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ABSTRACT

A Study on High Damping Multi—layered Printed Circuit Board for
Fatigue Life of Solder Joint of Spaceborne Electronics

Shin Seok-Jin
Advisor : Prof. Oh Hyun-Ung, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

A wedge lock is used to mechanically fasten a printed circuit board (PCB) in
an electronics. The two wedge locks are mounted at the edge of the PCB using
screws or rivets. Then, the PCB is inserted into the chassis of an electronics
housing structure. Finally, the PCB is fastened by applying the tightening
torque to the wedge and making it in close contact with the chassis. This
fastening principle has advantages from the point of view of vibration damping
induced by friction between the wedge and the chassis, and easier assembly
process. |n addition, the wedge lock is able to act as conductive thermal path
of the electronics. Due to these effectiveness of the wedge lock, it has been
widely used in aeronautical, automotive, defense, as well as space industries.

Spaceborne electronics is subjected to various extreme vibrations like sine
vibration, random vibration, pyro—shock during flight after launch. These
vibrations make the PCB in the electronics bent repetitively, which could lead
to fatigue fracture of a solder joint connecting an electronic component and the
PCB. Thus, high reliable mechanical design of the electronics is necessary for
space mission success. Generally, additional mechanical fixations at various
locations on the PCB or additional stiffeners are applied in order to secure
fatigue life of the solder joint by reducing a dynamic displacement of the PCB
under the vibration by increasing a stiffness of the PCB. However, it is

difficult to ensure the fatigue life on the solder joint on the PCB applying the
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wedge lock, although the wedge lock helps to dissipate the vibration energy in
some extent. This is because only the edge of the PCB where the wedge locks are
located is constrained due to the assembly method of the PCB to the housing. To
this day, additional stiffeners which have higher stiffness compared to the PCB
like an aluminum, have been mounted on the PCB to assure the fatigue life of
solder joint by decreasing the displacement of the PCB under the vibration.
However, this design approach induces increase in volume and weight of the PCB
assembly. Furthermore, in case of the electronics that accommodates a number of
the PCBs, the housing structure would become more bulky.

A recent trend of satellite development in space industry has been changed
from large satellites of high cost to small satellites relatively economic.
According to the change, a demand for small and |ightweight electronics has also
increased. However, the conventional design approach of PCB has a limitation in
miniaturizing the electronics. Therefore, new mechanical design approach for the
electronics which could assure fatigue life of solder joint under the vibration
and minimize the size of electronics compared to the conventional mechanical
design approach is necessary.

In this study, a high damping multi-layered PCB using a viscoelastic tape was
proposed for the fatigue life of solder joint on the PCB with wedge lock under
the vibration, as well as lightweight electronics design. In the proposed PCB,
multiple constrained layers are laminated on the PCB employing the tape to
realize the high damping capability. This multi-layered structure is effective
to attenuate the dynamic displacement of the PCB, because the friction occurred
between the constrained layer and the tape under the vibration dissipates the
vibration energy. Therefore, the proposed PCB is effective in ensuring the
fatigue life of solder joint under the vibration due to high damping capability.
Furthermore, it is much smaller and lighter than the conventional PCB assembly.
In order to validate the effectiveness of the design, the PCB specimens having
different number of the constrained layers were manufactured. A basic
characteristic test at different temperature was performed to compare the 1%

eigenfrequency and damping ratio. Also, through the random vibration test using

_Xi_
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the specimens without the electronic components, the damping capability was
experimentally validated. Thorough the launch vibration fatigue test on the
specimens assembling QFP208 and PBGA388 components, the fatigue life extension
effect of electronic components induced by the high damping characteristics was
validated, and the structural safety of the PCB related to tape delamination
under continuous vibration was confirmed, as well. Finally, the capability of
the proposed PCB in enhancing the fatigue life was also validated by predicting

the fatigue |ife based on Critical Strain Theory.

Key Word : Wedge Lock, Printed Circuit Board, Constrained Layered Damping,

Viscoelastic Tape, Fatigue Life

- xii -
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SRB Jettison
t=0:01:52
Alt=26.2 nmi
Range = 26.6 nmi
V=4822fts

4 Liftoff /W > 1.0
t=1.1sec
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Centaur
Separation
t=0:04:47
Alt = 87 nmi
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PLF Jettison
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Burn Duration
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Coast Duration Burn Duration
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—— P L
= | -
t £ ot 1
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@289 deg Ny 03 =10.79 km?/sec? 3 =10.64 km?/sec?
B = DLA=-1.12 deg DLA=-1.17 de
Perigee = 101 nmi RUA = 126.6 de g
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Hyperbolic Departure
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Launch:
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Fig. 1 Flight Sequence of Launch Vehicle [7]



Relative Motion
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Relative Motion
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Fig. 2 Fatigue Failure Mechanism of Solder Joint due to Repeated Bending
Behavior of PCB [8]
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Fig. 3 Examples of Fatigue Fracture on Solder Joint of Electronic Components

((a): Ball Grid Array, (b): Column Grid Array) [10]
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Fig. 4 Examples of (a) a Wedge Lock [16] and (b) Its Application in Electronics [17]
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Wedge Locks

PCB

Stiffener for PCB Deflection
Reduction

Fig. 5 Example of Mechanical Design for Stiffener Mounted on the PCB with
Wedge Lock [11]
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Fig. 6 Examples of (a) Particle Impact Damper and (b) Its Application on the PCB
[19]
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Potting Compounds or
Microfibrous Metallic Cloth

Aluminum Fixture B

(a)

(b)

Fig. 7 Examples of (a) Application Concept of Damping Materials such as Potting
Materials or Metallic Cloths for the PCB and (b) Its Application [20]
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Fig. 8 Examples of (a) Application Concept of Active Mass Damper (AMD) for the
PCB and (b) Its Application [21]
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Fig. 9 Example of Wire Rope Type Isolator for the Electronics [22]
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- Global Small Satellite Launches by Mass Category
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Fig. 10 Number of Small Satellite Launches from 2013 to 2027 [23]
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Fixation I/Fs for
Wedge Lock

Guide Hole I'F

Constrained Layer (FR-4)
Viscoelastic Tape (3M966)

PCB (FR-4)

Fig. 11 Configuration of High Damping PCB with Viscoelastic Tapes
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Table 1 Specifications of 3M966 Tape [24]

Type Double-sided Acrylic Tape

Thickness (mm) 0.06

58 (20 min Dwell)
Adhesion Strength to Steel (N/100mm) 85 (72 hr Dwell)
159 (Ultimate Bond)

Allowable Temperature Range (°C) -40 ~ 232

0.178 (@ 41 °C)
Thermal Conductivity (W/m-K) 0.183 (@ 71 °C)
0.187 (@ 101 °C)

CTE (ppm/°C) 1.99
TML (%) 0.93
CVCM (%) 0.01

— 19 —

Collection @ chosun



= H70AM Metel BEE dADEe 83 2 HOoIE £ WMEHM el A
A0l Col ZLst HE0| OIRHAX Z=S B, =48 As230M 2530 8
OIZo Efe|lt Y5t =S&Hot= DdEd E4 80l AHI US = JUCH TetA
AT AL 28t XH0IE EASISH| o Fig. 112t 201 J[ED =55 2 &2
SMeldl & 442 Guide Hole2 OGR!, Fig. 122 &0l H&& JI1® ME &
UE FogtezM AL e IS HE 85 MHots YXSHAUC

HEYE dAIE MHA Exe s £0.

1. 88 M MAS <8 FHE22 EHISC. (FHIS: dXIE, 25T,

3M966 EHIOIZ, AZ XI7, Isopropyl Alcohol (IPA), &3 &IXl, =AHAt ¢l
o, )
2. IPAZ &4l =AAF 22IHE &6t Mgt & 2EE HUE0 8L = 2

4. BHE X+ ins &0t 8XDIES X+ ofF &= HH
ol |AXIAIZID, EES 2E HOIZ AIEE HMAS H Guide Ping et DI
o HOW S

5. Guide Pins et A5 X7 &F2 otFE 28 =, 1.1 N-n2 EJd2 B =E
£ MZE$22ZM X7 &/3HRE EL (M3 33 2E: 1.1 N-m)

6. 72 Al2t =, 5B0IA MZet =EE MAH = &85 X7 &4FE oIF2FH &%

2 AFR0UM HotE NEE HNEY MAD|EH ) R4 AESS o d=8 MH

Ol (et & MES2 I8 AIEZ MZA GG AMEE2 253 HE S50 et
Case 1322 FEEIMH, MEFZE= Table 20il HeIGtALt. Case 1€ HE 22 H&
SIX %2 LB JIEO0IH, Case 22 382 #*=F0] 42 35, 53 HSE J(&0ICH. A
2 NG00 ek Case 2 AIEH2 Case 1 OHEl & 9% o 2AHIQt 1.5 mm FMH It SOtat
A[AOM, Case 3 AIEHES 14%2] 2AH L 2.5mqm2l FHIt SIHEJACH. 0l SeHol &2
Zd SIE floll BE8st 35 22 2H £ SHE Dot S M I8 =S HC
S0l & A J&2E =XI0IC.

_20_

Collection @ chosun



Fig. 12 Integration Process of Viscoelastic Tape with Constrained Layer on the

PCB Specimen
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Table 2 Specifications of PCB Specimens in Each Case

Item Specification
Case 1 2 3
PCB Material FR-4 (PCB / Constrained Layer)

PCB Dimension (mm) 243 X 160 x 2.4
No. of Layers 0 3 5
Total Thickness
. 2.4 3.9 4.9
(mm, Incl. Constrained Layers)

Mass (g) 196 214 224
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Fig. 13 Free Vibration Test Set-up according to Temperature Condition
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Fig. 14 Time Histories of Acceleration Response (20 °C)
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Table 3 Free Vibration Test Results at Ambient Temperature (20 °C)

Collection @ chosun

1% Eigenfrequency ) .
Case Damping Ratio (3) Remarks
(Hz)
1 120.7 0.013 -
X 1.11 Increased Value of Freq.
2 134.2 0.034
X 2.61 Increased Value of T
X 1.19 Increased Value of Freq.
3 143.3 0.048
X 3.67 Increased Value of ¢
—_ 27 —_
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Fig. 15 Variation of Basic Oynamic Characteristics according to Temperature

Condition ((a): 1%' Eigenfrequency, (b): Damping Ratio)
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Table 4 Specification of Random Vibration Test

Frequency (Hz) PSD (g™2/ Hz) grms
20 0.026
50 0.160
14.14
800 0.160
2000 0.026
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Table 5 Dynamic Responses under Random Vibration

RMS Max.
Case Acceleration Displacement Remarks
(grms) (mm)
1 42.64 0.99 -
X 1.31 Reduced Acceleration
2 32.41 0.48 ]
X 2.06 Reduced Displacement
X 1.65 Reduced Acceleration
3 25.87 0.27 i
X 3.67 Reduced Displacement
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Fig. 17 Vibration Fatigue Life Test Set-up
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Table 6 Specifications of Electronic Components [27]

Component No.

Configuration

Properties

U1, U2

Component Type: Quad
Package (QFP)

Pin Count: 208

Mount Type: Surface Mount
Size (mm): 28X28%4
Weight (g): 5.4

Solder Material: Sn63-Pb37

Flat

U3, U4

Component Type: Plastic
Grid Array (PBGA)

Pin Count: 388

Mount Type: Surface Mount
Size (mm): 35X35%2.4
Weight (g): 5

Solder Material: Sn63-Pb37

Ball

Collection @ chosun
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Fig. 18 Configurations of Daisy-chain Circuit of Electronic Components ((a):
QFP208, (b): PBGA388)
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Table 7 Fatigue Life of U1l Components on Each

Case Specimen

Case Exposure Time (hr) Time to Failure (hr) Remark
1 20 4.63 (U1) -

X 1.37 Increased

2 20 6.19 (UD) : )
Time to Failure
) X 8.21 Increased

3 38 > 38 (No Fail) . i
Time to Failure
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Table 8 Comparison of 1%' Eigenfrequency of Each Specimen before and after

Fatigue Life Test

Case Pre-test (Hz) Post-test (Hz) Variation (%)
2 130.0 130.0 0
3 135.0 132.5 1.85
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No Delamination

Layer

(b)

Fig. 20 Optical Microphotographs of Tape Attachment Interfaces at Sidereal Edges
before and after Fatigue Life Test ((a): Case 2, (b): Case 3)
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Table 9 Equations for Fatigue Life Expectation of Solder Joint Based on Critical
Strain Theory [10]

Critical Strain Theory

(1) e,= —°_ : Critical PCB Strain

CcVL
(¢ . Allowable Principal In-plane PCB Strain, C : Electronic Component Type
Constant, Z : Component Length)

2 ¢= \/¥(1900— 300 x log(e))

(t : PCB Thickness, ¢ : Strain Rate)

3 €= 2w X El’maxxf"

(ep - Maximum In-plane Principal PCB Strain, f, @ 1% Eigenfrequency of PCB)

@) e, =3x [(' s T () ey, )

- RMS In-plane Normal Strain, ¢,

(e, e ¢ RMS In-plane Shear Strain)

Yrm Yrms

6(1 .
(5) Ny=N,( )’ The Number of Cycles to Failure

61'1‘1 ax

(N, ¢ Critical Number of Cycles to Failure, b @ Faituge Exponent of Sn63-Pb37
Solder)

Ny . .
(6) TTF(hr)= : Time to Failure (hr)

36007,
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3 Translational DoF Constraints
For Clamping

Constrained Layer

A :Accelerometer (0D Lumped Mass)

Fig. 21 FEM of Case 3 PCB Specimen for Fatigue Life Prediction
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Table 10 Comparison of Thickness and 1°' Eigenfrequency of FEM and Test Result

FEM Vibration Test Result
Case G & m . g
Thickness 1% Eigenfreq. Thickness 1% Eigenfreq.
(mm) (Hz) (mm) (Hz)
1 2.4 123.6 2.4 125.0
2 2.9 130.2 3.9 130.0
3 3.3 135.4 4.9 135.0
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QFP208 Component _
(0D Lum-pedMass &:RBEZ)

A - 0D Lumped Mass
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PBGA388 Component
(0D Lumped Mass & RBE2)

A - 0D Lumped Mass

(b)

Fig. 22 FEM Depending on Component Type ((a): QFP208, (b): PBGA388)
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(c)

Fig. 23 Modal Analysis Results of Case 3 Specimen ((a): 135.4 Hz, (b): 226.35
Hz, (c): 402.16 Hz)
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Table 11 Damping Ratio Applied to Analysis to Correlate Acceleration Response

between Analysis and Test Results

Collection @ chosun

Analysis Result Test Result
Case
. . RMS Acceleration RMS Acceleration
Damping Ratio
(grms) (grms)
1 0.028 42.99 42.64
2 0.045 33.34 32.41
3 0.083 24.36 25.87
—_ 57 —_



Table 12 Comparison of Test and Prediction Results of Fatigue Life of Ul

Components on Each Case Specimen

Test Results Prediction Results
Case
€, &,
TTF (hr) foe TTF (hr) Remark
(u-strain) | (u-strain)
1 4.63 213.9 309.0 4.27 -

X 1.40 Increased

2 6.19 181.2 246.3 5.98 ) ]
Time to Failure
> 38 X 9.94 Increased

3 ] 180.5 179.6 42.44 ] -
(No Fail) Time to Failure

—_ 58 —_
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