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Probabilistic Fatigue Life Prediction of
Microelectronic Components on the
Example of a Chip Resistor
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Failure Modes of the Chip Resistor on PCB
Crack Initiation and Propagation of the Solder
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Chip Resistor on PCB Board
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External FEA-Simulation

Solder Stress Distribution

Chip Temperature Distribution on PCB Solder Strain Distribution

onem WWW.0optiy.eu
Slide 4 puy.



|
Opt’ Y Multidisciplinary Analysis and Optimization

Design, Environment and Manufacturing Parameters
(Nominal and Tolerance)

-

@ Design Parameters E@
Marne Mominal Tolerance Unit
Temperature 25 1 C

Air Convection 15 20 Wrn®-2C"-1
PCE Length 40 1 mm

PCE Thickness 5 1 i

PCEB Width 20 1 rmm

PCEB Thermal Expansion 1.5e-008 Qe-010 Ch-1

PCE Young Modulus 2.5e+010 1.25e+009 Pa

PCE Possion Ratio 0.3 0015

PCB Thermal Conductivity 0.204 0.014 Wm#a-1CA-1
Pad Thickness 0.2 0.002 mm

Solder Thermal Expansicn 2.1e-008 1e-009 ca-1

Solder Young Modulus 3e+010 1.5e+009 Pa

Solder Poisson Ratio 0.4 0.0z

Solder Thermal Conductivity 124 6 Wm#~-1CA-1
Chip Length & 01 mm

Chip Width 15 01 mm

Chip Thickness 1.5 01 mm

Chip Thermal Expansion 2.8e-009 1.4e-010 e |

Chip Young Modulus 1.31e+011 Ge+009 Pa

Chip Poisson Ratio 0.3 0.015

Chip Thermal Conductivity 124 5] Wma-1C4-1
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Parameter Uncertainties for Design,
Environment and Manufacturing

Air Convecdtion PCE Length PCE Width
01zz 244 247
ure13 183 185
0uDE0S 122 123
00304 0611 0617
1] 1] 1]

063681783 15 222 153534 352822 39.6 40 403 40,6787 152477 156 20 204 20724
Mesn 1510152 Skewness | QUDDS506EE Mesn 40 Skewness | Q011174 Wezn 2000004 ShEwness 0D 2202
Sigma 333487 Kurtosiz 295916 Sigma 0167455 Kurtosiz 300037 Sigma 0165972 Kurtosiz 302359
Wariznoe 111213 Wairiznoe uZE0413 Warianoe Q275467

PCE Thermal Expansion Pad Thickness Solder Thermal Expansion
2822005 1 26003 2432005
21e=003% S48 182e+00%
1422005 63z 1 2 e=00=
6552+ 008 316 607e+008
1] 1] 1]

17411 77e-008 18e-008 1E3e-008:-008 0158680199 oz 001 201614 2026 206e-008 21e-008 2.13e-D08=-008
Mean 1 80004 e-0 Skewness - QU024 1 0 Mean 01959920 Ehewness QUDO10139 Mean 2 10003e-00 Skewness -0014712%
Sigma 145248e-011 Kurtosiz 302377 Sigma QUBD0333258 Kurtosis 300601 Sigma 1 66647e-01 Kurtosis 302351
Wariznoe 2.2275e-020 Wairiznoe 111061e-007 Warianoe 2TTT12e-00

Solder Young Modulus Chip Thermal Expansion Chip Young Modulus
1 63e-009 175e:010 4 (Be-010
1222-00% 131e=010 3.06e-010
B.13e-010 BTGesD05% 204=-010
407e-010 4 3Be=+00% 102e-010
L] L] L]

2 BB62%4e+010 2552+ 010 3.05e=010+010 26552 T5e-00% 28e-009 2B5e-D09:-00% 12671 2%2+011131e+011 133e-011 +011
tean 255595 +01 Skewness -0U0103737 hesn 2 B0005e- 0 Skewness QUDOESD054 hean 1 305532+ 01 Skewness -0UD31TET3
Sigma 245662+ 008 Kurtosiz 257855 Sigma 2336%6e-01 Kurtosiz 296193 Sigma 1000T3e+ 00 Kurtosis 255543
Wariznoe 6.23301==01 Wariznoe E46136=-02 Wariance 1.0015%e+01
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Meta-Models of the Solder Stress and Strain
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T0Be+003

26424003

115e+004
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262003
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26524003
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Stress = 2697.37
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015 0z 02s
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2662-00%  28e=-00% 2%4e-00%
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Strain = 3.27984e-008

24e-007

1 36e-007
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15 25
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Fatigue Life Model of the Solder for Relative Prediction

Property & 7
ST ——— Crack Initiation: Ny = K; * AWKz
Mame Solder
Unit da
Comment I CrackGrowth: — = K, AWZXs
B Fatigue Life Data dN
Total Crack Length 16
Crack Initiation Factor 69900
Crack Initiation Exponent  -1.55

Crack Growth Factor 0.00115 . F _
Crack Growth Brponent 13227 Failure Probability on Load Cycles = F(N)
Weibull Shape Factor 25

&
N = Ngs + (aw — Nig) (= In(1 = Fo) )w

aw — fo

F=1-—exp

for N > fo

www.optiy.eu

Pham
Slide 8




|
Opt’ y Multidisciplinary Analysis and Optimization

Load Cycle of the Chip Temperature

Temperature
120

75

-15

Time

Temperature in [°C] / Time in [Minutes]
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Stress-Strain Relationship of the Solder

| @ Stress-5train Hysteresis E@

Stress Solder Stress Solder
156004 1 6+ 004
1 2e=004 122004
B 3de+003 Be+003
4 552+003 4=+003
1.05e+003 [}

4] 15 30 45 (4] [} S Se- 008 15e-007 285e-007  3.B=-007

Time Strain

@ Strain Diagram EI@ @ Strain Energy Density E@

Strain Solder Strain Energy Density [Pa) Solder
3.55e-007 OUDOE35
2 T6e-007 OUDDEZ6
1534e-007 QU4 1E
112e-007 QUDD0s

Pham I
Slide T Www.optly.eu



|
Opt’ Y Multidisciplinary Analysis and Optimization

Nominal Fatigue Life Prediction

-

[--] Fatigue Life Data o= | =]
Mame Fatigue Life Data

Solder

Strain Energy Density [Pal 0.00835207

Crack Initiation [Cycles] 116331215

Crack Growth Rate [1/Cycle] 21218e-006

Failure Free Life [Cycles] 585426046

First Failure [Cycles] 67223872

63.2% Failure [Cycles] 117085292

Nominal Fatigue Life
Characteristics of the Resistor

Failure Free Life = 58.542.646 Cycles
(2.439.276 Days )

Pham
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Solder
0958
0748
0453
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[}
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Cumulative Failure Probability Distribution
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Probabilistic Fatigue Life Prediction

Failure Free Life [Cycles] / Solder

Nominal Failure Free Life

121e-008

Value = 58.542.646 Cycles

9.05e-009

Probabilistic Failure

Free Life
EU03e-009
Min = 50.000.000 Cycles
Max = 500.000.000 Cycles
302e-00%
Probabilistic analysis can predict
0 the failure free life most realistically
f— —— S e - because of design, environment
Wezn 147285%= =008 SkEwness E.B345 . . .
Sigma 1232572008 Kurtosi 554825 and manufacturing uncertainties
Wariance 151322e+016
Pham www.optiy.eu
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Linear Correlation Matrix

Temgir CPCE LPCE TPCE WPCE TPCE YPCE FPCE TPad ThobdeSoldeboldeSoldeChip Kohip 'Chip ‘Chip 'Chip 'Chip 'Chip Stres/StrairEnen

Temperature -
Air Conwvection oz
PCE Length 08
PCE Thickness 07
PCE Width

06
PCE Thermal Expansion
PCE Young Modulus os
PCE Possion Ratio 04
PCE Thermal Conductivity E
Pad Thickness -
Solder Thermal Expansion
Solder Young Modulus ol
Solder Poizson Ratio 1]
Solder Thermal Conductivity -0l
Chip Length s
Chip Width
Chip Thickness -0
Chiip Thermal Expansion -04
Chiip Young Modulus .05
Chip Poizzon Ratio -
e N
Strain -0.8
Enengy -03
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Sensitivity Analysis of Stress and Strain

Stress strain

PCE Thermial Conductivity

PCE Pozsion Ratio

Solder Young Modulus

PCE Thermal Expansion

PCE Youndg Maoduhus
Solder Thermal Expansion
Solder Poisson Ratio
Chip Young Modulus
Stress Sensitivity Strain Sensitivity
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Change the variable Design Parameters to Maximize
the Nominal Fatigue Life using numerical Optimization

Design Parameters Initial Desigh | Optimized Design

X-Position Chip 20 16.64
[mm]

Y-Position Chip 40 49.14
[mm]

PCB Thickness 5 6.57
[mm]

Pad Thickness 0.2 0.21
[mm]

Failure Free Life 58.542.646 2.138.649.499
[Cycles]

Pham i
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Design with Maximized Nominal Fatigue Life

Failure Free Life [Cycles] / Solder

[-] Fatigue Life Data [= [&][=]
Mame Fatigue Life Data
Solder
Strain Energy Density [Pa] 0.000818239
Crack Initiation [Cycles] 4261009561
Crack Growth Rate [1/Cycle] |9.82232e-008
Failure Free Life [Cycles] 2138649495
First Failure [Cycles] 2455787549
63.2% Failure [Cycles] 42772958998

L.1Be-0L1O

3. 8Be-010

2508010

Nominal Failure Free Life

1 %e-010

Value = 2.138.649.499 Cycles

v —— — — Probabilistic Failure Free Life
Mezn L0664 +009 Shwnes: 00201911 Min = 5.388.380 CyCIGS
Varance e L80s59 Max = 2.142.080.000 Cycles

Probabilistic analysis shows the realistic life prediction:
this design is worse than the initial design related to the min. lifetime

Pham i
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Conclusion

Nominal design using classical nominal simulation cannot warranty the
reliability and quality of the products, because the nominal parameters are
only one fix value.

Robust design is a power-full tool for design of reliable and quality product in
the early design stage without any cost. It considers the uncertainty
parameters as stochastic distributions.

In the case of the chip resistor, the probabilistic analysis using meta modeling
technology can predict the realistic fatigue life related to uncertainties of
design, manufacturing and environment.

OptiY® is the leading software platform for robust design of all engineering
fields using different commercial CAD/CAE-software or in-house codes.
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