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[bookmark: _Toc298400976]Abstract
Note to student:  Write the abstract as shown in the example below. The abstract is a condensed summary of your Thesis/Project information and is limited to one page of double-spaced text.  Include your hypo Thesis/Project, research methodology, results, and conclusions. Note that an abstract does not use quotations, headings, references, or an excessive amount of statistical or other numerical data. Your reader should be able to read your abstract and understand the content and organization of your Thesis/Project. 
Tension is presented in this Thesis/Project as the predominant force in many structures and structural elements.  The elongation of a tension member is first introduced along with the definition of stress.  It is then revisited and refined using a sense of total deformation.  The concept of strain is then introduced. 

Methods of applying and measuring stress and strain in a tensile test are then discussed from a historical perspective as well as from the point of view of modern strain- gage technology.  A tensile test was used to determine the four fundamental material properties of: (1.) yield strength, (2.) ultimate strength, (3.) elastic modulus, and (4.) percent elongation.  The process is explained and developed. The variation of these fundamental material properties by means of cold working, alloying, heat-treating, and time rate of loading is discussed. Test data is included, demonstrating all of these effects.
The research methodology of finite element analysis (FEA) is applied to a tensile specimen as a means of determining the distribution of stress and deformation throughout a tension member.  The interpretation of FEA results to determine stress concentration is explained.  The conclusion is reached that the finite element analysis method accurately depicts the experimentally derived stresses and deformations in tension members.

To the student:  MS Word can make the table of contents automatically.  Do that last.
When you are ready, be sure you have a backup.  Then remove (Do not erase!) this template table of contents.  Every version of Word has a means for removing a table of contents.  That must be done first before it can get its brain around a new table of contents.
The automatic table of contents function will save a lot of detail work. But there will always be some cleanup necessary.  There are systematic ways of doing that as well.
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[bookmark: _Toc298400977]Note to the student:  This is a list of your illustrations. It is best done by hand after the pagination is complete.  When I say, “by hand”, I mean that there may be no automated way of doing this in Word.  This page is only an example in that the citations here do not necessarily agree with the illustrations, page numbers, and captions in the body. 
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[bookmark: _Toc298400979]Glossary (This is an optional section.)
For the student:  A glossary is a mini-dictionary defining specialized terms that you have used in your Thesis/Project. Use it if you have many terms.  Otherwise, simply define them in the text.  A glossary is provided as a convenience for the reader.  Format it like a list of symbols or abbreviations, and put your terms in alphabetical order.  Definitions on this page may be single-spaced.  As in 

Creep - The slow plastic deformation of a material under constant stress. Movement occurs over long-term exposure to stress below the yield strength of the material. Its effects are increased as temperature increases. Grain boundary diffusion is a method of creep.
Eutectic system - An alloy of elements that have a single chemical composition that solidifies at a lower temperature than other compositions. In a phase diagram the intersection of the eutectic temperature and eutectic composition gives the eutectic point. In Eutectic solder the composition solidifies rapidly at an exact temperature.
Grain boundary - Interface between two crystalline grains in a material.
Whisker - A crystalline metallic slender and long outward growth seen on elemental metals and some of their alloys.
Copper (Cu) - Face-centered cubic element, atomic number 29, with a melting point of 231.93 °C.
Surface free energy - Disruption of intermolecular bonds when a surface is created, or excess free energy pre unit area needed to create a new surface. 
Solder - A fusible metal alloy that melts within the 90 to 450 °C range.
SAC305 - Most common lead-free solder replacement. It is composed of 96.5 w% Sn, 3.0 w% Ag, .5 w% Cu.
Silver (Ag) - Face-centered cubic metallic element, atomic number 47, with a melting point of 961.78°C.
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[bookmark: _Toc298400980]   Introduction 
Note to the student: The above is a “Section Heading” or “Level 1” in the Word “Outline View.”
I. [bookmark: _Toc298400981]Purpose and Significance
Note to the student: The above is a “Major Division” or “First Order Heading” in the Word “Outline View.”

Note to the student: The Introduction should be a concise description of your topic or a problem statement with comments regarding its importance to your particular field, how it adds to the established body of knowledge or solves the problem.  See as an example the next paragraphs.  Note how the footnotes are entered.  Note how the figure is introduced, numbered, captioned, and the source and permission cited.

Crystal whisker growth has been commonly termed tin whisker growth; however, this phenomenon occurs with many elemental metals including silver, tin, and gold.[footnoteRef:1] Crystal growth seems, however, to vary somewhat in appearance and physical properties in different materials.  [1:   Alexander Teverovsky “Introducing a New Member to the Family: Gold Whiskers,” International Memorandum, NASA Goddard Space Flight Center, April 2003.] 

Zinc whiskers have been linked to computer server room failures.[footnoteRef:2] Air circulation within zinc-coated subflooring broke off whiskers that moved like dust particles into computer enclosures. This caused a highly conductive dust mixture that created electrical failures. [2:  ERA Technologies “Zinc-Whisker-Induced Failures in Electronic Systems,” 2007.] 

Whiskers can cause failures directly, by being remotely deposited; however, their structure can also impart radio disturbances. The miniature antenna-like structure when created in high-frequency circuits can affect impedance and cause interference. Inside computer hard drives the whiskers can contaminate heads and bearings causing total data loss.
[image: AgWhisk-PrimCont-after-fail1.jpg]
Figure 3. Image of Silver Whiskers. The whiskers are present in a low-voltage circuit breaker bridging gaps and causing electrical shorts. Image from Dr. Bella Chudnovsky's Technical Paper: “Degradation of Power Contacts in Industrial Atmosphere: Silver Corrosion and Whiskers,"48th IEEE Holm Conference on Electrical Contacts 2002, used with permission.



II. [bookmark: _Toc298400982]Hypo Thesis/Project (or research questions)
 
This should be a statement that incisively captures the major problem(s) that your Thesis/Project addresses.
III. [bookmark: _Toc298400983]Methodology 
This should be a brief explanation of your research or problem-solving methods.
 This may also be a section in the main Thesis/Project body, depending on your approach to the topic.
IV. [bookmark: _Toc298400984]Arrangement
The arrangement should be a brief explanation of the organization of your Thesis/Project.





[bookmark: _Toc298400985]   Body (Give this a comprehensive name)
This is a “Section Heading.”  The body comprises the bulk of your Thesis/Project and should explain your research and the results in detail.  Consider dividing it into several sections, both for ease of reading and writing. Give the body sections meaningful titles.  You may use as many body sections as you feel is reasonable.
Note to the student: Take special care with the writing style and presentation of the graphical elements in the body sections.  Keep in mind that others may use your Thesis/Project while conducting their own research, so you will need to adhere to the highest ethical standards in presenting research results and data.
All graphical elements must meet the same standards as the rest of the Thesis/Project, including margin and pagination requirements. Technical graphics are classified as either tables, with information appearing in rows and columns, or figures, including schematics, maps, photographs, graphs, charts, and drawings. Anything that is not a table is a figure. Note that graphics supplement, not replace, textual discussion.
Consider using boxes around graphics to set them apart from the text. Tables naturally include a box, but box any figures that bleed into the text; for example, a photograph with a light background warrants a box.
See the example below of a figure working with the text, caption and footnote:
I. [bookmark: _Toc298400986] Tin-Lead (Sn/Pb) Mixture
Solder has been traditionally made with tin (Sn) and lead (Pb) with popular ratios near 60/40 Sn/Pb. The common 63/37 mixture is a eutectic mixture, meaning its melting point is exactly a point, not a range, at 183°C. The actual eutectic composition is 61.9% tin; however, there is a tendency to lose some tin by oxidation and reactions with substrates. Tin and lead solidify into fine grains of nearly pure lead and tin. The lack of intermetallics and solubility can be found on a tin/lead equilibrium phase diagram; see Figure 5.
[image: :::Phase Diagrams:pbsn-w.jpg]
Figure 5, Calculated Tin-Lead Binary Phase Diagram. Image used with permission from the National Institute of Standards and Technology. [footnoteRef:3] [3:   The National Institute of Standards and Technology (NIST), Pb-Sn System Calculated Phase Diagram, Materials Science and Engineering Laboratory, http://www.metallurgy.nist.gov/phase/solder/pbsn.html, Sourced September 7, 2010.] 



When a mixture of two materials behaves as a eutectic both materials melt and solidify together and behave as if they were one material. The two phases melt and freeze simultaneously and isothermally. In the case of lead solder the solid’s microstructure is smooth, bright, and free of cracks. The absence of the plastic phase in eutectic solders creates quicker uniform wetting, and quicker freezing. This fast process reduces the potential for movement-induced stresses. If the material is moved during freezing, the surface may become cloudy and the microstructure will show flaws. In non-eutectic solders, care must be taken that there is a larger time period where movement can induce stress. Non-eutectic solders always have a cloudy or matte surface. Care must be taken to avoid movement when soldering to achieve a strong and highly conductive joint.
Most lead-free solder compounds are non-eutectic mixtures of metals. When these mixtures freeze, some metals may solidify together, while others remain by themselves. The lower-melting-point metals are left as liquid, while the surrounding materials freeze. The new composition now shrinks in relation to the previously frozen mixture. It is much less likely to achieve smooth, bright solder joints with non-eutectic solders; and voids or other abnormalities are more likely. These non-uniform qualities can lead to reduced physical properties.

II. [bookmark: _Toc298400987]Finite Element Analysis of Stress Concentration

Note to the student: This is only an example.  This text below has nothing logically to do with the previous copy. It was pasted in here to demonstrate subheadings. The heading just above is a “Major Division” or a “First Order Heading.”  Just below will be “Subheadings” or “Second Order Headings.”  

Historically, the stress concentration factors for each special shape were laboriously derived using the theory of elasticity with the most advanced mathematics.  These are the classical cases and were solved prior to the development of the digital computer in the 1950’s.  Many are summarized in Roark’s, “Formula’s for Stress and Strain.” [footnoteRef:4] When no mathematical solution could be found for a particular case it was conquered by using photoelastic models, strain gages, or brittle coatings.  This was the era of experimental stress analysis.  Peterson’s[footnoteRef:5] book on photoelasticity is a summary of everything that was done up to the time when professor Ray Clough and his graduate students at Berkely launched finite element analysis.    [4:  Warren Young, Richard Budynas, and Ali Sadegh; Roark’s Formulas for Stress and Strain, 8th Edition, McGraw Hill Book Company, (2011)]  [5:  Pilkey, Walter D, Peterson's Stress Concentraton Factors, Wiley, 2nd Ed (1999). ISBN 0-471-53849-3
] 

Now, finite element analysis, FEA, is the tool of first choice when dealing with stress concentration.  The FEA functionality in high-end concurrent engineering software can be used to get an approximation of the stresses in any shape that can be imagined.  However, the historical methods are still of value as checks. Roark’s and Peterson’s books are still selling and I dare say with more copies now that when those distinguished gentlemen were alive.



[bookmark: _Toc298400988]II.A.   The Part, the Elements, the Mesh, and the Von Mises Stresses

Figure 21 shows the results of a finite element analysis of a tensile specimen with a shoulder.  The far end is modeled as though fixed to a rigid support.  The force of 8 000 N, in the direction shown by the small yellow arrows, is distributed equally over the near end of the part. 
The mesh in regions of the fillet radii is finer than that of the rest of the part, because a local mesh size of 2 mm was selected for that fillet surface.  The global mesh size was chosen to be 10 mm, as a maximum. The software, in this case CATIA, did the meshing automatically.  The mesh contains 2154 nodes and 8 887 elements.  But, on a Pentium 4 computer, it took only 5 seconds to solve.   
Finite element analysis gives an approximate solution.  But, modern software uses the brute force of computing power to get an accurate result.  A finer grid yields greater resolution and a more accuracy. But the number of elements, equations to be solved, and the amount of computer time would be made larger.  For example if the grid size specified were one-tenth the size, the solution time would be increased by one thousand.




[image: ]
(a) The solid model of a 20 mm thick specimen with w = 40 mm, W = 100, and r = 10 mm. It is of Aluminum Alloy 1100-H14, y = 95 MPa, and E = 70 E9 Pa
[image: ]
(b) The finite element solution.


Figure 21, The shouldered tensile specimen represented by the finite element analysis is shown in (a).  A finite element solution showing the Von Mises stress distribution produced by an applied 8 000 N tension force is shown in (b).   Courtesy of Dassault Systems.

[bookmark: _Toc298400989]II.B.  Location of the Maximum Stress

A finite element analysis shows how the stress distributes itself throughout the object.  Note that it is a uniform green through the gage length of the specimen.  From the relationship, σ = F / A¸ that region can be expected to have a stress of 10 MPa, (1 E7 N/m2) which agrees well with the color bar in figures 21 and 22.  The red ball in the fillet radius indicates the location of the peak stress.  The stress then disburses to a mild blue level of about 4 MPa at the end of the part where the load is applied.  The least stressed region is the deep blue colored free corner beyond the fillet. You can see just how the stress would distribute itself through the part.  Any “hot spots,” which could be of concern, are immediately apparent.



[image: ]

Figure 22,  The location of the red dot gives the location of the point of maximum stress.  Courtesy of Dassault Systems




Rather than giving the actual stress as defined by the relationship, σ = F / A, figure 21 shows Von Mises stress.  Von Mises stress is an index of the intensity of the stress which will be defined later.  Suffice it to say now that actual stress has directional properties, whereas the Von Mises stress does not.  The significance of the Von Mises stress is that if it were greater than the yield stress, a ductile material would begin yielding at the location of the dark red ball.  


[image: ]



Figure 23,  The principal stress distribution from the finite element  solution of Figure 21 for the shoulder of the elastic tension .  Courtesy of Dassault Systems

[bookmark: _Toc298400990]II.C. The Principal Stress Tensor

The actual stress is given by a principal stress tensor distribution as displayed in figure 23.  Stress has directional properties, but it is not a vector quantity.  Stress is classified as a tensor quantity.  The maximum value in this case is at the red dot and has a maximum value of 2.2 E 7 N/m2.  This gives the actual direction of the stresses by means of three orthogonal, that is to say “mutually perpendicular”, vectors.  The orientation of the three directions in space is such that only tension or compression, no shear stress, is present.  Arrowheads pointing outward indicate tension.  When they point inward, they indicate compression.  
One tensor in figure 23, that was selected by a mouse click on the screen of the host computer, is enlarged, darkened, and accompanied by three numbers that are the magnitudes in all three of the orthogonal directions.  The largest of the three is 1.01E7 and is almost directly in the x-direction of the part.  Moving just a little further away from the fillet radius would yield a tensor having 1.00E7, the F/A value, as the largest of the three numbers.  The other two numbers correspond to the principle stresses in the lateral directions.  They are much smaller; one being tension, and the other being negative or compression.  Principal stresses mean that they completely describe the state of stress at that particular point.  The directions of the three axes are significant.  (Note: Using the Pythagorean theorem to calculate the resultant of stress, as with vectors, is not valid with tensor quantities.)  
Principal stress will also be defined and explained more completely in section in a later section.  If the material were to be brittle, the maximum principal stresses would have a greater relevance than the Von Mises to the strength of the object.
[bookmark: _Toc298400991]

II.D.  The Distortion of the Part  

The distortion is shown in Figure.24 by the displacement vectors displayed.  The numerical values of the components of displacement in the x, y, and z directions, in that order, are darkened at one point of interest that was selected by a mouse click.  Displacement is a vector in that the Pythagorean theorem does indeed apply.  In other words, the resulting displacement of the point is the square root of the sum of the squares of the three components. 

[image: ]


Figure 24,   The displacment  distribution from the finite element solution of figure 9.21 for the shoulder of the elastic tension .  Courtesy of Dassault Systems


III. [bookmark: _Toc298400992]The Role of Stress Concentration in Part Failure.

In a ductile material with a slowly applied stress increased to the ultimate, the break might not initiate in the region of the stress concentration even though the FEA shows it to have a magnitude of about two times the average stress.  The actual rupture might well occur anywhere else in the 40 mm width of the part.  This is because the material can yield locally at the points of highest intensity causing the stress to redistribute itself more uniformly throughout the cross sectional area.  Ductile materials are very tough.
Brittle materials do not have the ability to yield locally and thus relax the concentrated stress.   Therefore, stress concentration is an important cause of failures in parts either of brittle materials or having loads causing ductile materials to fail in a brittle fashion.   Such loads are suddenly applied or cyclic loads.  Cyclic loads cause fatigue of the material by plasticity alternating from tension to compression, and back and forth for many cycles.  Eventually the cycling strain hardens the material until all the plasticity in used and the material cracks.  Low cycle fatigue is due to this happening at loads well above the yield.  But even below yield, it can be happening on a microscopic level between grain boundaries after hundreds of thousands of cycles.   This is called high cycle fatigue and is the prevailing mode of failure in rotating machinery for example, which must always be designed taking into account the stress concentration factors.  



[bookmark: _Toc298400993] Conclusion(s)

To the student:  The conclusion ends your Thesis/Project, summarizing major points.  It may also include the following:
I. [bookmark: _Toc298400994]Evaluation
Whiskers may also change direction or even experience small portions of single-sided voids. This could be the decrease, or increase, of induced compressive load by one of the A or B forces, limiting flow of material temporarily. These forces could come from physical bending, heating and cooling, or other means.
[image: :tin:edscross.jpg]
Figure 12. EDS Analysis of an FIB Area, Showing Locations of Metals Including Tin (Sn).[footnoteRef:6] [6:   L. Panashchenko and M. Osterman, Examination of Nickel Underlayment as a Tin Wisker Mitigator, September 30, 2009, p. 17.] 


Figure 12 shows an example of a physical crystal whisker base structure. The cross-section was analyzed for chemical composition. Concentrations of tin in the upper surface appear as a perfect source for whisker growth. This concentration supports my hypoThesis/Project for surplus tin molecules at the surface.
As discussed earlier, lead-free solder’s surface is not shiny in appearance. This textured surface may be an indicator of crack tips created on the surface where movement is prevented in all directions but those normal to the surface.


II. [bookmark: _Toc298400995]Recommendations

If recommendations are extensive, a separate body section entitled “Recommendations” should precede your conclusion.

III. [bookmark: _Toc298400996]Indication of Further Research

Finding direction in such a misunderstood field of study as tin whiskers is of utmost importance as we become increasingly dependent on electrical circuitry. We must find ways to easily identify solders with higher risk of whisker generation which will lead to a better understanding of whisker phenomena. With visual topographic aids we can both assure that parts are compliant, and look for possible surface-oriented solutions to prevent whisker failure. Hopefully this research will prove to be fruitful for the future of manufacturing.






[bookmark: _Toc298400997]Ending Elements

Note to student:  Ending elements are those items that follow the text proper and include your list of references and, if appropriate, appendices.

I. [bookmark: _Toc298400998]List of References

Note to student:  After the body of your Thesis/Project, you will organize all of the research materials that you have cited in the text into a list of references, arranged alphabetically and following one of the styles indicated on page 26 of the Thesis/Project guide. A reference list includes only those items that you have cited in the text; you may have read other sources, but do not include those on your reference list. See Figure 19 of the Thesis/Project guide for an example.

J.W. Gibbs, The Scientific Papers of J. Willard Gibbs, Vol. 1 (Longmans-Green, London, 1906) p. 55.

MIL-STD-810G, United States Department of Defense Testing Method Standard. 31 OCT 2008.

United States Environmental Protective Agency “Lead in Paint, Dust, and Soil,” Health Effects of Lead, February 4, 2010. 

Directive 2002/95/EC of the European Parliament and the Council of January 2003 on the restriction of the use of certain hazardous substances in electrical and electronic equipment. 2003. pp. 19-23.

“What are Tin (and Zinc) Whiskers?” http://nepp.nasa.gov/WHISKER/background/index.htm, Sourced June 16, 2009.

Soldering?” April, 2010.




II. [bookmark: _Toc298400999]Appendices

Note to the student:  Appendices are used to display information that is important, but not essential, to the text or items that would interrupt the flow of the text, such as lengthy calculations or complicated graphics. Adding appendices to pad the Thesis/Project is not an acceptable professional practice.  Typical material for an appendix includes the following:
• Lengthy calculations
• Field notes
• Multiple pages of oversized graphics (with prior approval)
• Lengthy graphics (i.e., a multiple-page flow chart)
• Programming printouts
• Interview notes
• Completed survey forms
• Project
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