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Electronics Manufacturing

= Electronics manufacturing is unique ™ A

* High level of automation, flexibility, and cost optimization ™ |
e | | s =
K ;1 e

* Affordable sophisticated products

= Business challenge: Short product lifecycle

* Rapid Evolution & New Product Introduction CELL PHONES IVE OWNED

° Intel spent 11.5 billion on R&D in 2014 (21% of Total Revenue)
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Electronics Manufacturing

= Electronics everywhere

= Materials, designs and manufacturing processes are optlmlzed as
a trade-off between cost, q&ﬁy and reliability

* Cell phone: cheap and not reliable
° Aircraft: very expensive and very reliable



Electronic Products Classification

= Class I: Consumer products such as TV, cell phone

° Service life is less than five years
° Low cost of failure

= Class II: Dedicated /Industrial / Telecom products

* Service life is longer than class I
° High cost of failure

= Class III: Critical products such as aerospace or medical devices

* Service life is more than twenty years ﬂ] == p,
° Failure can be life threatening o A 1 |



Electronic Components

Mold Resin Die Gold Wire

Substrate Die Attach pa Solder Ball

’ N
IMC Layer

Solder Joint rad Reliability
Issues

| 7| I




What is Rell

= Reliabllity is “t
conditions and

ability?

ne ablility of a product to function under given
for a specified period of time without exceeding

acceptable fal

ure levels”

= Reliability i1s the major issue for electronic assemblies (any single
defect leads to complete failure)

= Solder joints are the weakest connection - :
IMC Layer

= Temperature change Is the major threat Solder Joint Pad




Temperature Variation Effect

= Temperature changes lead to stresses caused by coefficient of
thermal expansion mismatch (CTE)

Solder Joints
Neutral %

High temp.

~ o ©% x . R I
: : Low temp. i
Heat leads to stresses induced by CTE mismatch - &
Component \

Substrate



What Does Actually Happen?

= Damage process in thermal cycling:

Creation and rotation of
dislocation cell structure

Global recrystallization
and continuous growth

Crack along continuous
network of grain boundaries |EE——tTTY =

£l .
- . - - A ‘.-4"
- " : o
. . e vl .
- G E 1 - o
. 3 ) Sy, -y . o s



" What Does Actually Happen?

= Reliability depends also on the microstructure!

b
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Distributions o

— . highly anisotropic Sn grains
f secondary precipitates




Reliability Tests for Electronic Products

= Thermal Cycling

= Vibration or High Cycling Fatigue (random, fixed frequency,
resonance tracking)

= Low Cycling Fatigue

= Mechanical Shock (Drop Test)

= Thermal Shock (air to air, or liquid to liquid)
= Aging (temperature, humidity)



Reliability Tests for Electronic Products

= Two common reasons for accelerated life tests:
* To compare between alternatives (material, design, etc.)
* To predict life or reliability in real service (requires model)

= What could affect on electronic assembly life in accelerated tests?

1. Component type 6. Flux material
2. Substrate type 7. Reflow oven temperature profile
3. Solder paste material 8. Aging time
4. Solder spheres material 9. Aging temperature
5. Pad material 10. Heatsink
11. etc.



" Thermal Cycling Accelerated Tests

Typical Thermal Cycling Profile
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Case Study - Thermal Cycling

= New SBGA (super ball grid array)

components
= Three candidate of solder materials |
(SAC105, SAC305, Innolot) X — va
| Copper Ring !
= Which solder material is better for the e - =

thermal cycling reliability? Wires Mourig Suace 7 e Sam (Partof substat)

Encapsulant



" Case Study - Thermal Cycling

= Thermal cycle test profiles:
-40°c to +125°¢, 15min dwell, 15min transition
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Case Study - Thermal Cycling

= Experimental Setup




" Case Study - Thermal Cycling

= Experimental Setup

Use CAVE's continuous sampling monitoring system

Erwommental Sandafon Chrmber
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Case Study - Thermal Cycling Results

Data (number of cycles to failure) Probability Plot for SAC105, SAC305, Innolot

Weibull
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Case Study - Reliability

* In many cases, it’s misleading to compare only based on the
characteristic life (scale parameter). It should be based on:

= Reliability at specified life (number of cycles), or
= Number of cycles to accumulate a specified percentile of failure

= When you compare only based on the characteristic life, you are
comparing based on the number of cycles to accumulate 63% of
failure

= In electronics, we mainly concern about early failure (~1% or so)



Case Study - Reliability

= Reliability at specitied life (number of cycles):
R(t) = exp [ - (t/scale) share]

Alloy Shape Parameter R(1000) R(1500) R(2500)

SAC105 10.37 1793 0.9977 0.8545
SAC305 9.09 2034 0.9984 0.9392 0.0015
Innolot 4.76 2041 0.9670 0.7939 0.072

= [t is more practical to compare based on the number of cycles to
accumulate a certain percentile failure



Case Study - Reliability

= Percentile of failure =1 - Reliability

R(t) = exp [ - (t/scale)"shape] == t = scale [ (-Log R)"(1/shape) ]

Alloy Shape Parameter 1% failure 5% failure 10% failure

SAC105 10.37 1793 1151 1346 1443
SAC305 9.09 2034 1226 1467 1588
Innolot 4.76 2041 776 1094 1272

= Assumption: the best alloy in the test will perform the same in real
service
* Failure mechanism in test should be same as failure in service



Case Study - Failure Analysis

WD = 7.0mm Photo No.=6804  Time :18:00:36 WD = 85 mm Photo No. = 6811 Time :19:14:52

100 pm Mag= 418X EHT=20.00kV  SignalA=QBSD  Date ./ Aug 2016 ﬁ 100 pm Mag= 367 X EHT=20.00kv  Signal A=QBSD  Date :7 Aug 2016 ﬁ

Crack initiate closed to board-side and Crack Propagation through the solder bulk
package side IMC layer



: Vibration Test

= Many electronic assemblies are under mild vibration in realistic applications
(vehicle applications)

= Accelerated vibration tests are used to assess the reliability of those electronic
components

= Typical vibration test equipment: -70°C to +190°C

¢ Strain Gage System - b > |
I | :
* Laser Vibration Sensor |

* Accelerometer



Sine Vibration Test - Fixed Frequency

= Sweep test is used to determine the resonance (natural frequency): fixed

vibration power (g level) and change frequency
200 -

= 180 1 = == Time 0

‘® 160 -

® 140 -

"3 120 - AR

T 100 - / S

%_ 80 - ¢ .

£ 60 - P So

< 40 - - \--‘--
20 ___-.-—-"" - -
0 T T - T T |

455 460 465 470 475 480

Frequency (Hz)

= Then vibration test is performed at fixed g level and fixed frequency (at initial
resonance)



Sine Vibration Test — Resonance Tracking

= Resonance typically shifts due to micro-damage in the electronics board or
loose of fixture
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= Vibration test is performed at fixed g level and at “on-time” resonance



» Random Vibration: g

Excite all the frequencies in a defined
spectrum at any given time

= Very realistic

= Not usetul for reliability modeling




Low Cycling Fatigue

= Bending (three or four points bending) test

= Tension-compression test

= Shear fatigue

Load (MPa)
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Shock

Thermal Shock (Liquid to
Liquid)
Hot Bath: Ambient to +160°C
Cold Bath: Ambient to -75°C

Thermal Shock (Air to

Air)

Hot : +200°C
Cold -73°C

s |

Mechanical Shock
Drop Test




Reliability Models

= To predict the fatigue life under conditions of interest
= Most common reliability models are “Covariate Models’

= “‘Covariate Models’: Assume a reliability distribution (i.e. Weibull), and
define one or more of the distribution parameters as a function of operating
variables ( operating temperature, voltage, stress, humidity, dimensions,
frequency, etc.)

= Thousands of reliability models have been published

= [n many cases, accelerated life test is used to find constants/parameters to
use such a reliability model



Example: Thermal Cycling Model
= To predict the reliability of SnAgCu solder joints in thermal cycling
= Reliability distribution is Weibull:

Characteristic Life= w / {1 + % *tgwelll

W = the dislocation density

a = dislocation generation during ‘steady state’

p = the work done during the initial part of the dwell

= Accelerated life test is used to find constants/parameters to use such a
reliability model

P. Borgesen, L. Wentlent, A. Qasaimeh, D. Schmitz, S. khasawneh and s. shirazi “A Mechanistic model for thermal fatigue of sNagcu solder joints”



How To Develop a Reliability Model
Case Study of Isothermal Cycling of Individual Solder Joint

= There is no one approach to develop a reliability model

= Develop a general model to predict fatigue life of solder joints
under varying stress cycling

= SAC305 Alloy (5Sn 96.5%, Ag 3%, Cu 0.5%)
= Room Temperature
= Fresh material (no aging)



Experiment

Isothermal shear cycling using an Instron
Micromechanical tester

Individual solder joints were soldered onto
copper pads on typical BGA substrates




Experiment (contd)

= The Instron tester records the load and displacement data continuously,
providing a hysteresis loop for each cycle

= Area within loop gives inelastic energy (work)

24
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Displacement (mm)




Fatigue Life vs. Stress

= Fatigue life is a power equation of Stress (N = a o )

Probability Plot for 28 MPa, 24 MPa, 20 MPa, 16 MPa
Weibull - 95% Cl
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Inelastic Work Accumulation i1s Constant

e The accumulated work to failure is almost constant regardless to stress
value or loading conditions

=—=S5ingle Loads
© Combinations of 16MPa+24MPa
4 Combinations of 16MPa+28MPa

1 1 1

0 0.01 0.02 0.03 0.04 0.05
Accumulated Work to Failure (Joule)




Inelastic Work - Fixed Amplitude
= Inelastic work describes the fatigue life behavior of solder joint:

Work per Cycle (Joule)

0 200 400 600 800 1000 1200 1400
Cycle Number



Inelastic Work - Varying Stress

= \Work is amplified in after each excursion to higher amplitude

2.5E-05 -
3 cycles at 24MPa
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New Damage Accumulation Rule

= The phenomenon of damage acceleration together with the concept
of constant work accumulation has led to a new rule:

S
1 = 2 f(.’.) m1+ hi
i=1 Ny Np

= Where £(i) is the damage acceleration function that can be
represented by work amplification

= This rule is for the combination of two alternating amplitudes
= Realistic applications include more than two amplitudes

= Still need to generalize to combinations of more than 2 amplitudes



Combinations of Three Amplitudes

= Due to the variability: measured the effect of sequence of amplitudes on the same
solder joint (paired comparison)

= Example: Repeating the sequence

16MPa + 24MPa + 16MPa + 20MPa
8.0E-05 -

7.0E-05 -
6.0E-05 -

5.0E-05 - "

& —16MPa
¢ *24MPa
o & " 4 20MPa

1.0E-05 | jwmmmmmmm=m=="""7" " )

Work per Cycle (Joule)
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(¥n (Sn]
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R 2
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General Model

= Based on the constant accumulated inelastic work to failure a general damage
accumulation model is proposed:

1—ZM o
LN,
L

= M, is a multiplier representing the loading history, calculated:

A Is the damage acceleration factor at stress ¢; due to the effect of stress oy,



General Model (cont’d)
= Behavior of the damage acceleration factor (A;;.,):
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Final Isothermal Damage Interaction Model

= To predict the fatigue life of SnAgCu solder joints in varying amplitude
cycling at room temperature:

1= Z (:’]—1 X lej (Ai,”))

[

r 1 ,O0; = Oy )
4 \, 1 » Oy = Oy
= ,
per . Ny 0y — 07\ .
1+ min{f(o;) e ,otherwise
\ Ni—y Oj J

= Accelerated life test is used to find constants/parameters to use such a
reliability model



Design of Experiment (DOE) Case Study
Thermal Cycling Accelerated Test

Study the life of CABGA (Chip Array Ball Grid Array) in thermal

cycling with temperature (-40C to 125C)

Response: Life (cycles)

Factors (6 Factors):

Factor Type
Substrate Fixed
Solder Paste Fixed
Reflow Profile Fixed
Aging (Months) Fixed
Aging Temp. (Celsius) Fixed
Solder Spheres Fixed

Levels

2
3
2
4
3
5

Mold Resin Die Gold Wire

o a—

Substrate  Die Attach paste Solder Ball

Values

FR406, Megtron6

Innolot, SAC305, SnPb

TC1l-Bot, TCl-Top

0, 6, 12, 24

25, 50, 75

Innolot, SAC-Y, SAC105, SAC305, SnPb



Solder Sphere & Solder Paste

Solder Paste Material: Innolot, SAC305, SnPb
Solder Sphere Matrial: Innolot, SAC-Y, SAC105, SAC305, SnPb

Solder Sphere

,

2.

/

Solder Sphere




rinted Circuit Board (Substrate)
Substrate Type(PCB): FR406, Megtron6
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Reflow Temperature Profile

Reflow Profile: TCl-Bot, TCl-Top
TC1-Bot: Max Temp = 250C
TC1l-Top: Max Temp = 240C

Reflow oven

217°C LIiauibus

L 45 - 75 SECS

o

|

<

: 9
= | -
L PREHEAT/SOAK | 10 | I
-~ TO 150°C +/- 20°C PEAK m

SBAK 60 - 120 SECONDS 1=-1°CISEC

COOLING

1-3*C/SEC 2 - 4*C/SEC




Aging Time and Temperature
= Aging time: 0, 6, 12, 24 months

= Aging Temperature: 25, 50, 75 C




DOE (ANOVA Results using Minitab)

Analysis of Variance

sSource E Adi_SS Adi MS F-Value P-Value
Substrate 1 54188884 54188884 702.44 0.000
Solder Paste 2 2483844 1241922 16.10 0.000
Reflow Profile 1 34603 34603 0.45 0.503
Aging (Months) 3 11372539 3790846 49.14 0.000
Aging Temp. (Celsius) 2 2916828 1458414 18.91 0.000
Solder Spheres 4 2262082 4644264 22 .69 0.000
Substrate*Reflow Profile 1 1357223 1357223 17.59 0.000
Substrate*Aging (Months) 3 472048 157349 2.04 0.106
Substrate*Solder Spheres 4 55785814 13946453 180.79 0.000
Solder Paste*Reflow Profile 2 358360 179180 2.32 0.098
Reflow Profile*Aging (Months) 3 242075 80692 1.05 0.371
Reflow Profile*Aging Temp. (Celsius) 2 12826 6413 0.08 0.920




Main Effect Plots

Main Effects Plot for Failed At

Data Means
Substrate Solder Paste Reflow Profile Aging (Months) Aging Temp. (Celsius) Solder Spheres
2250 P =0.503
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Innolot SAC305 SnPb

Substrate \\_‘

FR406 M

Solder Paste

Innolot

Interaction Plot for Failed At
Data Means
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Best Combination
= Innolot Solder paste and Innolat solder sphere on FR406 Substrate

= Innolot is more expensive!!!




Summary

= Electronics Manufacturing Industry

= Electronics Reliability Issue

= Reliability Tests for Electronic Products

= Electronics Reliability in Thermal Cycling (Case Study)
= Electronics Reliability Models (Case Study)

= Design of Experiment (DOE) in Electronics Reliability
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