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Introduction

TNO: The TNO Mission

To apply scientific knowledge with the aim of strengt hening 
the innovative power of industry and government

TNO: 
- founded in 1930 by act of parliament 
- helps companies with their need for specific R&D 
- is independent of private and public interests
- has 4634 employees (2007)
- has a turnover of 579 M EUR (2007) (30% government funding)
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Introduction

TNO: The five core areas of TNO

TNO Quality of 
Life

TNO Defence, 
Security and 
Safety

TNO Built 
Environment 
and 
Geosciences

TNO Science 
and Industry

TNO Informa-
tion and 
Communication 
Technology
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Introduction

Example projects: Print a facade

The Netherlands Institute for Sound 
and Vision at Hilversum has a glass 
facade depicting TV and film images in 
relief. To achieve the impression of 
centuries old stained-glass windows 
TNO developed a new and since 
patented technique. TNO cooperated 
closely with the designer Drupsteen, 
as well as with the development 
partner Limatools and the glass 
facade producer, Saint-Gobain Glass. 
Using a special inkjet printer TNO 
applied three colours of enamel to the 
glass. Next the glass was heated in a 
preformed mould, bringing the colour
to life and creating the relief. CREA-
LITE received the Glass Innovation 
Award 2006.
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Introduction

Example projects: Underwater Lamp

TNO provided DOT-N, a Dutch sole 
proprietary company, the assistance 
needed to help design underwater 
LEDs for swimming pools. A cheaper, 
more environmentally friendly and 
durable alternative than the more 
common Halogen lights.

The first swimming pool already has 
underwater LED lighting and is very 
pleased with the result. DOT-N is now 
setting up a production line for its 
innovative lamps. Without TNO the 
whole development process would 
have taken much longer.



jan_eite.bullema@tno.nl7

Introduction

Example projects: Stacking of Chips
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The need for Accelerated Testing

Trends impacting Reliability Engineering

Customers expect more from their products

Environmental restrictions drives the use of new materials 

Impact on Business (Profit and Competition)

Shorter time to Market

Products and Systems become more complex
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The need for Accelerated Testing

Definition: Quality and Reliability

Quality:
The ability of a product to fulfill its intended purpose

Reliability:
The ability of a product to fulfill its intended purpose
for a certain period of time

[Lewis, 1996]
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The need for Accelerated Testing

Customers expect more from their products

1 2 3 -EOL 
time( years)

Product is not safe
(Liability)

[Brombacher, 2001]

Product not according
to specifications

Failure can not be confirmed

Product not according
to expectations

Product has 
Insufficient satisfiers
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The need for Accelerated Testing

Customers expect more from their products

Philips 1989 Philips 1999
Warrantee period 6 months - 1 year 3 year

Failures Covered Material Defects Any Customer
Complaint

First Line Support Dealer / Service Help Desk 
Organisation (Free Phone Number)

Logistics Via Service Centre Replacement at Home
3 Years

[Brombacher, 2001]
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Restriction of Hazardous Substances (RoHS)
It is forbidden to bring new electrical and electronic products on
the European market from 1 July 2006 in a number of specific
Categories, containing the following substances:

- Lead (Pb), max. 0,1 %
- Mercury (Hg), max. 0,1 %
- Cadmium (Cd), max. 0,01 %
- Hexavalent Chromium (Cr 6+), max. 0,1 % 
- PolyBrome Biphenyl (PBB), max. 0,1 %
- Poly Brome Diphenyl Ether (PBDE), max .0,1 %

The need for Accelerated Testing
Environmental restrictions drives the use of new materials
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The need for Accelerated Testing

Impact on Business (Profit and Competition)

Reliability Risks of Leadfree Soldering
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July 5 2007 (Bloomberg) -- Microsoft Corp. will incur pretax costs of
as much as $1.15 billion related to repairs of its Xbox 360 video-
game consoles and said sales of the machines missed its forecast
for the year. 

Internet boards are afire with accusations that the failures are a 
result of lead-free solder. 

The need for Accelerated Testing

Impact on Business (Profit and Competition)

[Bloomberg, 2007]
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The Design Cycle is the total time it takes to design and develop a
new product or improve an existing product.

There is a significant negative impact on competive advantage in
the market place of long design cycles. 

Long design cycles also require more borrowing or diversion of
funds to support longer periods of negative cash flows

The need for Accelerated Testing

Shorter Time to Market

[Stanley, 1995]
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The need for Accelerated Testing

Products and Systems become more complex

W. Edwards Deming has pointed out in
his book ‘Out of the Crisis’ that  most
products and services are one of a kind. 

It is therefore difficult to design a test or a
series of tests to ensure that a  product
will fulfill its intended purpose, over a
stated period of time.   

How do you test a battle ship?

[Deming, 1988]
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The need for Accelerated Testing

Products and Systems become more complex

How Do You Test a Battle-Ship?[Deming, 1988]
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The need for Accelerated Testing

Products and Systems become more complex
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Electronics Mission Profiles
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Arrhenius Acceleration Model

The Goal of Accelerated Testing

Accelerated Life Testing employs a variety of high stress methods
to shorten the life o a product or quicken the degradation of the
products performance.

The goal of accelerated testing is to obtain data that, properly
analyzed, yield reasonable estimates of a product life or
performance under normal operating conditions

[System Reliability Center, 2008]
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Arrhenius Acceleration Model

Historical Origin of Acceleration Model

Already in the 19th Century it was known based upon empirical 
data that reaction speed increases with temperature

rT = rT0 * exp [ � * � T]

This empirical relationship does not account for the observation
that at further elevated temperatures the reaction speed decreases
again. 

[Hood, 1878; van’t Hoff, 1884]
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Arrhenius Acceleration Model

Arrhenius Interpretation

Arrhenius concluded that large increase in reaction speeds, 
10 – 15% per degree Kelvin could not be attributed to increase of
collisions between molecules or change in viscosity, but that the
amount of effective reactive molecules changes strongly with the
temperature.  Leading to the Arrhenius equation:

k = A * exp (E a / kB * T)     or   ln k = ln A – (E a / kB * T) 

k : reaction speed at temperature T
A : Frequency Factor
Ea : Activation Energy
kB : Boltzmann Constant
T : Temperature

[Arrhenius, 1889] 
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Arrhenius Acceleration Model

Arrhenius Plot

Arrhenius Plot (Ea = 0,5 eV; 1,0 eV ; 2,0 eV)
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J.M. Juran: ‘Engineers love to draw Straight Lines’
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Arrhenius Acceleration Model

Activation Energy

[Gerritsen, 1975] 
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Arrhenius Acceleration Model

Boltzmann Distribution Function

Boltzmann’s hypothesis was that the fraction of molecules in a
particular state (Fs) depended exponentially on the energy of that
state:  

F(s) = ns/ N  = Constant * exp (-Es / kB* T) 

� s F(s) = 1 � Constant = 1 /  � s { exp (-Es / kB* T) }

The expression in the denominator is called the partition function.

‘The partition functions tells us that the Arrhenius
Straight Line will not hold in Multiple Stress situat ions’
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Common Failure Mechanisms in Electronics 

Failure mechanisms in Leadfree Soldering

Thermo-mechanical fatigue 
Bulk embrittlement of lead free solder 
Mechanical shock 
High cycle fatigue 
Electromigration / Electrochemical migration 
Electrochemical corrosion 
Warpage of packages 
Void formation

[Grossmann, 2007]
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Common Failure Mechanisms in Electronics 

Cracked Capacitor
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Common Failure Mechanisms in Electronics 

Formation of Intermetalics

[Mattila, 2007]
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Common Failure Mechanisms in Electronics 

Formation of Intermetalics

[Mattila, 2007]
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Common Failure Mechanisms in Electronics 

Bulk Imbritttlement of Leadfree Solders

[Lambrinou, 2007]
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Common Failure Mechanisms in Electronics 

Kirkendall Voiding

[Chang, 2005]
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Common Failure Mechanisms in Electronics 

Sn Whiskers

[Delserro, 2006]
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Common Failure Mechanisms in Electronics 

Sn Whiskers

Swatch Group Began RoHS Compliance Effort in 2003

• Implemented for Mass Production in 2005
• As of January 2006, 30% of Quartz Crystal Oscillators Had Tin 

Whiskers
• 5% Had Experienced Short Circuits
• Swatch Applied for RoHS Exemption

Swatch had an estimated loss of 1 Billion USD in 2006 due to this
Sn Whisker problem.

[Willems, 2008]
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Common Failure Mechanisms in Electronics 

Acceleration Factors
Thermal Acceleration Effects (Arrhenius)
Af = exp [ Ea /kB * { 1/Tu – 1/Tt } ]

Voltage Acceleration Effects
Af = exp [ � * (Vt – Vu ) ]

Humidity Acceleration Effects (Hallberg-Peck)
Af = (RHt / RHu ) 3 * exp [ Ea /kB * { 1/Tu – 1/Tt } ]

Thermo-mechanical Acceleration Effects (Coffin-Manson )
Af =  (� Tt / � Tu )m

[Livingstone, 2000]
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Common Failure Mechanisms in Electronics 

Thermal Acceleration (Arrhenius)

[Livingstone, 2000]

A f = exp [ E a /kB * { 1/Tu – 1/Tt } ]

A f : Acceleration Factor
Ea  : Activation Energy (eV)
kB : Boltzmann Constant (0.000086171 eV/K)
Tu : Use environment junction temperature (K)
Tt : Test environment junction temperature (K)

Predictions are very sensitive to the activation energ y. 
E.g. the effect of 0.05 eV variation in E a on time to failure
at 70 °C is t f � 5
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Common Failure Mechanisms in Electronics 
Failure Mechanisms an E a of Semicon Processes

SPC on gate 
lengths

HTOL and oxide 
characterization

1.3 eVContamination

SPC etch and 
photoresist

HTOL0.7 eVMask Defects

Design rules
SPC on metals

Test at highly 
elevated T

0.6 – 0.9 eVElectromigration

Passivation
dopant control

HAST0.45 eVCorrosion

SPC on oxide 
parameters

HTOL and 
Voltage Stress

0.3 – 0.5 eVOxide Defects

Control 
Methodology

Screening and 
Testing Method

Activation 
Energy

Failure 
Mechanism

[Livingstone, 2000]
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Common Failure Mechanisms in Electronics 
Accleration Effect of First Order Activation Energie s
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The problems are acute when 
using Cu. Even SiO2, the 
traditional dielectric, is 
permeable to Cu. 

All one needs to do is glance at an 
Ellingham diagram to see the
reason for the problems of Cu

Reliability Prediction Methods in Electronics

Ellingham Diagrams

[Loyd, 1999]

The Ellingham diagram displays the free energy of formation of 
compound as a function of temperature. The free energy
of oxide formation for Cu is relatively low, whereas for Al it is 
extremely high. 
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Reliability Prediction Methods in Electronics

Ellingham Diagrams

[Ellingham, 1944]

4Cu + O2 <=> 2Cu2O

4/3 Al + O2 <=> 2/3 Al2O3

Si + O2 <=> SiO2
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Reliability Prediction Methods in Electronics

Finite Element Modelling

[Veninga, 2004]

TNO Approach: DeMoPaT
Design Modeling Prototyping and Test
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Reliability Prediction Methods in Electronics

Finite Element Modelling

[Veninga, 2004]
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Reliability Prediction Methods in Electronics

MIL-HDBK-217 rev F

The original reliability prediction handbook was MIL-HDBK-217, the
Military Handbook for Reliability Prediction of Electronic Equipment
was published in 1962

The MIL-HDBK-217 contains failure rate models for the various
parts types used in electronic systems, such as ICs, transistors, 
diodes, resistors, capacitors, relays, switches, connectors.

The failure rate models are based on the best field data that could
be obtained for a large variety of parts and systems 
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Reliability Prediction Methods in Electronics

MIL-HDBK-217

0,1 FITSolder joint 

2 FITCeramic Multi Layer Capacitor

20 FITSmart Power IC

50 FITVoltage regulator IC

60 FITASIC

100 FITQuartz-hermetic seal 

100 FITPower MOSFET

130 FITprinted circuit board

240 FITmicro-controller

Failure RateComponent Type

[Wilde, 2006]

FIT = Failure in Time  ( Failures / 10 9 hr )  and  FIT = 1 /  MTBF  
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Any distribution can be written in the form: F(x) = 1 – exp {-� (x)}

The probability of non-failure in a chain ( 1- Pn) = (1-P)n 

Pn = 1- exp {-n � (x) }

Where � (x) = (x – xn) m / x0 , thus:

F(x) = 1 – exp { - (x – xn) m / x0 }

Experience has shown that, in many cases, it fits the observation
better than other known distribution functions 

Reliability Prediction Methods in Electronics

Weibull Distribution

[Weibull, 1951]
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Reliability Prediction Methods in Electronics

Weibull Analysis

The Weibull probability density function is given by:

R (t) = exp ((- t / h ) ^ b)

h is the scale factor or characteristic life, b is the shape factor. 

b <1,  Decreasing Failure Rate
b � 1, Constant Failure Rate.  h equals MTBF value MIL-HDBK- 217
b > 1, Increasing Failure Rate

The Weibull distribution is valid for ~85% to 95% of all life data
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Reliability Prediction Methods in Electronics

Bath Tub Curve
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Reliability Prediction Methods in Electronics

Weibull Plot
Print Materiaal A Improved FR 4
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J.M. Juran: ‘Engineers love to draw Straight Lines’
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Reliability Prediction Methods in Electronics

Weibull Plot

[Engelmaier, 2008]
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Reliability Prediction Methods in Electronics

Weibull Plot

[Engelmaier, 2008]
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Reliability Prediction Methods in Electronics

Weibull Plot

[Engelmaier, 2008]
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Reliability Prediction Methods in Electronics

Weibull Plot

[Engelmaier, 2008]
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Reliability Prediction Methods in Electronics

Weibull Plot

[Engelmaier, 2008]
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Reliability Prediction Methods in Electronics

Ductile and Brittle Fracture

[Grossmann, 2007]
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Reliability Prediction Methods in Electronics

Charpy transition of various solders

[Grossmann, 2007]
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Reliability Prediction Methods in Electronics

Dwell Times for Thermal Cycling
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Reliability Prediction Methods in Electronics

Besides Interconnects: Many Other Failures

[Willems, 2008]

Brittle Failure of the Laminate
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Multiple Environmental Over Stress Testing

A Jump into the Future

Why MEOST

Principles of MEOST 

Practical Experiences
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Multiple Environmental Over Stress Testing

Why MEOST: Large Variance in Estimates

National Handbook FITs % per year
MIL Handbook 217 (US) 4240460 317.3 
BT (Brittain) 700 11,6
CNET (France) 37870 33.0
NTT (Japan) 37940 33.1

Prediction for the same large memory board, the difference is 
over  600 : 1. 

[Kam L. Wong, The bathtub curve does not hold  water anymore', Quality and Reliability Engineering
Symposium 1988]

[Bhote, 2004]
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Multiple Environmental Over Stress Testing

Why MEOST: Dramatic Time Reduction
Keki Bhote Claims the following advantages for MEOST

Reliability levels of 10:1 to 100:1 over traditional field reliability. 

Reductions in design validation time from over 
16 weeks to less than 2 days.

Reductions in design test costs by factors of 5:1. 

Reductions in design sample sizes by factors of 10:1. 

Faster designs to the market, leaving competition in the dust.

[Bhote, 2004]
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Multiple Environmental Over Stress Testing

Principles of MEOST

Testing to failure is more important than success testing. 

Environments/stresses must be combined to produce interaction
failures. 

Stress levels must go well above design stress 
– almost to total destruct levels to reduce the time to failure. 

The rate of stress level increases must be very rapid to reduce time
to failure by one or two orders of magnitude.

Very Small sample sizes

[Bhote, 2004]
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Multiple Environmental Over Stress Testing

Principles of MEOST
Based upon Miner’s rule

Fatigue life in Miner’s rule based upon cumulative damage

Miner’s rule does not fit with insights in solder fatigue behavior

[Veninga, 2007]
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Multiple Environmental Over Stress Testing

Principles of MEOST

Recommended Guidelines are as follows

5 to 10 for repairable units
15 to 25 for non-repairable units

Subsequent stages

5 to 10 for repairable units
15 to 25 for non-repairable units

Pilot run (stage 4)

3 for repairable
5 to 10 for non-repairable units

Prototype (stage 3)

Sample SizesMEOST Stage

[Bhote, 2004]
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Multiple Environmental Over Stress Testing

Principles of MEOST
200 % Destruct Stress

Either continuity of failure (HALT) or fundamental level of
technology)

170 %  Maximum Practical Over Stress (MPOSL)
MPOSL is midway between operational and destruct level

130 % Operational Stress
Operational stress is that stress that which, when reduced,
causes the failure to be reduced (HASS level)

100 % Design Stress
Highest of:  (1) Engineering Specifications, (2) Customer
requirements, (3) Maximum Field Environment.

0 % Room Ambient

[Bhote, 2004]
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Multiple Environmental Over Stress Testing

Principles of MEOST

Thermal Shock

Thermal 

Humidity 

Corrosive 

Dust 

Vibration 
Power Cycling 

Voltage Margining 
Frequency Margining 

[Bhote, 2004]
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Multiple Environmental Over Stress Testing

Practical Experience 1 th Experiments
Testboard: Product 352181.00
Double-sided: reflow SMD and wave soldered
SMD and through-hole components. 

Activities:
- Thermal Analysis
- High Temperature Aging (125 C, 1800 hr, n=50)
- Step Stress Tests
- 170% MEOST Experiments

Experimental:
A B C D E

Boardmateriaal Improved FR4 Improved FR4 Mid Tg FR4 Mid Tg FR4 Improved FR4
Board finish Ni-Au OSP Ni-Au OSP OSP
Soldeerlegering SnAg3Cu0.5 SnAg3Cu0.5 SnAg3Cu0.5 SnAg3Cu0.5 SnPb37
Aantal 10 60 10 10 10

[Veninga, 2007]
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Multiple Environmental Over Stress Testing

Practical Experience 1 th Experiments

Plastische vervorming board (7 mm deflectie).

Oververhitte diode op pos. D21 
(ook tijdens step stress tests). 

Opgesmolten 
soldeerverbinding.

Crack in 1210 condensator op 
pos. C18. 

Naast Cu6Sn5 ook Cu3Sn aanwezig.

[Veninga, 2007]
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Multiple Environmental Over Stress Testing

Practical Experience Adaptation 1 th Experiments

- Dynamic in stead of static three-point bending test
- Adaptation of the 170% levels

[Veninga, 2008]



jan_eite.bullema@tno.nl72

Multiple Environmental Over Stress Testing

Practical Experience 2 th Experiments

Temperatuur
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“Combination of the  170% levels gave too much stress”

[Veninga, 2008]
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Multiple Environmental Over Stress Testing

Practical Experience 2 th Experiments
B versus C on defect data

60
122
202
205
352
383
422
494
499
536
650
791
801
808

Improved FR4
Mid Tg FR4
Mid Tg FR4
Improved FR4
Improved FR4
Mid Tg FR4
Improved FR4
Improved FR4
Mid Tg FR4
Improved FR4
Improved FR4
Mid Tg FR4
Mid Tg FR4
Mid Tg FR4

Time To Failure (min)Board Type

End Count is 4
Sample Size is 18

Conclusion from this
MEOST experiment

No difference 
between 
Board Materials
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Multiple Environmental Over Stress Testing

Practical Experience 2 th Experiments
Testboard C, Mid Tg
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[Veninga, 2008]
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Conclusion: A Jump Into the Future

Conclusion

There is a need for accelerated testing

Traditional Methods have shortcomings (long test times, limited in
predicting value, not aimed at robust designs) 

Methods aimed at demonstrating robustness in short test
times are necessary

Exploration of new methods like MEOST in Product Development
is important for obtaining and maintaining a competitive advantage 



jan_eite.bullema@tno.nl77

Jan Eite Bullema
TNO Science & Industry

De Rondom 1
Postbus 6235
5600 HE Eindhoven
Tel: 040 - 2650 488
E-mail: jan_eite.bullema@tno.nl



jan_eite.bullema@tno.nl78

Disclaimer

The layout, graphics and other contents of this presentation are
protected by copyright law. all rights reserved. 

This presentation may contain forward looking statements with
respect to all sorts of conditions. These statements are based on a
number of assumptions that could ultimately prove inaccurate, and
that are subject to a number of risk factors. TNO waives all
liabilities for all damages for the content of this presentation as a
result of whatever action.


