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ABSTRACT

VALIDATION OF ELECTRONIC PACKAGE RELIABILITY USING 

SPECKLE INTERFEROMETRY 

By

Kevin Joseph Cote 

December 2000

In-situ measurements were performed on a land grid array electronic package 

using Electronic Speckle Pattern Interferometry. Unlike other whole field deformation 

techniques such as Moire Interferometry, which is typically used by the electronic 

packaging industry, Electronic Speckle Pattern Interferometry does not require a thin 

film grating to be applied to the specimen. Moreover, this grating can often skew the 

measurements if  not applied properly.

Due to coefficient of thermal expansion mismatches between the package and 

printed circuit board, creep shear strains developed in the 63/37 SnPb solder. When 

thermally loaded, these creep shear strains develop cracks in the joint leading to Mode 

II failure. A single thermal half cycle from 25°C to 125°C was applied to a specimen 

to simulate the fatigue life of the solder joints undergoing thermal loading and the 

resulting strains were entered into the Engelmaier reliability prediction model for 

63/37 SnPb solder. An equivalent finite element model was developed to validate 

these results using bilinear and multilinear coefficient of thermal expansion and

1
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temperature dependent modulus properties. The experimental results yielded 0.59% 

strain per cycle with 7485 cycles to failure while the bilinear and multilinear models 

yield 0.682% and 0.642% strain, respectively leading to 5880 and 6503 cycles to 

failure.

2
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CHAPTER 1 

INTRODUCTION

Electronic packaging is the technology o f packaging electronic equipment which 

includes the interconnection of electronic components into printed wiring boards 

(PWBs) and the interconnection o f printed wiring boards to electronic assemblies [1]. 

Due to the increased use o f computers and electronics in all aspects o f our lives, 

increasing performance o f electronic packaging configurations without the increasing 

cost is becoming a major thrust o f the electronics industry.

Due to differences in materials and configuration requiring a different analytical 

approach, an electronic package configuration is frequently broken down into three 

levels [2]. The first level or component level provides a method for attaching and 

interconnecting a silicon die to the substrate o f printed circuit board (PCB). For the land 

grid array (LGA) package used in this thesis, this interconnect is accomplished using 

gold (Au) wire bonds from the die to the PCB.

The second level or module level packaging interconnects components to the 

next level of packaging, which is the PWB. This can be accomplished either using 

through-hole or surface mount technology (SMT). The latter is used for the LGA 

package. With SMT, solder joints are generated by screen printing a solder paste 

material onto the PWB. The LGA package is then placed on top of the solder paste and 

the assembly is reflowed in a furnace to form the solder joints.

1
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The third and final level or chassis level package includes support rails to which 

the modules are mounted, and a motherboard with connectors that provide electrical 

interconnection to other modules and the main chassis connectors. For this thesis 

however, the chassis level will not be considered due to its irrelevance to the package 

solder joint reliability.

The LGA is classified as a chip scale package (CSP), meaning the size of the 

silicon die is slightly smaller than the size o f the package. CSP packages are used in 

applications were the overall size of the system is critical. In the case of the LGA, it is 

used as a transmit/receive chip in cellular phones. The structure o f the LGA package is 

comprised o f a two metal layer circuit board with a silicon die attached via a non- 

conductive epoxy. The die is protected from the environment by a mold cap. As with 

any new packaging technology, the mechanical reliability of the package must be 

analyzed. For the LGA package this is critical due to the relative size o f the solder joint 

compared to the size o f the package.

Electronic packages are constructed o f many different materials that have 

different coefficient of thermal expansion (CTE) values. The CTE is the change in 

linear dimension per unit length per degree change of the bulk material temperature [3]. 

Due to o f the variations in CTE of each material, when the package assembly is 

subjected to thermal loading, strains develop in the solder joints. To quantify these 

strains, thermal cycling is used to determine the solder joint reliability o f the package. 

This occurs naturally in the real world application such as when a device is powered up 

and then shut off repeatedly over time.

2
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Table 1 lists the CTE values o f materials commoly used in electronic packaging. 

The differential expansion, or mismatch, must be accommodated by the various 

elements. Packages are subject to two types o f heat exposure: process cycles, which are 

often high in temperature but few in number; and operation cycles, which are numerous 

but less extreme. This thesis deals only with the latter. The assumption being that the 

structure has survived manufacturing and burn-in stresses. If  any of the solder joints are 

unable to repeatedly bear their share o f the system mismatch over the lifetime, the joints 

will fracture, prematurely terminating functionality o f the package. This failure is 

known as thermal fatigue.

TABLE 1. CTE o f Various Materials Used in Electronic Packaging

Material_______________ CTE (TO-6 per degree Celsius at 2S°~)
Alloy 42 6.0
Titanium 10.0
Iron 12.0
Gold 14.2
Nickel 13.0-15.0
Gold-tin eutectic 16.0
Copper 16.0-18.0
Silver 19.0
Lead-tin eutectic 21.0
Silicon 2.8
Alumina 6.7
Epoxy Glass 11.0-15.0
Polyimides 40.0-50.0
Epoxies 60.0-80.0

Component geometries that are potential candidates for themal fatigue can 

usually be generalized as two relatively rigid elements (typically a chip or chip carrier; 

substrate, printed wiring board, or heat sink), joined by a softer interconnection or array 

of interconnections, solder joints [4]. By virtue of geometry and materials, the
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interconnection can vary in softness from very compliant, like the LGA solder joint, to 

relatively stiff. In the former case most of the thermal mismatch is bome by the 

interconnection, while the latter, the force is evenly distributed throughout the region. A 

simplified model of the LGA package can be shown as two dissimilar materials 

connected via a compliant solder joint. When a thermal load is applied to the model, the 

materials expand at different rates and the mismatch is absorbed by the solder joint.

- L -
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FIGURE I. Thermal response of half of idealized structure, (a) Room temperature, (b) 
elevated temperature beams contrained. (c) constrained state, (d) magnified view of 
solder joint.
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To obtain an approximate solution, the same short beam shown in figure 1 may­

be utilized to develop approximate stresses in the solder joint. Details o f the model 

assumptions are shown in Figure 2 for both undeformed and deformed. The weakest 

assumption underlying the idealization is that every plane horizontal cross section in the 

joint remains plane during the deformation [5]. However, it is useful to keep these 

models in mind when verifying FEM results.

M2--------

FIGURE 2. Approximate stress model for LGA solder joint, undeformed and deformed.

The terminal is segemented into a stack of rectangular plates, each o f which may 

shear, stretch, or compress but always remain plane. Nonlinearity can be approximated 

by assuming a single work-hardening coefficient.

Operating at an absolute temperature over half the melting point of 183°C, the 

solder joint’s mechanical behavior does not only depend upon the applied force or 

displacement field but also upon time and temperature. Measured properties o f bulk 

solder show that flow properties alter drastically with temperature. In addition, a set of 

interactive creep mechanisms come into play, each with its own stress, temperature, and

5
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grain size dependencies. Creep is the time-dependent deformation o f a material under 

constant mechanical stress and temperature [6]. Although high-temperature solder 

deformation is complex, one may describe soft solder as being relatively rigid at low 

temperatures and dramatically softened by 100°C.

At low temperatures the plates in figure two diverge only slightly because o f 

small quasi-elastic deformation o f the terminals. At higher temperatures the plates tend 

to straighten as the solder weakens, and by 120°C there is no rem aining  bending, and 

presumably no constraint to free plate expansion. Figure 3 is a schematic representation 

o f the steady-state hysteresis loop in comparison to high and low temperature isothermal 

curves of a typical solder joint which is developed after several “break-in” cycles. 

Thermal wearout is a relatively long-term phenomenon. Due to this condition, the 

behavior prior to steady-state conditions is seldom o f importance.

S h e a r F o rc e

Low
T e m p e ra tu re

-------------1

FIGURE 3. Schematic of force-displacement hysteresis for a solder.

6
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Typical thermal cycles imposed on a package in a cellular phone environment 

involve long hold times at cycle extremes. An example of this type o f  thermal cycle is 

seen when a user turns on the phone after it has been sitting in their car on a hot sum m er 

day or when the phone was left in the trunk o f a car in a cold environment. These 

extreme conditions produce stress relaxation o f the solder or creep, especially at the 

high-temperature end.

To characterize the solder joint reliability of the LGA package, the solder joint 

creep shear strain was experimentally measured via electronic speckle pattern 

interferometry (ESPI). The LGA specimen was placed in a thermal chamber and the 

temperature was varied from 25 °C to 125 °C and then held for 10 minutes. The speckle 

pattern at 25°C was recorded and all additional patterns were compared to this to 

measure the strain distribution.

In order to accurately produce an equivalent finite element model o f the LGA 

package, the CTE and temperature dependent modulus properties o f the PCB were 

characterized. The material properties o f  silicon, mold compound and solder were 

already known. The 2D symmetric plane strain model was developed in ANSYS™ and 

thermally cycled from -55 °C to 125 °C with 10 minute dwells at each peak. Each cycle 

lasted one hour. The model was run for three complete cycles to stabilize the hysterisis 

loop. The resulting sheer stress versus creep sheer strain was then plotted.

The resulting solder creep shear strain determined from both ESPI and FEA were 

then input into the Engelmaier lifetime prediction model. This model is then used to 

determine the number of cycles to failure for the LGA package. A complete description 

is found in Appendix B.

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

CHAPTER 2

ELECTRONIC SPECKLE PATTERN INTERFEROMETRY 

The coherency o f laser light leads to the appearance of the phenomenon of 

speckle. This speckle pattern appears as a grainy appearance o f a scattering surface 

when illuminated by coherent light. The speckle pattern is due to the interference that 

occurs between the light rays as they are scattered by different points on the surface due 

to the surface roughness. The resultant amplitude at any point in space is due to a set of 

vectors with random phase differences. The amplitude has a value which varies between 

zero and a maximum value. The magnitudes and phases of the individual amplitudes 

determine them. As the point in space is varied, the resultant intensity will have a 

different value. It is this random intensity variation which produces the speckle effect. 

The speckle effect occurs only when the surface is optically rough. This roughness must 

be greater than the wavelength of the ilhiminating beam. The size o f the speckles is 

governed by the wavelength o f light used and the aperture o f the viewing system.

There are two main speckle techniques applied to surface displacement

measurement; speckle photography and speckle interferometry. In speckle photography,

light scattered from an object is recorded on a photographic plate. This is done before

and after deformation. The two speckle patterns are produced are identical except that

one is displaced relative to the other by an amount, which depends on the extent of the

displacement of the object and the magnification of the imaging system. The speckle

displacement can be determined by illuminating the developed plate and viewing the
8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

diffracted light. The fringes that are produced can be used to calculate the object’s 

displacement. A hindering aspect in the process is that the plates must be developed and 

analyzed. Due to recent developments in digital speckle photography, the process is 

accelerated by eliminating the need for photographic plates. In this situation, a surface 

is imaged onto a CCD array and the image is sent to a computer. After the surface has 

been displaced another image is sent to the computer where it is digitally added to the 

image taken before the displacement. The resultant image can then be analyzed using 

digital techniques. The simple optical set-up o f the technique makes it an ideal tool for 

non-destructive testing. Other methods such as moire interferometry require a  thin film 

grating  to be applied to the specimen [7]. However, if  the material under examination is 

a  thin material, the applied grating can alter the properties o f the material.

In electronic speckle pattern interferometry (ESPI) a speckle pattern is formed by 

illum inating  the surface of the object to be tested, with laser light. Figure 4  shows a 

schematic representation of a typical ESPI setup.

LASER ILLUMINATION
DIRECTION

MEASURING
DIRECTION

OBSERVATION
DIRECTION

FIGURE 4. ESPI setup for strain measurements.

9
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This speckle pattern is imaged onto a CCD array where it is allowed to interfere with a 

reference wave as shown in Figure 5.

REFERENCE OBJECT
VAVE WAVE

(Non-deformed)

REFERENCE OBJECT
VAVE

(Deformed)

FIGURE 5. Light waves for both non-deformed and deformed patterns.

The resultant speckle pattern is then digitally captured and transferred to a computer 

where it is saved in memory and displayed. When the object has been deformed, or 

displaced, the resultant speckle pattern changes due to the change in path difference 

between the wavefront from the surface and the reference wave as shown in Figure 6

(Non-deformed) (Deformed)

FIGURE 6. Speckle pattern o f both non-deformed and deformed object.

10
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This second resultant speckle pattern is transferred to the computer and subtracted from, 

or added to, the previously stored pattern and the result is rectified. The resulting 

pattern is then displayed on the monitor as a pattern o f dark and bright fringes, Figure 7. 

The fringes are called correlation fringes, as the fringes are produced by correlating the 

intensities o f the resultant speckle patterns taken before and after displacement.

FIGURE 7. Resulting difference between original pattern and deformed pattern.

It is possible to continuously capture developing speckle patterns while a 

deformation is occurring and subtract them in succession from the first speckle pattern, 

in real-time. Using this method, it is possible to observe the real time formation and the 

progressive changes o f the fringe pattern related to the deformation of the surface.

The similarities between ESPI and holography interferometry led to the term TV  

Holography being used to describe this technique. The result of both techniques is a 

fringe pattern where the fringes represent contours o f equal displacement. In both 

techniques the fringes result from a change in phase between an object and a reference

11
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wave. The main advantage o f ESPI over holographic interferometry is that it enables 

real-time correlation fringes to be displayed directly upon a computer monitor without 

any form o f photographic processing or plate relocation. This comparative ease of 

operation allows the technique to be extended to considerably more complex problems 

in deformation analysis. ESPI also allows the displacement in different planes to be 

measured separately. Furthermore, ESPI does not require high-resolution recording 

media and imposes less stringent conditions on vibration isolation and ambient light. 

These advantages have led to an increase in the use o f ESPI in a wide variety o f 

applications. Depending on the optical configuration o f the ESPI system it can be made 

sensitive to out-of-plane displacements, parallel to the observation direction, or in-plane 

displacements, perpendicular to the line o f sight, or both. For an out-of-plane system, 

the object is viewed normal to the surface and illuminated by one beam, the object 

beam, at an angle near normal. The resulting speckle pattern is then imaged onto the 

CCD array where it interferes with a reference beam. The reference beam is aligned 

with the light coming from each particular part o f the surface under study. The ESPI 

subtraction fringe patterns that are produced, represent contours o f equal displacement 

along the viewing direction.

In an in-plane system, two beams illuminate the object at equal angles to the

viewing direction, each generating its own speckle patterns. This technique only

measures the displacement along a particular direction that lies normal to the line of

sight of the system and in the plane o f the two illumination beams. To measure strain,

the displacement on the plane of the surface is measured and its variation is a function of

distance in any direction can be calculated. Speckle interferometry can do this
12
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independently of any displacement taking place in the direction normal to the surface, 

where as holographic interferometry requires an accurate and lengthy fringe analysis.

For complete in-plane displacement measurements, two such systems are needed. They 

measure the displacement in the same plane but in orthogonal directions. The calculated 

displacements can then be added together to produce the resultant in-plane displacement. 

By combining a dual in-plane system (sensitive to displacements in both the horizontal 

and vertical directions) with an out-of-plane system, it is possible to determine three- 

dimensional deformation of an object by recording three patterns, each with different 

sensitivity vectors [8 ].

The fringe patterns obtained by the ESPI technique represent contours of equal 

displacement. The spacing o f the fringes is inversely proportional to the displacement 

and, in in-plane systems, the fringes are aligned perpendicularly to the direction of the 

displacement. Two consecutive dark or bright fringes represent a displacement whose 

exact value depends on the wavelength of the light used and the geometrical setup of the 

ESPI system. The value o f this displacement is called the fringe sensitivity term. The 

measuring sensitivity can be calculated by:

d =  (2- 1)
I a  I 2  cos —
U J

where: d = deformation component of the object point in measuring direction

N = fringe order at the measuring point 

A. = wavelength o f  the laser light

a  = angle between illumination and the observation direction

13
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The displacement between two points can be easily calculated by simply 

counting the number o f fringes between those points and multiplying by the fringe 

sensitivity term. This is known as phase-shifting. Phase-sh ifting is used to obtain a 

fringe pattern which depicts the phase change, in the range 0 and 2n, that occurred 

between the two speckle patterns. It is based on the introduction o f a known amount of 

lateral shift, called the phase-step, into the interferometric pattern and the effect is a 

movement o f intensity peaks across the pattern. The phase change is introduced either 

in the form of calibrated phase steps or as continuous periodic phase modulation. By 

analyzing the intensity patterns taken at each step the phase can be calculated. These 

fringe patterns can be unwrapped to produce absolute phase maps that can be 

subsequently analyzed to obtain accurate displacement maps.

For the strain measurements of the LGA package, a 5mm package was mounted 

on a PWB and cut down the centerline of the package using a diamond blade saw. 

Figure 8 shows a schematic of the assembly.

Solder Joints Silicon Die

zPWB

FIGURE 8 . Schematic o f LGA test assembly.

14
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The cross sectioned assembly was placed on a pedestal in a thermal chamber and 

the speckle pattern at room temperature (25°C) was recorded. The chamber was then 

ramped up to 125°C and maintained for 10 minutes. A second speckle image o f the 

specimen was then captured and correlated to the reference image. The resulting fringe 

pattern representing the displacement is shown in Figure 9.

FIGURE 9. Fringe pattern from speckle pattern correlation between 125°C and 25°C.

With the final measured displacement determined, the resulting strain is 

calculated by using the centerline o f the package as a reference point. The resulting 

strain is shown in Figure 10.

FIGURE 10. Calculated strain in the package assembly due to thermal loading.

When examining a strain pattern, the lightest shade represents little or no strain.

The darkest shade represents maximum strain. As shown, the center of the package

appears to be the lightest shade. This is the region were the silicon die is placed. Due to

15
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the low CTE o f silicon, little strain is developed- The region were the most strain is 

obtained is in the solder joints. The joint on the left side o f the image shows a maximum 

strain o f 0.59%. The calculated strain value were then input into the reliability model 

shown in Appendix B to predict the lifetime to failure.

16
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CHAPTERS

SUBSTRATE MATERIALS CHARACTERIZATION 

To determine the material properties of the substrate composition, two different 

substrate material sets were used. These material sets include 200um thick 

bismaleimide triazine (BT) and 200um BT with 20um copper on top and bottom o f the 

BT. Figure 11 shows the two material sets. The materials were processed this way due 

to the thinness of the copper foil and the inability to handle this material properly 

without inducing damage. This grouping of materials allows one to de-couple the 

properties of the copper from the BT while maintaining the material integrity.

BT RESIN -200um

COPPER-20um

BT RESIN -200um

COPPER-20um

FIGURE 11. Material set for CTE and modulus measurements.

For the coefficient of thermal expansion (CTE) measurements, one-inch square

specimens were made using a water je t cutting process. The water jet cutting process

allows specimens to be cut into the required shape without damaging the composite

resin and helps maintain a smooth edge, reducing the effect o f stress risers in the sample.

A programmable hot plate was placed on its side, tilted slightly back. The hot plate
17
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needed to be placed in the orientation in order for the ESPI measurements to be possible. 

Five minute epoxy was used to affix a glass slide to the hot plate to be used as a 

platform for the substrate specimen to sit on. Epoxy was also used to hold two fused 

silica rods to the hot plate. The rods were used to keep the sample against the hot plate 

while allowing the sample to move freely underneath the rods. This freedom of 

movement was confirmed during measurements because the fringe pattern was 

continuous on both sides o f the rods. I f  the rods were restraining the sample in any way, 

a step in the fringe pattern would be observed. The experimental set up is shown in 

Figure 12.

SILICA RODS
THERMOCOUPLE
LOCATIONS GLASS PLATE

ESPI SYSTEM

SPECIMEN

HOTPLATE

FIGURE 12. Experimental setup for CTE measurements.

When using ESPI with a hot plate, special care must be taken due to the warm air

around the hot plate mixing with the cool air o f the surrounding environment. The large

thermal gradient that is generated between the two temperatures causes convection

18
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waves that skew the ESPI measurements. In order to resolve the problem, aluminum 

foil is placed around the hot plate and specimen area creating a small oven and reducing 

any existing thermal gradients.

A  total of three thermal couples were used to monitor the temperature o f the hot 

plate and specimen. Since these measurements were temperature dependent, it was 

critical that the sample temperature was known within +/-1°C. The first thermocouple 

was used to control the temperature o f the oven and was placed on the bottom side o f the 

hot plate directly below the sample. The second thermal couple was placed adjacent to 

the specimen on the hot plate using epoxy. The third was rolled up like a spring and 

placed on top o f the specimen keeping constant pressure without the use o f epoxy. This 

allowed for temperature measurements while not constraining the sample.

During experiments, the temperature was ramped at 1.5°C/min up to 150 °C 

maximum. This slow rate o f heating ensured the temperature o f the sample remained 

near the temperature of the hot plate and that no thermal gradients existed between the 

top and bottom of the sample. If  thermal gradients did exist between the top and bottom 

of the sample, the specimen would bend away from the hot plate. This would both skew 

the temperature o f the specimen as well as the displacement measurement. Data was 

collected in approximately 10°C increments. The recorded displacements from ESPI 

were first converted into strain measurements for the samples and plotted as a function 

o f temperature. A typical graph o f the strain versus temperature is shown in Figure 13. 

As shown, the material behaves fairly linear over the entire range for this analysis.

19
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CTE Properties 
BT Resin

0.0025

0.002

0.0015

0.001

0.0005

0
50 100 150 200-0.0005

Temperature (C)

FIGURE 13. Graph o f  strain versus temperature result for BT.

A total o f three samples per material set were tested. Each individual sample 

specimen measurement was repeated once to verify results. With the strain values 

versus temperature known, the slope was determined. This slope is the resulting 

temperature dependent CTE value, as shown in Table 2. All of the raw data and final 

calculated CTE measurements can be found in Appendix C.

TABLE 2. Calculated Temperature Dependent CTE Value o f Sample Number One

Sample #1 Temp (C) Strain (%) CTE (slope)
21 0.00E+00 -

33 1.71E-04 14.3
41 3.12E-04 17.5
50 4.63E-04 16.8
64 7.00E-04 16.9
76 9.12E-04 17.7
84 1.03E-03 14.7
94 1.19E-03 16.0
109 1.46E-03 17.7
122 1.67E-03 16.4
137 1.81E-03 15.8
150 2.01E-03 15.3

20
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For the temperature dependent modulus measurements o f the BT and copper 

materials, specimens were cut using the water jet process sim ilar to the CTE specimens 

above. The size and shape of the specimens followed similar to ASTM standards for 

modulus determination but slightly shorter in length so they could fit in the thermal 

chamber. The dimension details o f  the samples are shown in Figure 14.

i—
.500it_

g.740 RET.

.375

.750

R5.000 
4PL TYP- ^

g.000
4.000

.500

FIGURE 14. Dog bone specimen used to determine modulus (dimensions in inches).

With the specimens generated, the modulus values of the BT and copper were

determined using an Instron™ 5500 series Microforce Tester. This electromechanical

driven tensile tester uses a 200 lb load cell attached to its base. Two large steel pillars

come up from the base to support the servo driven loading arm and the numerically

controlled thermal chamber. The chamber is capable of up to 220°C and the heating

elements and blower are located in another chamber placed on the floor, below the

system. Three-inch diameter inlet and exhaust tubes connect the chamber to the heating

unit. This method allows the application of temperature dependency measurements

without causing distortion due to vibration of the heating unit. The steel wedge grips,

rated at 5,000 lb each, were used to hold the specimen. They were located inside the

chamber with the specimen. The strain measurements were recorded using a strain
21
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extensometer attached to the gauge length region of the specimen. The recorded values 

were automatically loaded into the Instron™ software and plotted  versus the measured 

load. The experimental setup is shown in Figure 15.

[NSTRON
FRAME

LOADING
ARM

INLET AND 
EXHAUST 
TUBES >

THERMAL
CHAMBER

SPECIMEN

STRAIN EXTENSOMETER

INSTRON
CONTROLLER

HEATING
UNIT

BASE PL-ATE

LOAD CELL

FIGURE 15. Experimental setup for modulus testing.

To determine the modulus o f the BT and copper, thrree specimens were tested at

each of three temperatures: 25°C, 100°C, and 150°C. For each  specimen measurement,

the sample was placed in the preheated chamber and allow ed to soak for 10 minutes.

This required soaking time to bring the specimen up to temperature was confirmed using

a thermal couple during the experimental setup. For the actual testing, the thermal

couple was removed. The modulus properties o f the m aterials below 25°C were

22
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assumed to behave identical to the properties at 25°C. By measuring three samples at 

each temperature, repeatability o f the testing was confirmed. The graph o f the stress- 

strain curve o f  BT resin at the measured temperatures is shown in Figure 16. Both the 

experimental data and bilinear fit model are shown.

Stress-Strain Data for BT

300 T

250

200re Q.
|
(0 150(ft
£
55 100

— BT@25C
— BT@100C 

BT @ 150C
BT @25C-bilinearfit

— BT @ 1000bilinearfit
— BT @ 150C-bilinearfit

50

0.005 0.01 0.015 0.020

Strain (mm/mm)

FIGURE 16. Experimental data and bilinear model o f BT resin at the three 
temperatures.

With the CTE and temperature dependent modulus obtained for the BT resin and 

the copper foil, ANSYS™ input files were generated representing the two materials.

The properties o f all other materials involved in this electronic package assembly were 

obtained from previous experiments and industry standard databases.

23
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CHAPTER 4 

EQUIVALENT FINITE ELEMENT MODEL 

With the experimental creep shear strain data obtained via ESPI and the CTE and 

temperature dependent modulus determined, a two-dimensional plane strain half-

three dimensional quarter models are used to determine thermal strains due to CTE 

mismatches. However, when finite element models involving time dependency (creep 

shear strain) are used, the number of degrees o f freedom must be kept to a reasonable 

size due to computational constraints. In this case, the model was kept under 50,000.

For a simple three-dimensional linear stress-strain relationship, the stress is 

related to strain by:

symmetric model was generated using ANSYS™ finite element analysis. Typically,

(4-1)

where: {cr} = stress vector = [crx csy crz crxy crx (Jyz crxz]7

[D] = elasticity matrix

{sel} = {e} - {8th} = output quantity

{e} — total strain vector = [sx sy ez exy ex e^ ] 7

{8th} = thermal strain vector

Equation (4-1) may be inverted to:

{£} = {£*} + [D]-‘ {<7} (4-2)

The thermal strain vector is shown as:

24
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where:

where:

{8th} = AT [a* a y a z 0 0 0 ]T (4-3)

a x = thermal coefficient o f expansion in the x direction 

AT = T - Tref

T =  current temperature at the point in question 

T ref = strain-free reference temperature

[D]-1 =

1
0 o 0

Ex Zy E z
\J

- v 1 ~ vyr 0 n 0
Ex Ey Ez

\j

- v= - V-T 1 n 0 n
Ex Ey Ez

1

G *

u

0 0 0 0 0

0 0 0 0 1 0

0 0 0 0 0
1

G l

(4-4)

Ex

xy

= Young’s modulus in the x direction 

= minor Poisson’s ratio 

Gxy = shear modulus in the xy plane 

In the case of temperature dependent coefficient of thermal expansion properties, 

like the substrate material, CTE is shown as:

(4-5)

where: ccinst(T) = instantaneous coefficient of thermal expansion

In ANSYS™ however, the instantaneous CTE must be converted to the mean or 

effective value of a  as:

25
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■ ® '* = a ( T ) ( r - r MF) (4-6)

) a m (T) OT
where: cc(J") = — --------------=  mean value o f CTE

T - T ^

I f  the mean value o f  CTE is not used in the analysis, the result will be calculated 

incorrectly. The Tref is not only the initial temperature at which all thermal strains are 

calculated, it is the temperature at which zero strains in the model exist. The distinction 

between instantaneous CTE and effective CTE is shown in Figure 17. In the case o f this 

analysis, the temperature at which zero thermal strain occurs is assumed to be 183°C. 

The temperature at which 63/37 SnPb solder reflows.

LENGTH

T TREF
TEMPERATURE

FIGURE 17. Difference o f instantaneous CTE and effective CTE.

Most common engineering materials exhibit a linear stress-strain relationship up 

to a stress level known as the proportional limit. Beyond this limit, the stress-strain 

relationship will become nonlinear, but will not necessarily become inelastic. Plastic

26
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behavior, characterized by nonrecoverable strain, begins when stresses exceed the 

material’s yield point.

From the substrate material characterization described previously, the resulting 

temperature dependent modulus o f  the BT and copper were input into the ANSYS™ 

finite element model. Two approaches were used to represent the BT and copper and 

the results were compared versus the required simulation time. It was first thought that 

the materials would behave in the typical elastic-plastic fashion and an exponential fit 

[9] could be used. Another approach considered was to use a  reduced modulus based on 

the elastic and tangential modulus [10]. However, the tangential modulus o f the 

plasticity behaved similarly to the elastic modulus. Therefore, it was determined to use 

a bilinear fit model to represent the modulus properties of each material. Figure 18 

shows how the bilinear fit modulus is generated from the elastic and tangential modulus.

STRESS

ST R A IN

FIGURE 18. Method for determining the bilinear fit modulus from experimental data.
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The second method used for the modulus accounts for multilinear isotropic 

hardening. This allows the user to describe the stress-strain relationship o f the materials 

at several temperatures including the work hardening of the material- An example o f 

multilinear isotropic material properties is shown in Figure 19. During an analysis, at 

any one particular temperature between two temperature curves, ANSYS™ assumes a 

linear interpolation to determine the exact material properties at that point. For this 

second part of the analysis, the measured data and 25°C, 100°C, and 150°C was used.

STRAIN

FIGURE 19. Format for a multilinear isotropic hardening material property.

When the strains in a material, such as solder, exceed more than a few percent,

the changing geometry due to this deformation can no longer be neglected. Analyses,

which include this effect, are referred to as large strain analyses. The large strain

computations can be addressed by defining the mathematical relationship between

motion and deformation. When a thermal load is applied to the body, the body moves
28
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from one position to another. The motion can be defined by studying a position vector 

in the deformed and undeformed configuration. Consider the position vectors in Figure 

20. In the deformed and underformed state, {x} and {X} respectively, then the 

displacement vector is shown as:

{u} = {x}-{X } (4-7)

{X}

Deformed

Undeformed

FIGURE 20. Position vectors and motion of a deforming body.

The deformation gradient is defined as:

[ir] = _£i£L (4-8)
d{X}

which can be written in terms o f the displacement as:

[ i\| = [/] + - ^ -  (4-9)
3{X}

where: [I] = identity matrix

The deformation gradient can be separated into a rotation and a shape change 

using the right polar decomposition theorem:

[F] = [R] [U] (4-10)

29
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where: [R] = rotation matrix ([R]T [R] =  [TJ)

[U] = shape change matrix

With the shape change matrix known, a logarithmic strain measure is defined as: 

[e] = ln [U ] (4-11)

where s is in tensor matrix form. In this case [U] is a second order tensor matrix and s is 

determined through the spectral decomposition o f [U]:

[£] = 2  InU H «1K«,}r (4-12)
(=1

where: Ai = eigenvalues of [U] (principal shape change)

{e;} = eigenvectors of [U] (principal directions)

The polar decomposition theorem extracts a rotation [R] that represents the 

average rotation o f the material at a point. Material lines initially orthogonal are not 

typically orthogonal after deformation due to shearing [11].

Creep is a rate dependent material nonlinearity is which the material continues to 

deform under a constant load [12]. If a displacement is imposed, the reaction force and 

stresses will diminish over time due to stress relaxation. The three stages of creep are 

shown in Figure 21. In typical applications the first two stages are generally modeled. 

However, the tertiary stage is not commonly considered due to the impending failure.
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Resulting Force

Applied Displacement

Time

Rupture
SecondaryPrimary

Tertiary

Time

FIGURE 21. Stress relaxation and creep phenomenon.

Creep becomes extremely important at high temperatures relative to the melting 

temperature o f a material. In the case of 63/37 SnPb solder, the melting point is 183°C 

or 456 Kelvin. The maximum temperature for thermal cycling is 125°C or 398 Kelvin, 

which is 87% of the melting temperature. Extensive experimental analysis has been 

performed to characterize the creep strain rate (dy/dt) o f 63/37 SnPb solder. For this 

analysis, the hyperbolic sine law is used to model the creep strain rate and as shown in 

its general form as:

p. Cx_

™- = C,[sinh(C7cr)]C3 e r  (4-13)
dt

where: Ci,C2, and C3 = material constants

a  = equivalent stress

C4 = AH/R

AH = activation energy of 63/37 SnPb solder (J/mol)

R = universal gas constant (J/mol — K)

T = absolute temperature (K)

Filling in for constants C l, C2, C3, and C4 to represent the 63/37 SnPb solder, equation 

(4-11) becomes:
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a 9116.78
^ -= 1 .3 0 x l0 6[sinh(0.102cr)]2-4e r (4-14)

With the material properties o f the package assembly defined, a two- 

dimensional, half symmetry model was generated using the ANSYS™ Parametric 

Design Language (APDL™). Variables describing the geometry o f the packaging 

assembly were entered in as a text file and loaded into ANSYS™. The complete 

APDL™ commands required to generate the model, material properties, and loading is 

shown in Appendix C.

The Planel 83 structural element was chosen for this plane strain analysis 

because it is a higher order eight-noded element with quadratic displacement behavior.

It is well suited for large strain applications because it uses a consistent tangent stiffness. 

Each o f the eight nodes has two degrees of freedom: translation in X and Y directions 

and has plasticity, creep, stress stiffening, large deflection, and large strain. Particularly 

for low cycle creep calculations, the Planel 83 element provides the most robust solution 

o f any two-dimensional plane element. A pictorial view of the element is shown in 

Figure 22.
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4 N
s ■0

FIGURE 22. Planel 83 two-dimensional eight node structural element.

Using the APDL™ command language, a mapped mesh was applied to the areas 

o f the model to produce a extremely fine mesh around the solder joint region while 

leaving other, less critical areas of the model with a coarser mesh. Mesh sensitivity 

analysis was performed to ensure that a fine enough mesh was applied. The resulting 

finite element model is shown in Figure 23.

lu a ia i tB a u ts s is i i n a f ia i i x i i t i s im a B a B a a a B B
lU a a a iS a i l l l lB ia J I S I lU B t t l lB I I l lL B B B B B B B B B a
tn i ia a a ia ts i i i ia f iu i t i s a t i i i i s i a iB B B a B B B B a aiiaaiutsaixauiBiiaiaiiaiiBaatsauBBBBBBaaBaiB iuiiiB U tiiiiaituviiiiiaijstiisaB B O B aaaaB
iiia iaa iuaa ita ia iaxaaa ia iiaaa iia iiB B B aB B B B B B
luusatiifiiB iiiiiataaaaaiaaaisaiX B aanB B B SB B

FIGURE 23. Final half symmetry mesh pattern o f 5mm LGA package.
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To apply the thermal loading to the model, the temperature versus time, thermal 

cycle, was defined and a loop was generated to repeat the —55°C to 125°C one hour 

cycle three times. The significance of three cycles is due to the number of cycles 

required for the hysteresis loop to stabilize. The minimum and maximum time step 

increment was defined to assist the solutions convergence and the Newton-Raphson 

iterative process o f solving the nonlinear equations was selected. The resulting creep 

strain versus time and hysteresis loop from the model with experimentally measured 

material properties is shown in Figures 24 and 25.

Elastic and Creep Strain of Solder Joint 
(Miso Properties)

!
I

1.60E-02

1.40E-02

1.20E-02

■g- 1.00E-02  
E
E 8.00E-03e
e  6.00E-03
<o
aj 4.00E-03

2.00E-03

O.OOE+OO T3S=
50.00 150.000. DO 200.00100.00

-2.00 E-03

Time (min)

EPCR-XY : 
-EPEL-XY I 
-Sigm a EPj!

FIGURE 24. Elastic, creep, and total shear strain plotted versus time, multilinear.
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I
| Hysteresis Loop of Solder Joint
I (Miso Properties)

30
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FIGURE 25. Hysteresis loop o f solder joint, multilinear.

The bilinear material properties o f the BT and copper when then applied to the 

same model and the analysis was performed Figures 26 and 27 show the shear strain 

versus time and the resulting hysteresis loop.
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Elastic and Creep Strain o f  Solder Joint 
(bilinear model)
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FIGURE 26. Elastic, creep, and total shear strain plotted versus time, bilinear.

Hysteresis Loop of Solder Joint 
(bilinear model)
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FIGURE 27. Hysteresis loop o f solder joint, bilinear.
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CHAPTER 5 

CONCLUSION

As described herein, a new methodology has been applied to determine the 

solder joint strain in the 2nd level interconnect o f a  cross sectioned 5mm land grid array 

electronic package. By using Electronic Speckle Pattern Interferometry, one eliminates 

the requirement o f applying a thin film grating to the surface of the test specimen as 

required with Moire Interferometry, which has been the standard method for whole field 

measurements in the electronic packaging. When applying the fringe grating, the results 

o f interest may become skewed because Moire is actually measuring the thin film 

grating instead of the specimen. Moreover, with ESPI, the sample preparation becomes 

much easier because the whole field displacement measurements do not have to initiate 

at the thin film grating cure temperature as required with Moire. This allows one to 

apply the exact thermal loading constraints on the specimen, as they would be applied in 

the real world application.

In addition to the package level solder joint strain measurements, ESPI was also 

used to determine the CTE properties of BT and copper materials found in the LGA 

substrate. Sample specimens were placed on a digitally controlled hot plate and the 

resulting strains at temperature were recorded. These strains were then used to 

determine the CTE values o f the two materials. The CTE of both materials behaved 

fairly constant throughout the desired temperature range, 25°C to 125°C. The BT was

found to have a CTE of 16.2ppm and the CTE o f copper was determined to be 21.2ppm.
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Specimens of the BT and copper materials were cut from a 12" by L2" panel 

using a wateijet cutting process. Each specimen was individually loaded irato an 

Instron™ 5548 Micro Force Tester to determine the temperature dependent modulus. 

Measurements were performed at 25°C, 100° C, and 150° C. From the m easured data, a 

multilinear isotropic model representing the exact data and a bilinear m odel representing 

the elastic and plastic modulus were generated to represent each material and  at each o f 

the three temperatures. As expected, when the temperature of each material increased, 

both the elastic and plastic modulus decreased. At 25°C, the elastic m odulus o f  the BT 

and copper were determined to be 19.8Gpa and 125Gpa, respectively.

A two-dimensional, plane strain finite element model was developed and the 

measured material properties were loaded into the model using the exact experimental 

data and a bilinear fit approximation. A  hyperbolic sine creep strain rate equation was 

used to represent the solder alloy. Appropriate boundary conditions were applied and 

three equivalent temperature cycles from -55°C to 125°C with 10 minute dwells, were 

loaded. Using a custom algorithm developed for this model, the solder joimt elements 

exhibiting the highest shear strain were selected and the creep shear strain over the 

selected elements was averaged. This method eliminated any singularity eSects caused 

by finite element modeling. The convergence o f the stress-strain hysteresis: loop for 

each model was confirmed and the difference between the highest and lowest creep 

shear strain per cycle was determined. This difference represents the total non- 

recoverable creep shear strain per cycle.
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The resulting strain from each o f the three methods, both measured and 

numerically solved, was plugged into the Engelmaier reliability prediction model, shown 

in Appendix B. The resulting strain and cycles to failure are shown in Table 3.

TABLE 3. Experimental and Numerical Reliability Results

Method ESPI Method 

(Experimental)

FEM - Bilinear 

Substrate

FEM - Multilinear 

Substrate

Plastic Shear Strain, 

Ay(%)
0.59 0.682 0.642

Number o f Cycles to 

Failure, Nf
7485 5880 6503

As shown in Table 3, the experimental technique showed the lowest amount of 

strain in the solder joint. Both finite element models calculated higher strain in the 

solder joint with the bilinear model showing the largest amount o f strain. The difference 

in results between the two models is believed to be due to interpolation o f the bilinear 

material properties. However, the two results are within 6 % of one another. As 

expected, the multilinear material properties model predicted more accurate results when 

compared to the ESPI results, within 9%. The bilinear model predicted results within 

16%. However, due to the more linear behavior of the bilinear material properties, only 

4 hours of computation time were required versus 9 hours using the multilinear 

properties. In all cases, the failure of the solder joint was determined to be Mode II.

While the author performed the temperature dependent modulus characterization 

and development o f the numerical models, assistance was obtained using outside
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resources to measure the coefficient o f thermal expansion of the BT and copper 

materials as well as the shear strain measurements of the package assembly.
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APPENDIX A 

EXPERIMENTAL MATERIAL PROPERTIES
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CTE measurements were performed on BT and copper materials as described in 

chapter three using speckle interferometry. The measured properties for BT is shown in 

Tables 4-6.

TABLE 4. Measured CTE Values o f BT, Sample #1.

Temp (C) Strain (%) CTE (slope)
21 O.OOE+OO
33 1.71E-04 143
41 3.12E-04 17.5
50 4.63E-04 16.8
64 7.00E-04 16.9
76 9.12E-04 17.7
84 1.03E-03 14.7
94 1.19E-03 16.0

109 1.46E-03 17.7
122 1.67E-03 16.4
137 1.8 IE-03 15.8
150 2.01E-03 15.3

Average => 16.3

TABLE 5. Measured CTE Values o f BT, Sample #2.

Temp (C) Strain (%) CTE (slope)
21 -1.92E-05 15.6
30 1.32E-05 16.4
35 3.58E-05 15.7
45 I.13E-04 15.9
54 2.05E-04 16.2
62 3.44E-04 17.1
72 4.93 E-04 15.7
83 6.51 E-04 15.2
92 8.23 E-04 18.2

102 9.73 E-04 15.7
111 1.I2E-03 16.5
122 1.30E-03 16.7
132 1.48E-03 17.7
146 1.78E-03 18.3
160 2.02E-03 17.7

Average => 16.6
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TABLE 6. Measured CTE Values o f BT, Sample #3.

Temp (C) Strain (%) CTE (slope)
22 2.91 E-04 13.6
29 2.95E-04 15.3
38 3.42E-04 15.6
48 4.50E-04 15.6
58 6.04E-04 15.4
67 7.29 E-04 15.2
77 8.63E-04 14.8
89 9.96E-04 15.2
98 1.12E-03 15.8

109 1.28E-03 15.1
118 1.40E-03 14.9
127 1.55E-03 16.1
134 1.73E-03 18.4
145 1.95E-03 17.8
156 2.16E-03 18.8

Average => 15.8

As shown, all three sample specimens behaved fairly linearly within the 

temperature range examined. Figure 28 shows all collected data. At the low 

temperature of 25°C the lowest CTE measurement was recorded at 13.6 ppm. At 

temperatures above 100°C, the maximum CTE was found to be 18.8 ppm. Based on this 

information, an average CTE value was calculated. This value was found to be 16.2 

ppm.
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CTE Properties  
BT R esin

0.0025

0 .0 0 2

c 0 .0 0 1

co 0.0005

50 100 150 200-0 .0005
Tem perature (C)

FIGURE 28. Measured strain values versus temperature for BT resin.

The CTE measurements for the copper material are shown in Tables 7-9. The 

procedure used to determine the properties follows the method used for the BT material.

TABLE 7. Measured CTE Values of Copper, Sample # 1.

>(C) Strain (%) CTE (slope)
22.5 -2.41 E-04

28 -9.75E-05 21.8
36.2 8.83 E-05 22.7
46.5 2.88E-04 20.4
56.7 4.93E-04 20.1
67.3 7.19E-04 21.3
76.1 9.18E-04 22.7

85 1.12E-03 22.4
100.8 1.48E-03 23.1

114 1.78E-03 22.7
127.5 2.08E-03 22.3

136 2.35E-03 21.4
150.8 2.66E-03 20.9

Average => 21.8
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TABLE 8. Measured CTE Values o f Copper, Sample #2.

Temp (C) Strain (%) CTE (slope)
21 -2.41 E-04
31 -5.77E-0 5 18.4
41 1.53 E-04 21.0
51 3.66E-04 21.4
61 5.78E-04 21.2

69.6 7.66E-04 21.8
79.6 9.59E-04 19.3
85.1 1.06E-03 193
93.8 1.23E-03 19.1

100.2 135E-03 19.1
110 1.56E-03 20.8

118.6 1.78E-03 23.1
125.2 1.95E-03 22.4
132.7 2.12E-03 22.7
141.1 233E-03 23.7
152.2 2.67E-03 22.3

Average => 21.0

TABLE 9. Measured CTE Values of Copper, Sample #3.

Temp (C) Strain (% )  CTE (slope) 
21 O.OOEh-OO
32 I.89E-04 21.8
42 3.84E-04 202
54 6.08E-04 19.4
65 8.24E-04 19.9
77 I.04E-03 20.8
87 1.25E-03 20.6
97 1.4 IE-03 19.9

106 I.59E-03 21.8
116 1.77E-03 21.6
125 1.94E-03 20.4
135 2.13E-03 21.1
144 2.3 IE-03 21.3
150 2.4 IE-03 22.4

Average => 20.9
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Similar to the BT resin material, the copper material was found to act fairly 

linear as well. A minimum value o f 18.4 ppm was measured at low temperature and a 

maximum of 23.7 ppm was found near the high temperature end. The average of all 

three sample sets was found to be 21.2 ppm. The graph representing the recorded data is 

found in Figure 29.

CTE Properties  
Copper

0.003

0.0025

_  0.002

— 0.0015 
to 0.001

03
0.0005

-0.0005 & 50 150 200100
Temperature (°C)

FIGURE 29. Measured strain value versus temperature for copper material.

The modulus measurements were performed using an Instron™ 5548 Micro 

Force tester. The experimental setup is explained in chapter three. The experimental 

results are for both the BT and copper were measured and a bilinear fit was determined. 

The BT results are shown in Figure 30.
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Stress-Strain Data for BT

300

250

200CB0-
S

150(0
(A4)

— BT@25C
— BT@100C 

BT @ 150C
BT @25C-biIinearfit

— BT @ 100C-bilinearfit
— BT @ 150C-bilinearfit

100

0.020 0.005 0.01 0.015

Strain (mm/mm)

FIGURE 30. Experimental results and bilinear fit o f BT resin.

The experimental measurements of the copper material followed similar 

procedure as stated in chapter three. The results and bilinear fit for each temperature are 

shown in Figure 31. Once all material properties were determined, input files were 

generated representing these materials and loaded into the finite element model.
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Stress-Strain Data for Copper
!

350

300

250
(0Q.S  200

*— Copper@25C 
■— Copper@100C I

Copper@150C 
- - Cu @25C-biIinearfit ! 
fc— Cu @ 100C-bilinearfit! 
► — Cu @ 150C-bilinearfit!

wco 1502<■*CO
100

0.001 0.002 0.003 0.004 0.0060.005

Strain (mm/mm)

FIGURE 31. Experimental temperature dependent and bilinear fit o f  copper.

All other materials used in the finite element model were obtained using industry 

standard databases and the reference materials listed herein. Both measured properties 

and bilinear fit properties were used in the models and the results were compared as 

shown in chapter five.
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APPENDIX B

RELIABILITY MODELS FOR CREEP STRAIN ANALYSIS
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Relative life for low-cycle fatigue is determined by comparing the plastic creep 

deformation corresponding to each input level. I f  the life comparison is from a large 

cycle to a small cycle, the assumption that the plastic creep deformation is equal to the 

total deformation is conservative since the plastic creep deformation is a  smaller fraction 

of the total for a small cycle. With this assumption in mind and taking the deformation 

as proportional to the thermal cycling range, the relative life for low-cycle fatigue is 

shown by:

1nr =  —
V

n r =  — h  2

A £•
i\ -

(B -l)

(B-2)

Dividing the above equations:

n A  _ ^  1
c C

FT1
<1

n h A sc 
\  C2 J

As.
V A  J U r J

where: nn^ — Mean Cycle to Fail at Level 1,2

Asci,2 = Creep Strain at Level 1,2 

2sf = Fatigue Ductility Coefficient 

c = Fatigue Ductility Exponent 

Asti^ = Total Strain at Level 1,2 

AT u  = Thermal Cycle Range at Level 1,2

(B-3)
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Relative life for solder is similar to the generic low-cycle fatigue life comparison 

described above but since the fatigue ductility coefficient accounts for the relationship 

between plastic creep strain and total strain, it is no longer necessary to assume that 

plastic creep deformation equals total deformation. In addition, the life correction factor 

and temperature dependent ductility coefficient, c, make it necessary for the relative life 

to be based upon a specific number o f cycles instead o f  a life ratio as shown in equation

With this known, the first step is to back-out the life correction factor from the 

reference cycles to fail to obtain an uncorrected cycles to fail shown by:

B-3.

Np — Kr Kl nf (B-4)

'2500V (for nf > 2500) (B-5)

Kl = 1 (for nf < 2500) (B-6 )

Considering reliability for test and evaluation environments:

(B-7)

(for Nn >2500) (B-8)

Kl =1 (for Nn <2500) (B-9)

where: K r = Reliability Correction Factor

Kl = Life Correction Factor

Nf = Corrected Cycles to Fail
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nn — Uncorrected Cycles to Fail for Reference Environment 

Nn = Cycles to Fail for Reference Environment

Once the life correction factor is account for, the approach for relative life 

analysis is to use the temperature range to establish solder strain and use the solder strain 

to establish relative solder life. The relationship between life and solder strain is 

expressed in simplified form as:

y = Shear Strain

2sr = Fatigue Ductility Coefficient 

c = Fatigue Ductility Coefficient 

Tsj = Average Solder Temperature (OC) 

to = Half-Cycle Dwell Time (min)

Ld = Diagonal Distance from Package Center 

H = Solder Joint Height 

S = Strain Factor

Aa = CTE Mismatch between Package and PWB 

a p = Package CTE

(B-10)

c — —0.442 — 6x10~4 7^  +0.0174 In 1 + (B -ll)

A r  = 4f-(A  aAT  + gccATc ) + Aorw  AT* (B-12)

where: nf = Uncorrected Cycles to Fail
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ATc = Temperature Rise o f Package Due to Power 

AasM = Mismatch between Solder and Package 

AT = Thermal Cycling Range 

The relationship between the solder strain and temperature cycling range 

depends upon which terms from equation B-13 are considered. If the local temperature 

rise o f the component due to power is very small, the following approach is used:

Expressing equation B-13 as a proportionality and including the fatigue ductility 

coefficient in the proportionality constant:

Ay  = ^ -{ A a A T  + a cx  0) + A cc^A T (B-13)

A y  °c AT (B-14)

(B-15)

F  - A T (B-16)

(B-17)

where: F = Proportionality Factor

nn ,2 — Uncorrected Cycles to Fail for Temperature Range 1,2

ci ,2 = Fatigue Ductility Exponent for Temperature Range 1,2

AT 1,2 = Thermal Cycling Range 1,2
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If  the temperature rise o f  the component is not small enough to neglect, the 

relationship life can be determined if  the solder-to-component mismatch is neglected 

and expansion rates of the applicable components are known:

A y  = —̂ -(A aAT  + a rAT  ) 4- Ox AT  
hS c

(B-18)

Expressing equation B-13 as a  proportionality and including the fatigue ductility 

coefficient in the proportionality constant:

A y  cc A aA T + acATc (B-19)

1
n r = — 

f  2
AaAT  + a cATc

J '

i
\ -

p , _  AaAT{ + acATcl

(2nfiY

nn  2

■fu

1 f  A aA T  + a clATc 
¥ '

i\ —

(B-20)

(B-21)

(B-22)

where: F' = Proportionality Factor 

nn ,2 -  Uncorrected Cycles to Fail for Temperature Range 1,2 

ci^  = Fatigue Ductility Exponent for Temperature Range 1,2 

ATm = Thermal Cycling Range 1,2 

Aa = CTE mismatch between Component and Substrate 

a c  =  Component CTE

ATc1i2 = Temperature Rise of Component due to Power for Condition 1,2 

Once the uncorrected cycles to fail for the proposed environment is determined, 

the life correction factor is used to determine the cycles to fail:
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K L =

I

^2500V

V nn  J
(for na  >2500) (B-23)

K l = 1 (for nE < 2500) (B-24)

Considering reliability for test and evaluation environments:

N f l = K Lnr_ (B-25)

where: Kl = Life Correction Factor

nE = Uncorrected Cycles to Fail for Proposed Environment 

Ne  — Cycles to Fail for Proposed Environment 

Since the life correction factor depends upon an absolute number o f cycles and 

the fatigue ductility exponent varies with temperature, the acceleration factor between 

the environments is not scaleable. The following example is used to demonstrate the 

preceding equations and their use in determining the solder joint reliability o f a package. 

Similar to the actual experiment, the device background heating is assumed to be zero so 

the shear strain equation B-13 is chosen and expanded to account for both X and Y 

direction o f the package. The package size is assumed to be 5.0mm in both X and Y 

direction and the temperature range is from —55C to 125C with a dwell o f 10 minutes.

J (L ,A cc ,A T f +(LrA a yA T f
Ar  = ---------------- — -----------------+ A a SMAT

J (5 * 3*180)2 + (5*3*180)2A y = — ----------------- -̂-----------— + 22.3*180
2*0.050*6.56

Ay = 9834 ppm = 0.00983%

Solving for the fatigue ductility exponent from equation A2-11
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C = —0.442 -  6x10~4 * 35 + 0.0174In

c = -0.40017

f
1- 360

10

Plugging into equation A2-10,

1nf — — 
f  2

.00983
i

-0.40017
= 17695 cycles

v 0.65 j

Since nf > 2500 cycles, the life correction factor (Ki) is found as:

K l = 2500
17695

i
=  0.5208

The reliability correction factor for 1% failure is found as:

i_

K r = a' ( -  ln(l -  F) )p (B-26)

F = Cummulative Failure Probability = 1% = 0.01 

a ’ = Weibull Scale Parameter = 1.096 

(3 = Weibull Shape Parameter = 4.00 

Kr = 0.347

With all required values known, the corrected thermal cycle life prediction is 

determined using the product of the uncorrected prediction and the two correction 

factors.

Nf = Kr * Kl * nf = 0.347 * 0.5208 * 1074.33 

Nf=3198 cycles

For first order estimates on the solder joint reliability, Ay can be estimated as 

previously shown. However, for a more accurate prediction, Ay is measured using ESPI
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techniques as well as numerically solved for using FEM. From the finite element 

results, using the experimental material properties, Ay is equal to 0 .0 0 6 8  m m /m m  and 

plugging into equation B-10:

1
nf = ~

(  0.00682
21 0 .6 5

-0.40017
= 44118

_  ^ 2500
X X X

= 0.384

Kr = 0.347

Nf = 5880 cycles
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APPENDIX C 

ANSYS INPUT DECK FILES
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s ta rt. inp

/ b a t c h

/com.
/c o m  T h i s  m o d e l  r e p r e s e n t s  a  5imnx5mm LGA p a c k a g e  w i c h  a  2mmx2mm 
/c o m  s i l i c o n  d i e .  I m p l i c i t  c r e e p  a n a l y s i s  u s i n g  t h e  S i n h  h y p e r b o l i c  
/c o m  l a w  f o r  e u t e c t i c  s o l d e r .  T h e r m a l  c y c l i n g  o f  t h e  p a c k a g e  f r o m
/c o m  - 5 5 C  t o  125C w i t h  10 m i n u t e  d w e l l s .  T h i s  i n p u t  d e c k  w ork s  w i t h
/c om  ANSYS 5 . 6  o r  l a t e r .

/c om  A r g u m e n t  1 :  lu m p ed  p a c k a g e  s i z e  (mm} ; 5mm
/c o m  A r g u m e n t  2 :  s i l i c o n  d i e  s i z e  (mm); 2mm
/com  A r g u m e n t  3 :  PWB s i z e  (mm); 7mm

/ c o n f i g , n r e s , 1 0 0 0 0  ! maximum number  o f  s a v e d  r e s u l t  s t e p s  t o  100C0
m o d e l , 5 . 0 , 2 . 0 ,  7 . 0  
/ i n p u t , m a t , i n p  
/ i n p u t , m e s h , i n p  
/ i n p u t , s o l v e _ 3 x , i n p

exit
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model■inp

/ c o m
/ c o m  2 - D ,  p l a n e  s t r a i n  m o d e l  o f  LGA
/c o m  M o d e l  f i l e  s e t s  up a r r a y  a n d  g e n e r a t e s  a r e a s  f o r  m e s h i n g
/  com

/ p r e p 7

/ c o m  D e f i n e  a r g u m e n t s  
p a c k s i z e  =  a r g l
s i s i z e  =  a r g 2
p w b s i z e  =  a r g 3

/ c o m  D i m e n s i o n  A r r a y s
* d i m , x , , 50
vd i m , y , , 5 0
* d i m , z , , 5 0
* d i m , k p t , , 5 0

/c o m  D e f i n e  p a r a m e t e r s  ( u n i t s  a r e  i n p u t  i n  mm) 
/ c o m  T h i c k n e s s  o f  m a t e r i a l s
s l d r t h k  =  0 . 0 5 0  
c u t h k  =  0 . 0 2 0  
s i t h k  =  0 . 3 3 0  
m o l d t h k  = 0 . 8 9 0  
p c b t h k  =  0 . 2 0 0  
p w b t h k  =  0 . 6 0 0

s o l d e r  j o i n t  s t a n d o f f  
t h i c k n e s s  o f  c o p p e r  p a d  
t h i c k n e s s  o f  s i l i c o n  d i e  
t h i c k n e s s  o f  m o l d  cap  
r h i c k n e s s  o f  pcb  s u b s t r a t e  
t h i c k n e s s  o f  owb

/ c o m  S o l d e r  j o i n t  d e t a i l s
cupcbw = 0 . 5 0 0  ;
s l d r w = 0 . 3 0 0  !
cupwbw = 0 . 7 0 0  !
c t r p a d = 2 . 0  !

/ c o m  D e f i n e  K e y p o i n t s  (

t o l =  0 . 0 0 0 1  '

x ( l ) =  0 . 0
x ( 2 )  = s i s i z e / 2
x ( 3 )  = p a c k s i z e / 2 - c u p c b w
x ( 4 )  = p a c k s i z e / 2 - s l d r w
x ( 5 )  = p a c k s i z e / 2
x ( 6 )  = x ( 3 ) +cupwbw
x (7 )  = p w b s i z e / 2

y  ( 1 )  = 0 . 0
y  ( 2 )  = p w b t h k
y  ( 3 )  = y  ( 2 ) + c u t h k
y ( 4 )  = y (3)  - t - s l d r t h k
y ( 5 )  = y  (4)  - r c u t h k
y ( 6 )  = y ( 5 ) + p c b t h k

w i d t h  o f  c o p p e r  p a d  on RFLGA p a c k a g e  
w i c t h  o f  s o l d e r  j o i n t  
w i d t h  o f  c o p p e r  p a d  on PWB 
s o l d e r  c e n t e r  p a d  d i a m e t e r
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y ( 7 )  =  y ( 6 ) + s i t h k
y (8 )  =  y ( 6 ) + m o l d t h k
/com. B u i l d  G e o m e t r y

/ c o m  pwb  
* d o ,  1 , 1 , 6
r e c t a n g l e , x ( i ) , x ( i + 1 ) , y (1 )  , y (2)  
* e n d d o

/ c o m  c e n t e r  p a d  
* d o , j , 2 , 4
r e c t a n g l e ,  x ( l )  , x ( 2 ) , y ( j ) , y ( j + I )  
* e n d d o

/ c o m  s o l d e r  j o i n t  
* d o , i , 3 , 5
r e c t a n g l e , x ( i ) , x ( i + 1 ) , y ( 2 )  , y ( 3 )  
* e n d d o
r e c t a n g l e , x ( 4 ) , x ( 5 ) , y ( 3 ) , y ( 4 )
* d o , i , 3 , 4
r e c t a n g l e , x ( i ) , x ( i + l ) , y ( 4 )  , y ( 5 )  
* e n d d o

/ c o m  RFLGA p a c k a g e  
* d o , 3 , 5 , 1  
* d o , i , 1 , 4
r e c t a n g l e , x ( i )  , x ( i + l )  , y ( j )  , y ( j + l )
* e n d d o
* e n d d o

a s e l , a l l  
a g l u e , a l l

a s e l , a l l  
n u m m r g , a l l
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mat:. inp

/ c o m  M a t e r i a l  P r o p e r t i e s  : 1) S i l i c o n  , 2)  e u t e c t i c  s o l d e r  ,
/ c o m  3)  PW3, 4)  BT, 5 )  m o l d ,  6)  c o p p e r

/ c o m  M a t e r i a l  1 -  S i
m o d s i  =  1 8 8 e 3  ! m o d u lu s  o f  S i  ( f r o m  CINDAS)  ( u n i t s  i n  MPa)
p o i s s i  =  0 . 3 0
c t e s i  =  2 . 7 e - 6  ! u n i t s  i n  / C
I m p , r e f t , 1 , t c i b a  

mp, e x ,  1 , m o d s i  
m p , n u x y , 1 , p o i s s i  
m p , a l p x , ! , c t e s i

/c o m  M a t e r i a l  2 -  6 3 S n / 3 7 P b  ( e u r e c t i c )  s o l d e r  
/ c o m  f r o m  CINDAS d a t a b a s e
p o i s p b s n  = 0 . 3 5  I f r o m  6 3 S n / 3 7 P b  s o l d e r  -  CINDAS
c t e p b s n  =  2 9 . 1 e - 6  1 u n i t s  i n  / C  ( f r o m  6 3 / 3 7  PbSr. s o l d e r  -  CINDAS)
m p , n u x y , 2 , p o i s p b s n
m p , a l p x , 2 , c t e p b s n
m p , e x , 2 , 4 0 3 0 0 * 0 . 6

/c o m  C r e e p  s t r a i n - r a t e  d e p e n d e n t  p r o p e r t i e s , 6 3 / 3 7  SnPb s o l d e r  f r o m  RSC 
t b , c r e e p , 2 , 1 , 1 0 0 , 8  ! 8 s i g n i f i e s  h y p e r b o l i c  s i n e  l a w
t b t e m p , 307 I a v e r a g e  t e m p e r a t u r e  ( - 5 5  a n d  1 25 )
t b d a t a , 1 , 1 3 0 0 0 0 0 , 2 . 4 , 0 . 1 0 2 , 9 1 1 6 . 7 7  9

/ com M a t e r i a l  3 -  FR-4  PWB 
m o d f r 4  = 1 4e 3  ! MPa
p o i s f r 4  = 0 . 3  ! a p p r o x i m a t e  (no d a t a  a v a i l a b l e )
c t e f r 4  =  1 6 . 0 e - 6  ! u n i t s  i n  / C
m p , e x , 3 , m o d f r 4
m p , n u x y , 3 , p o i s f r 4
m p , a l p x , 3 , c t e f r 4

/ com M a t e r i a l  4 -  BT R e s i n
p o i s b t  =  0 . 1 5  ! a v g .  o f  0 . 1 4  ( x - d i r )  a nd  0 . 1 6  ( y - d i r )
c t e b t  =  I 6 . 2 e - 6
m p , n u x y , 4 , p o i s b t  
m p , a l p x , 4 , c t e b t

/c o m  b i l i n e a r  p r o p e r t i e s  o f  BT,  f i t  f r o m  m e a s u r e m e n ts
t b , m i s o , 4 , 3 , 6 5
/ i n p u t , b t b i 2 5 , i n p
/ i n p u t , b t b i l O O , i n p
/ i n p u t , b t b i l 5 0 , i n p
mptemp

/c o m  e l a s t i c - p l a s t i c  p r o p e r t i e s ,  d i r e c t l y  f r o m  m e a s u r e m e n ts  
t b , m i s o , 4 , 3 , 6 5  
/ i n p u t , b t 2 5 , i n p  
/ i n p u t , b t l O O , i n p
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/ i n p u t , b t ! 5 0 , i n p  
mptemp

/com. M a t e r i a l  5 -  S u m i to m o  EM E7 72 0S ( f o r  B G A 's ;  f r o m  v e n d o r )
p o i s s u m i  =  0 . 2 5  1 f r o m  A n a m ' s  P l a s k o n  SMTB1 m o ld  compound
c t e s u m i  =  1 3 . 0 e - 6  I GTE ( p p m / C )  b e l o w  T g = 1 90 C
m p , n u x y , 5 , p o i s s u m i
m p , a l p x , 5 , c t e s u m i
m p t e m p , 1 , 2 5 , 2 4 0
m p d a t a , e x , 5 , 1 , 1 9 . 6 e 3 , 2 1 5 6
mptemp

/ c o m  M a t e r i a l  6 -  C o p p e r
p o i s b t  =  0 . 1 5  a v g .  o f  0 . 1 4  ( x - d i r )  a n d  0 . 1 6  ( y - d i r )
c t e b t  =  2 1 . 2 e —6 
m p , n u x y , 6 , p o i s b t  
m p , a l p x , 6 , c t e b t

/ c o m  b i l i n e a r  p r o p e r t i e s  o f  C o p p e r ,  f i t  f r o m  m e a s u r e m e n ts
t b , m i s o , 6,  3 ,  65
/ i n p u t , c u b i 2 5 , i n p
/ i n p u t , c u b i l O O , i n p
/ i n p u t , c u b i 1 5 0 ,  i n p
mptemp

/ c o m  e l a s t i c —p l a s t i c  p r o p e r t i e s  d i r e c t l y  f r o m  m e a s u r e m e n ts
t b , m i s o , 6 ,  3 ,  65
/ i n p u t , c u 2 5 , i n p
/ i n p u t , c u l O O , i n p
/ i n p u t , c u l 5 0 , i n p
mptemp
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/ c o m
/ c o m  M es h  i n p u t  f i l e  u s i n g  P l a n e l 8 3  p l a n e  s t r a i n  e l e m e n t s  
/ c o m

/ c o m  D e f i n e  E l e m e n t  T y p e
/ c o m  2 —D 8 - n o d e  p l a n e  e l e m e n t ,  OX,UY -  p l a n e  s t r a i n  
e t ,  l , p l a n e l 8 3 , , , 2 ,

/ c o m  A s s i g n  M a t e r i a l s  t o  a r e a s  
/ c o m  S i
a s e l ,  s ,  l o c , y , y ( 6 ) , y (7)  
a s e l ,  r ,  l o c , x ,  x ( 1 } , x (2)  
a a t t , 1 , ,  1

/ com S o l d e r
a s e l ,  s , l o c , y , y ( 3 ) , y (4)
a a t t , 2 , ,  1

/ c o m  PWB
a s e l ,  s ,  l o c , y , y ( 1 ) , y (2)  
a a t t , 3 , ,  1

/ com BT
a s e l ,  s , l o c , y , y ( 5 } , y (6)  
a a t t , 4 , , 1

/ c o m  C o p p e r  
a s e l ,  s ,  l o c , y , y ( 2 ) , y ( 3 )  
a s e l ,  a ,  l o c ,  y , y  ( 4 )  , y  (5 )  
a a t t , 6 , , 1

/ c o m  M o l d  
a l l s e l
a s e l , u , m a t , , 1  
a s e l , u , m a t , , 2  
a s e l , u , m a t , , 3  
a s e l ,  u , m a t , , 4  
a s e l , u , m a t , , 6  
a a t t , 5 , ,  1

/c o m  M es h  m o d e l ,  d e f i n e  g l o b a l  e l e m e n t  s i z e  
i s i z e l  =  0 . 0 2  
l s i z e 2  =  0 . 0 5

/ c o m  r e f i n e d  mesh  
e s h a p e , 2 , 0

e s i z e , I s i z e l  I d e f i n e  e l e m e n t  s i z e  f o r  c h o s e n  a r e a s

/ c o m  M es h  c o p p e r  p ad  o f  s o l d e r  j o i n t  
I s e l ,  s ,  l o c ,  y ,  y  ( 2 )  - r t o l ,  y  (3 )  -  t o l
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l e s i z e , a l l , , , 6 , - 1 , ,
l s e l , s , l o c ,  y ,  y ( 4 ) + t o l , y ( 5 ) - t o l
l e s i z e , a l l , , , 6 , - 1 , ,

/ c o m  Mesh s o l d e r  j o i n t  
l s e l , s , l o c , y , y ( 3 ) + t o l , y ( 4 ) - t o l  
l e s i z e , a l l , , , 1 4 , - 4 , ,

/ c o m  Mesh PWB
l s e l , s , l o c , x , x ( l ) + t o l , x ( 2 ) - t o l  
l e s i z e , a l l ,  , , 3 5 , 1 , ,

l s e l , s , l o c , y , y ( 1 ) + t o l , v ( 2 ) - t o l  
l s e l ,  r ,  l o c ,  x , x ( l ) + t o l , x ( 7 )  
l e s i z e , a l l , , , 1 9 , 0 . 2 , ,

l s e l , s , l o c , x , x ( 3 ) + t o l , x ( 4 ) - t o l  
l s e l , r , l o c , y , y ( 1 ) , y (2)  
l e s i z e , a l l , , , 1 3 , . 2 , ,  
l s e l , s , l o c , x , x ( 3 ) + t o l , x ( 4 } - t o l  
l s e l , r , l o c , y , y ( 6 ) ,  y  (8 )  
l e s i z e , a l l , , , 1 3 , . 2 , ,  
l s e l , s , l o c , x , x ( 3 ) + t o l , x ( 4 ) - t o l  
l s e l , r ,  l o c ,  y , y ( 3 ) , y (5)  
l e s i z e , a l l , , , 1 3 , 5 , ,

l s e i , s , l o c , x , x ( 4 ) + t o l , x ( 5 ) - t o l  
l e s i z e , a l l , , , 2 1 , - 5 , ,  
l s e l , s , l o c , x , x ( 5 } + t o l , x ( 6 ) - t o l  
l e s i z e , a l l , , , 1 2 , 6 , ,

/ c o m  Mesh l u m p e d  p a c k a g e  
l s e l ,  s ,  l o c ,  y ,  y  (5 )  - r t o l ,  y ( 6 )  - t o l  
l s e l , r , l o c , x , x ( 1 ) + t o l , x (5)  
l e s i z e , a l l , , , 1 4 , 7 , ,

e s i z e , l s i z e 2  ! d e f i n e  e l e m e n t  s i z e  f o r  c h o s e n  a r e a s
a s e l , a l l
l s e l , u , l o c , x , x ( 3 ) , x (5)  
a m e s h , a l l

/ c o m  S o r t  m o d e l  t o  m i n i m i z e  w a v e f r o n t  ( r e d u c e  c a l c u l a t i o n  t i m e )  

waves

f i n i s h
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solve 3x.inp

/c o m  S o l v e  m o d e l  
/ s o l a

/c o m  n o n l i n e a r  a n a l y s i s  s o l u t i o n  o p t i o n s / c o n t r o l s
/c o m  t h e r m a l  c y c l e  t h r e e  t i m e s ,  - 5 5 C  t o  125C w/  l O m i m  d w e l l s

a l l s e l

e s e l , s , m a t , , 2  
c m , s o l d e r , e l e m  
s a v e
o u t r e s , e s o l , 2 , s o l d e r  

c n v t o l , f , , , , - 1  

a l l s e l

L s e l e c t  s o l d e r  e l e m e n t s
! s e t  s o l d e r  e l e m e n t s  a s  c o m p o n e n t  f o r  da  

! sav e  r e s u l t s  o f  s o l d e r  e v e r y y  2  s e c o n d s  

I s e t  m i n  f o r c e  c o n v e r g e n c e  t o  o f f

/com n e w t o n - r a p h s o n  m e th o d  has t o  b e  s e t  e x p l i c i t l y  ( c u l l )
a n t y p e , s t a t i c ,  new  
n l g e o m , o n  
n r o p t , a u t o ,  , o f f  
r a t e , o n

a u t o t s , o n
d e l t i m , 2 , 1 . 5 , 6 0 , on  
e q s l v , p c g , l e - 6  
c r p l i m , 0 . 7  5 , on

! new s t a t i c  a n a l y s i s  
! s e t  n o n - l i n e a r  a n a l y s i s  on

I s p e c i f i e s  c r e e p  s t r a i n  r a t e  i s  u s e d  
I i n  t h e  s o l u t i o n  o f  a l o a d  s t e p  
! a c t i v a t e  a u t o  t i m e  s t e p  
! s e t  t i m e  s t e p ,  s t a r t , m i n , m a x  s e c o n d s

! c r e e p  c r i t e r i a  f o r  auuo t i m e  s t e p  = 75%

/com  d e f i n e  b o u n d a r y  c o n d i t i o n s  f o r  p l a n e  s t r a i n  a n a J l y s i s  
/c o m  s y m m e t r y  c o n s t r a i n t s  
n s e l ,  s ,  l o c , x , x ( 1 ) - t o l , x ( 1 ) + t o l  
d,  a l l , u x , 0
n s e l , s , l o c , x , x ( 1 ) - t o l , x ( 1 ) + t o l  
n s e l , r , l o c , y , v ( 1 ) - t o l , y ( 1 ) + t o l  
d , a l l , u y , 0 .

a l l s e l

/com  d e f i n e  l o a d  s t e p s  

/com  c y c l e  d e f i n i t i o n
h i g h t e m p  =  1 2 5 + 2 7 3  ! h i g h  c y c l e  remp
h i g h r a m p  =  1 2 0 0  1 lo w  t o  h i g h  ramp (s e c )  =  20r tn in
h i g h d w e l  =  600 ! h i g h  d w e l l  ( s e c )  =  lO m in

l o w te m p  -  - 5 5 + 2 7 3  ! lo w  c y c l e  tem p
lo w ra m p  =  120 0  ! h i g h  t o  l o w  ramp ( s e c )  = 2 0 m i n
l o w d w e l  =  600
c y c l e  = 3 6 0 0  ! t o t a l  t i m e  f o r  e a c h  c y c l e

t r e f ,  h i g h t e m p

/com  THERMAL CYCLE #1
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/ c o m  COOL TO - 5 5 C  
b f e r a l l , t e m p , , l o w t e m p  
k b c ,  0
t i m e ,  l o w r a m p
s o l v e
s a v e

a p p l y  temp t o  n o d e s  
l i n e a r l y  ramp tem p s  
s e t  t i m e  a t  e n d  o f  s t e p  
s o l v e  l o a d  s t e p  
s a v e  d a t a

/c o m  DWELL AT - 5 5 C  FOR 10 MINUTES
b f e , a l l , t e m p , , l o w t e m p  
k b c ,  1
t i m e , l o w r a m p + l o w d w e l
s o l v e
s a v e

a p p l y  temp t o  n odes  
m a i n t a i n  t em ps  
s e t  r i m e  a t  en.d o f  s t e p  
s o l v e  l o a d  s t e p  
s a v e  d a t a

/c o m  HEAT TO 125C  
b f e , a l l , t e m p , , h i g h t e m p  
k b c ,  0
t i m e ,  l o w r a m p - r l o w d w e l + h i g h r a m p
s o l v e
s a v e

a p p l y  temp t o  n o d e s  
l i n e a r l v  ramo tem n s

/c o m  DWELL AT 1 2 5C
b f e , a l l , t e m p , , h i g h t e m p  I a p p l y  temp t o  n o d e s  
k b c , 1 L m a i n t a i n  tem ps
t i m e ,  l o w r a m p - f l o w d w e l + h i g h r a m p + h i g h d w e l  
s o l v e  
s a v e

/c o m  THERMAL CYCLE #2  
/ c o m  COOL TO - 5 5 C  
b f e , a l l , t e m p , , l o w t e m p  
k b c ,  0
t i m e , c y c l e + l o w r a m p
s o l v e
s a v e

a p p l y  temp t o  n o d e s  
l i n e a r l y  ramp t e m p s  
s e t  t i m e  a t  e n d  o f  s t e p  
s o l v e  l e a d  s t e p  
s a v e  d a t a

/c o m  DWELL AT - 5 5 C  FOR 10 MINUTES
b f e , a l l , t e m p , , l o w t e m p  ! a p p l y  temp t o  n o d e s
k b c , l  ! m a i n t a i n  tem ps
t i m e ,  cyc le - f - lo w ram p - i - lo w d w e l  [ s e t  t i m e  a t  e n d  o f  s t e p
s o l v e  I s o l v e  l o a d  s t e p
s a v e  1 s a v e  d a t a

/c o m  HEAT TO 125C
b f e , a l l , t e m p , , h i g h t e m p  ! a p p l y  temp co n o d es  
k b c , 0 ! l i n e a r l y  ramp tem ps
t i m e ,  c y c l e - t - l o w r a m p + i o w d w e l - r h i g h r a m p
s o l v e
s a v e

/c o m  DWELL AT 1 2 5C
b f e , a l l , t e m p , , h i g h t e m p  ! a p p l y  temp  t o  n o d es  
k b c , 1 I m a i n t a i n  tem ps
t i m e , c y c l e + l o w r a m p + l o w d w e l + h i g h r a m p - r h i g h d w e l
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s o l v e
s a v e

/c o m  THERMAL CYCLE #3  
/ c o m  COOL TO —55C  
b f e , a l l , t e m p , , l o w t e m p  
k b c ,  0
t i m e ,  2 * c y c l e - r l o w r a m p
s o l v e
s a v e

a p p l y  temp  t o  n odes  
l i n e a r l y  ramp  tem ps  
s e t  t i m e  a t  e n d  o f  s t e p  
s o l v e  l o a d  s t e p  
s a v e  d a t a

/ c o m  DWELL AT - 5 5 C  FOR 10 MINUTES
b f e , a l l , t e m p , , l o w t e m p  • a p p l y  temp t o  nodes
k b c , 1 ! m a i n t a i n  t em p s
t i m e , 2 * c y c l e + l o w r a m p + l o w d w e l  I s e t  t i m e  a t  end  o f
s o l v e  I s o l v e  l o a d  s t e p
s a v e  I s a v e  d a t a

/ c o m  HEAT TO 125C
b f e , a l l , t e m p , , h i g h t e m p  I a p p l y  temp  t o  nodes
k b c , 0 I l i n e a r l y  ramp tem ps
t i m e ,  2 * c y c l e - t - l o w r a m p + l o w d w e l + h i g h r a m p
s o l v e
s a v e

/c o m  DWELL AT 125C
b f e , a l l , t e m p , , h i g h t e m p  ! a p p l y  temp t o  nodes  
k b c , 1 ! m a i n t a i n  t e m p s
t i m e ,  2 * c y c l e + l o w r a m p + l o w d w e l - ! - h i g h r a m p + h i g h d w e l  
s o l v e  
s a v e

f i n i s h
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crxy.inp — script f i le  to pull results of time for multiple elements

/com,  DESCRIPTION & MACRO R E V IS IO N :
/com,  T h i s  m acro  com pu tes  t h e  a v e r a g e  s h e a r  s t r e s s  ( S - X Y )  a n d  c r e e p  
/c om,  s h e a r  s t r a i n  (EPCL-XY)  f o r  a  s e l e c t e d  s e t  o f  e l e m e n t s  o v e r  t i m e .

! USAGE OF MACRO:
1 " c r x y "  (no a r g u m e n t s  n e e d e d )
i
! OUTPUT OF MACRO:
! P l a c e s  a v e r a g e  s h e a r  s t r e s s  i n t o  SXY POST26 v a r i a b l e  
! P l a c e s  a v e r a g e  c r e e p  s h e a r  s t r a i n  i n t o  EPCR POST26 v a r i a b l e  
;
f i n i s h  
/ p m a c r o  
* M S G ,U I
A f t e r  c l o s i n g  t h i s  d i a l o g  b o x ,  s e l e c t  t h e  e l e m e n t s  y ou  w i s h  t o  a v e r a g e .

e s e l , s , p  
n s l e , s , a l l
* g e t , n e l e m s e l , e l e m , 0 , c o u n t  
* g e t , c e l e m n , e l e m , 0 , n u m ,m in  
/ p o s t 2 6
e s o l , 2 , c e l e m n , , s , x y ,  s x y  

s t o r e ,  new
* g e t , n s e t s , v a r i , 0 , n s e t s
f i n i s h
/ p o s t l
* d i m , r a r r a y , a r r a y , n e l e m s e l , 3 , n s e t s  
* d i m ,  a r a r r a y , a r r a y ,  n s e t s , 3

s e t , l a s t
* d o , i n d e x l , 1 , n s e t s , 1 
s e t , n e x t  
e t a b l e , s x y , s , x y  
s t a b l e , e p c r , e p c r , x y  
e t a b l e , e p e l , e p e l , x y

* g e t , c e l e m n , e l e m , 0 , num, m in  
* d o , i n d e x 2 , 1 , n e l e m s e l , 1
* g e t ,  r a r r a y ( i n d e x 2 ,  1 ,  i n d e x l ) , e t a b , 1 , e l e m , c e l e m n  
* g e t ,  r a r r a y ( i n d e x 2 ,  2 ,  i n d e x l ) , e t a b , 2 , e l e m , c e l e m n  
* g e t , r a r r a y ( i n d e x 2 , 3 , i n d e x l ) , e t a b , 3 , e l e m , c e l e m n

c e l e m n = e l n e x t ( c e l e m n )
*e nddo
* v s c f u n , a r a r r a y ( i n d e x l , 1 ) , m e a n , r a r r a y ( 1 , 1 , i n d e x l )
* v s c f u n , a r a r r a y ( i n d e x l , 2 ) , m e a n , r a r r a y ( 1 , 2 , i n d e x l )
* v s c f u n , a r a r r a y ( i n d e x l , 3 ) , m e a n , r a r r a y ( 1 , 3 , i n d e x l )

*enddo
f i n i s h
/ p o s t 2 6
* g e t , c e l e m n , e l e m , 0 , num, m i n
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e s o l , 2 , c e l e m n , , s , x y , S X Y
v p u t , a r a r r a y  ( 1 , 1 ) ,  2
e s o l , 3 , c e l e m n , , e p c r , x y , E P C R
v p u t , a r a r r a y ( 1 , 2 ) , 3
e s o l , 4 , c e l e m n , , e p e l ,  x y , EPEL
v p u t , a r a r r a y ( 1 , 3 ) , 4

p l v a r , 3 , 4  I P l o t  e p s i l o n  a n d  e l a s t i c
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bt2S.inp

! B T  at 25C 
t b t e m p , 298
t b p t , , 0 , 0
t b p t . , 0 . 0 0 1 5 , 3 1 . 8 0
t b p t . , 0 . 0 0 1 7 2 , 3 7 . 62
t b p t . , 0 . 0 0 2 1 3 , 4 5 . 14
t b p t . , 0 . 0 0 2 5 5 , 5 5 . 74
t b p t . , 0 . 0 0 2 9 9 , 6 5 . 32
t b p t . , 0 . 0 0 3 3 9 , 7 3 . 53
t b p t . , 0 . 0 0 3 8 3 , 8 4 . 81
t b p t . , 0 . 0 0 4 2 5 , 9 4 . 73
t b p t , , 0 . 0 0 4 7 , 1 0 3 . 28
t b p t . , 0 . 0 0 5 1 2 , 1 1 2 . 5 2
t b D t , , 0 . 0 0 5 5 6 , 1 2 0 . 7 3
t b p t . , 0 . 0 0 6 0 1 , 1 2 8 . 9 3
t b p t , , 0 . 0 0 6 4 4 , 1 3 7 . 4 8
t b p t . , 0 . 0 0 6 8 7 , 1 4 6 . 0 3
t b p t . , 0 . 0 0 7 3 2 , 1 5 2 . 8 8
t b p t , , 0 . 0 0 7 7 3 , 1 6 0 . 0 6
t b p t , , 0 . 0 0 8 1 7 , 1 6 8 . 2 7
t b p t , , 0 . 0 0 8 6 3 , 1 7 3 . 0 5
t b p t . , 0 . 0 0 9 0 7 , 1 7 7 . 8 4
t b p t , , 0 . 0 0 9 5 3 , 1 8 2 . 6 3
t b p t , , 0 . 0 0 9 9 7 , 1 8 7 . 0 8
t b p t , , 0 . 0 1 0 3 9 , 1 8 9 . 4 7
t b p t . , 0 . 0 1 0 8 , 1 9 3 . 92
t b p t , , 0 . 0 1 1 2 5 , 1 9 8 . 3 6
t b p t , , 0 . 0 1 1 6 8 , 2 0 2 . 4 7
t b p t , , 0 . 0 1 2 1 , 2 0 6 . 23
t b p t , , 0 . 0 1 2 5 2 , 2 1 2 . 0 4
t b p t , , 0 . 0 1 2 9 4 , 2 1 7 . 8 6
t b p t , , 0 . 0 1 3 3 8 , 2 2 2 . 6 5
t b p t . , 0 . 0 1 3 8 3 , 2 2 7 . 7 8
t b p t , , 0 . 0 1 4 2 6 , 2 3 3 . 2 5
t b p t . , 0 . 0 1 4 6 9 , 2 3 8 . 0 4
t b p t . , 0 . 0 1 5 1 3 , 2 4 2 . 8 2
t b p t , , 0 . 0 1 5 5 8 , 2 4 6 . 5 9
t b p t . , 0 . 0 1 5 9 9 , 2 5 2 . 7 4
t b p t , , 0 . 0 1 6 4 , 2 5 8 . 90
t b p t . , 0 . 0 1 6 8 8 , 2 6 4 . 0 3
t b p t , , 0 . 0 1 7 3 , 2 6 9 . 50
t b p t , , 0 . 0 1 7 7 4 , 2 7 2 . 5 8
t b p t . , 0 . 0 1 8 1 6 , 2 7 8 . 7 4
t b p t . , 0 . 0 1 8 6 1 , 2 8 3 . 8 7
t b p t , , 0 . 0 1 9 0 4 , 2 8 7 . 6 3
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bt.150. inp

I B T  at 150C
t b t e r a p , 4 2 3
t b p t , 0 , 0
t b p t , 0 . 0 0 0 4 3 , 7 . 9 9
t b p t , 0 . 0 0 0 4 , 9 . 2 7
t b p t , 0 . 0 0 0 6 5 , 1 0 . 5 5
t b p t , 0 . 0 0 1 0 6 , 1 8 . 2 2
t b p t , 0 . 0 0 1 4 9 , 2 4 . 9 3
t b p t , 0 . 0 0 1 9 4 , 3 1 . 0 1
t b p t , 0 . 0 0 2 3 7 , 4 0 . 9 2
t b p t , 0 . 0 0 2 8 2 , 4 5 . 0 7
t b p t , 0 . 0 0 3 2 6 , 5 2 . 1 1
t b p t , 0 . 0 0 3 6 4 , 5 7 . 8 6
t b p t , 0 . 0 0 4 1 , 6 4 . 5 7
t b p t , 0 . 0 0 4 5 7 , 6 9 . 6 9
t b p t , 0 . 0 0 4 9 9 , 7 5 . 1 2
t b p t , 0 . 0 0 5 4 3 , 8 0 . 5 6
t b p t , 0 . 0 0 5 8 9 , 8 5 . 9 9
t b p t , 0 . 0 0 6 2 9 , 9 1 . 1 1
t b p t , 0 . 0 0 6 7 2 , 9 6 . 2 2
t b p t , 0 . 0 0 7 2 , 9 9 . 7 4
t b p t , 0 . 0 0 7 6 , 1 0 5 . 1 7
t b p t , 0 . 0 0 8 0 4 , 1 1 0 . 9 3
t b p t , 0 . 0 0 8 5 , 1 1 5 . 4 0
t b p t , 0 . 0 0 8 9 2 , 1 2 2 . 7 6
t b p t , 0 . 0 0 9 3 5 , 1 2 5 . 9 5
t b p t , 0 . 0 0 9 7 9 , 1 2 9 . 4 7
t b p t , 0 . 0 1 0 2 2 , 1 3 4 . 9 0
t b p t , 0 . 0 1 0 6 7 , 1 3 9 . 3 8
t b p t , 0 . 0 1 1 0 8 , 1 4 2 . 5 8
t b p t , 0 . 0 1 1 5 , 1 4 8 . 0 1
t b p t , 0 . 0 1 1 9 3 , 1 5 2 . 8 0
t b p t , 0 . 0 1 2 3 8 , 1 5 6 . 0 0
t b p t , 0 . 0 1 2 8 2 , 1 6 3 . 6 7
t b p t , 0 . 0 1 3 2 4 , 1 6 6 . 5 5
t b p t , 0 . 0 1 3 6 9 , 1 6 9 . 4 3
t b p t , 0 . 0 1 4 0 9 , 1 7 5 . 1 8
t b p t , 0 . 0 1 4 5 5 , 1 7 9 . 0 2
t b p t , 0 . 0 1 4 9 8 , 1 8 2 . 8 5
t b p t , 0 . 0 1 5 4 , 1 8 7 . 9 7
t b p t , 0 . 0 1 5 8 6 , 1 9 1 . 4 9
t b p t , 0 . 0 1 6 3 , 1 9 6 . 2 8
t b p t , 0 . 0 1 6 7 1 , 2 0 0 . 1 2
t b p t , 0 . 0 1 7 1 6 , 2 0 4 . 9 1
t b p t , 0 . 0 1 7 6 , 2 0 7 . 4 7
t b p t , 0 . 0 1 8 0 2 , 2 1 3 . 8 6
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! B i l i n e a r  m o d e l  o f  BT a t  25C  
t b t e m p , 2 98  
t b p t , , 0 , 0
t b p t , , 0 . 0 0 9 0 7 , 1 7 7 . 8 4  
t b p t , , 0 . 0 1 9 0 4 , 2 8 7 . 6 3

b t b i l O O . i n p

! b i l i n e a r  m o d e l  o f  BT a t  1 0 0C 
t b t e m p , 37 3 
t b p t , , 0 , 0
t b p t , , 0 . 0 0 7 6 6 , 1 3 4  . 93 
t b p t , , 0 . 0 1 7 6 7 , 2 5 7 . 0 1

b t b i ! 5 0 . i n p

! B i l i n e a r  m o d e l  o f  BT a t  1 5 0C 
t b t e m p , 4 23  
t b p t , , 0 , 0
t b p t , , 0 . 0 0 8 0 4 , 1 1 0 . 9 3  
t b p t , , 0 . 0 1 8 0 2 , 2 1 3 . 8 6
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cu25. inp

! C o p p e r  a t  25C
t b t e m p , 298
t b p t . 0 , 0 . 0 0
t b p t , 0 . 0 0 0 1 9 1 2 3 3 , 3 0 . 23
t b p t . 0 . 0 0 0 2 8 5 3 7 8 , 4 3 . 00
t b p t , 0 . 0 0 0 3 5 0 1 0 3 , 5 1 . 86
t b p t , 0 . 0 0 0 4 0 6 0 0 2 , 5 9 . 67
t b p t , 0 . 0 0 0 4 7 0 7 2 7 , 6 6 . 97
t b p t . 0 . 0 0 0 5 4 7 2 2 , 7 6 . 3 5
t b p t , 0 . 0 0 0 6 3 5 4 8 1 , 8 5 . 47
t b p t , 0 . 0 0 0 6 6 7 8 4 3 , 9 1 . 20
t b p t . 0 . 0 0 0 7 4 1 3 9 5 , 9 9 . 54
t b p t . 0 . 0 0 0 8 2 0 8 3 , 1 0 5 . 80
t b p t , 0 . 0 0 0 8 9 7 3 2 3 , 1 1 1 . 7 9
t b p t . 0 . 0 0 0 9 6 7 9 3 2 , 1 1 9 . 3 5
t b p t . 0 . 0 0 1 0 4 7 3 6 7 , 1 2 5 . 0 8
t b p t . 0 . 0 0 1 1 2 3 8 6 , 1 3 1 . 33
t b p t . 0 . 0 0 1 2 0 3 2 9 5 , 1 3 8 . 3 7
t b p t , 0 . 0 0 1 2 7 0 9 6 2 , 1 4 4 . 6 2
t b p t . 0 . 0 0 1 3 4 7 4 5 5 , 1 4 9 . 0 5
t b p t . 0 . 0 0 1 4 2 6 8 9 , 1 5 5 . 05
t b p t . 0 . 0 0 1 5 0 0 4 4 1 , 1 5 9 . 2 2
t b p t . 0 . 0 0 1 5 7 9 8 7 6 , 1 6 5 . 7 3
t b p t , 0 . 0 0 1 6 5 9 3 1 2 , 1 7 1 . 2 0
t b p t , 0 . 0 0 1 7 3 2 8 6 3 , 1 7 5 . 8 9
t b p t , 0 . 0 0 1 8 0 6 4 1 4 , 1 8 0 . 0 6
t b p t , 0 . 0 0 1 8 8 2 9 0 7 , 1 8 5 . 0 1
t b p t . 0 . 0 0 1 9 5 9 4 , 1 8 9 . 4 4
t b p t , 0 . 0 0 2 0 3 2 9 5 1 , 1 9 3 . 0 9
t b p t , 0 . 0 0 2 1 0 9 4 4 4 , 1 9 7 . 7 8
t b p t , 0 . 0 0 2 1 8 5 9 3 7 , 2 0 2 . 2 1
t b p t , 0 . 0 0 2 2 6 8 3 1 4 , 2 0 6 . 12
t b p t , 0 . 0 0 2 3 3 8 9 2 3 , 2 1 0 . 2 9
t b p t . 0 . 0 0 2 4 1 5 4 1 6 , 2 1 5 . 5 0
t b p t , 0 . 0 0 2 4 8 8 9 6 7 , 2 1 8 . 63
t b p t , 0 . 0 0 2 5 7 1 3 4 5 , 2 2 2 . 5 4
t b p t , 0 . 0 0 2 6 4 4 8 9 6 , 2 2 6 . 1 9
t b p t , 0 . 0 0 2 7 1 8 4 4 7 , 2 2 9 . 8 3
t b p t . 0 . 0 0 2 7 9 1 9 9 8 , 2 3 4 . 0 0
t b p t , 0 . 0 0 2 8 6 8 4 9 1 , 2 3 7 . 3 9
t b p t , 0 . 0 0 2 9 4 2 0 4 2 , 2 4 0 .7 8
t b p t , 0 . 0 0 3 0 1 8 5 3 5 , 2 4 3 . 64
t b p t , 0 . 0 0 3 0 9 7 9 7 , 2 4 6 . 77
t b p t , 0 . 0 0 3 1 6 5 6 3 7 , 2 4 9 . 3 8
t b p t , 0 . 0 0 3 2 5 0 9 5 6 , 2 5 1 . 4 6
t b p t , 0 . 0 0 3 3 2 7 4 4 9 , 2 5 3 . 5 5
t b p t . 0 . 0 0 3 4 0 3 9 4 2 , 2 5 5 . 63
t b p t , 0 . 0 0 3 5 3 0 4 5 , 2 5 9 . 02
t b p t , 0 . 0 0 3 6 5 9 9 , 2 6 3 . 1 9
t b p t , 0 . 0 0 3 7 8 3 4 6 6 , 2 6 5 . 5 3
t b p t , 0 . 0 0 3 9 0 9 9 7 4 , 2 6 9 . 44
t b p t , 0 . 0 0 4 0 4 5 3 0 7 , 2 7 1 . 5 3
t b p t , 0 . 0 0 4 1 6 5 9 3 1 , 2 7 4 . 9 1
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t b p t , , 0 . 0 0 4 2 9 2 4 3 9 , 2 7 7 . 5 2  
t b p t , , 0 . 0 0 4 4 2 4 8 3 1 , 2 8 1 . 1 7  
c u l O O . i n p

i c o p p e r  a t  100 C  
t b t e m p , 373  
t b p t , , 0 , 0
t b p t , , 0 . 0 0 0 1 1 4 7 4 , 1 5 . 9 0  
t b p t , , 0 . 0 0 0 1 1 4 7 4 , 1 5 . 9 0  
t b p t , , 0 . 0 0 0 2 0 8 8 8 5 ,  3 0 . 7 5  
t b p t , , 0 . 0 0 0 2 7  94 9 4 , 3 9 . 8 7  
t b p t , , 0 . 0 0 0 3 4  4 2 1 9 ,  4 6 . 3 8  
t b p t , , 0 . 0 0 0 4 0 3 0 6 , 5 4 . 4 6  
t b p t , , 0 . 0 0 0 4 8 8 3 7  9 ,  6 3 . 5 8  
t b p t , , 0 . 0 0 0 5 6 7 8 1 4 , 7 1 . 4  0 
t b p t , , 0 . 0 0 0 6 5 0 1 9 1 ,  8 0 . 0 0  
t b p t , , 0 . 0 0 0 7 2 3 7  4 2 ,  8 6 . 7 7  
t b p t , , 0 . 0 0 0 7 9 7 2 9 3 ,  9 4 . 3 3  
t b p t , , 0 . 0 0 0 8 7 3 7 8  6 ,  9 9 . 5 4  
t b p t , , 0 . 0 0 0 9 4  7 3 3 7 , 1 0 5 . 5 4  
t b p t , , 0 . 0 0 1 0 2 6 7 7  3 ,  1 1 1 . 5 3  
t b p t , , 0 . 0 0 1 1 0 3 2 6 6 , 1 1 6 . 4 8  
t b p t , , 0 . 0 0 1 1 7 3 8 7 5 ,  1 2 1 . 9 5  
t b p t , , 0 . 0 0 1 2 5 3 3 1 , 1 2 7 . 1 6  
t b p t , , 0 . 0 0 1 3 2 6 8  6 1 , 1 3 1 . 0 7  
t b p t , , 0 . 0 0 1 4 0 6 2 9 6 , 1 3 5 . 2 4  
t b p t , , 0 . 0 0 1 4 7  9 8 4 7 ,  14 0 . 9 7  
t b p t , , 0 . 0 0 1 5 5 9 2 8 2 ,  14 6 . 1 9  
t b p t , , 0 . 0 0 1 6 3 5 7 7 5 ,  1 5 0 . 8 8  
t b p t , , 0 . 0 0 1 7 0 6 3 8 4 , 1 5 4 . 5 3  
t b p t , , 0 . 0 0 1 7 8  5 8 1 9 , 1 5 8  . 69  
t b p t , , 0 . 0 0 1 8 5  6 4 2 8 , 1 6 2 . 3 4  
t b p t , , 0 . 0 0 1 9 3 5 8  6 3 , 1 6 6 . 7 7  
t b p t , , 0 . 0 0 2 0 1 5 2 9 9 , 1 7 0 . 9 4  
t b p t , , 0 . 0 0 2 0 8 5  9 0 8 , 1 7  3 . 5 5  
t b p t , , 0 . 0 0 2 1 6 2 4 0 1 , 1 7 7 . 9 8  
t b p t , , 0 . 0 0 2 2 3 5  9 5 2 ,  1 8 2 . 4 1  
t b p t , , 0 . 0 0 2 3 1 8  3 2 9 , 1 8  4 . 7 5  
t b p t , , 0 . 0 0 2 3 8 8  9 3 8 , 1 8 7 . 3 6  
t b p t , , 0 . 0 0 2 4  6 8 3 7 3 ,  1 9 2 . 0 5  
t b p t , , 0 . 0 0 2 5 4 1 9 2 4 , 1 9 5 . 7 0  
t b p t , , 0 . 0 0 2 6 0 9 5 9 1 ,  1 9 9 . 0 8  
t b p t , , 0 . 0 0 2 6 9 4  9 1 , 2 0 2 . 2 1  
t b p t , , 0 . 0 0 2 7  6 2 5 7 7 , 2 0 5 . 8 6  
t b p t , , 0 . 0 0 2 8 4 2 0 1 2 , 2 0 9 . 7 7  
t b p t , , 0 . 0 0 2 9 2 1 4 4 7 ,  2 1 2 . 3 7  
t b p t , , 0 . 0 0 2 9 8  9 1 1 4 ,  2 1 4 . 9 8  
t b p t , , 0 . 0 0 3 0 7 1 4  9 2 , 2 1 8 . 1 1  
t b p t , , 0 . 0 0 3 1 4 2 1 0 1 , 2 2 1 . 2 3  
t b p t , , 0 . 0 0 3 2 1 8 5 9 4 , 2 2 3 . 8 4  
t b p t , , 0 . 0 0 3 2 9 5 0 8 7 ,  2 2 7 . 7 5  
t b p t , , 0 . 0 0 3 3 7 1 5 8 , 2 2 9 . 5 7  
t b p t , , 0 . 0 0 3 4  98 0 8 8 , 2 3 6 . 0 9  
t b p t , , 0 . 0 0 3 6 2 7 5 3 8 ,  24 2 . 0 8  
t b p t , , 0 . 0 0 3 7 5 6 9 8 7 , 2 4 7 . 8 1
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t b p t , , 0 . 0 0 3 8 8 3 4 3 5 , 2 5 0 . 6 8  
t b p t , , 0 . 0 0 4 0 0 1 1 7 7 , 2 5 7 . 9 8  
t b p t , , 0 . 0 0 4 1 3 6 5 1 1 , 2 6 0 . 5 8  
t b p t , , 0 . 0 0 4 2 6 3 0 1 9 , 2 6 6 . 8 4
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! C o p p e r  a t  150C  
t b t e m p , 4 23
t b p t , , 0 , 0
t b p t , , 0 . 0 0 0 1 1 7 6 8 2 1 6 . 5 5
t b p t . , 0 . 0 0 0 1 2 6 5 0 8 1 5 . 5 1
t b p t . , 0 . 0 0 0 2 2 0 6 5 3 2 6 . 6 3
t b p t , , 0 . 0 0 0 2 8 8 3 2 , 3 5 . 1 6
t b p t . , 0 . 0 0 0 3 5 3 0 4 5 4 0 . 8 5
t b p t , , 0 . 0 0 0 4 1 4 8 2 8 4 7 . 3 1
t b p t , , 0 . 0 0 0 4 9 4 2 6 3 54 . 5 5
t b p t . , 0 . 0 0 0 5 7 9 5 8 2 6 2 . 5  6
t b p t , , 0 . 0 0 0 6 5 6 0 7 5 7 0 . 5 8
t b p t , , 0 . 0 0 0 7 2 3 7 4 2 7 6 . 2 7
t b p t , , 0 . 0 0 0 8 0 3 1 7 7 8 3 . 5 1
t b p t . , 0 . 0 0 0 8 8 5 5 5 5 8 7 . 6 4
t b p t , , 0 . 0 0 0 9 6 7 9 3 2 9 2 . 0  4
t b p t , , 0 . 0 0 1 0 3 2 6 5 7 97 . 7 2
t b p t , , 0 . 0 0 1 1 1 2 0 9 2 1 0 1 . 8 6
t b p t , , 0 . 0 0 1 1 8 5 6 4 3 1 0 6 . 2 6
t b p t . , 0 . 0 0 1 2 5 9 1 9 4 1 1 1 . 43
t b p t . , 0 . 0 0 1 3 4 1 5 7 1 1 1 6 . 0 8
t b p t , , 0 . 0 0 1 4 1 2 1 8 , 1 2 1 . 2 5
t b p t , , 0 . 0 0 1 4 8 5 7 3 1 1 2 5 . 3 9
t b p t , , 0 . 0 0 1 5 6 5 1 6 6 1 2 8 . 2 3
t b p t , , 0 . 0 0 1 6 5 0 4 8 5 1 3 2 . 1 1
t b p t , , 0 . 0 0 1 7 2 1 0 9 4 1 3 6 . 2 5
t b p t , , 0 . 0 0 1 7 9 7 5 8 8 1 4 0 . 3 8
t b p t , , 0 . 0 0 1 8 6 8 1 9 7 1 4 4 . 0 0
t b p t , , 0 . 0 0 1 9 4 7 6 3 2 1 4 6 . 5 9
t b p t , , 0 . 0 0 2 0 1 8 2 4 1 1 5 0 . 4 6
t b p t , , 0 . 0 0 2 0 8 8 8 5 , 1 5 4 . 3 4
t b p t , , 0 . 0 0 2 1 6 5 3 4 3 1 5 7 . 7 0
t b p t , , 0 . 0 0 2 2 4 1 8 3 6 1 6 0 . 8 1
t b p t . , 0 . 0 0 2 3 3 3 0 3 9 1 6 2 . 6 2
t b p t , , 0 . 0 0 2 3 9 7 7 6 4 1 6 6 . 4 9
t b p t . , 0 . 0 0 2 4 7 4 2 5 7 1 6 9 . 3 4
t b p t , , 0 . 0 0 2 5 5 0 7 5 , 1 7 2 . 9 6
t b p t , , 0 . 0 0 2 6 2 7 2 4 3 1 7 5 . 2 8
t b p t . , 0 . 0 0 2 6 9 7 8 5 2 1 7 7 . 8 7
t b p t , , 0 . 0 0 2 7 6 8 4 6 1 1 8 2 . 5 2
t b p t , , 0 . 0 0 2 8 5 0 8 3 8 1 8 5 . 3 7
t b p t , , 0 . 0 0 2 9 3 9 1 , 1 8 7 . 6 9
t b p t , , 0 . 0 0 3 0 0 6 7 6 7 1 9 0 . 0 2
t b p t , , 0 . 0 0 3 0 7 7 3 7 6 1 9 4 . 4 1
t b p t , , 0 . 0 0 3 1 4 7 9 8 5 1 9 6 . 4 8
t b p t , , 0 . 0 0 3 2 3 3 3 0 4 1 9 8 . 5 5
t b p t , , 0 . 0 0 3 3 0 3 9 1 3 2 0 1 . 4 0
t b p t , , 0 . 0 0 3 3 7 7 4 6 4 2 0 4 . 7 6
t b p t . , 0 . 0 0 3 5 0 3 9 7 2 2 0 9 . 4 1
t b p t , , 0 . 0 0 3 6 3 9 3 0 6 2 1 4 . 5 8
t b p t , , 0 . 0 0 3 7 6 5 8 1 3 2 1 8 . 4 6
t b p t , , 0 . 0 0 3 8 9 2 3 2 1 2 2 2 . 5 9
t b p t , , 0 . 0 0 4 0 2 1 7 7 1 2 2 6 . 7 3
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t b p t , , 0 . 0 0 4 1 4 8 2 7  9 , 2 3 2  - 1 6  
t b p t , , 0 . 0 0 4 2 7 7 7 2 9 , 2 3 6 . 8 1  
c u b i 2 5 . i n p

! B i l i n e a r  m o d e l  o f  C o p p e r  a t  25C
t b t e m p , 298
t b p t , , 0 , 0 . 0 0
t b p t , , 0 . 0 0 0 8 2 0 8 3 , 1 0 5 . 8 0
t b p t , , 0 . 0 0 4 9 2 7  9 2 , 2 9 6 . 2 8

c u b i l O O . i n p

1 B i l i n e a r  m o d e l  o f  c o p p e r  a t  100C  
t b t e m p , 37 3 
t b p t , , 0 , 0
t b p t , , 0 . 0 0 0 7  9 7 2 9 3 , 9 4 . 3 3  
t b p t , , 0 . 0 0 4 9 0 7  3 2 6 , 2 8 7 . 9 4

c u b i ! 5 0 . i n p

' B i l i n e a r  m o d e l  o f  C o p p e r  a t  150C  
t b t e m p , 423  
t b p t , , 0 , 0
t b p t , , 0 . 0 0 0 8 0 3 1 7 7 , 8 3 . 5 1  
t b p t , , 0 . 0 0 4  924 97 8 , 2 5 6 . 9 8
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