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ABSTRACT
A Study on Life Prediction Method for Evaluation of

Solder Joint Structural Reliability of Spaceborne

Electronic Equipment

by Park, Tae-Yong
Advisor : Prof. Oh, Hyun-Ung, Ph. D.
Department of Aerospace Engineering

Graduate School of Chosun University

The Spaceborne electronic equipment controls its intended functions for
the spacecraft during the mission lifetime. Ouring the launch, the
on-board electronic equipment in the spacecraft experiences various
mechanical loads, such as the steady-state static load due to the engine
propulsion, sinusoidal and random vibration occurred by engine cut-off,
noise of exhaust, and turbulent flows along the launcher. For assuring a
successful mission of the satellite, the on-board electronic equipment
shall be designed to survive under severe launch vibration environment.
For this, a highly reliable life prediction is essential to prevent
fatigue failure of electronic equipment induced by an accumulated damage
on the solder joint of lead wires of component during the launch. In
addition, wvarious types of high-density packages have recently been
applied to the spaceborne electronic equipment to improve the functional
performance as well as its compactness. Therefore, a highly reliable
design procedure is necessary through an early diagnosis of potential
risks prior to the manufacturing of qualification model.

In the previous study, a Steinberg’ s fatigue failure theory has been
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widely applied to assess the vibration reliability of spaceborne
electronic equipment. Numerous vibration tests and finite element model
based studies have indicated that the fatigue life of electronic component
is mostly related to the dynamic displacements of PCB. Therefore, this
theory defines when the maximum displacement of PCB is designed to be less
than allowable value, the component can endure 10 and 20 million cycles
for sinusoidal and random vibration, respectively. For the structural
design of electronic equipment based on the Steinberg’ s theory, a
structural safety has been evaluated through the margin of safety
estimation with respect to the maximum displacement of PCB calculated from
the finite element analysis and the allowable displacement calculated from
the empirical formula proposed by Steinberg. In addition, a simplified
finite elements consisted of rigid element and concentrated mass has been
used for modeling the electronic component. However, a higher stiffness
value than the actual condition can be applied due to the rigid element as
the component size increases. And the accumulated stiffness as the number
of mounted components increases is the main factor that causes an error in
the vibration response of PCB and the MoS estimation results. In addition,
the assessment technique based on the structural safety estimation has
some limitation to predict the reliability of electronic equipment because
accumulated fatigue damage factor under vibration is not considered.
Therefore, this approach is not sufficient for further reliability and life
prediction of electronic equipment.

To predict the launch vibration fatigue life of electronic equipment,
several life prediction techniques based on the theoretical analysis and
finite element method were proposed and validated through the actual life
tests. However, most of these approaches were validated only for the
particular component package type. This means that the reliability of life

prediction techniques proposed in those previous studies cannot be assured if

_Xi_
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the packaging type changes. Therefore, a highly reliable design technique for
the life prediction of spaceborne electronic equipment is essential that can
reduce the development cost and time.

This study investigates the reliable life prediction technique to estimate
the structural reliability of spaceborne electronic equipment, which can
overcome the technical limitations of the conventional design approaches. For
this, the highly integrated spaceborne electronic PCB was selected as an
example to demonstrate various fatigue |ife prediction techniques performed by
previous research. As a part of the life prediction, a sherlock, which
commercial analysis tool for an integrative life prediction of electrical
equipment, was used for the life prediction of the PCB Specimen. Highly
reliable life prediction of each failure mechanism resulting from the
packaging structure of actual on-board electronic parts is possible by using
the sherlock based on the PoF (Physics of Failure). And this has been widely
used in diverse areas such as automotive, national defence, medical as well as
aerospace. However, the application has not been made in domestic space
research region of South Korea. In this study, the reliability estimation results
of spaceborne electronic PCB using sherlock was compared with those of conventional
life prediction technique. To validate the effectiveness of the conventional life
prediction approaches, launch vibration life test of the manufactured PCB Specimen
was performed and the fatigue life of solder joint was evaluated through the
daisy-chain resistance measurement. The most effective fatigue life prediction
technique was derived through the comparison between the prediction and test results

of solder joint fatigue life.

Key Word : Spaceborne Electronic Equipment, Launch Vibration, Solder

Joint, Fatigue Life, Finite Element Model

- Xii -
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Fig. 1 Example of Spaceborne Electronic Equipment[6]
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Table 1 Specifications of PCB Specimen

Parameter Properties
Dimensions (mm) 121 x 108 x 1.65
) - 51.44 (PCB)
Weight (g)

- 14.13 (Total Components)

- FR-4 (Laminate Layer)

Material _
Copper (Signal Layer)
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Table 2 Specifications of Electronic Components

Component No.

Configuration

Properties

Package Type: BGA
Pin Count: 324

ut, U4, U5, Mount: SMT

ue, U9 Size [mm]: 19x19%x2.2
Weight [g]: 1.4
Solder Material: Sn—-Pb37
Package Type: TSSOP
Pin Count: 48
Mount: SMT

U2, Us,
Size [mm]: 12.5%x6.1x1.2

U7, U8

Weight [g]: 0.283
Lead Material: Copper
Solder Material: Sn—-Pb37

Collection @ chosun
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Table 3 Random Vibration Specifications

Frequency [Hz] PSD [¢?/Hz] RMS Acceleration [Grms]
20~60 +3dB/oct
60~1,000 0.273 20
1,000~2,000 -6dB/oct
_12_
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CHOSUN UNIVERSITY

Lmiaﬁ i d
main engine an
X ‘—solid rocket motor ignition

Fig. 4 Typical Flight Scenario of Launch Vehicle [18]
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Fig. 5 Gaussian Probability Distribution of Random Vibration
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3. Basquin

O O M
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Fig. 7 Finite Element Model of PCB Specimen
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(b)
Fig. 8 Finite Element Model of Components ((a) BGA Package, (b) TSSOP)
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Table 4 Material Properties applied to PCB Specimen

. Elastic Shear Modulus | Poisson Density

Material . .
Modulus [MPa] [MPa] Ratio [kg/m°]

PCB (FR-4) 31,893 13,866.5 0.15 2,477

BGA Package Component 15,168 6,320 0.2 1,900
Component 11,700 4,500 0.3 2,940

TSSOP
Lead
113,000 42,164.2 0.34 8,900
(Copper)
Solder (Sn-Pb37) 29,379 10,801.1 0.36 8,490
_28_
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(a) 1°' Mode: 645.27Hz (b) 2" Mode: 1231.6Hz

(c) 3 Mode: 1420.0Hz (d) 4" Mode: 1688.5Hz

(e) 5" Mode: 2019.4Hz

Fig. 9 Natural Frequency Analysis Results of PCB
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Fig. 10 RMS Stress Contour of PCB for Random Vibration along Z-axis
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Table 5 Random Vibration Analysis Results Summary

PCB Solder

Comp. ) o Von-mises )
Displacement Principal Shear Stress Von-mises

No. ) Stress )
[mm] Strain [MPa] Strain

[MPa]

Ut 0.060 235.6 22.7 7.26 699

U2 0.064 136.4 27 6.87 561

U3 0.065 138.0 26.9 7.46 531

U4 0.088 274.2 27 7.33 834

us 0.122 316.2 31.9 9.48 986

U6 0.090 267.0 27.6 7.47 852

U7z 0.064 136.4 27 6.87 561

us 0.065 137 .4 26.9 7.46 531

U9 0.060 235.6 22.6 7.28 697

(Unit: hr)
—_ 32 —_
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Table 6 Life Estimation Results of Solder Joint based on Various Theoretical

Prediction Techniques

o 5. Manson’ s
. 2. Modified . |4. Stress—based .
Comp. | 1. Steinberg . 3. Basquin . Universal
Steinberg . Fatigue Damage . .
No. Theory Equation Fatigue Life
Theory Method
Cycle Curve
Ut 13,358.38 7.34 0.00105 4.39 0.0022
U2 156,229.25 562.01 0.00019 5.48 0.0140
U3 148,085.37 536.86 0.00019 3.94 0.0222
U4 1,356.07 4.00 0.00019 4.23 0.0005
U5 90.27 2.26 0.00004 1.51 0.0001
U6 1,272.58 4.45 0.00015 3.92 0.0004
U7 119,140.90 562.01 0.00019 5.48 0.0140
us 111,487.49 546 .31 0.00019 3.94 0.0222
U9 13,239.84 7.34 0.00110 4.34 0.0023
(Unit: hr)
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Fig. 11 Gerber Design File of PCB Specimen
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BGA Package

Gull-wing Lead
Type Package

Fig. 12 Finite Element Model of PCB Assembly Generated by Using Sher lock
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15! Mode: 632.26Hz 2" Mode: 1210.6Hz

39 Mode: 1397.54Hz 4" Mode: 1663.4Hz

5" Mode: 1997.81Hz

Fig. 13 Natural Frequency Analysis Results of PCB using Sher lock
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Fig. 14 RMS Strain Contour of PCB for Random Vibration along Z-axis
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(Unit: hr)
(b)
Fig. 15 Life Prediction Results using Sherlock for Random Vibration along Z-axis

((a) Time Profile of Failure Probability (b) Predicted Time to Failure)
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Vibration Shaker

Fig. 16 Launch Vibration Life Test Set-up
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Fig. 17 Close-up View of PCB Specimen Installed on Test Jig
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Table 7 Specifications of Vibration Shaker[24]

| tem Description

Name J260/SATM

Sine Wave: 54kN
Rated Force Random Wave: 54kN RMS
Shock Wave: 108kN Peak

Sine Wave: 857m/s’
Maximum Acceleration | Random Wave: 600 m/s® RMS
Shock Wave: 1714 m/s® Peak

Sine Wave: 2.4m/s
Shock Wave: 2.4m/s Peak

Maximum Velocity

Sine Wave: 100 mmp—p
Maximum Displacement _
Mechanical Stroke: 117 mmp-p

Armature Mass 63kg

5 ~ 2,600Hz

Frequency Range .
(Rated force will attenuate by -12 dB/oct over 2,000Hz)

Maximum Payload 1,000 kg

Table Size 1,200mm % 1,200mm (Hole Pattern 1,000mmx 1,000mm)
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Fig. 18 Configurations of Daisy-chain Circuit ((a) BGA Package, (b) TSSOP)
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Fig. 19 X-ray Microphotograph of BGA Solder Ball Array (U5 Component) Obtained

after Manufacturing PCB Specimen
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Fig. 20 Optical Microphotograph of Gull-wing Lead of TSSOP (U3 Component)

Obtained after Manufacturing PCB Specimen
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Fig. 21 Time Profile of Daisy-chain Resistance of Each Components during
Vibration Test ((a) PCB Specimen 1, (b) PCB Specimen 2)

_53_

Collection @ chosun



>

.

Al

w

Uz
]

>

O] Daisy-chain M&=4d
BHMIIHRSE Figs. 22(c) et
FAXECl Cu Padel BHE M

p=]
[=]

—LI

ol A

ot 20l &0 JtEXtel ol

Oletgt Ols= ASAIE

o

]
X
J
50

9

Ol Al St

AKX

i

|0
g

. &1 BGA

AASUE EHU

N

Y

0w

™ H

nio

2 S80I 20l
HZURH =

o ot
fo

89

0l0
J

[
e

=
HH= I8 Y SherlocksS
EFLHRACH. & U5 AXt0ll CHoll oisEl
IFEAIEL X0l= < 6.43%2 LIEFLE Sher |
UAUCH. Sherlockel B, LZ2=+F W=9
SolutionOlAl HIEZHQ JIE+HAIES Soll 5
EXoz SHMBIIN S 018X Dol MI=II-8 1 Hlwdto
|Bote 2oz THECH 2L Us AXel E2, sE

Hlwotod o 4.8784 #tE AlZ2H0 2836l SCOF M E Y

16

OII

_|H

_I

1]
>

o

A

B

ni

=

_54_

Collection @ chosun

L AT U1,

20l 4042l TSSOP

I8 HAIE

o

Z1E Table 901l

3%, Fig. 21
ot (Ful | Crack)Ol
d=4e &0
2eA& Mo T

U4 el U9

St
S

IS

A

i

&80 LHEFLEX]

C
el

(@}

1

WS B 0R

ol

A

A
e

Sake A
= 5JHAl

Z ket
Lt
LIEtEE SO B

nza+=s A

Ct. O sf2l U1,



P

2

2

O
e
—/

A

=l

L

PN
A

A

| TZ==J|2+ Jt

=0

[e]

Ho bk =l

= Z0|

9
LEH Xl 404 BGA Xt

2HOll Hi
SIS

=
G il A
F

S
fwetd

A

==
=

X

o
T

101

=

0T 4o
=
T

H

Table 82 Z21t2t &0l
S0l U5 X2
0|

S
=

b

o
[

Al

U9 &I+ &
JAXA0l EHE =2 2

OpIg = I ==2 DAL

un
01

ilo]

<0

z
o3

60
<+
o+

ol
H
1)
20

ol

<]

9]

<N
E__r=

A0

=
[l
@

15

0l
RO

-

Kr

3
H

0
o
%0

U

ilo]

I

£, Sherlock

(am]

}

[¢]

XH

=

=y
[—

At 0l

o
TT

o

b

S0lAE L0l OA <L
2

KIr

Rr

K

-
o

_

oJ

Clol ot

A

==
=

2 Universal Slope J|8H2]
A& S Al

FEIA HS| Al

[

S
=

—/

=[S
o

o

Basquin
AbU

o

Steinberg 0l

LCh.
tet=

b

[

S

o
cc

1

A
T
=

B &
é—l?:i
I ALEH.

(=]
.
=
=

c
—

Table 99| Z 2
e 2 Aldle AH Al

=

=

Ol

12.636H 1t

=0l

3

ol

H2C

il
2

e

o]

Ll

&8 &0 M0

=

=

=
T

H

¥
Ol Dt

o

T
X+
(==}

N

o

2
[=]

o

b= Bi~==&HHHX]

3 1)

o2=e

o2

A

==
=

ol
0i0
Rl
<r
K0
10

PSS

I.

FO4 Basquin

o A
= T

2 0HOll A
HOoHZ= S-N

=

0

/§|D
G0l CH

A

==
=

dAl 2

FACE.

o
Ol S0l Sn—-Pb37

5K
Z2UE <

=

[—

I.

= UL

el M2 C

F1D Table 100
Basquin

A

==
=

H JOH&= Sn-Pb37

0

o
F

A
1l & IH] o

2701 22t LIEFHLHRUCE.

SN Aot 40l

al
=<

Figs. 25, 26

=
=

0l
! 0| Steinberglt HI?

Aot LM,

EN

O=F

Rr
m
K+
1]

A
7

HO4,

9]

3

S
[usky

3

[y

o

ioll
il

-

KO

o
0

<

=

H

0

Usoil CH
202 CH 31680 =24 T2

S 2
&g

HE Al
_55_

=
k=

J

I.

Modified Steinberg OIE2 &H&E Al,
Al

—

[a—

g sulM
oF 2 26AI2t2 2 LIEFLF Sher lock

=

=

0l

ol
Collection @ chosun



212 Modified Steinberg

dJF Ot 2

%

X}
o
cc s¢

At

P40 OE
I 08 S0A &2 Modified Steinberg OIE01 It

JNDSIEE]
=l

=

gt

TN &

S| PCBII

gt
=]

KIr

I

0l
M)

190

J
s}
20

_56_

PCBIIES] REIQARANE AHE0| It

Collection @ chosun



_57_

Collection @ chosun



_58_

Collection @ chosun



_59_

Collection @ chosun



_60_

Collection @ chosun



iy

Partially 7

Cracked
(e)
Fig. 22 SEM Microphotograph of Cracked BGA Solder Joint of 2" PCB Specimen ((a)

U1 Component, (b) U4 Component, (c) U5 Component, (d) U6 Component, (e)
U9 Component)
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(d)
Fig. 23 SEM Microphotograph of TSSOP Solder Joint and Lead of 2" PCB Specimen
((a) U2 Component, (b) U3 Component, (c) U7 Component, (d) U8

Component)
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Table 8 Summary of Random Vibration Life Test Results with respect to Each

Components
15t PCB Specimen 2" PCB Specimen
Component
Fatigue Life Fatigue Life
No. & Remarks & Remarks
lhr] lhr]
Partially Partially
U1 <7.67 < 16
Cracked Cracked
u2 > 7.67 No Crack > 16 No Crack
U3 > 7.67 No Crack > 16 No Crack
Partially Partially
U4 <7.67 < 16
Cracked Cracked
us 6.89 Full Crack 7.42 Full Crack
Partially
ue <7.67 12.04 Full Crack
Cracked
u7 > 7.67 No Crack > 16 No Crack
us > 7.67 No Crack > 16 No Crack
Partially Partially
U9 <7.67 < 16
Cracked Cracked
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Table 9 Comparison of Difference between Tested and Predicted Fatigue Life using

Various Life Prediction Techniques

Life Prediction

U5 Component

U6 Component

Techniques Predicted Time to | Difference | Predicted Time to | Difference
Failure [hr] [Times] Failure [hr] [Times]
1. Steinberg
90.27 12.63 1272.58 105.61
Theory
2. Modified
) 2.26 3.16 4.45 2.71
Steinberg Theory
3. Basquin i 5 4
] 5.33%x 10 1.34x 10 0.00015 8.03x 10
Equation
4. Stress—based
Fat igue—Damage 1.51 4.74 3.92 3.07
Method
5. Universal
Slope based 0.0001 7.15x 10* 0.0004 3.16x 10*
Method
6. Sherlock 6.69 1.064 58.64 4.87
(Unit: hr)
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Table 10 Comparison of Fatigue Life of U5 Component between Test and Prediction

using Basquin Equation with Various Fatigue Constants of Sn—-Pb37 Solder

Al loy
o' Predicted Time | Actual Time to | Difference
Reference b
[MPa] to Failure [hr] | Failure [hr] [Times]
J. Handy " 6
109.6 -0.1 4.0x10 2.00x 10
et al.[30]
G. Gloth . .
66.3 -0.12 3.33x 10 2.15x10
et al.[31]
Manson " :
177.15 -0.2427 5.33%x 10 7.15 1.34x10
[22]
Q. Z. Yao " 6
75.1 -0.12 1.17x10 6.13%x 10
et al.[32]
DfR
Solutions 116.8 -0.116 4.67%x107 1.53x 10°
[17]
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Fig. 24 S-N Curve of Sn—-Pb37 by H. E. Boyer (ASM International)[33]
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Fig. 25 S-N Curve of Sn—-Pb37 by F. X. Che et al.[34]
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High Cycle Fatigue $-N Curve for SnPb, 3 Preconditions
35
4 SnPbNPC
+ SnPbTC
SnPb 150
30 2X Safety Factor |
5
25 ——
3
o
£
w 20
0
2X safety Factor
Solder Alloy No s:;itt{:ar Determined at
108 cycles
Precondition Fatigue Exponents
None 8628 651 <
Temperature 5 sy Steinberg uses 6.4
Cycling ‘
Isoth | ’
S 1031 742 05 1.00E+06 1.00E+07 1.00E+08 1.00E+09
: Cycles to Failure
SnPh fatigue -
exponent 8333t g3 ‘|

Fig. 26 S-N Curve of Sn—-Pb37 by DfR Solutions[17]
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