Surviving the Heat Wave

A Presentation on Thermally Induced Failures
and Reliability Risks Created by Advancements
in Electronics Technologies...and How Modeling

Early in the Design Process Can Identify These
Issues
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Applications

ARINC 429-Mil-5td-1553 Module Enphase/Solarbridge Micro-Inverter Thermo-Electric Module

Voltage Power Modules

Multi-phase VRD
for Server _, o

Two VRD on motherboard
(Four-phase VR for each e 3 24 Ol!COI'I caps
Xeon Processor) being used
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What Do They All Have in Common?

High Temperature Environments

Vibration and Shock Environments

Temperature and Power Cycling Environments

High Current Flows and Thermal Transfer Requirements

A variety of materials forming the product



Failure Mechanisms

Thermo-mechanical fatigue induced failures
- CTE mismatch
- Temperature swings

Bond Wire Fatigue

- Shear Stresses between bond pad and wire
- Repeated flexure of the wire

- Lift off (fast temperature cycling effect)

- Heel Cracking

Die Attach Fatigue

Solder Fatigue
- Voids

Device Burn Out
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Why Do Electronics Fail Under Thermal Cycling?

* A. We use lots of different materials
- Semiconductors, Ceramics, Metals, Polymers

* B. We bond these different materials together
- Plating, Solder, Adhesive

* C.These materials expand/contract at different rates

\nsys
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Why Do Electronics Fail Under Thermal Cycling?

* Two different expansion/contraction behaviors

- Because solder is connecting two materials that are expanding / contracting at different rates
(GLOBAL)

- Because solder is expanding / contracting at a different rate than the material to which it is connected
(LOCAL)

This differential expansion and contraction introduces stress into the solder joint
- This stress causes the solder to deform (aka, elastic and plastic strain)

The extent of this strain

(that is, strain range or Cuunponert makot —

Straln energy) teus us the \\\\\ ultimals ﬁ"?ﬁsYlecF}m”

lifetime of the solder joint s oo ma 000

- The higher the strain, the Stress | RISSRE region
more the solder joint is i
damaged, the shorter the .- Strain  Ulimate

lifetime
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Drivers for Solder Joint Thermo-Mechanical Failures

* Knowing the critical drivers for solder joint fatigue, we can develop predictive
models and design rules

Volume of Solder
Thickness of Solder

Solder Fatigue Properties Elastic Modulus (Compliance) of Component
Length of Component

CTE of Component




Bond Wires

* Wire bonding has been the most common interconnect for IC packages for over
50 years. The most common materials are gold, aluminum, and more recently
copper. The most common bond pad material is aluminum.

Curve 2

Loop height

Ball-wedge
offset (H)

!
|

ol
-

v

Span (D)

* Wire bonds tend to fail if exposed to elevated temperatures (intermetallic
formation), exposure to elevated temperature and humidity (corrosion) and
exposure to temperature cycling (low cycle fatigue).
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Stacked Die Configuration

Die stacking technologies have been
demonstrated to > 9 high stacks

o Most stack ups are limited to 4 die
o Driven by test, yield and logistic limitations

Stacked die packaging comes in three flavors

o All driven by need to provide ledges for wire
bonding

Pyramid or ‘cake’
configuration

o Smaller die are
placed on larger die

 Stacking traps heat

(higher junction temperatures)
- Increase in upset events, shorter lifetimes

Die 1 Compound

Epoxy7ﬂlm /

|
% ATi ]
-5 EG

Gold Wire Die 2

Solder Ball

Rigid Organic Substrate

—— ’/

__'-'J_":"-.--a'ﬂ-'_"!ﬂ"-' T S o 1-:'!:‘:,-
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Solder Wearout

e Elimination of leaded devices

- Provides lower RC and higher package densities
- Reduces compliance

One Bord Wire (Au) = pBG"\prBG"*

0ad Frame Meazdine Wire bond Mok COMPOL
- =

| Mwﬁm | CUTUO U\UU!U
Cycles to failure QFP: >10,000 BGA: 3,000 to 8,000
-40 to 125C |
e 2.44%2.19 o Leadframe g1  Encapsulation
e g [
T O e 4 )
CSP / Flip Chip: <1,000 QFN: 1,000 to 3,000
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Solder Wearout

Design change: More silicon, less plastic
Increases mismatch in coefficient of thermal expansion (CTE)

Hotter devices due to increases change in temperature (AT)
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® 8000 = T 8000
= o
G \ = 7000 "
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= y = 341.16x" 227 g 600 \
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s \ < 4000 i
-? ;3 A
IE 2000 -E 3000 . :
\'\_. S 2000 -
& \AA
0 y v . - S 1000 N
A
0.30 0.40 0.50 0.60 0.70 0.80 0 : : :
Die to Package Size ratio 0 %0 100 150 200
- Change in Temperature (°C
tf — A M g p o)
n =2 (SnPb)
BOARD LEVEL ASSEMBLY AND RELIABILITY CONSIDERATIONS FOR QFN TYPE n= 2 . 3 (Sn N Icu)
PACKAGES, Ahmer Syed and WonlJoon Kang, Amkor Technology. _
n=2.7 (SnAgCu)
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Solder Phase Coarsening

* There are two fundamental forces that drive grains in polycrystalline materials to
grow. Grains coarsen because grain boundaries are areas of high potential energy.
This is the primary driving force in single-phase materials. During grain coarsening,
as grains grow larger, the total grain boundary area decreases, which, in turn lowers
the free energy of the system.

* Particles with smaller size tend to combine into a larger particle one with lower total
interfacial energy. Grain growth is driven by the local boundary curvature and the
presence of triple junctions, which remain in equilibrium and act as anchors to grain
boundary mobility. Grain boundary mobility is highly dependent upon grain
orientations across the boundary.
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Solder Phase Coarsening

* From the original solder joint (left) the grains will grow as the solder joint is
stressed. The growing grains will cause micro-voids to appear on the grain boundaries.
The micro-voids will connect with each other to create micro-cracks and eventually
macro-cracks. |f the load is distributed evenly across the joint this will happen
everywhere at the same time. In BGA balls this will happen in an entire layer of the bulk
solder. If the load is not even then the grain growth and micro cracks are formed in the
stress concentration and the micro-crack is advancing along a crack path.

GRAIN MICRO- MICRO- MACRO-
GROWTH 3 VOIDS CRACKS g CRACKS
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Solder Joint Coarsening Due to Thermal Stresses

Serial # 22206230
= Batch code R4
Coupon 3, Pin 14 Blk PCRB

100 x Coupon 5, Pin 1

1040 %
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Printed Circuit Board Analysis — Glass Style

X Fiber
* PCB laminates (and prepregs) are fabricated with a Se  Voums Coner Comor
variety of glass styles 1027 oss 014
1037 0.86 0.14

106 0.84 0.16

1067 0.84 0.16

1035 0.83 0.17

1078 0.82 0.18

1080 0.79 0.21

2313 0.74 0.26

. . 2116 0.71 0.29

* Problem: Most datasheet properties are for laminate 213 on 020
with 7628 glass style 3070 oss 032

- Most laminate (and prepreg) in complex PCBs have a low o o o

. 1651 0.66 0.34

volume fraction of glass » e Do
(i.e., 1080 or 106) e vee -

7628 0.64 0.36
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Printed Circuit Board Analysis — Effect of Glass Style

* Realistic target for board CTE is between 15 and 17 ppm/°C
* Most laminate suppliers provide CTExy values

370HR
Property
Typical Value
Glass Transition ?emperature (?g) by DSC, spec minimum 180
Decomposition Temperature (Td) @ 5% wt loss 340
T260 Deg C (TMA) 60
T288 Deg C (TMA) 30
CTE, Z-axis e i
B. Post-Tg 230
A. Pre-Tg 13/114
CTE, oy Feakes B. Post-Tg 1417

* Key concern, these values are typically for a low resin content laminate (46%-50% resin
content by weight, 7628 glass style)

* However the most popular laminates have much higher resin contents
- Higher resin content = higher CTE
- Lower modulus
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Plated Through Hole Fatigue

* PTH fatigue is the circumferential cracking of the copper plating that forms the PTH wall

* ltis driven by differential expansion between the copper plating (~17 ppm) and the out-of-plane CTE of the printed board (~70
ppm)
* Validated industry failure model available - IPC-TR-579

* When a PCB experiences thermal cycling the expansion/contraction in the z-direction is much higher than that in the x-y plane.
The glass fibers constrain the board in the x-y plane but not through the thickness. As a result, a great deal of stress can be built
up in the copper via barrels resulting in eventual cracking near the center of the barrel as shown in the cross section photos

below.




Tg Behavior

* Near the glass transition temperature (Tg), CTE changes more rapidly than modulus
- Changesin the CTE in polymers tend to be driven by changes in the free volume
- Changes in modulus tend to be driven by increases in translational / rotational movement of the polymer chains

* Increases in CTE tend to initiate before decreases in modulus because lower levels of energy
(temperature) are required to increase free volume compared to increases in movement along the

p0|ymer Cha Ins High stresses generated due to CTE increase before
modulus decrease
10.00 140 Tensile Solder Stress - Elastic, C tibility of Displ
r 120
©
o I 100 »
s
;, 1.00 (_7‘
3 Lgo m
=] = o
g g g
= teo 3 =
® S "
(=] (2} @
© 0.10 ~ =
o t 40 LR
()
F 20
= Storage Modulus 5
0.01 T T T T T T T 0
—— Example Underfill
35 45 55 65 75 85 95 105 gk s
Temperature (°C) 0 - - - - : : . - -
50 85 60 85 0 75 80 85 an 85 100

Temperature (C)

Polymer Science and Technology, Chapter 4: Thermal Transitions in Polymers,
Robert Oboigbaotor Ebewele, CRC Press, 2000
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Reliability Physics Modeling — Fastest Way to Analyze

e Data Transition to Sherlock

- How can we model the PWB, parts,
interconnect materials, stresses in the
products lifetime and reliability metrics,
utilizing reliability physics.

* Import GERBER or ODB++ files for the PWB layout
* Import a csv delimited BOM for the parts list data

* Load the mechanical and thermo-mechanical stresses
the product will encounter

* Load the reliability requirements for life expectancy,
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Import Electronic Design Files (GERBER/ODB++/IPC-2581)

<, Sherlock

Project CCA File Parts Analysis Results Tools Seftings Admin Help

» [ Autoliv-Volvo

» [ Chuck Lamer 5
» (B Exar »
» [ Thermal Mechanical
v [ Tutorial
» @ Life Cycle
> Q Project Results
» @ Cree
v € Main Board
v @ Files
L& comp-botodb
LA comp-top.odb
B4 copper-01.0db
B4 copper-02.0db
ﬂ copper-03.0db
B copper-04.0db
B4 copper-05.0db
8 copper-06.0dd
drill.odb
B silk-botodb
B4 silk-top.odb
B sm-botodb
& sm-top.oab
. Thermal Map.csv
» @ Inputs
» € Analysis
» @ Results
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Sherlock Libraries

Sherlock Laminate Library
T
e ———————— | ] o =Y4 [0 o) W -1 N | o] £-10
Poosan -
ENET TGRSR SRR I
matching pans. You mayleswd
e esanmsan 1 Sherlock Package Library
Manufachurer & Matenial | ProdudName | CTExy(ppm/C) | CTEz(ppm/C) | Exy (N Library: | Giobal Part g
Doosan CEMA DS-7106 20 0 o0 Use AVL: | %O Pacxage Type Pin Count sue (mm) Package Name mage
Doosan CEMA  DS-T106 (HC) ] %20 3400 —1| parp 0 . & [ oFtea (a7 0
Use Wizard: | %0 &L o AL =~ . =
Doosan CEM-1 DS-7T106A 20 0 3400 OFJ 2 10110 ) OFN-4 (MO-220VEEB)
Doosan CEM-3 DS-7209 £ 55 3400 Manufacturer: ALL OFN 4 14110 OFN-4 (MO-220WEEB)
Doosan CEM-3  DS-7209 (HC) » [ 2400 Part Number: 7 CFPILOFP 6 14118 GFN-6 (MO-252UAAD)
{1 RADMY ] 14220 OF N6 (MO-252WAAD
Doosan CEM-3 D$-720% (P) 13 55 00 3
Doo: CEM3 DS nosj\ ' ] 55 2400 Cicie: (ot il || e 0 15110 CFN-6 (MO-28TUAF
— ) - SU/SUA | S8 / SNC 12 15115 OF -6 (MO-28TUFAD)
Doosan CEM3  DSTISAG) 2 5 2400 ey 500 . 15120 OFE6 MO-28TXAN)
Doosan FRA DS-1107 ] 0 2000 S0IC v /16 v/ 16112 ¥ OFN-G (MO-28TXIFAD v
Doosan FRA DS-1108 %0 %0 2000 || Fitters ot Tt 330
Doosan FR-2 DS-1202 » 0 2000 |1
| Manutacturer Part Number Part J
e FR2 0812026 0 P 2000 I T e 4| Pin Count Package Name Pacxage Maeny Package Leads
i
Doosan FRA 055000 " s 23426 S 2 IR MOSNVLLY SemSacY - .
p ] o « 080505 QA8 (14O TEEXMMC) OVIRMOLD OfN .
Doossn 4 D$-7209 (ST) 15 85 2426 search Results (1000) an “ 80 R0E QIR (MO-24SUMMC) OVIRMOLD-GFN “
Doosan FR4 DS-7402 % » 24804/ am “ SAx00n 06 QPN (MO-22VMLC) OVERMOLD-QFN 8-
Doosan FRA DS-7402 (H) " » 26187))|  Manufacturer 4| PartNumber PaTy| o « QN AS (MO TN OVERMOLD.GFY -
Doosan FRA DS.7402 (ST) 1® 50 23426f||  CTS RESISTOR PRODUCTS T3us108M RESISY| o « 20x80x08 QFN-48 (1O HAVIINIC) OVERMOLD-OFN .
reve— ~y osrea8sOn | ™ 24z04|  CTSRESISTOR PRODUCTS T Resisy :- : 12021205 24 :-:‘:z::u.m xm::- -
CT$ RESISTOR PRODUCTS T4ICO831530P RESIS' u a2 ) RMOLD-GIN )
F ¥ P, o
Dooses F:j ::i::mﬁ ) ‘: :: :N? CT'S RESISTOR PRODUCTS T41C0832200P ass] o L] QN6 (MO-Z2WALLD. 1) OVIRMOLO.OrY L
Doosan 326 || A CHSLDON SEMICONCUCTOR TaLCxaTeaX * a 82 Q52 (MO-Z2OWLLD4) OVERMOLD QN 2
Doosan FR4 DS-7405 (ST) 1° 55 23426 FAIRCHILD SEMILTD T4AC135C © o 2 QFN-E2 (MO-I2VLLD-1) OVIRMOLD-QFN 2
Doosan FRA DS.7405A @ 55 23424 an 52 24380k 10 QFN-52 (MO-TNWLLD4) OVERMOLD-OFY 52 Leadiess - COPPER
IS e ERCTI. B aru 2 1002100 x 88 QFN-2 (MO-IS0VINC) OVERMOLD OFY 52 Leadiens - COPPER
L] Lo e - . L LAY FAIRCHILD SEMICONDUCTOR TaCxXamTC L] afu ' 110x 120 x2e QPRS2 (MO JS1ACGS-1) OVERMOLD-OFN 52 - Leadiens . COPPER
Doosan FR4 0$-7405% L] L 2424 MARRIS T4HCT140 o “ QFN-§6 (MO-2E3VALLD) OVIRMOLO-QFN 56 - Leadiens - COPPER
Doosan FR4 DS-7408 15 55 e o7 TACBTLVIMSPGG © o [} OF W46 (MO-720WLLD-7) OVIRMOLD-GIN 86 . Leadiens - COPPLR
1T, INTEGRATED DEVICE TECHNOLOGY BNC  T2V20SLISPTGE x o “ QN6 (MO-ZAWLLD.S) OVIRMOLD-GIN 56 - Leadions - COPPLR
10T, INTEGRATED DEVICE TECHNOLOGY INC  74CBTLVI2SPGGS w© o “* QNG (MO I2WLLD £) OVIRMOLD OF N 5 - Leadiess - COPPIR Al
Customize DT, INTEGRATED DEVICE TECHNOLOGY INC  T4CBTLVIZSPW.G100  IC a “ SAxBOROE QFN-56 (MO-FAVLLD) OVIRMOLD-QIN 56 - Leadiens - COPPIR e
ey TABCTSIPWARS = o o tex8oxes QFN-56 (MO 2OVLLD) OVERMOLD GF% 56 - Leadiess . COPPER
afw ) (T TRN ) QF .56 (MO TNVLLD &) OVERMOLD-OF N 56 - Leadiess - COPPER
NEXPERIA THAUPZGOOGM K
aru “ s8x80x10 GFN8 (MO-FIVLLD ) OVERMOLD Of Y 56- Leadtens - COPPER
- i = o w eox10 GFN46 (MO-THVLLD.2) OVERMOLD-OFN 56 Loadiens - COPPER
o L] Saxgoxt0 QF N6 (MO JOSMMLA) OVIRMOLD-QIN 55 - Leadens - COPPIR
o " SAx80x1D QW46 (MO JOBMMLA W) OVIRMOLD QI 5 - Leadless - COPPIR .
L rew e sAcun.aw L AN Vs B B e B esdece CODOD .
J
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Life Cycle Conditions

[ -
<, Sherlock -

» ([ Autoliv-Volvo
» ([ Chuck Lamer
» [ Exar
» (i Thermal Mechanical
(& Tutorial
v @ Life Cycle
v %] On The Road
. ETTT—
7" 2-Pothole
# " 3-Coliision
& 4-Thermal Shock
A/ 5 - Harmonic Vibe
- 0 Project Resuits
» @ Cree

» €3 Main Board

| Project CCA File Parts Analysis Results Tools Seftings Admin Help

e | ()

|

~, Shock Event Editor

Modify any of the following properties and press the Save bution to update
the current Shock Event

Identification

Name: ST

Description: Sometimes things just smack into the
vehicle 10f N0 apparent reason
Shock Event Settings

Duration: 17 mov
FolCycles: 3 COUNT v
Shock Load Settings

Peak Load: 100 G v

PCB Orientation: XY Angle 0
Load Direction: X 0 Y o0 zZ

YZAngle 0

Shock Pulse Profile

Sawtooth
100

Load (G)

0 2 4 6 8 10
Time (ms)

12 14 16

Load Profile

=, Harmonic Vibe Editor

Modify any of the following properties and press the Save bution lo update the
current Harmonic Yibe.

Identification

Name: S - Harmonic Vibe

= |

Harmonic Vibration Setlings

Duration: 10

#of Cycles: 100 OUTYCYCLE ¥

Sweep Rate: 1 octave/min

Harmonic Load Settings

=x=)

PCB Orientation: XY Angle 0 YZAngle 0
Profile Type: | Traocel _vJ
Harmonic Profiles
Xads | ¥ads | ZAds |
Default Profile
30
23
& 20
<
q 15
s
= 10
05
00}
o 0o 200 0 A0 400 a0 T00

Frequency (H2)

r
~. Thermal Event Editor

Modify any of the following properties and press the Save button to update
the current Thermal Event

identification

Name: 4 - Thermal Shock

Description: | The engine compariment always seems 1o
be super cold before we start the engine.

Thermal Event Settings
#of Cycles: 100 OUTY CYCLE v
Lite Cycle State: | OPERATING = il
' l
Thermal Profile |

Thermal Cycle

e (C)

Temperatur

] 0 20 0 €0 % & T 0 W W

Time (min)

Load Profile
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Virtual Power Cycling

e You can override the isothermal temperatures in the event editor by uploading
component temperatures, or thermal maps (analysis or IR camera).
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Gullwing
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©2020 ANSYS, Inc. / Confidential



Geometries, Properties, Conditions, Loads

Leads/Solder Balls — s C/.ia_ e

Wirebonds S
R | B3 e

and Bare Die

Coating/Potting/Underfill
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Via Design Rules

e Stacked Vs. Staggered
e Mosaic mesh
* Trace modeling

Blind pi )
in twa 'I'Copper filled o Unfilled pvia
// y
B } HDI Layers
} Core
} HDI Layers
D/'/ \
Buried via Sa
Resin filled PTH configuration
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Example
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Example: Effects of Vibration

* Board Bending
- Components can shake off due to fatigue in leads or solder

|y,
* Component Resonance '
- Lead and solder fatigue due to = )

component motion
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xample: Effects of Vibration

ai
v
)

High strain due to
boundary
condition

Y \NSsY'S
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imulation of Mitigation Strategy

Additional
Mount Points

e L
"AV.‘E&.., *
AV Vb
A A AV
TRy A
A S
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Creating a Model for BGA Packages

* Sherlock can export a detailed mesh for all the layers of the BGA

Detailed

S
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Life Curves

100 Service Life = 10.0 yrs

as | Prob. of Failure Goal = 10 %
L Ewwa

= S Over All . |
A — Module Vibration
Sl . Fatigue
i Combined &
Cycling
Solder
SHERLOCK Fatigue
g i
% Ly —— Comhined
[N
=) 50 1 = Failure Rate
% FTH Fatigue
I 459 — Rancdom Vibe Fatigu
E 40 Solder Fatigue
25 4
301
25 4
204
15
10

Constant Failure Rate
Generic Actuarial MTBF Database

o 1 2 3 4 5 8 7 ] ] 10 11 12 13 14 15 16 17 18 19 20
Lifetime (Years)
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Conclusions

* Modeling today’s complex electronics using simulation tools is a cost-effective way to
assess the reliability of a design prior to committing to manufacturing.

* Electronics, due to the myriad of materials implemented in the component packages,
interconnects and circuit board make failure isolation and identification very difficult.

* Assessing the potential effects of failures early in the design process allows the
designer to implement adjustments to obviate these failure issues.



GREG CASWELL

Lead Consulting Engineer
ANsys

301-640-5825
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