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Motivation & Objective

 AF models provide a quick way to access solder
joint reliability in combination with test failure
data;

* A variety of AF models have been proposed for
SAC assemblies. However, the error bounds of

those models are rarely spelled out - neither are
conditions of applicability;

» This work attempts to assess both the accuracy
and the applicability of AF models;

« SAC387/396 are considered
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Scope of Investigation

» Algebraic Model (AM)
» Compact Strain Energy Model (CSEM)

» Finite Element Modeling (FEM)
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AF Model Descriptions: AM

* Afirst attempt at fitting a Norris-Landzberg type of equation
to accelerated thermal cycling results for SAC assemblies:

N AT .65 .136 D 1 1
AF =-—°=H -t d exp[2185 -
Nt ATO 0 E max, o Tmax, t

» The three constants were obtained by curve-fitting failure
data covering different component types, temperature
extremes, dwell times and characteristic lives;

* Errors for AFs were estimated in the range of -25% to
+50%. They tend to be higher in cold temperatures,
possibly indicating change in failure mechanism
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AF Model Descriptions: CSEM

* One-dimensional model where cyclic strain energy is
represented by the area of stabilized hysteresis loops;

- Both global CTE mismatch (shear deformations -
component vs. board) and local CTE mismatches (normal
stresses and strains - solder vs. interconnected parts) are
captured,;

» Constitutive equations for creep rates:
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AF Model Descriptions: CSEM

! A (cycles / in)
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STRAIN ENERGY (MPa)

* yont: Characteristic life on a per joint basis
# A: solder joint load bearing or crack area

+ (C: constant

+ AW: cyclic strain energy density obtained from the
area of stress / strain hysteresis loops

+ m: slope. close to 1 (0.986)
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AF Model Descriptions: FEM

» 3-D model where cyclic strain energy is represented by the
delta between two stabilized consecutive cycles;

 All CTE mismatches are captured. Full-field equations are
solved to provide strain energy information in all solder
joints in one run;

- Constitutive equation (Anand type):

| |' gt e i
£p=A expll = ﬁnl 5111]1[.. f;l!

 Anand equation consists of 9 constants, which are curve
fitted from tests
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Case Studies

Case # | Package Conditions Comparison
Type
1 Plastic BGA | Two test conditions, | Model (AM, CSEM, FEM) vs.
with test results test AF
available.
2 Ceramic Three test Model (AM, CSEM, FEM) vs.
BGA conditions, with test | two test AFs
results available.
3 HICTE One test condition, Two AFs predicted by three
Ceramic FC- | two use conditions models (AM, CSEM, FEM)
BGA (main and mini-
cycles)
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Case # 1: PBGA Assembly
 ATC conditions

> Short cycle: 0°C/ 100°C, 10 min ramps, 10 min dwells at
0°C/100°C

> Long cycle: Same as above except 60 min dwell at
100°C
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Case # 1: PBGA Assembly

* AM:

N 136 0 136
AF =—° =1 = E@ﬁ =1.276
N, B, 100

20 ¢
° . [ |PBGAGT6 on FR4 — 10 MINUTE DWELL AT 100C
t |SAC Joints (SAC balls & paste)
b 15 1 |ATC: 0-100C, 10C/minute ramps — 60 MINUTE DWELL AT 100C
10 ’ SAC RELATIVE DAMAGE (normalized):
. 8 AW AW/MINUTE
n‘_“ [ [Short Dwell 1 1.78
S 571 |LongDwell 126 1
P [
9 [
LlJ L
R e —— —
2 O.Cp 0.005 0.010 0.015 0.020 0.025
< L
w 54
5 i Short dwell Long dwell
r cycle —— <«<—— cycle
-10
-15 ’ Strain energy per cycle AF 1 '26
F oc (AW = loop area) is 26%
20 [ (10 MINUTES) larger for long dwell cycle.

SHEAR STRAIN
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Case # 1: PBGA Assembly
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Case # 1: PBGA Assembly

1.24 | Calculated as ratio of cycles to 1% failure in test (2P Weibull)

1.39 | Calculated as ratio of cycles to 63.2% failure in test (2P

1.288 | Calculated as ratio of failure-free cycles in test (3P Weibull, not

o Comparisons TEST |AF [AF Calculation Method
__________ Weibull).
shown).
1.282 | Ratio of cycles to first failure
Test_avg | 1.300 | Average of above four AFs in test.
Model | Predicted AF Error
AM 1.276 -2%
CSEM 1.26 -3%
FEM 1.13 -13%
Test 1.30 N/A

*All models predict AFs within 15%
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Case # 2: CBGA Assembly

» 171/0 CBGA, 30x30x1 mm substrate, 2 mm (78.75 mil) thick FR-4

board;
P —— p A ——— &— At corner joint of = _‘pﬁ;g" &
el ' | outer row: : FE  mm,
S i i DNPouter I = ]
S| | =14 mm x sqrt(2) - ; .
S| i | =19.79899 mm Y .
g5l o\
5= ! £ T ] = i '
(@] Q.‘I ! £ <4./0 $
! 22 i | At corner joint of e
= L i | inner row:
g 'g i |~ DNPinner
8 Ea . & =10 mm x sqrt(2)
1| =14.142 mm
S S ®
Inner and Outer Rows Assembly Cross-section (Inner Row)
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Case # 2: CBGA Assembly

* ATC conditions: -40/125°C, 0/100°C and 30/80°C

140
10 min at 125C
120 4
—m—-40/125C
12 /16 min at 100c 28
100 - —_———— — —0/100C
-8.333C/mi
- - 30/80C
20 min at 80C
80 - A= f ) mmm e A
5
8 .
o 60
3
~ inf
= 10C/mint [/ i
E 10 / -10C/min *
E * 50 min at 30C
& s [/ ) I I L T A
o 30 \ 80
= 20 /
= / 10C/min
40 min at 0C
0 ;
10 60 70 0
20 | -1.86046C/min
12 min at -40C
-40
time —> 68 80
-60

TIME (MINUTES)
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Case # 2: CBGA Assembly

EXAMPLE: Ceramic "BGA" prototype after Salmela et al., SMTA Journal, Vol. 18, No. 2, 2005,
° AM . pp- 15-21; conditions: ATC3 = -40/125C and ATC1 = 30/80C

AF is defined as: N(30/80C) / N(-40/125C),
thus: "30/80C" = "o" condition and "-40/125C"= "t" condition

"t" condition "o" condition
-40/125C = "ATC3"| 30/80C = "ATC1" AF
Tmax (deg.C) 125 80 term 3: 2.01 |Arrhenius term
Tmin (deg. C) -40 30
Dwell (min.) 10 20 term 2: 0.91 |Dwell time factor
AT (deg. C) 165 50 term 1: 23.66 |Delta T factor
AF_Predicted = term3 x term2 x term1 43.36

EXAMPLE: Ceramic "BGA" prototype after Salmela et al., SMTA Journal, Vol. 18, No. 2, 2005,
pp. 15-21; conditions: ATC2 = 0/100C and ATC1 = 30/80C

AF is defined as: N(30/80C) / N(0/100C),
thus: "30/80C" = "o" condition and "0/100C"= "t" condition

"t" condition "o" condition
0/100C = "ATC2" 30/80C = "ATC1" AF
Tmax (deg.C) 100 80 term 3: 1.39 |Arrhenius term
Tmin (deg. C) 0 30
Dwell (min.) 16 20 term 2: 0.97 |Dwell time factor
AT (deg. C) 100 50 term 1: 6.28 |Delta T factor
AF_Predicted = term3 x term2 x term1 8.49
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Case # 2: CBGA Assembly

* CSEM:

20 - 20 ¢ - -
[[SAC Ceramic BGA on FR-4: INNER ROW HYST. LOOPS —ATC1 (USE'): 30/80C £|SAC Ceramic BGA on FR-4: OUTER ROW HYST. LOOPS | | — ATC1 (USE'): 30/80C
157  ATC2: 0/100C 151 — ATC2: 0/100C
i ’ 3 — ATC3: -40/125C
10 + ——ATC3: -40/125C 10 T
51 20 mi 51 20 min. 125C
s min. [ 10 min
E 0:““““‘ " L ; T A A SRS § 07”””‘””””‘HHHHHHHHHHH;HHH‘H;HHHHHHHHHHHHHH;
®»  0.E¥00 2.E-02 3.E102 4 E-02 6.E-02 7.E-02 8.E-02 = 0.Ef00 1.E+02 4.E-0] 5.E-02 6.E-02 7.E-02 8.E-02
AR AF = 4.7 2 5
[ s i)y | 30C i 3
5 10 £ 50 mi & -10 £
x F 12 3
-15 + T 154
NI 81
% -20 § 20
-25 /‘ ACCELERATION FACTOR:  AFcyees = Nyse / Nrest 25 ¢
-30 ,; “e » A -30 ,E
b “Kink” is for decrease in = AW are | AWyse t
a5 £ cooling rate during ramp .
f -down from 125C to -40C = RATIO OF LOOP AREAS E
-40 - 40 L
SHEAR STRAIN SHEAR STRAIN

Inner row results

Outer row results
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Case # 2: CBGA Assembly

* FEM:

eeisx ANSYS 10.0A1

- :;"ﬁpf AVG ELEMENT SOLUTION

BUE =
TIME=
PLWK

PLWK (AVG)
DMX -

=.166E-04
SMN =.280E-08

=.194E-06
.280E-08
.118E-07
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CBGA WITH INNER ROW, ATC-3 TEMPERATURE CYCLE

Strain energy contour plof IMaximum strain energy at package interface
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Inner Row, AF=N(30/80C)/N(0/100C)

Case # 2: CBGA Assembly

» Comparisons

Outer Row, AF=N(30/30C)/N(0/100C)

Model Predicted AF Error
AM 8.49 131%
CSEM 4.7 13%
FEM 2.74 -34%
Test 3.68 N/A

Model Predicted AF Error
AM 8.49 104%
CSEM 5.4 30%
FEM 2.89 -31%
Test 4.16 N/A

Inner Row, AF=N(30/80C)/N(-40/125C)

Outer Row, AF=N(30/80C)/N(-40/125C)

Model Predicted AF Error
AM 43.36 334%
CSEM 8.2 -18%
FEM 5.44 -46%
Test 10 N/A
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Model Predicted AF Error
AM 43.36 224%
CSEM 9.4 -30%
FEM 5.82 -57%
Test 13.39 N/A
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Case # 2: CBGA Assembly

» The AM approach over-predicts the AFs by about 2 times for the
0/100°C test and about three to four times for the -40/125°C test;

* For both test conditions (-40/125°C and 0/100°C) the CSEM
approach predicts AFs within +/-30%;

- The FEM approach appears to be on the conservative side since it
predicts AF values within -25 to -30% (0/100°C test) or -46 to -57%
(-40/125°C test) of the experimental AFs. The larger error for the
-40/125°C test conditions is attributed to the constitutive model
used as the SAC mechanical data is only valid above room
temperature;

* DNP effect: The DNP effect on AFs is not negligible since the
effect is from 13% to 34% between the inner and outer rows.
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Case # 3: FC-BGA Assembly

+ 43x43 array /0O FC-BGA, 45x45x2 mm substrate, 2.36 mm (93 mil)
thick FR-4 board,;

. AT(|) ;:ondltlons 0/100°C, 25/85°C (main cycle) and 75/85°C (mini
cycle

ICross section of FC-BGA assembly]

166,06 Cminute
4
20
10
4
000E+00  500E+03  100E+04  150E+04  200E+04  250E+04  3.00E+04  350E+04  4.00E+04  4.50E+04
IME (SE(
86
85
84 76.14C/min
83
O 82
i

|Main and mini cycles

E
':_>81
ESO
o
=

EEEEEEEEE
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Case # 3: FC-BGA Assembly

* AM:

Main-Cycle AF Calculations
USE TEST AF
Tmax (deg.C) 85 100 term3: 1.28 [= Arrhenius term
Tmin (deg.C) 25 0
Dwell (min.) 228 10 term2: 0.65 |[=dwell time factor
(~ 3.8 hours)
DT 60 100 term1:  3.87 |=AT factor
AF Predicted = term1 x term2 x term3  3.23
Mini-Cycle AF Calculations
USE TEST AF
Tmax (deg.C) 84.8959 100 term 3: 1.28 |= Arrhenius term
Tmin (deg.C) 75.9154 0
Dwell (min.) 308.3 10 term 2: 0.63 |= dwell time factor
(~ 5.14 hours)
AT 8.9805 100 term1: 593.96 |= AT factor
AF_Predicted = term1 x term2 x term3 477.11
Page 23
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Case # 3: FC-BGA Assembly

* CSEM:

25 ¢ 25 —+
| [SAC Joints, FC-BGA Model: SUBSTRATE (CTE = 11.75 ppm/C) | [SAC Joints, FC-BGA Model: SUBSTRATE (CTE = 11.75 ppm/C)
20 |ON PWB (CTE = 18 ppm/C, 93 mil thick) 20 ||ON PWB (CTE = 18 ppm/C, 93 mil thick)
15 § 15 f
L STRESS CHANGE DURING L
[ FIRST 10 SECONDS I
10 — UP FROM 25C to 52.5 10 +
[ AT A RATE OF 165C/minute 100C t 100C
T 51 & 59 ~ 85C
= 1 s ]
(/) :\\\\{\\\ \\\{\\\\{\\\\{\\\\{\\\\\ {\\\\{ mo:\\\\{\\\{\\\\{\\\\{\\\\{\\\\{\\\\{\\U\\{\\\\{\\\\{
@ 0.000 0.005 0.020 0.025 0.030 0.03 045 0.050 § 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.0350 0.040 0.045 0.050
-5 e 51 ~75C
= r =
] L )
x . £ - i
< 10+ % 10
w n w [
T L STRESS CHANGE DURING I F
n -15 ¢ FIRST 5 SECONDS RAMPING »n -15 ¢
r DOWN FROM 85C to 63.65C L
20 & AT A RATE OF 255C/minute 20 &
251 251 —— Mini-Cycle with Initial Rates Doubled: 75/85C, 1 cycle = 40,000 sec = 11.111
b —— Main Power Cycle: 25/85C, 1 cycle = 40,000 sec = 11.111 hours : h;:'r's ycie with Initial Rates Doubled: » 1 cycle = 40,000 sec = 11.
30 £ 30 1 _ ate. . ; :
E —— ATC: 0/100C, 40 minute cycle (36 cycles/day), 10 min. ramps, 10 min. dwells : ATC: 0/100C, 40 minute cycle (36 cycles/day), 10 min. ramps, 10 min. dwells
35 £ 35 L
SHEAR STRAIN SHEAR STRAIN
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Case # 3: FC-BGA Assembly

FEM:

Strain energy contour plot

SMTAI 2006 LEAD-FREE SYMPOSIUM

ANSYS 10.0
A¥G ELEMENT SOLUTION
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Case # 3: FC-BGA Assembly

« Comparisons
MAIN TEMPERATURE CYCLE: AF COMPARISONS

AF Ratio = AM Model/

MODEL AF Other AF
AM 3.23 1
FEM 2.23 1.448
CSEM 2.345 1.377
MINI-TEMPERATURE CYCLE: AF COMPARISONS
AF Ratio = AM Model/
MODEL AF Other AF
AM 477.11 1
FEM 322.47 1.480
CSEM 300.004 1.590

 AFs for mini-cycles are much larger than for the main cycles, by
over two orders of magnitude;

e CSEM and FEM results are within 10% for both main and mini
cycles;

e AM results are 37% to 59% larger
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Conclusions

* AM is easier to use but tends to predict higher AFs, which
could overestimate solder joint fatigue performance and
lead to weak designs that may not survive field conditions;

- CSEM and FEM approaches predict AFs more in line with
test data. Since both approaches take geometry and
material properties into consideration, it requires more
upfront work;

* FEM yields more conservative AFs with the particular
Anand constants used in this paper. Further work is
required to characterize SAC solders below room
temperature to improve FEM prediction accuracy;
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Conclusions

- The CBGA case yielded largest errors between models and
test data. Uncertainty of the failure data could be a
contributing factor;

* An error margin of about 30% on AFs appears as a
reasonable and feasible goal, which should prove to be a
effective tool in the design stage;

* In general, it is worthwhile to exercise several approaches
to better gauge the accuracy of AF results.
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