest surface flatness 

measurement post 1000 

cycles. 

Although both plastic and 

overall show the controlled 

samples average with the 

largest surface flatness 

measurement this would 

indicate that it has the worst 

Figure 26: Plastic Flatness vs Thermal Cycles 

Figure 27: Overall Flatness vs Thermal Cycles 
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flatness capability, due to the measurement value, this is true – however, the defect sample average 

shows the largest flatness measurement for DBC flatness indicating the worst flatness capability of 

the two variants, also comparing all three parameters of flatness, the defect samples appear to have the 

greatest change from benchmark to post 1000 cycles, with DBC, plastic and overall having the largest 

decline in flatness capability compared to the controlled samples average, 0.83 microns more on DBC 

flatness, 0.45 microns more on plastic flatness and 2.92 microns more overall, therefore suggesting 

that the defect DBC substrate causes the thermomechanical effects to possibly be accelerated, due to a 

more accelerated change, this would cause more stress on the power module’s materials and its 

components (Lau, 2012). 

 

While all controlled and defect samples are significantly below customer tolerance specifications, 

including KSR upper safe limits, it cannot be denied that the surface flatness measurements have 

increased with thermal cycles on all parameters, which raises the overall surface of the power module 

as a whole and decreases the flatness capability, and increases risk of distortion of the surface. The 

surface flatness measurements for all three parameters increase with thermal cycles respectively, with 

an increase in the measurement values, there is a decrease in the flatness capability of the DBC, 

plastic and the overall power module surface. Therefore, with the surface flatness capability declining, 

it can be suggested that an effect of applied thermal stress and the reaction from the power module as 

a result of the thermomechanical stress is that surface flatness capability declines with thermal cycling 

respectively. 

 

4.2.3. Electrical Performance post 1000 cycles 

 
CSAM imaging was carried out prior to electrical test, and it was confirmed by the failure analysis 

engineer at KSR whom completed the CSAM imaging every 250 cycles, that following 1000 cycles, 

all 12 power modules were in good working order. No cracks were found in any of the material, wire 

bonds and all solder joints remained intact, and there appeared to be no cosmetic defects as a result of 

thermal shock cycling  as shown in figure 28 (Dunn, 2017). 

  

 

 

 

 

 

 

 Figure 28: CSAM imaging of defect (left) and controlled (right) parts post 1000 cycles 
(Source: Dunn & KSR, 2017) 
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Based on the flatness analysis of the controlled and defect samples, and determining that the defect 

samples had a more accelerated negative effect as a result of the applied thermal stress; it could be 

expected for the electrical test data to illustrate a similar pattern. 

 
 

Drain Current (amps) Benchmark Post 250 

Cycles 

Post 500 

Cycles 

Post 750 

Cycles 

Post 1000 

Cycles 

Controlled Average  8.76x10−8 8.26x10−8 7.99x10−8 7.45x10−8 7.25x10−8 

Controlled Standard Deviation  4.19x10−9 5.65x10−9 3.91x10−8 3.53x10−8 3.57x10−8 

Defect Average  8.97x10−8 8.51x10−8 7.66x10−8 7.15x10−8 6.89x10−8 

Defect  Standard Deviation  4.26x10−8 3.70x10−8 4.59x10−9 4.47x10−9 4.37x10−9 

Drain Voltage (V)      

Controlled Average  43.63 43.64 43.70 43.75 43.77 

Controlled Standard Deviation  0.2 0.24 0.38 0.41 0.43 

Defect Average  43.44 43.53 43.75 43.83 43.86 

Defect  Standard Deviation  0.25 0.36 0.27 0.30 0.31 

Drain Resistance (Ω)      

Controlled Average  1.8847x10−3 1.8864x10−3 1.8915x10−3 1.8982x10−3 1.9012x10−3 

Controlled Standard Deviation  5.46x10−6 7.85x10−6 1.52x10−5 1.48x10−5 2.05x10−5 

Defect Average  1.8883x10−3 1.8894x10−3 1.8976x10−3 1.9036x10−3 1.9061x10−3 

Defect  Standard Deviation  1.47x10−5 1.79x10−5 6.41x10−6 6.78x10−6 8.1x10−6 

Figure 29: Electrical test data post 1000 cycles (Source: KSR, 2017) 

It can be seen from figure 29 that voltage and resistance appears to increase and current decreases in 

value with thermal cycles respectively. 

Due to the relationship between current, voltage and resistance, it would be expected to see an 

increase in resistance with an increase in voltage and a decline in current with an increase in 

resistance.  

It can be seen that the voltage and resistance increases respectively, the charge increase is very small 

in relation to the scale and in both samples increasing from a lowest of 43.44 volts to a highest of 

43.86 volts. However, the controlled sample average resistance increases from 1.8847milliohms to 

1.9012milliohms, an increase of 0.0165milliohms. The defect sample average increases by 

0.0178milliohms, from 1.8883milliohms to 1.9061milliohms, again it appears that the defect samples 

appear to have a larger increase in and in this instance has a higher resistance post 1000 cycles as 

shown below in figure 30, a higher increase in resistance will result in a larger decrease in current, 

and therefore reduce the electrical performance of the power module. 
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As a result of the resistance increase and compliance with Ohm’s law, it can also be seen that the 

drain current of both controlled and defect samples decrease with thermal cycles respectively, 

witnessed in both current and voltage there can be seen that the defect samples intersect the controlled 

lines, this is due to the large incline/increase in resistance from 250 cycles to 500 cycles. 

The current of the controlled samples average decreases from 8.76x10−8amps to 7.25x10−8amps, a 

reduction of 1.51x10−8amps, however the defect samples average reduces by 2.08x10−8amps, again 

a larger reduction than the controlled sample average, decreasing from 8.97x10−8amps to 

6.89x10−8amps.  

Similar to flatness measurements it can be seen that the greatest changes occur from benchmark to 

post 500 thermal cycles, and the changes appear to lessen between post 500 and post 1000 cycles. 

 

As illustrated, all power modules have experienced a drain current reduction as a result of an increase 

in resistance. Due to the data gathered it could be suggested that the increase in thermal cycles is 

directly proportional to the resistance, due to electrical resistance being sensitive to thermal changes 

(Warren, Adams & Molle, 2011). 

It was found that the defect samples as an average had the worst DBC flatness and had the largest 

decrease in flatness capability and it was also found that it had the largest voltage, current and 

resistance changes compared to the controlled samples. As a result, the data gathered suggests that the 

defect samples performed worse than the controlled samples and were affected more significantly by 

the applied thermal stress, this is shown by the accelerated decline in flatness capability, and larger 

Figure 30: Current, Voltage and Resistance vs Thermal cycles (post 1000) 
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decline in electrical performance in comparison to the control samples, therefore it would suggest that 

while all the power modules are negatively affected by the applied thermal stress, the power modules 

with a number of missing thermal relief dimples experience a larger and more accelerated stress 

effect. 

 

An attempt to validate the data collected was endeavoured, through CAD (computer aided design) 

modelling of the power module and simulating thermal shock testing to determine the overall stress 

applied on the power module. 

A basic model of the power module was modelled, accurately incorporating all the dimensions as 

shown in figure 31.  

 
All the appropriate boundary and contact conditions were completed, and the correct materials 

selected. 

However, due to limitations of the software used (solid works); the simulation wasn’t able to be 

completed as desired.  

Solid works was able to run transient thermal loads, however it was limited to a start and end 

temperature, also the software was able to apply thermal loads to the power module, however the 

analysis was limited to temperature recording only, and as a result over the specified time period 

illustrated the model as having a temperature which appeared to be the same all over the power 

module, this was expected, but the temperature alone has very little use in terms of thermal stress 

analysis.  

 

It can be seen from figure 32 that the power module is the same 

colour all over, this is because over a specified time period the 

power module would reach the specified temperature applied by 

the thermal loading simulated, however solid works was limited 

to this, and there wasn’t an opportunity to scale the time period 

to determine which parts of the power module reacted to the 

temperature faster/slower than other areas. Again, only 

temperature as shown in figure 32 was provided for analysis 

and there was no other parameters available to analyse such as stress. 

 

Due to the unsuccessful efforts of CAD validation, the design department of KSR was contacted to 

obtain an insight if any, in to the simulation and testing analysis that would have been carried out 

during the design validation process of the power control module. 

Figure 31: Power Module Model 
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The design engineer who carried out all the 

simulation and testing on the module advised that 

firstly solid works isn’t the best software for thermal 

analysis as it is very limited to its abilities of 

applying thermal loads (Dias, 2018). 

It was stated that the only simulation that was 

carried out was thermo-electrical stress of the 

MOSFET’s through simulation of working 

condition and no thermal cycle simulation to 

determine mechanical stress (flatness), electrical stress (performance) was carried out, it was advised 

that the engineer wasn’t aware of any software that is able to simulate thermal shock testing and 

complete analysis for thermomechanical stress, and also software for electrical stress analysis can be 

limited to when applied charge (Dias, 2018). 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 32: Power Module model temp chart 
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5. Conclusion 
 
Based on the data collected, and the CSAM imaging and inspection carried out by the failure analysis 

engineer, it was found that all power modules used within the project, pass the customers and KSR 

specifications following 1000 thermal shock cycles. 

However, based on the results and analysis it was concluded that the power modules were both 

mechanically and electrically negatively affected by the applied thermal stress through thermal 

cycling. The conclusion made is that defect samples with a number of missing thermal relief dimples 

experienced increased and accelerated stress compared to control samples with no missing thermal 

relief dimples, and therefore the hypothesis that it would be expected that the control sample would 

perform better was confirmed. 

The results and data found is similar to the data and report written by Lei et al in 2009, where it was 

found that thermal cycling would lead to surface changes to DBC’s, in the report it summarized how 

extensive thermal cycling caused thermal fatigue of the material and result in shape changes, this was 

suggested by the changes in flatness measurements in this project. In a report written by Deng et al, 

2017, this project’s finding were also supported, where it was reported that although reliability was 

increased, shape changes to the encapsulated polyethylene material, increased with thermal cycles. 

In relation to the conclusion found within the project, where it was found that the defect samples with 

partly missing dimples on average showed accelerated effects of the thermal cycling, confirmed by 

the reports written Schulz-harder in 2002 and Curamik in 2014, where it was identified that the 

etching of dimples, to reduce the overall copper material, increased the reliability and endurance of 

thermal cycling.  

 

Through analysis of the data collected it was witnessed that the condition of the power modules 

declined with thermal cycles respectively, although as stated, following 1000 thermal shock cycles, all 

power modules had no defects/cracks, and the decline in flatness capability and electrical performance 

was not significant enough to surpass tolerance specification. Therefore as a result it would suggest 

that the quality of the product and production process is to a high standard, and due to the data 

proving that the power module is thermally robust, it might indicate an over-engineered product, 

which could be more robust that required, consequently reducing the efficiency and increasing cost 

(Shina, 1994). The possibility of the product being over-engineered was also suggested by the failure 

analysis engineer, and it was suggested that a future project could be improving the process to 

produce a more efficient design, process and product (Dunn, 2018). 

 

Unfortunately CAD based simulation was unsuccessful and therefore effective and complete 

validation of the live simulation was only complete using research based literature. However, a 

suggestion for a future project would be to create or modify programme software that is able to 
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simulate thermal shock cycling effectively, i.e. able to set effective initial, upper and lower 

temperature selections and input cycle increments where analysis can be carried out. While 

incorporating accurate and detailed thermal stress analysis of the thermal loads placed upon 

assemblies, including analysis aspects such as GD&T to analyse shape changes for example; surface 

flatness and roughness etc. A suggestion for further live simulation testing, particularly in this major 

project would have been to complete a durability test of the power modules where the power modules 

would have endured induced thermal loading during a electrical loading also, this would help 

determine the performance of the power modules while switched on during application of thermal 

loads. 

To determine if, and by how much the power module is over engineered, the project could have 

benefited from testing until failure, therefore this would determine at what point the product fails, and 

the analysis could be used to lean out the production process to a more effective and efficient 

standard. Unfortunately, the project was limited to 1000 cycles due to cost and time of KSR 

equipment, without the limitations of testing, CAD simulation and KSR intellectual property the 

project would have had a vast amount of analysis and validation to identify the effects of thermal 

cycling and the thermal endurance of the power modules. Testing the power modules to failure would 

have allowed for the hypothesis of warping of the material due to thermal fatigue to be fully 

confirmed or not. Although there appears to be initial surface changes found and a small decline in the 

electrical performance, the data collected unfortunately isn’t extensive enough and requires further 

testing to provide adequate analysis of the effects of thermal cycling on the power modules. 

Extensive thermal cycling until failure, along with CAD simulation could prove beneficial to the 

analysis of the overall products thermal capabilities. 

 

 

 

 

 

 

 

 

 

 

 

 
 



37 
 

6. References 
 
Automotive Training Centre, 2014. Comparing Hydraulic vs Electric Steering. Automotive Training 

Centre. Available at: http://www.autotrainingcentre.com/blog/comparing-hydraulic-electric-steering/ 

[Accessed November 8, 2017]. 

 

Bajza, S., 2009. Auto Repair: Power Steering Systems. Military.com. Available at: 

http://www.military.com/off-duty/autos/auto-repair-power-steering-systems.html [Accessed 

November 7, 2017]. 

 

Baliga, B.J., 2014. Advanced power mosfet concepts, Springer.  

 

Bâzu, M.I. & Băjenescu, T.-M.I., 2011. Failure analysis: a practical guide for manufacturers of 

electronic components and systems, Chichester: Wiley. 

 

Bennett, S., 2007. Modern diesel technology: brakes, suspension, and steering, Clifton Park, NY: 

Thomson Delmar Learning. 

 

Cook, D., 2010. Intermediate Robot Building, Berkeley, CA: Apress. 

 

Cresswell, L., 2002. Product design graphics with materials technology, Oxford: Heinemann. 

 

Crolla, D. (2009). Automotive engineering. Oxford, UK: Butterworth-Heinemann. 

 

Curamik, 2014. Design Rules DBC. Curamik Ceramic Substrates. 

 

Dehghani, R., 2013. Design of CMOS operational amplifiers, Boston: Artech House. 

 

Dell, R., Moseley, P.T. & Rand, D.A.J., 2014. Towards sustainable road transport, Amsterdam: 

Elsevier Academic Press. 

 

Deng, Y. et al., 2017. Design and preparation of shape-stabilized composite phase change material 

with high thermal reliability via encapsulating polyethylene glycol into flower-like TiO 2 

nanostructure for thermal energy storage. Applied Thermal Engineering, 114, pp.328–336. 

 

Denton, T., 2011. Automobile mechanical and electrical systems, Abingdon, Oxon: Routledge. 

 

Denton, T., 2014. AUTOMOTIVE TECHNICIAN TRAINING: theory, S.l.: ROUTLEDGE. 

 

Dhillon, B.S., 2013. Safety and human error in engineering systems, Boca Raton, FL, USA: CRC 

Press, Taylor & Francis Group. 

 

Does, R.J.M.M., Roes, C.B. & Trip, A., 1999. Statistical process control in industry: implementation 

and assurance of SPC, Dordrecht: Kluwer Academic. 

 

Dong, G. et al., 2010. Thermal fatigue behaviour of Al2O3-DBC substrates under high temperature 

cyclic loading, Soldering & Surface Mount Technology. 

 

Els, P., 2017. Electric power steering systems (EPS) have never been safer. Automotive IQ. Available 

at: https://www.automotive-iq.com/chassis-systems/articles/electric-power-steering-systems-eps-

have-never-been-safer [Accessed November 9, 2017]. 

 

Fischer, J.M., 2013. Handbook of moulded part shrinkage and warpage, Norwich, NY: William 

Andrew. 



38 
 

 

Frear, D., Grivas, D. & Morris, J., 1988. A microstructural study of the thermal fatigue failures of 

60sn-40Pb solder joints, Sandia National Laboratory. 

 

Gamota, D., 2014. Printed Organic and Molecular Electronics, Springer Verlag. 

 

General Motors Corp, 2008. Potential failure mode and effects analysis (FMEA): reference manual, 

Southfield, MI: Chrysler LLC, Ford Motor Co., General Motors Corp. 

 

Gilles, T., 2005. Automotive chassis: brakes, suspension, and steering, Clifton Park, NY: Thomson 

Delmar Learning. 

 

Gulati, S.T. et al., 2003. Factors Affecting Severity of Oven Shock Test for Ceramic Substrates. SAE 

Technical Paper Series. 

 

Hillier, V.A.W. et al., 2004. Hilliers fundamentals of motor vehicle technology, Cheltenham: Nelson 

Thornes. 

 

Ho, C.Y. & Taylor, R.E., 1998. Thermal expansion of solids, Materials Park, OH: ASM International. 

 

Horobin, 2003. How it works: science and technology, New York: Marshall Cavendish. 

 

Jain, K and Asthana, R. (2002). Automobile engineering. New Delhi: Tata McGraw-Hill 

 

Kershaw, J. and VanGelder, K. (2017). Automotive steering and suspension. Jones & Bartlett 

Learning. 

 

Kessler, L., 2013. Acoustical Imaging, Springer Verlag. 

 

Khafagy, H., 2017. Manage and Optimize Power System to Maximize Steering Assist and Stop-Start 

Availability, SAE Technical Paper. 

 

Kondhare, 2016. OCUMENTATION: SPECIFICATIONS & CERTIFICATE OF ANALYSIS 

(COA). DOCUMENTATION -- CoA & SPECIFICATIONS. Available at: 

https://www.slideshare.net/HarshavardhanKondhar/documentation-coa-specifications [Accessed 

March 1, 2018]. 

 

Korec, J., 2011. Low Voltage Power MOSFETs Design, Performance and Applications, New York, 

NY: Jacek Korec. 

 

Lau, 2012. Thermal Stress and Strain in Microelectronics Packaging, Springer Verlag. 

 

Laughton, M.A. & Warne, D.F., 2003. Electrical engineers reference book, Burlington, MA: Newnes. 

 

Lei, T.G. et al., 2009. Effects of Large-Temperature Cycling Range on Direct Bond Aluminium 

Substrate. IEEE Transactions on Device and Materials Reliability, 9(4), pp.563–568. 

 

Liu, S. & Liu, Y., 2011.Modeling and simulation for microelectronic packaging assembly 

manufacturing, reliability and testing, Hoboken, NJ: Wiley. 

 

Luryi, S. & Xu, J., 2010. Future Trends in Microelectronics: From Nano photonics to Sensors to 

Energy, John Wiley & Sons. 

 

Lutz et al., 2018.SEMICONDUCTOR POWER DEVICES: physics, characteristics, reliability, S.l.: 

SPRINGER INTERNATIONAL PU. 



39 
 

 

Madou, M.J., 2007. Fundamentals of microfabrication: the science of miniaturization, Boca Raton: 

CRC Press. 

 

Noorulla, Jevanthan & Dhamodaran, 2010. Design and Analysis of Mechanical steering housings, 

New Delhi: Allied Publishers. 

 

Nunney, M., 2015. Light and heavy vehicle technology, Place of publication not identified: 

Routledge. 

 

Pareto Learning LLC, 2017. Flatness. GD&T Basics. Available at: 

https://www.gdandtbasics.com/flatness/ [Accessed March 1, 2018]. 

 

Quality Digest, 2007. Getting the Most from Multisensor Metrology. Quality Digest Magazine. 

 

Quality-One (2017). Design FMEA | Design Failure Mode & Effects Analysis | Quality-One. [Online] 

Quality-one.com. Available at: https://quality-one.com/dfmea/ [Accessed 31 Oct. 2017]. 

 

Schulz-Harder, J.C.B.C., 2002. Advantages and new development of direct bonded copper 

substrates. Microelectronics Reliability, 43(3), pp.359–365. 

 

Sharma, K., 2017. How does electronic power steering work? Quora. Available at: 

https://www.quora.com/How-does-electronic-power-steering-work [Accessed November 7, 2017]. 

 

Shina, S.G., 1994. Successful implementation of concurrent engineering products and processes, New 

York, NY: Van Nostrand Reinhold. 

 

Singh, M. & Asthana, R., 2011. Integration of Carbon-Carbon Composite to Metallic Systems for 

Thermal Management Applications. Ceramic Integration and Joining Technologies, pp.163–191. 

 

Spencer, M.L. & Lorenz, R.D., 2008. Analysis and In-Situ Measurement of Thermal-Mechanical 

Strain in Active Silicon Power Semiconductors. 2008 IEEE Industry Applications Society Annual 

Meeting. 

 

Stewart, K. & Jardine, J., 1994. Physics through applications, Oxford: Oxford University Press. 

 

Strutt, J. E., & Hall, P. L. (2003). Global vehicle reliability: prediction and optimization techniques. 

Bury St Edmunds: Professional Engineering Publications. 

 

Thebaud, J. et al., 2000. Thermal fatigue resistance evaluation of the solder joints in IGBT power 

modules for traction applications. 

 

Thompson, R. and Erjavec, J. (2014). Automotive technology. 6th ed. Australia: Cengage Learning. 

 

Thompson, R., 2013. Automotive Maintenance & Light Repair, Cengage Learning. 

 

Uzun, A., 2002. Quality, Manufacturing and Quality Education. SAE Technical Paper Series. 

 

VanGelder, K. (2017). Fundamentals of automotive technology. Jones & Bartlett Learning. 

 

Vassighi, A. & Sachdev, M., 2011. Thermal and power management of integrated circuits, New York: 

Springer. 

 

Ward, A.E. & Angus, J.A.S., 1999. Electronic product design, Cheltenham, U.K.: Stanley Thornes. 

 



40 
 

Warren, J.-D., Adams, J. & Molle, H., 2011. Arduino robotics, New York: APress. 

 

Wei, Z., Lin, S., Luo, L., Yang, F., Konson, D. and Gurusamy, B. (2013) ‘Durability and reliability 

test planning and test data analysis’, SAE International Journal of Materials and Manufacturing, 7(1), 

pp. 84–95. doi: 10.4271/2013-01-2379.  

 

Yao, B. et al., 2011. The effect of thermal stress on high density packaging integrated circuits. 2011 

International Symposium on Advanced Packaging Materials (APM). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



41 
 

7. Appendices 
 

7.1. Appendix 1 - Flatness Measurements 

 

 
 
 

7.2. Appendix 2 – Electrical Test Results  

(Defect sample highlighted in red) 

 

 
 
 
 
 
 

C1 C2 C3 C4 C5 C6 D1 D2 D3 D4 D5 D6

0.0335 0.036 0.0335 0.0324 0.0393 0.0369 0.0378 0.0383 0.0337 0.0344 0.0323 0.0367

0.0643 0.0666 0.0675 0.0695 0.0696 0.0743 0.0645 0.0679 0.0639 0.0682 0.0672 0.0652

0.0725 0.0724 0.0705 0.068 0.0746 0.0792 0.0712 0.0736 0.0613 0.0696 0.0637 0.069

0.036 0.0402 0.0367 0.0345 0.0398 0.0395 0.0395 0.04 0.0384 0.0389 0.0381 0.0381

0.072 0.0736 0.0734 0.075 0.0754 0.077 0.077 0.0725 0.0748 0.0745 0.0743 0.0723

0.0796 0.0805 0.0796 0.0781 0.0807 0.083 0.083 0.0822 0.0798 0.0816 0.0797 0.08

0.0381 0.0395 0.0392 0.0382 0.0404 0.0396 0.0384 0.0421 0.0435 0.0397 0.0395 0.0406

0.0749 0.0742 0.0767 0.0759 0.0767 0.0789 0.0779 0.0759 0.0756 0.0767 0.075 0.0747

0.0778 0.0834 0.0836 0.0821 0.0841 0.0842 0.0828 0.0862 0.0821 0.085 0.0822 0.0845

0.0379 0.0423 0.039 0.037 0.0424 0.0415 0.0428 0.0392 0.0398 0.0428 0.0422 0.0424

0.0774 0.0786 0.0769 0.0799 0.0809 0.0822 0.0782 0.0792 0.076 0.0808 0.0795 0.0767

0.0848 0.0861 0.0867 0.0845 0.088 0.0874 0.0881 0.0848 0.0816 0.0878 0.0866 0.0857

0.0381 0.0426 0.0399 0.038 0.0429 0.0402 0.0431 0.0412 0.0406 0.0429 0.0425 0.0408

0.0784 0.0797 0.0787 0.0801 0.0815 0.0823 0.0769 0.0803 0.079 0.0812 0.0804 0.0778

0.0812 0.086 0.0845 0.0826 0.086 0.0865 0.0863 0.0874 0.0831 0.0854 0.086 0.0858

Benchmark

Post 250 Cycles

Post 500 Cycles

Post 750 Cycles

Post 1000 

Cycles
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7.3. Appendix 3 – CSAM imaging 

Benchmark: 

 

 

 
 

Post 250 Cycles: 

 

 
 

Post 500 Cycles: 
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Post 750 Cycles: 

 

 
 

Post 1000 Cycles: 

 

 


