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Chapter 1: Introduction to Thesis
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Figure 2-1: General stress-strain schematic showinifpe hysteresis loops of the monotonic model
along with the single (dotted) line of the cyclic mdel, as well as the effects of varying n and K.
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Figure 2-3: Mathematical construct of the von Mise'syield criterion [41].
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Figure 2-4: SiP schematic
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Figure 2-5: Bend test PWA dimensions and roller pleement.
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Figure 2-6: ‘3-point’ test board & bending moment dagram. Components within each group
(inner & outer rows) are initially expected to expeience similar strain distribution.
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Figure 2-7: An image of a dye-stained test board Wi inets howing the position of land #1 and
the trace attached to it.
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Figure 2-8: Strain gauge locations. The small yeilv boxes with the red numbers above them
denote the strain gauge locations and their corregmding identifier numbers.

% ‘() 0%& 6%* 8/ %) ) % 3* % 0 */ ) (

%/*&% )* & *6& & &/ /4 2& ,1.-5%

I
30 2mm/min Strain gage 4
3500 @
z . =
= O.Smm/mln g 3000 /
w 20 / g 2500 /
3] 1mm/min = g 2000 — y=1122x-1621 ——
5 //Linear limit of PWB £ o0 RE=G5871 |
w + £
10] // S 1000
pZ / g 500
0 0 ’
.5 2 2.5 3
- - " 6 8 ! Loading amplitude (mm)
Deflection s (x corrected and subsequently offset) in mm

Figure 2-9: PWA Overstress Test Results:
(a) Force-deflection shows the board remains lineawithin the 3mm deflection envelope, and (b)
Strain gauge 4, one of the highest strain regionshows linearity within the 3mm deflection
envelope.

-18



Chapter 2: Fatigue Model based on Average CrosgeBeStrain

Table 2-1: PWA Overstress Test Results

Overstress Test Result
Loading
Amplitude 2mm 3mm 4mm | 5mm
Failed No 7 & 11 2&3|6&10
Components | failure failed failed | failed

0.0005
Overstress Test, 2.25mm Bend Strain History |

/ Gauge 7

-0.0005 -

-0.001

Gauge Strain

-0.0015

-0.002

-0.0025 - ! !
10 11 12 Time(s) 13 14 15

Figure 2-10: Strain levels for selected strain gaugs at a selected load level. These data are from
a convex 2.25mm amplitude bend. Some asymmetry cha seen between gauges #2 and #8.
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Chapter 2: Fatigue Model based on Average CrosgeBeStrain

Table 2-2: Durability test matrix.

Loading Overstress
Amplitude test 2.75mm | 2.5mm | 2.25mm
Compression 1 1 1
1
Tension 1 1 1
nmoan *. (

) &* 2 % & 4 58& )E ' 0/ **%& +&* |/

%0 ,'E$

Table 2-3: Cycles to failure for 3PT cyclic bend tgts, tensile and compressive loadings. Some
compressive tests did not complete by the time theyeeded to be taken offline.

Comp| T225 T250 | T275 |C225| C250 C275

1 41664 122669 26461 - - 160864
2 9520 6044 3837 - 137367 9478
3 5510 3114 2873 - 85286 6281
4 96573 87492 6383 - - 119322

5 71176 30403 13163 - - 73358

6 6679 5112 3757 - 67740 5230

7 10314 6520 4094 - 100855 10462

8 99306 77325 85119 - - -

9 141265 14163 10176 - 110258 56961
10 12355 2822 1870 - 34844 6420
1 9640 4538 3082 - 79260 7390
12 224223 90487 40909 - - 110823
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Figure 2-11: Elevational cross-section showing Cuggls, solder, and the beginning of the Cu trace
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Figure 2-12: (a) Global view of the bend test PWA ith Land 1’s position noted, with inset
showing plan view of laterally polished Land 1 clas-up, and (b) Land 1 and the trace attached to
it, a zoomed in view showing the fatigue damage auss the trace.
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Figure 2-13: 2-parameter Weibull plots of two groupg of specimens. The left plot is the inner
group (A, B), the right plot is the outer group (C,D).
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Probability - Weibull: Trace A
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Figure 2-14: 2-parameter Weibull plots of the fourgroups of specimens.
top: inner left (A), inner right (B), outer left (C), outer right (D).
Table 2-4: Weibull parameter results for the 3PT bad test data.
Weibull T225 T250 T275
Constants | B n B n B n
A&B |3.64 9973| 3.30 5133| 3.80 3595
C&D 1.88 128290| 1.03 74336/ 1.15 31868
A 3.12 10686| 3.36 4074| 2.74 3218
B 297 9546| 5.31 6076, 6.64 3905
C 2.84 116390, 1.66 26857, 2.64 11293
D 1.15 145410] 4.16 116760, 1.70 588836
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Table 2-5: Element and node totals for the globalrad local 3PT bend test Finite Element Models.

Global | Local | Local Local
Model | CLO | CL1 |...| CL9
Nodes 28162 (17187 (17187 |...|17187
Elements | 21722 |16435|16432|...|16408
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Table 2-6: Linear properties applied to the materid models used in the global and local models.
PWA SAC Cu EMC
Eyx (MPa) | 25.0E+3 47.5E+3 82.7E+3 11.1E+3

E, 25.0E+3
E, 10.0E+3
Vyy 0.15 0.35 0.35 0.33
Vyz 0.06
Vysy 0.06

Gy, (MPa) | 20.0E+3
Gy, | 20.0E+3
Gy, | 15.0E+3

Oy 15.0E-6| 20.9E-6 17.4E-6| 13.0E-6
Oy 15.0E-6
oy 55.0E-6

100 SAC305 Constitutive Model

0 0.05 strain 0.1 0.15
Figure 2-15: Elastic-plastic constitutive curve usa to model the SAC solder.
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Figure 2-16: Full and multiple insets of the adaptre mesher solved, “converged” mesh density.
The contour plot shows the “error energy” of the Cutrace neck up to the failure cross section.
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Figure 2-17: Error energy at the failure cross seon of the operating local model. The largest
error energy occurs at the transition to a new mateal type, which is inherent in the formulation.
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Figure 2-18: Mesh iteration history plot showing tle decrease in mesh error.
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Chapter 2: Fatigue Model based on Average CrosgeBeStrain

Figure 2-19: Global FE model of inner and outer corponent.
(a) Obligue view showing the locations where the Bfor each of the different trace regions were
found. “A” is components 3/6/10, “B” is component®/7/11, “C” is components 4/5/9, and “D” is
components 1/8/12; and (b) elevation view.

Figure 2-20: Local model of single joint with addedCu trace emanating from the Cu land.
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Figure 2-21: CCW from top-right, this shows Cu landnumber 1, a closer view of the land, the x-
direction strain contours in the zoomed view, andhe more precise strain contours of just the
neck region where the fatigue damage occurs.
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Figure 2-22: Strain transfer functions for tensile3-point loading. There are four (4) curves
corresponding to each joint location type, seen iRigure 2-19.
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Figure 2-23: Initial Cu model used, inset showinghte material model table from the calcePWA
[47] software database including constitutive modetonstants and corresponding fatigue

constants.
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(@)

(b)
Figure 2-24: Deformed geometry of the (a) global Jevation view with undeformed edge and (b)
local, EPTO (ANSY'S notation for EPsilon TOtal) conburs FE models.

Figure 2-25: Close up of the deformed geometry ohé Cu trace neck of a sample trace/loading
configuration, with total equivalent strain contours.
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Figure 2-26: Plastic strain range results from trae A, deflection 2.75mm (A275) and trace D,
deflection 2.25mm (D225) showing linearity of rests.
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Table 2-7: Constants CO through C11 for equation (2-12) for copressive data for linear sections
1 and 2.

Compressive RS Constants used to solve for:
elastic 1 elastic 2 plastic 1 plastic 2 H 1 H 2
Cco 92.36 E-6| -685.66 E-6 3.79 E-3 2.59 E-3] -23.94 E+0| -62.41 E+0
C1 -1.03 E-6 6.75 E-6] -25.28 E-6] -13.21E-6] -13.15 E-3| 371.50 E-3
Cc2 10.81 E-6] 159.92 E-6] -635.52 E-6] -209.34 E-6 1.87 E+0| 1.46 E+O
C3 67.34 E-6 1.10 E-3 -3.45 E-3 -1.51 E-3] 10.08 E+0| 10.12 E+0
Cc4 -152.08 E-9 -3.33 E-6 9.95 E-6 -1.45 E-6| -29.97 E-3 1.60 E-3
C5 136.60 E-9 -1.35 E-6 5.43 E-6 1.17 E-6] -18.83 E-3| -14.66 E-3
C6 782.81 E-9 -9.53 E-6] 27.48E-6 8.01 E-6] -86.52 E-3| -86.93 E-3
Cc7 -4.87 E-6] -98.94 E-6] 423.95E-6 98.28 E-6] -728.96 E-3| 177.43 E-3
C8 66.10 E-9 1.01 E-6 -3.85 E-6| -596.77 E-9 9.52 E-3| 456.04 E-6
C9 58.41 E-9 1.83 E-6 -2.58 E-6 2.52 E-6] 10.66 E-3| -10.15 E-3
C10]| -564.21 E-12| 31.24 E-9] -113.06 E-9] 940.75 E-12| 333.97 E-6] 18.26 E-6
Cl11]| -770.43 E-12| -18.48 E-9] 43.23E-9 -7.72 E-9| -146.48 E-6| 61.71 E-6

Table 2-8: Constants CO through C11 for equation (2-12) for tesile data for linear sections 1 and
2

Tensile RS Constants used to solve for:
elastic 1 elastic 2 plastic 1 plastic 2 H 1 H 2

(0{0] 537.60 E-6[ -239.02 E-6 5.38 E-3 1.31 E-3| 42.35 E+0| -58.41 E+0

C1 -7.57 E-6| 198.33 E-9] -46.50 E-6 -5.79 E-6] -784.57 E-3| 222.99 E-3

Cc2 -15.26 E-6] 60.41 E-6] -696.18 E-6| -137.12 E-6] -2.96 E+0 5.77 E+0

C3 -79.59 E-6| 352.91 E-6 -3.90 E-3 -1.02 E-3| -15.21 E+0| 28.76 E+0

C4 227.50 E-9| -943.54 E-9 9.44 E-6 -1.94 E-6] 46.06 E-3| -103.52 E-3

C5 510.01 E-9| -246.68 E-9 6.27 E-6| 681.77 E-9] 60.62 E-3| -26.68 E-3

C6 2.90 E-6 -1.42 E-6] 33.92 E-6 5.14 E-6] 295.78 E-3| -143.88 E-3

Cc7 3.78 E-6] -23.37 E-6| 423.62 E-6] 71.63 E-6 1.03 E+0| -2.44 E+0

C8 -56.89 E-9| 214.54 E-9 -3.93 E-6| -410.28 E-9] -20.53 E-3| 14.16 E-3

(0°] -66.15 E-9| 343.65 E-9 -2.08 E-6 248 E-6] -15.32 E-3] 41.10 E-3

C10 -5.97 E-9 5.74 E-9| -107.76 E-9 6.01 E-9] -904.05 E-6| 591.84 E-6

C11| 988.73 E-12 -3.11 E-9] 36.86 E-9 -8.79 E-9] 298.81 E-6{ -265.45 E-6
)* 7% * % % 0*3/ *% '$ 6%* */$ %0 ,IM*)6* )

+%& * 3% *%/ 3% * & 7 3% +%* *&%H $ %) &*
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% & )9$HK: * %) &<C3% ( ) &  (6)) * &%
(%) %* (6))* &% $

-39



Chapter 2: Fatigue Model based on Average CrosgeBeStrain

Table 2-9: Cyclic minima and maxima of Cu trace platic strain,
from FEA and from RS using the milestone K valuesnh MPa used to develop the RS.
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Figure 2-27: Generalized plot of the effect of thenean stress correction or “f” factor. The dotted
line is the Morrow model which treats the correctim linearly. The BCS curve shows a saturation
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level in compression and tension while the UCS modapplies Morrow in compression and a
saturation in tension.
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Figure 2-28: Flowchart of the full cross section m#el constant development process.
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Figure 2-29: Detail flowchart of the MATLAB processused to iteratively solve for K and the
AFCs; the box labeled “"MATLAB AFCs Solver” in Figur e 2-28.
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Figure 2-30: Damage model incorporating the high e fatigue Basquin curve and the low cycle
fatigue Coffin-Manson curve, with the “tanh” ratio limiter. This is the fatigue curve fit to the Cu
trace failure data based on the average strain irhe trace cross section.
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Figure 2-31: Comparison plot of predicted life vs bserved life, with a y=x line drawn for clarity.
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Table 2-10: Final BCS model Table 2-11: Final UCS model  Table 2-12: Final constitutive
fatigue constants. fatigue constants. model constants from AFC
method.
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Figure 3-1: ESEM image of the damage zone in a tdfesloading Cu trace specimen. The path
and surrounding details of the damage points towarahot a standard, straightforward crack but
rather a meandering zone of microstructural damagaelistributed over a local zone of finite

width.
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Figure 3-2: Cu trace sections of the first three Sinodels showing damage zone lengths 0, 1, and

2.
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Table 3-1: Trace A, T275 example table showing th&train data collected from all
Sl models for a given trace configuration and loadhig profile.

Table 3-2: Example table showing the discrete Nfsatculated from the above Table 3-1.

Table 3-3: Example table showing the Cumulative Nfsalculated for A_T275

Table 3-4: Damage per Cycle calculated for AA_T275
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Table 3-5: Total Damage calculated for A_T275

Table 3-6: Total Nis for each discrete damaged segment to fail.
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Figure 3-3: Plot of TNfs across the trace width fora K value of 190.67MPa using the tanh model.
Overlaid on the plot is the fatigue damage path, ab highlighted over an ESEM image, seen at

the right.
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Figure 3-4: IFC UCS fatigue model showing failure dta (TNf) and initiation data (SNf). The
dotted line is the zero mean stress curve, and thest of the lines pertain to a certain mean stress
level for a failure data point. The EPTO on the t-ais is the initial strain found in the leading
column of the DLO model.
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Figure 3-5: Comparison plot of predicted life vs oberved life, with a y=x line drawn for clarity.

Figure 3-6: IPR compared to the ratio of the Figure 3-7: IPR compared to the ratio of the
mean stress in the first damaged zone segmentstrain range in the first damaged zone segment

to the fatigue strength. to the fatigue ductility.
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%0 [.$ ) * 3 *9% *(6))6& S+ ) %% %*6& |

) ] (%& &+% | %0 ,.$

Table 3-7: Final BCS model  Table 3-8: Final UCS model Table 3-9: Final constitutive
fatigue constants. fatigue constants. model constants from AFC
method.
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Figure 4-1: Test coupon for the 4pt bend test.
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Figure 4-2: FE schematic of the 4pt bend specimens,quarter symmetry model.
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Figure 4-3: 4pt bend test setup, including bendinghoment diagram.
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Figure 4-4: Plot of the 4pt failure data by load leel. A few of the sets have large jumps in cycles
to failure.

Table 4-1: Table of the failure results for the 4ptend test. The red numbers were still
functioning at that measurement.
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Figure 4-5: Local model with detailed inset. This mdel is half symmetric, as opposed to the 3pt
model. This trace is also the DL8 model (half symatry).
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Figure 4-6: Exaggerated deformation and equivalenstrain contours of the 4PT bend global FE
model. The trace designation letters are shown iyellow ovals.
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Figure 4-7: Deformed local model's Cu layer and edualent strain contours.
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Table 4-2: Table of AFC model elastic strain rangefor all loads.
The negative sigh denotes the bottom of the rang®ositive is the top.
“EPEL” denotes elastic strain, “EPPL" is plastic strain, and “HPRES” is hydrostatic pressure.

Table 4-3: Sample IFC total strain data for the 4pttests, trace configuration B.
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Figure 4-8: Mean stress family based on the BCS AF@odel. it can be seen that the data are
further in to the HCF range than the 3pt.

Figure 4-9: Nf comparison between the model predied values and the experimentally observed
values.
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Table 4-4: Example table showing the discrete Nfsatculated from the above Table 4-3

Table 4-5: Example table showing the Cumulative Nfsalculated for B_1400
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Table 4-6: Damage per Cycle calculated for B_1400

Table 4-7: Total Damage calculated for B_1400

Table 4-8: Total Nfs for each discrete damaged se@mnt to fail.
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Figure 4-13: Plot of TNfs across the trace width fioa
K value of 190.67MPa using the tanh model.
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Figure 4-10: Mean stress family based on the BCS @-model, showing both cycles to initiation
and cycles to failure.
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Figure 4-11: Nf comparison between the model predied values and the experimentally observed
cycles to failure.
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Figure 4-16: IPR compared to the ratio of the  Figure 4-17: IPR compared to the ratio of the
mean stress in the first damaged zone segmentstrain range in the first damaged zone segment

to the fatigue strength. to the fatigue ductility.
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