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Abstract

Accurate prediction, validation and reduction of thermally-induced PCB warpage are
critical for enhancing manufacturing yield and reliability in time-to-market driven
electronics product realization.

In this paper, we describe a methodology to simulate thermally-induced warpage of
PCBs and PCAs. We will demonstrate this analysis methodology using the following
path: read ECAD designs from Mentor Board Station, identify features relevant to
warpage analysis, create idealized analysis models, select solution technique and create
solver-specific models (e.g. ANSYS models for finite-element solution), identify
warpage-hotspots and calculate metrics to assist PCB/A designers in reducing warpage.
We shall also present initial results from experimental verification of this technique
using Shadow Moiré (TherMoiré®) method.

This methodology reuses analysis concepts, idealizations, and solution techniques for
modularized and configurable simulation studies. It uses ISO 10303 technologies
(STEP AP210 - and Standard Data Access Interface - see

).
Project page: http://eislab.gatech.edu/projects/nist-warpage/
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Warpage - Definition

= WARPAGE is out of plane deformation of the
artifact, caused by differential (non-homogenous)
shrinkage or expansion of elements composing

the artifact.

O = (o, L2 AT) / t where

L: Undeformed Length; t: Undeformed

Thickness; AT: Temperature Change; o,

Specific Co-efficient of Thermal Bending

Out of plane deformation of
a linear element

Warpage of 2D artifacts
( basic modes)
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PCA/B Warpage - lllustration

Deformed Shape
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Warpage — Factors and Effects
[after Ding, 2003; et al.]

Estimated Impact: $100M / year

Factors: Conseqguences:
— CTE mismatch — Misregistration
— Material rigidity — Delamination
— Thermal conductivity — Die crack

— Geometric size & — Solder fatigue

aspect ratio _ Solder

— Component layout shortening

— Temperature variation — Solder opening
— Temperature gradient
Underfill Molding Die/Chip BGA Substrate
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Warpage — Impact and Requirements

Ref: Thinking Globally, Measuring Locally
Editorial by Patrick Hassell, AkroMetrix

Impact

= Low manufacturing yield and high rework
of interconnects
— Lack of co-planarity of component footprints
— Fine pitch technology
— Low solder paste volume

Requirements

= Managing warpage reguirements
— Enforce local warpage reqguirements
— Relax global warpage reguirements
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Complex Features Affecting

Thermo-Mechanical Behavior
PCB level
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Complex Features Affecting

Thermo-Mechanical Behavior
PCA level

Isometric View Side View

Solder Resist

er Resist

Solder Balls (Diagonal Grid Pattern)
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Requirements for Warpage Analysis

=  Availability of a rich product model
— ECAD design details
— PCB layer stackup details
— Material behavior and properties

=  Analysis model creation capabilities
— ldealized PCB/A features
— Boundary conditions
— Thermal loading

= FEA Model creation and solution capabilities
— FE mesher
— FE solver
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Rich Product Model

Electrical
CAD Tools Systems Engineering
e Tools
Traditional E2ole BIOUIENN Eurostep AP233 Demonstrator
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interface

Manufacturing product model
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illi e 3 STEP-Book AP210
Gap-Fillin » P210,
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STEP AP210 (1SO 10303-210)
roes, e DOMain: Electronics Design

~950 standardized concepts (many applicable to other domains)
Development investment: O(100 man-years) over ~10 years

Configuration Controlled Design of Electronic Assemblies,
their Interconnection and Packaging

Interconnec
Assembly

Printed Circuit Assemblies
¥ (PCAsS/PWAS)

/DiE/Chip
/~\ Packaged Part
~ oy /

Printed Circuit - -
Die/Chi Package
Substrate (PCBs/PWBs) £ < External Interfaces

Product Enclosure
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STEP AP210 (1SO 10303-210)

SCOpe http://www.ap210.0rg
Functional Models Requirements Models Component / Part Models
* Functional Unit . Design . Qna:(yss Szl
* Interface Declaration « Constraints ackage
o » Material Product
 Network Listing e Interface P ”
* Simulation Models « Allocation A ’
. Signals  “White Box"/ “Black Box
T BETEn Rules Models  Test Bench
* Design
* Manufacturing Interconnect Models
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» User View » Design View
» Design View » Bare Board Design
« Component Placement » Layout templates
» Material product * Layers
o Complex Assemblies with .
Multiple Interconnect Configuration Mgmt Geometric Models
* Identification « 2D
: » Authority « 3D
DeS|gn C_:ontrc_;l _ » Effectivity  CSG, Brep...
» Geometric Dimensioning - Control - EDIF, IPC, GDSII
ad b Eraleig » Net Change compatible “trace” model ’
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Example Design in STEP Book AP210 Pro

(PCB Layo

&templ schemal - STEP-Book AP210 Pro
File Tabs WView Help

[MainTree | View2D |

q
2

[afaafafid F [NEkE

oo 06 1.2 18 2.4

‘| Hame

ut View)

[(Log | iz Interconnect Design: PCBSEED - PCB

d PCBSEED - PCE

@ % Version: 1
Intercannect Design, 2
Interconnect Usage View, 1
Straturm, PHYSICAL_1

Stratum, PHYSICAL_2 Originating ECAD Model from:

Straturmn, SOLDER_MASK_1

Stratum, SOLDER_MASK_2 — Nentor Board Station

Stratum, substrate

Current Tool:
STEP Book AP210v2.3

Current Model based on:
STEP AP210

Physical Networks r\ﬁew:z rVersiun:1 rPrudut:t |
Interconnect Design r Layers r Components |

Usageview |PCBSEED-PCE, 1,1 ||=

PCB Library part implementation

Mentar Graphics BoardStation required, Constraint Region

Outline where companents can be placed in

Mentar Graphics BoardStation required, Constraint Region

Cutline where routing can he perfarmed in

o) 2D, Manufacturing
Maminal

2 Requirements
allocated regquirement
& DEFALULT_MET_TYPE Requirement for minimum distanc
allocated requirerment
& CEFALILT_MET_T¥PE Requirement for minimum distanc
allocated reguirement
& DEFAULT_MET_TvPE Requirement for minimum distanc
allocated reguirement =
/L‘ DEFAULT_MET_TYPE Reguirement far minimum distanct |
allocated reguirement
/L\‘ DEFAULT_MET_TYPE Reguirement far minimum distanc
uirement
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Example Design In

XalTools PWA-B 2.0.b1 Stackup Editor

=101 x|
File View Help &=
e “: o Originating ECAD from:
e T FomsEED - PoE Mentor Board Station
T oot oo | Current Tool:

PWA Component Occurrences
FCBSEED - PCA,
¢ PWE Ohjects
FCBSEED - PCE,
¢ Material Graups
conductar group, conductive
dielectric group, dielectric
soldermask group, soldermask
¢ Libraries - Usage Views
Electrical Components
Electrical Packages
PYWWB Prepreg Sheets
¢ Solid Materials
generic copper, GIT
generic FR4, GIT
genetic saldermask, GIT
¢ Requirement Objects
Requiraments
o= Requirements - Details
e-Analysis: Product-Specific Models [CBAMS]
PCBSEED - PCE Warpage CBAM
¢-Analysis: Generic Anaktical Models [AEES]
Extensional Fod Isothermal Bodies
Lavered Shell Bodies
Layered Shell Bystemns
¢-Analysis: Solver Models [Shhis]
Salution Method Models
¢ Details
GIT Elerment Propetties
mMesh Specifications
Result Sets
Fesult Specifications
Jobs
TextFiles
Image Files
Mative Files

Total Width, wt (i) | XaiTools PWA-B v2.0.b1

‘| Total Length, It i)~ |

| 1otal Diagonal, it i | Current Model based on:
Source Model |C:Imbajajlgit.eis.pmjectsl?DDB—DQ—nist—apQ‘lDlWUrleest_CaseslMemur_ STEP APZlO

Stackup rRequirements rSimuIatiuns |

|/ Layers r Total Thickness Specs rLugicaI Diagram - Legend r Logical Diagram - Instance |

SOLDER_MASK 1, non_conductive, PASTEMASK
0.8425 mils [material n/a], [material group n/a)

PHYSICAL 1, conductive, other_si

_
nal
| —— 7.0303 oz. Tmaterial nfa), [material graup nfa)
0.0354

0.0354 substrate, non_conductive, [purpose nfa
0.0354 | | 9.8425 mils [material nIa],lJrEateﬁal grou;! nia)

PHYSICAL 2, conductive, other_signal
| — 7.0303 oz. material nfa), [material group nia)
e

OLDER_MASK 2, non_conductive, PASTEMASK
9.6425 mils [maténal n/a, [material group n/a)

Noftes:

1} All thickness values are measured post-lamination

2) All thickness values are d|splaged up to 4 su%mﬁcant dgns

3) Except for total thickness valués (over bare dielectric, aver bare metal), only nominal thickness values are display
4} If the nominal thickness value is not specified, it is calculated as avg. of max and min. for dusplggr purpases only

5§) The wt. value with conductive layers (x oz. above) is based on copper density (1 oz. <-> 1.4 mils)
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PCB Warpage Analysis Model Creation

AP210-based

Context

Manufacturing
Product Model

Single Layer View

Grid (Sieve) Context Attributes

Size » Thermal loading profile
» Boundary Conditions (mostly displacement)

s |dealize up as a layered shell

roperty

Naterial

nputgtion

Building Block-based Analysis Model

<+«—— length ——»

<« width —»

Top view of “effective” grid
elements in top layer of the PCB

} thickness

—

Side view of the PCB with
“effective” grid elements across
the stratums

Given:

» Thermal loading profile

» Boundary Conditions (mostly displacement
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Chopped PCB Regions for Analysis
In XaiTools PWA-B 2.0.b1

First (Top) Design Layer

Second (Bottom) Design Layer
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Example Design - Finite-Element Model Creation
and Solution Input to ANSYS

_i0 ]
- e i
File View Help L_.‘.
4 -
PWAB | " || Native File |
¢ Design: Product Models [APMs] File Name |FEA_SHM_Warpage b
¢ Parts & Features - Design Views i ]
¢ PWiA Objects | |rEALST -
Pyis Component Qccutrences : TYPE,a7
FCBSEED - PCA, AMESH, 87
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ASELALL
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PCBSEED - PCB Warpage CBAMABE | || || |MEELALDCY.R.F
¢ Analysis: Solver Models [Shhs] §§ DALLALL,
% Solution Methad Models o [MSELALL
PCBSEED - PCB Warpage CBAM ABB
¢ Details TREF,25.0
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o=-hesh Specifications FIMIEH
o= Result Sets : i=le]HN]
Result Specifications | [ouTPREASIC T =
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Text Files 3
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Example Design
Out-of-plane deformation

Conditions

AT =125 deg. C - uniform
heating from 25 deg. C to
150 deg. C

Outermost edges along Y-axis are
fully constrained

.04681
—.001186
046191
—.001186
0040783
.009342
.014606
LSS
025134
.030398
H35865
040927
046191
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Example Design - Coeff. Of Thermal

Bending results in XaiTools PWA-B 2.0.bl

GIT_PWAB_Design_Data - XaiTools PWA-B

File Wiew Help

PWAB |

¢ Design: Product Models [AFPMS]
¢ Pars & Features - Design Views
¢ PWA Objects
Fi%a Component Ococurrence
FCESEED - PCA,
¢ PWE Objects
FCESEED - PCE,
¢ Material Groups
conductor group, conductive
dielectric group, dielectric
soldermask group, salderma
¢ Libraries - Usage Views
Electrical Components
Electrical Packages
PYWB Prepreg Sheets
7 Solid Materials
denetic copper, GIT
generic FR4, GIT
generic soldermask, GIT
¢ Requirement Ohjects
Fequirements
o Requiraments - Details
¢ -Analysis: Product-Specific Models [CBA
PCBSEED - PCE Warpage CBAM
¢-Analysis: Generic Analtical Models [ABE
Extensional Rod Isothermal Bodies
o= Layered Shell Bodies
¢ Lavered Shell Systems
PCBSEED - FCE Warpage CBA
¢ -Analysis: Solver Models [Shihis]
Solution Method Models
¢ Details
GIT Element Properies
Mesh Specifications
Result Sets
Result Specifications
Johs
Text Files
Image Files
Mative Files

; 1’ Layered Shell ABB System |
Description
Chopping Index
Co-chopping Index
Overall Length

| overan widtn

| overall Thickness
| Final Temperature

:| Temperature Change

|PCBSEED - PCE Warpage CBAM ABB Svystemn

[1o

[1o

[7.7

5.6

|D.D4921 2095425196546

[150.0

Reference Temperature |25.D

[125.0

| Bodies & Related Models | CTB Map - linear | CTB Map - log |

[»

-E4

-1E-6

-1E-8 -1E-12 1E-12

-1E-10 /]

1E-10

1E-8

‘ 0K | Cancel H Delete ‘
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Overall Process - Circuit Board Stackup Design &
Warpage Analysis Using AP210 (WIP)

GIT and NIST EEEL in collaboration with AkroMetrix, InterCAX/LKSoft, and Rockwell Collins

£
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<+«—— length ——»

-
== : E—‘ } thickness

STEP AP210-based Analysis Building Block Model

Product Model (idealized bodies with effective material properties)
Feedback

H
CTB Map
(smeared property to
identify material
distribution)

“hotspots” on a PCB !

<« width —»

SOOI 00O 0 T T

PCB Warpage Profile
(given: thermal profile +
boundary conditions)

http://eislab.gatech.edu/projects/

Identification of warpage




PCA Warpage Analysis Model
Creation

Lo Fail

3 O 5

cross-section view‘ exploded view

analytical assembly view

c1. component designs / libraries— c2. |dealized component designs (APMs) > C3. Analytical system models (ABB
(e.g., chip packages like L and simulation templates (CBAMS) apmPags )

(~400 analytical bodies per componen
plastic ball grid arrays (PBGAS) ) Idealized components

d1. Combined
apvPags  a@nalytical system model
(~1000+ analytical bodiesgi de view
Idealized PCA

asalsuv - el. Combined FEA mesh model (SMM) ™,
(~50K elements avg. per complex componen,t')

ECAD layout view idealization preparation view

H \“l
B HerilE I:
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1 B e e B ._-:_ -..éjf_: S < x
al. PCA design

® _—
. . PM — ABB
b2. Idealized PCB design (APM?—» b3. Analytical system model (ABB
plus b1. PCB design and simulation template (CBAM) (=50 analytical multlayer shell bodies)

Idealized PCB
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Case 1: Automated PCA design
1 PBGA 265 on top SHEIRLE EUELYELE

+7.0%7e-04
+5.5938e-04
+4.77%e-04
+3.461%=-04
+Z.4a60e-04
+1.301e-04
+1.42Z1e-05
-1.017e-04
-Z2.17ae-04
-3.335e-04
-4_.4594g-04

. A34e-04

L813e-04

3 ——
O0B: re501-2Zx2_+_l-vesZd0-top.edb ABAGQUS/ BT, e 6. 5-4 8at Feb 25 07:56:56 Bastern Standard Time 2008
2 1

Atep: Atep-l, Tmax

CDE: re30l-2ZxZ2 + l-veaZ40-top.odb ABAQUE/STANDARD Version &.5-4 gat Feb Z5 07:54:56 Eastern Standard Time Z00a

2

1Step: Ftep-1, Tmax

Increment 1: 8tep Time = 1.000

Primary Var: U, U3

Deformed War: O Deformation Scale Factor: +7.330e+01




Case 2:
2 PBGA 265s on top

+9.860e-04
+0.545e-04
+7.221e-04
+5.5598e-04
+4.574e-04
+3.251e-04
+1.927e-04 3
+6.036e-05

-7.200e-05 ovB: eesa1-2x2
-2.044e-04 . "

-3.367e-04 step: Step-l, Tmex = 150 ¢
.a%1le-04 Increment 1: Step Time = 1,000
.01de-04 Primsey Var: U, U3

ODE: red0l-ZxZ Z-wveazZd40-top.odhb ABAQUS/ STANDARD Version 4.5-4 Tue Mar 07 11:59:17 Eastern Standard Time 2004

1Step: dtep-1, Tmax = 150 C
Increment 1: step Time = 1.000
Pratmatrer Ta+-= 1T 1172




Case 3:
3 PBGA 265s on to

Qualitative comparison
- Different board & components
(somewhat similar)
- Good warpage shape results comparison
- Similar total warpage results
(2.2 mils vs. 1.7 mils = ~23% delta)

[Ding, 2004] results

AN

NODAL SOLUTION JUN 15 2003
STEP=1 2150308

InterCAX results
XaiTools Electronics
SBIR Phase 1 prototype)

-.118E-03

« YZ0E-04

- =.856E- - =.1Z7E-04
-.1058-03 -, 700E-04 -.5242-04 -.259E-04 479806
Structural topology optimization by Hai Ding

Total Warpage for AT=150°C: = 0.0022 in

[scaled from 0.07 mm @ AT=183°C]

Total Warpage for AT=150°C: 0.0017 in



Case 4: PCA with top & bottom PBGAsS

Analytical model in IDA-STEP as imported from AP203

Produced by idealizing AP210-based PCB design (from Zuken Visula ECAD tool)
and combining with idealized chip package models in XaiTools Electronics prototype (XE), and exporting as AP203

Bare PCB Two PBGA 265

(top side)

One PBGA 441
(bottom side)

Dense off-pitch
body
interactions

_ (challenging for
~ FEA meshers)




Case 4: PCA with top & bottom PBGAsS

Mesh model in Abagus as imported from native Abaqus format

1 ODB: rci0l_Ztop lhot.odb ABAQUS/STANDARD Version + rd Time Z006
2 \V
Step:
Incre 1: Ztep Time =
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Case 4: PCA with top & bottom PBGAsS

FEA mesh model in Abaqus (cont.)

Auto-generated mesh between chip package substrate layers,
solder balls, and PCB layers
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Case 4: PCA with top & bottom
PBGAS

Solved FEA model in Abaqus

Warpage Preliminary Warpage Results
PCA top (u3 = out-of-plane deformation) (to be furthe¥ vaIidaItDedgi’n Phase 2)

Results - Case 4:
- Demonstrated FEA meshing feasibility (main challenge)
- Good results, trends, and compatibility

with similar cases [Ding, 2004; Powell, 2006]
- Results reveal anticipated asymmetric effects

- High fidelity PCB model considers
local feature density differences

- Future work will try more effective idealizations (ex. shells)

& correlate with physical measurements

Bare board (PCB) warpage




Case 5: PBGA Chip Package on Sample PCB

Deformation magnitude results: PCA 6230 (with PBGA
441)

Known Results [Zeng, 2004; Shinko] InterCAX SBIR Phase 1 Results

inches mm
0.00161 4.11-02

3.84-02
0.00150
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-
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ONR:

peahZil_gle. adb

2

Otep: Jtep-l, Tmax = 70 <
. 1 i

T Tneremen 1.000

Deformed Var: U Deformation Zcele Factor: +7.858e+01

[after Zené:‘ 2004] vc6230 pbga 441 —delta T=70C 0.00000
-4.19-09
XCP + Patran pre-processing XE + Simmetrix pre-processing
Abaqus solving and Patran post-processing Abaqus solving and post-processing

Phase 1 Results - Case 5
- Excellent comparison of deformation pattern
- Very good comparison of max. warpage values (1.61 mils vs. 1.50 mils = ~7% delta)
- Possible deviation causes: different meshing approach, different solver version, etc.
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Multi-Representation Architecture (MRA) for
Design Analysis Integration

Tree View

Bare PWB Manufacturing
/ Product Model

Electrical Mechanical Manufacturability Analysis
Product Model

AN ) AN

Warpage PTH Fatigue Context-Based
Analysis Model

Layered Shell Analysis
Effective Materials Properties Building Blocks

Pl T

Finite Element

Solution
Method Model
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Multi-Representation Architecture (MRA) for

Design Analysis Integration
Stepping-Stone Model View

Manufacturing Product Model
(STEP AP210-based)

1

Analyzable
Product Model Context-Based Analysis Model
APM
Printed Wiring Assembly (PWA) AnaIySIS BUIIdIng BIOCk
n__JOEE ©
- OO0O0 .
OO0 =2 Solution Method Model
188 11 = = Uy "
(BH=E CBAM ABB SMM
— arm Dags
[ omeonert \Soter | p— T oty | ABBSMM|  H
|Solder Joint— body, | | body, = ——
| PWB | | body2 l o [ ]
Printed Wiring Board (PWB) A

Solution Tools

(ANSYS, ABAQUS ... B
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MRA-based Model Browser

GIT_PWAB_Design_Data - XaiTools PYYA-B

10/ x|
« =

File View Help

4. Design Artifacts — PCA, PCB,

19
]
PWASB | // ~ Components, etc.
% Design: Product Models [4Phs] Part Number |PCBSEED - PCB |
¢ Parts & Features - Design Views :| Description | |
¢ PWiA Ohjects 3
PVWiA Component Occurrences gﬁ Cost
PCBSEED - PCA, | Total Width, wi (in) | |
¢ PWE Ohjects : )
PCESEED - PCE, | Total Length, it Gn) | |
¢ Material Groups §§ Total Diagonal, dt {in) | |
canductar graup, conductive : . . . —
dielectric group, dielectric + Design Libraries est_Cases|
soldermask group, soldermask e 551 e T I —
¢ Libraries - Usage Views :
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Status of Tools

x STEP Book AP210 Pro v2.3 (LKSoft)
— Import Mentor Board Station designs

= XaiTools PWA-B v2.0.bl (Georgia Tech)
— Stackup Editor
— Bare Board Warpage Analysis

s XalTools Electronics v1.0 Prototype
(Georgia Tech)

— PCA Warpage Analysis
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INnvited Collaboration

s Collaboration Opportunities
— Test Case Providers
— Users of this service
— Users of the tool

s Future Extensions

— Bare board stackup design & warpage
tool
s Detailed stackup

— PCA warpage tool
s Alpha-level refinement
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Summary

s Use of rich product models to drive high-fidelity
analyses

s Stackup Design and Warpage Analysis
— Bare board stackup design and warpage analysis
— PCA warpage analysis
— Initial validation

= Methodology and Tools

— MRA-based design-analysis model management
pattern

— Beta level bare board stackup design and warpage
tool

— Early prototype PCA warpage analysis tool
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