 Executive Summary: Black Nickel Coating 

Black nickel is a type of coating that can be applied onto various metal substrates using an electroplating technique.  The black nickel coating, actually a zinc-nickel alloy can be used as a coating in spacecraft on flight components for passive thermal control.  Passive thermal control is important when a spacecraft moves from an area of high thermal radiation to an area of low thermal radiation while orbiting the earth or when surface temperature of an instrument falls outside of the range for which it was designed.  Material response to radiation gradients is particularly critical for optical and electrical devices, where thermal expansion and contraction may contribute negatively to their operation.  

The goal of this research is to gather data to more accurately and precisely quantify the coating characteristics of electro-deposited Black Nickel and to document the properties of the coating at varying thickness.  We will determine the minimum effective thickness of the coating and carefully record the parameters used to reach it.  Maximizing values of absorptance and emittance for Black Nickel deposits will reduce the wear on the spacecraft from thermal shock and extend its life and productivity.  Ideally the coating should absorb and emit solar radiation in the presence and absence of the sun to a higher degree than the coatings currently used.  Data on Black Nickel deposits are limited and in some case non-existent: specifically data detailing the thermal radiative properties, thermal conductivity, resistivity, and opacity on various substrates.  The focus of this project will be to conduct electroplating on aluminum, copper, and stainless steel substrates.  The electro-deposited films will vary in thickness while searching for optimal properties. 

To plate these substrates we will use a bath composed of nickel, nickel sulfate, nickel ammonium sulfate, zinc sulfate, and sodium thiocyanate.  Certain operational parameters will be controlled and varied to optimize results, including the plating time, and current density of the baths.  We will measure the absorptance and emittance, of the plated substrates when exposed to electromagnetic radiation from the infrared to ultraviolet spectrum.  Values for these measurements will be functions of applied amperage and thickness of the coating.  Thickness goals are to coat from 3 to 5 ten thousandths of an inch (tenths) up to one thousandth of an inch.  

A further consideration affecting the absorptance and emittance of the coating is the surface texture of the substrate.  We will observe the plating and thermal/optical material characteristics of bead-blasted, polished, and unfinished samples of Copper, Stainless Steel, and Aluminum.  Results will be satisfactory when absorptance and emittance values are maximized. The data obtained will be collected and used to supplement the limited amount of information previously collected on Black Nickel coatings.  The common method of Black Nickel deposition uses an acid bath. 
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Thermal radiative and optical properties of coatings are closely related and become important when faced with either high temperatures or extremely low temperatures in the absence of atmosphere.  This lack of atmosphere allows ignoring the effects of conduction and convection when considering heat transfer.  Radiation is constantly emitted from all materials due to thermal vibrations of its particles.  At the same time, materials receive radiation from surrounding sources such as the sun or other radiant objects in their environment.  This heat transfer, or net flux of radiation and the radiation reflected by and passing through the material compose the thermal radiative properties of absorptance, emittance, reflectance, and transmittance, illustrated by Figure 2.4.  


         Figure 2.4: Material cross section of thermal radiative properties ().

The material achieves thermal equilibrium when total radiation absorbed equals the total radiation emitted.  Thermal equilibrium is desirable at the extreme temperatures experienced by spacecraft, to avoid failure caused by thermal shock from expansion or contraction.  Risk of thermal shock can be minimized by having similar and values.  

The solar absorptance of a material can be obtained through calculation after measuring the reflectance of a material as a function of wavelength.  Measuring  involves a 3-step process in which a spectrophotometer with an integrating sphere makes a reflectance measurement and then calculates the solar transmittance and the integrated solar absorptance.  The machine at GSFC is called the LPSR-200, or the Laboratory Portable Spectral Reflectometer 200, which accurately measures total hemispherical spectral reflectance at 100 points over the spectral range of 250 to 2500 nm.  (Peters, 2)  This range of wavelengths is suitable for our study as this region contains greater than 95% of the sun’s radiant energy.


Total normal emittance of a surface is similarly obtained by measuring the reflected radiant energy from a specimen and manipulating to solve for the emittance using a Geir-Dunkle DB-100.  Correct use of this machine demands sample sizes have a minimum 0.75” diameter or 0.75” x 0.75” square.  The measured surface lies flat over an opening to the sensor module.  Beneath the opening, two rotating semi-cylindrical cavities alternately irradiate the sample in the infrared spectrum.  A milli-voltmeter reads the signal and subsequently compares it to previously calibrated reflectance standards to yield an overall reflectance value for the spectral range 5,000 to 40,000 nm.  This value can easily be converted to emittance by subtracting the reflectance from unity.

Plated stamps were tested using the instruments and the property data was organized according to the other parameters from each section of the research.  This organization generated three distinct sets of data gathered by the research into Black Nickel coatings.  These are property data gathered during the flawed initial thickness measuring technique (phase 1), property data gathered by the resolved thickness measuring technique (phase 2), and data gathered to determine the plating rates in the Black Nickel bath at varying current densities (phase 3).  


Thickness was recorded on a digital micrometer to 4 significant digits (Appendix: equipment).  The thickness dealt with are on the order of ten-thousandths of an inch (tenths).  The same person performed all the measurements ensuring repetition of the site measured and the approximation on the last digits.

The emittance data from stamps plated in phase-2 is plotted against the thickness of the coating tested.  The average emittance recorded from the DB-100 is displayed for all the substrates and surface finishes.  These graphs represent the data missing from the first phase of research.  It is clear from the curves that there is a thickness of coating past which no improvement in emittance is realized.  The advantage of this presentation of emittance data is minimum thickness the coating should be plated to obtain opacity reads directly from the graph. 

[image: image4.png]


Chart 4.8 shows the opaque thickness threshold occurs between 2 and 3 tenths of an inch for stainless steel.  The progress towards desirable thermal properties is visible as the emittance values increase dramatically from ~0.1 on un-coated or underplated substrates to 0.8 for Black Nickel coated stamps.  The remainder of the data on emittance and thickness is located in Appendix E.  The three bare substrates exhibit differing emittance properties, yet the base substrate does not effect the final coated values.  Maximum values depend more on surface finish than base material: 0.78 for polished and unpolished substrates and 0.81 for bead blasted substrate
Chart 4.8: Representative graph of emittance vs. thickness data.

The other half of the property versus thickness data shows the relationship of absorptance.  The graphs in this section display the integrated spectral absorptance data measured by the LPSR-200 as a function of the coating thickness.  The data is organized by surface finish and base substrate highlighting similar trends and points out important differences.  This information supplies the missing thickness data from the first phase of research. 
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Chart 4.9: Representative graph of absorptance vs. thickness data.

Chart 4.9 indicates the threshold thickness for an opaque coating on stainless steel is ~2 ten thousandths of an inch.  The shape of the curves follow an asymptote at thickness greater than 2 tenths of an inch regardless of base metal or finish.  The maximum absorptance value depends on surface finish more heavily than the base metal.  The data shows consistently greater values for bead blasted surfaces on all substrates.  The best value for polished and unfinished stamps lie near 0.9 while bead blasted stamps reach 0.93 in some cases.  The complete collection of charts detailing absorptance-thickness data is located in Appendix F.  

Emittance and Absorptance curves looked the same regardless of plotting against thickness or current density.  The similarity merited exploring the possible relationship.  We suspected linearity to dominate the relationship based on the curve shape generated in the previous sections.  The plots suggest current density and thickness have an identical effect on property values.  Quantifying the relationship between the current density applied during a plating run and the thickness of the coating deposited at the end of a given time interval helps to define the bath behavior.  The graphs presented in this section clarify the nature of the relationship.
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Chart 4.10: Representative graph showing relationship between current density and thickness. 

Chart 4.10 demonstrates the linearity of the relationship regardless of surface finish.  The trend lines were generated by Microsoft Excel v7.0 using the plotted points.  This behavior typifies all three substrates whose graphs are found in Appendix G.  The amount of scatter experienced by the data points as the current density increases is caused by thickness distortions due to electrical burning in the bath.  Burning is nonconductive, decreasing the effective plating surface area thereby increasing the applied current density felt by the stamps in the bath.  The trend is tight at current densities below the point where burning was noted on the stamps at 8 amps/ft2.

The graph of absorptance vs. emittance helps define the overall thermal characteristics of the coating.  The  values for each stamp plated during the second phase are plotted in relation to their corresponding  values and the points are overlaid onto the reference chart for the same data (Chart 2.1).  The lines on the reference chart represent constant values of the  ratio labeled with its respective thermal equilibrium temperature.  This is the surface temperature of a material with particular values of absorptance and emittance.  Electrical components are usually designed to operate at around room temperature, therefore, the coating is desired to have a thermal equilibrium value also near room temperature. 
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                                (a)                                                                                           (b)

Chart 4.13: (a) Reference chart for  thermal characteristics, (b)  data gathered during phase 2.

The points overlaid onto this chart represent a wide range of substrates and surface textures and a variety of thickness.  The three distinct groups of points graphically demonstrate the progression toward improved properties, from the effects of surface finish alone and underplates to the application of thick coatings of Black Nickel.  Absorptance and emittance seems to improve almost equally as thickness increases.  From left to right, the clusters show the characteristics of underplated substrates, thin coating, and finally thicker coatings.  


Ideal characteristics are represented by the green line with slope = 1, equal values for  and .  Each property represented on the graph is a ratio compared to a reference, the energy of incident light, or a 300K blackbody.  Values approaching unity for each ratio ( and ) is desirable.  Coatings with  and  close to one affect a greater percent of the reference energy.  Therefore, a point farthest from the origin in both directions presents the best coating.  Most of the Black Nickel coated stamps show points reasonably close to the ideal.  The superposition of the charts reveals the most significant group of points share thermal equilibrium characteristics with an approximate associated temperature between 7 and 37 oC.
Establishing a set of graphs to provide information on the time and the current density required to deposit a certain coating thickness would be valuable and practical.  Data that can be referenced by a plater interested in using the Black Nickel bath would take guesswork out of the process and increase the efficiency of the plating shop.  The seven prediction charts, located in Appendix K, show the plating rates for bead blasted and polished surfaces for each specific current density.  
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Chart 4.14(a): Shows the plating rate of Bead Blasted Al at 3 amps/ft2
Plating rates for unpolished pieces lie in between the two established lines.  The range of current densities covered by the prediction charts offer a large amount of flexibility to the plater.  Large surfaces would require large currents to maintain optimal current density (between 4 and 5 amps/ft2) which may be outside the range of the power source available in the shop.  Using less amperage for a longer time interval can provide the same desired coating.    

To ensure chart accuracy, planned plating runs were carried out to test the predicted thickness on all surface finishes.  By comparing the points for Aluminum and the points for the other metals the charts were shown to be applicable regardless of substrate.  These confirmation points were overlaid on the established charts.  At coating thickness greater than 0.0002 inches, all confirmation points are within the range of acceptable error (plus or minus 0.00005 inches of the desired thickness).  At thickness below 0.0002 inches, the confirmation points coincide exactly with the predicted thickness.
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Chart 4.16: Chart demonstrating accuracy of predicted plating rates with confirmation points.

Since the thermal radiative characteristics of Black Nickel maximize at the opaque thickness, efficient plating would not be geared towards achieving a coating far beyond 0.0003 to 0.0005 inches.  The prediction charts are useful in providing Black Nickel thickness expectations to within 0.00005 inches.


In conclusion, our research shows that Black Nickel will ultimately operate at an equilibrium temperature between 7 and 37 degrees Celsius, or roughly room temperature, making it desirable for use as a passive thermal control coating.  It was also discovered that Black Nickel reaches its optimal efficiency at a relatively small thickness of 0.0003 inches.  At this thickness, Black Nickel becomes opaque for both emittance and absorptance, achieving approximate values of 0.8 and 0.9 respectfully.  In conjunction with this finding, it is recommended that Black Nickel coatings be applied using the prediction charts as a reference guide, and that samples are aimed for a plating thickness of 0.0004 inches or greater.  To further the knowledge of Black Nickel, future research may include attempting to alter the plating bath pH and temperature to find out if it has any effect on the final coating parameters, as well as conducting experiments to learn more about its spectral emittance.  The mechanical properties of the coating could also be considered for further research.  Such tests could investigate stress analysis, thermocycling, and corrosion/errosion characteristics of Black Nickel. 
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Stainless

		Stainless Steel Phase Two Results								20 minute runs and 50 minute runs

		Amps/ft^2		Substrate Type		Starting Thickness				Ending Thickness				Coating Thickness		Reflectance		Emittance		Absorbance

		Ni Strike		BBSS		0				0				0		0.829		0.171		0.557

		Ni Strike		PLSS		0				0				0		0.946		0.054		0.399

		Ni Strike		UPSS		0				0				0		0.931		0.069		0.466

		1		BBSS		0.0594				0.05955				0.000075		0.367		0.633		0.839

		1		PLSS		0.059				0.0591				0.00005		0.474		0.526		0.792

		1		UPSS		0.059				0.05915				0.000075		0.453		0.547		0.808

		3		BBSS		0.0595				0.05975				0.000125		0.212		0.788		0.915

		3		PLSS		0.0589				0.05935				0.000225		0.266		0.734		0.9

		3		UPSS		0.05905				0.05935				0.00015		0.253		0.747		0.905

		5		BBSS		0.0591				0.0595				0.0002		0.202		0.798		0.916

		5		PLSS		0.0586				0.059				0.0002		0.237		0.763		0.91

		5		UPSS		0.05905				0.05945				0.0002		0.236		0.764		0.905

		7		BBSS		0.05945				0.06				0.000275		0.191		0.809		0.915

		7		PLSS		0.0588				0.05945				0.000325		0.218		0.782		0.903

		7		UPSS		0.05895				0.0596				0.000325		0.221		0.779		0.904

		8		BBSS		0.0594				0.0599				0.00025		0.192		0.808		0.912

		8		PLSS		0.0588				0.0595				0.00035		0.227		0.773		0.896

		8		UPSS		0.0591				0.0596				0.00025		0.223		0.777		0.92

		9		BBSS		0.0593				0.0598				0.00025		0.196		0.804		0.914

		9		PLSS		0.05875				0.05945				0.00035		0.226		0.774		0.904

		9		UPSS		0.0593				0.0598				0.00025		0.216		0.784		0.907

		10		BBSS		0.05915				0.06005				0.00045		0.189		0.811		0.948

		10		PLSS		0.05905				0.0599				0.000425		0.224		0.776		0.907

		10		UPSS		0.0589				0.0598				0.00045		0.214		0.786		0.932

		12		BBSS		0.05945				0.0603				0.000425		0.195		0.805		0.897

		12		PLSS		0.0589				0.05975				0.000425		0.22		0.78		0.902

		12		UPSS		0.05905				0.0598				0.000375		0.216		0.784		0.905

		14		BBSS		0.05915				0.0599				0.000375		0.195		0.805		0.913

		14		PLSS		0.05855				0.0597				0.000575		0.215		0.785		0.906

		14		UPSS		0.0591				0.06				0.00045		0.213		0.787		0.906

		18 (2 Hooks)		BBSS		0.05905				0.0598				0.000375		0.197		0.803		0.888

		18 (2 Hooks)		PLSS		0.0591				0.05985				0.000375		0.22		0.78		0.9

		18 (2 Hooks)		UPSS		0.05915				0.0599				0.000375		0.219		0.781		0.904

		18		BBSS		0.05825				0.05925				0.0005		0.195		0.805		0.914

		18		PLSS		0.0579				0.0586				0.00035		0.219		0.781		0.913

		18		UPSS		0.0576				0.0586				0.0005		0.215		0.785		0.913

		22 (2 Hooks)		UPSS		0.06025				0.0616				0.000675		0.217		0.783		0.901

		50 minute runs

		4A/ft^2, 50 min		BBSS		0.0598				0.0602				0.0002		0.217		0.783		0.914

		4A/ft^2, 50 min		BBSS		0.06005				0.0605				0.000225		0.21		0.79		0.885

		4A/ft^2, 50 min		PLSS		0.0594				0.0599				0.00025		0.235		0.765		0.902

		4A/ft^2, 50 min		PLSS		0.05935				0.0599				0.000275		0.245		0.755		0.912

		8A/ft^2, 50 min		BBSS		0.0591				0.06075				0.000825		0.205		0.795		0.909

		8A/ft^2, 50 min		BBSS		0.05945				0.0609				0.000725		0.206		0.794		0.912

		8A/ft^2, 50 min		PLSS		0.05895				0.0602				0.000625		0.229		0.771		0.913

		8A/ft^2, 50 min		PLSS		0.05895				0.06				0.000525		0.232		0.768		0.919
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Copper

		Copper Phase Two Results								20 minute runs

		Amps/ft^2		Substrate Type		Starting Thickness				Ending Thickness				Coating Thickness		Reflectance		Emittance		Absorbance

		Ni Strike		BBCu		0				0				0		0.842		0.158		0.595

		Ni Strike		PLCu		0				0				0		0.96		0.04		0.437

		Ni Strike		UPCu		0				0				0		0.959		0.041		0.492

		1		BBCu		0.0617				0.06185				0.000075		0.349		0.651		0.849

		1		PLCu		0.0601				0.0602				0.00005		0.471		0.529		0.789

		1		UPCu		0.06045				0.0607				0.000125		0.27		0.73		0.8

		3		BBCu		0.06105				0.0614				0.000175		0.212		0.788		0.91

		3		PLCu		0.0603				0.0607				0.0002		0.284		0.716		0.889

		3		UPCu		0.0608				0.06095				0.000075		0.462		0.538		0.896

		4		BBCu		0.06105				0.0615				0.000225		0.195		0.805		0.916

		4		PLCu		0.0602				0.06085				0.000325		0.258		0.742		0.902

		4		UPCu		0.0609				0.06125				0.000175		0.252		0.748		0.899

		5		BBCu		0.06125				0.0619				0.000325		0.195		0.805		0.911

		5		PLCu		0.06015				0.06075				0.0003		0.243		0.757		0.898

		5		UPCu		0.06075				0.0611				0.000175		0.235		0.765		0.91

		7		BBCu		0.0613				0.0619				0.0003		0.189		0.811		0.914

		7		PLCu		0.0604				0.061				0.0003		0.231		0.769		0.904

		7		UPCu		0.06075				0.0612				0.000225		0.221		0.779		0.902

		8		BBCu		0.0612				0.0619				0.00035		0.19		0.81		0.922

		8		PLCu		0.0608				0.0614				0.0003		0.226		0.774		0.899

		8		UPCu		0.0605				0.06105				0.000275		0.221		0.779		0.913

		9		BBCu		0.06105				0.06185				0.0004		0.191		0.809		0.913

		9		PLCu		0.0606				0.0611				0.00025		0.222		0.778		0.904

		9		UPCu		0.0605				0.06095				0.000225		0.225		0.775		0.9

		10		BBCu		0.06115				0.06185				0.00035		0.191		0.809		0.918

		10		PLCu		0.06035				0.06115				0.0004		0.215		0.785		0.902

		10		UPCu		0.06085				0.0618				0.000475		0.22		0.78		0.912

		12		BBCu		0.0614				0.0619				0.00025		0.193		0.807		0.913

		12		PLCu		0.05995				0.06055				0.0003		0.222		0.778		0.899

		12		UPCu		0.0598				0.0607				0.00045		0.211		0.789		0.902

		14		BBCu		0.0599				0.06075				0.000425		0.191		0.809		0.914

		14		PLCu		0.06185				0.0625				0.000325		0.217		0.783		0.904

		14		UPCu		0.0607				0.0616				0.00045		0.209		0.791		0.91
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Aluminum

		Aluminum Phase Two Results								20 minutes and 50 minutes

		Amps/ft^2		Substrate Type		Starting Thickness				Ending Thickness				Coating Thickness		Reflectance		Emittance		Absorbance

		Electroless Ni		BBAl										0		0.815		0.185		0.515

		Electroless Ni		PLAl										0		0.91		0.09		0.426

		Electroless Ni		UPAl										0		0.893		0.107		0.471

		2		BBAl		0.06125				0.0615				0.000125		0.231		0.769		0.911

		2		PLAl		0.06015				0.0605				0.000175		0.288		0.712		0.897

		2		UPAl		0.0608				0.06095				0.000075		0.277		0.723		0.889

		3		BBAl		0.061				0.06125				0.000125		0.214		0.786		0.913

		3		PLAl		0.06005				0.0603				0.000125		0.272		0.728		0.9

		3		UPAl		0.06025				0.06055				0.00015		0.27		0.73		0.899

		4		BBAl		0.06095				0.0613				0.000175		0.217		0.783		0.916

		4		PLAl		0.05945				0.05975				0.00015		0.26		0.74		0.903

		4		UPAl		0.0605				0.0608				0.00015		0.253		0.747		0.91

		5		BBAl		0.0612				0.0618				0.0003		0.21		0.79		0.915

		5		PLAl		0.0603				0.06075				0.000225		0.243		0.757		0.905

		5		UPAl		0.0607				0.0611				0.0002		0.239		0.761		0.907

		7		BBAl		0.0612				0.0618				0.0003		0.206		0.794		0.909

		7		PLAl		0.06015				0.06085				0.00035		0.229		0.771		0.905

		7		UPAl		0.0604				0.0611				0.00035		0.22		0.78		0.911

		8		BBAl		0.0613				0.06195				0.000325		0.198		0.802		0.91

		8		PLAl		0.06025				0.06095				0.00035		0.223		0.777		0.907

		8		UPAl		0.0608				0.06125				0.000225		0.219		0.781		0.907

		9		BBAl		0.06105				0.06175				0.00035		0.195		0.805		0.906

		9		PLAl		0.06005				0.0609				0.000425		0.226		0.774		0.902

		9		UPAl		0.06075				0.06165				0.00045		0.214		0.786		0.902

		10		BBAl		0.0608				0.0615				0.00035		0.196		0.804		0.91

		10		PLAl		0.0603				0.0611				0.0004		0.219		0.781		0.91

		10		UPAl		0.06045				0.06125				0.0004		0.218		0.782		0.902

		12		BBAl		0.06095				0.06175				0.0004		0.191		0.809		0.914

		12		PLAl		0.0599				0.06085				0.000475		0.218		0.782		0.901

		12		UPAl		0.0607				0.06155				0.000425		0.215		0.785		0.905

		14		BBAl		0.06105				0.0622				0.000575		0.192		0.808		0.903

		14		PLAl		0.0605				0.0614				0.00045		0.219		0.781		0.899

		14		UPAl		0.0603				0.06115				0.000425		0.214		0.786		0.9

		50 Minute Runs

		4A/ft^2, 50 min		BBAl		0.0611				0.06175				0.000325		0.27		0.73		0.885

		4A/ft^2, 50 min		BBAl		0.06125				0.0621				0.000425		0.21		0.79		0.914

		4A/ft^2, 50 min		PLAl		0.06005				0.06105				0.0005		0.228		0.772		0.91

		4A/ft^2, 50 min		PLAl		0.06005				0.061				0.000475		0.234		0.766		0.9

		8A/ft^2, 50 min		BBAl		0.06075				0.0621				0.000675		0.202		0.798		0.93

		8A/ft^2, 50 min		BBAl		0.06105				0.0626				0.000775		0.206		0.794		0.952

		8A/ft^2, 50 min		PLAl		0.06005				0.06195				0.00095		0.221		0.779		0.925

		8A/ft^2, 50 min		PLAl		0.06035				0.06205				0.00085		0.221		0.779		0.915
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PL &UP Ni STRK & Electoless Ni

BB Ni STRK & Electoless Ni

BB,PL,&UP with
<--------Black Nickel    
            >0.0002 inches

<----BB,PL,&UP with Black--->
           Nickel <0.0002 inches

Aluminum

Copper

Stainless Steel

m=1 equilibrium Temp. = 7 degrees C.

m=1.5     Equilibrium Temp. = 37 degree C
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				Aluminum						Stainless Steel						Copper

				Emittance		Absorbance				Emittance		Absorbance				Emittance		Absorbance

				0.185		0.515				0.171		0.557				0.158		0.595

				0.09		0.426				0.054		0.399				0.04		0.437

				0.107		0.471				0.069		0.466				0.041		0.492

				0.769		0.911				0.633		0.839				0.651		0.849

				0.712		0.897				0.526		0.792				0.529		0.789
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				0.786		0.913				0.788		0.915				0.788		0.91
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				0.73		0.899				0.747		0.905				0.538		0.896

				0.783		0.916				0.798		0.916				0.805		0.916
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				0.761		0.907				0.779		0.904				0.765		0.91

				0.794		0.909				0.808		0.912				0.811		0.914
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				0.782		0.901				0.785		0.906				0.778		0.899
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m=0.25     Equilibrium Temp. = - 75 degrees C.

m=0.5     Equilibrium Temp. = -37 degrees C.

m=1.0     Equilibrium Temp. = 7 degrees C.

m=1.5     Equilibrium Temp. = 37 degrees C.

m=2.0     Equilbrium Temp. = 61 degrees C.

m=10     Equilbrium Temp. = 226 degrees C.

m=0.75     Equilibrium Temp. = -12 degree C.
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Al

		Aluminum Phase Three Results

		Time-Thickness Data

		BB Al				Starting Thickness				Ending Thickness				Coating Thickness				Plating Rate

		Time (mins)		Current Density (amps/ft^2)

		0												0

		10		5		0.06095				0.0612				0.000125

		20		5		0.0611				0.0618				0.00035

		30		5		0.0612				0.06205				0.000425				1.36E-05

		40		5		0.061				0.062				0.0005

		50		5		0.06125				0.06245				0.0006

		60		5		0.06095				0.0627				0.000875

		POL Al

		Time (mins)		Current Density (amps/ft^2)

		0												0

		10		5		0.06005				0.06025				0.0001

		20		5		0.06005				0.06075				0.00035

		30		5		0.06005				0.0609				0.000425				1.16E-05

		40		5		0.0598				0.0607				0.00045

		50		5		0.06				0.0611				0.00055

		60		5		0.05995				0.06125				0.00065

		BBAL

		Time (mins)		Current Density (amps/ft^2)

		0												0

		10		3		0.06095				0.0612				0.000125

		20		3		0.06075				0.06115				0.0002

		30		3		0.06095				0.0614				0.000225				7.72E-06

		40		3		0.06095				0.0615				0.000275

		50		3		0.06105				0.0618				0.000375

		60		3		0.0609				0.06185				0.000475

		POL Al

		Time (mins)		Current Density (amps/ft^2)

		0												0

		10		3		0.05995				0.06015				0.0001

		20		3		0.06005				0.0603				0.000125

		30		3		0.06005				0.0605				0.000225				6.59E-06

		40		3		0.05995				0.0605				0.000275

		50		3		0.06035				0.061				0.000325

		60		3		0.06015				0.0609				0.000375

		BBAL

		Time (mins)		Current Density (amps/ft^2)

		0												0

		20		4		0.06095				0.0613				0.000175				7.59E-06

		50		4		0.0611				0.06175				0.000325

		50		4		0.06125				0.0621				0.000425

		POL Al

		Time (mins)		Current Density (amps/ft^2)

		0												0

		20		4		0.05945				0.05975				0.00015				9.58E-06

		50		4		0.06005				0.06105				0.0005

		50		4		0.06005				0.061				0.000475

		BBAL (This data is obmitted from preditions due to increased plating rates associated to burning)

		Time (mins)		Current Density (amps/ft^2)

		0												0

		20		8		0.0613				0.06195				0.000325				1.46E-05

		50		8		0.06075				0.0621				0.000675

		50		8		0.06105				0.0626				0.000775

		PLAL (This data is obmitted from preditions due to increased plating rates associated to burning)

		Time (mins)		Current Density (amps/ft^2)

		0												0

		20		8		0.06025				0.06095				0.00035				1.80E-05

		50		8		0.06005				0.06195				0.00095

		50		8		0.06035				0.06205				0.00085

		Predicted Time vs. Thicknesses for Specified Current Densities

		BBAL      Thickness = (2.427738E-06)*(Current Density)*(Time)

		Current Density (amps/ft^2)				Time (mins)				Thickness (inch)

		0				0				0

		1				30				0.0000728321

		2				30				0.0001456643

		3				30				0.0002184964

		4				30				0.0002913286

		5				30				0.0003641607

		6				30				0.0004369928

		7				30				0.000509825

		PLAL      Thickness = (2.159605E-06)*(Current Density)*(Time)

		Current Density (amps/ft^2)				Time (mins)				Thickness (inch)

		0				0				0

		1				30				0.0000647882

		2				30				0.0001295763

		3				30				0.0001943645

		4				30				0.0002591526

		5				30				0.0003239407

		6				30				0.0003887289

		7				30				0.000453517
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Stainless

		Stainless Steel Phase Two Results								20 minute runs and 50 minute runs

		Amps/ft^2		Substrate Type		Starting Thickness				Ending Thickness				Coating Thickness		Reflectance		Emittance		Absorbance

		Ni Strike		BBSS		0				0				0		0.829		0.171		0.557

		Ni Strike		PLSS		0				0				0		0.946		0.054		0.399

		Ni Strike		UPSS		0				0				0		0.931		0.069		0.466

		1		BBSS		0.0594				0.05955				0.000075		0.367		0.633		0.839

		1		PLSS		0.059				0.0591				0.00005		0.474		0.526		0.792

		1		UPSS		0.059				0.05915				0.000075		0.453		0.547		0.808

		3		BBSS		0.0595				0.05975				0.000125		0.212		0.788		0.915

		3		PLSS		0.0589				0.05935				0.000225		0.266		0.734		0.9

		3		UPSS		0.05905				0.05935				0.00015		0.253		0.747		0.905

		5		BBSS		0.0591				0.0595				0.0002		0.202		0.798		0.916

		5		PLSS		0.0586				0.059				0.0002		0.237		0.763		0.91

		5		UPSS		0.05905				0.05945				0.0002		0.236		0.764		0.905

		7		BBSS		0.05945				0.06				0.000275		0.191		0.809		0.915

		7		PLSS		0.0588				0.05945				0.000325		0.218		0.782		0.903

		7		UPSS		0.05895				0.0596				0.000325		0.221		0.779		0.904

		8		BBSS		0.0594				0.0599				0.00025		0.192		0.808		0.912

		8		PLSS		0.0588				0.0595				0.00035		0.227		0.773		0.896

		8		UPSS		0.0591				0.0596				0.00025		0.223		0.777		0.92

		9		BBSS		0.0593				0.0598				0.00025		0.196		0.804		0.914

		9		PLSS		0.05875				0.05945				0.00035		0.226		0.774		0.904

		9		UPSS		0.0593				0.0598				0.00025		0.216		0.784		0.907

		10		BBSS		0.05915				0.06005				0.00045		0.189		0.811		0.948

		10		PLSS		0.05905				0.0599				0.000425		0.224		0.776		0.907

		10		UPSS		0.0589				0.0598				0.00045		0.214		0.786		0.932

		12		BBSS		0.05945				0.0603				0.000425		0.195		0.805		0.897

		12		PLSS		0.0589				0.05975				0.000425		0.22		0.78		0.902

		12		UPSS		0.05905				0.0598				0.000375		0.216		0.784		0.905

		14		BBSS		0.05915				0.0599				0.000375		0.195		0.805		0.913

		14		PLSS		0.05855				0.0597				0.000575		0.215		0.785		0.906

		14		UPSS		0.0591				0.06				0.00045		0.213		0.787		0.906

		18 (2 Hooks)		BBSS		0.05905				0.0598				0.000375		0.197		0.803		0.888

		18 (2 Hooks)		PLSS		0.0591				0.05985				0.000375		0.22		0.78		0.9

		18 (2 Hooks)		UPSS		0.05915				0.0599				0.000375		0.219		0.781		0.904

		18		BBSS		0.05825				0.05925				0.0005		0.195		0.805		0.914

		18		PLSS		0.0579				0.0586				0.00035		0.219		0.781		0.913

		18		UPSS		0.0576				0.0586				0.0005		0.215		0.785		0.913

		22 (2 Hooks)		UPSS		0.06025				0.0616				0.000675		0.217		0.783		0.901

		50 minute runs

		4A/ft^2, 50 min		BBSS		0.0598				0.0602				0.0002		0.217		0.783		0.914

		4A/ft^2, 50 min		BBSS		0.06005				0.0605				0.000225		0.21		0.79		0.885

		4A/ft^2, 50 min		PLSS		0.0594				0.0599				0.00025		0.235		0.765		0.902

		4A/ft^2, 50 min		PLSS		0.05935				0.0599				0.000275		0.245		0.755		0.912

		8A/ft^2, 50 min		BBSS		0.0591				0.06075				0.000825		0.205		0.795		0.909

		8A/ft^2, 50 min		BBSS		0.05945				0.0609				0.000725		0.206		0.794		0.912

		8A/ft^2, 50 min		PLSS		0.05895				0.0602				0.000625		0.229		0.771		0.913

		8A/ft^2, 50 min		PLSS		0.05895				0.06				0.000525		0.232		0.768		0.919
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Copper

		Copper Phase Two Results								20 minute runs

		Amps/ft^2		Substrate Type		Starting Thickness				Ending Thickness				Coating Thickness		Reflectance		Emittance		Absorbance

		Ni Strike		BBCu		0				0				0		0.842		0.158		0.595

		Ni Strike		PLCu		0				0				0		0.96		0.04		0.437

		Ni Strike		UPCu		0				0				0		0.959		0.041		0.492

		1		BBCu		0.0617				0.06185				0.000075		0.349		0.651		0.849

		1		PLCu		0.0601				0.0602				0.00005		0.471		0.529		0.789

		1		UPCu		0.06045				0.0607				0.000125		0.27		0.73		0.8

		3		BBCu		0.06105				0.0614				0.000175		0.212		0.788		0.91

		3		PLCu		0.0603				0.0607				0.0002		0.284		0.716		0.889

		3		UPCu		0.0608				0.06095				0.000075		0.462		0.538		0.896

		4		BBCu		0.06105				0.0615				0.000225		0.195		0.805		0.916

		4		PLCu		0.0602				0.06085				0.000325		0.258		0.742		0.902

		4		UPCu		0.0609				0.06125				0.000175		0.252		0.748		0.899

		5		BBCu		0.06125				0.0619				0.000325		0.195		0.805		0.911

		5		PLCu		0.06015				0.06075				0.0003		0.243		0.757		0.898

		5		UPCu		0.06075				0.0611				0.000175		0.235		0.765		0.91

		7		BBCu		0.0613				0.0619				0.0003		0.189		0.811		0.914

		7		PLCu		0.0604				0.061				0.0003		0.231		0.769		0.904

		7		UPCu		0.06075				0.0612				0.000225		0.221		0.779		0.902

		8		BBCu		0.0612				0.0619				0.00035		0.19		0.81		0.922

		8		PLCu		0.0608				0.0614				0.0003		0.226		0.774		0.899

		8		UPCu		0.0605				0.06105				0.000275		0.221		0.779		0.913

		9		BBCu		0.06105				0.06185				0.0004		0.191		0.809		0.913

		9		PLCu		0.0606				0.0611				0.00025		0.222		0.778		0.904

		9		UPCu		0.0605				0.06095				0.000225		0.225		0.775		0.9

		10		BBCu		0.06115				0.06185				0.00035		0.191		0.809		0.918

		10		PLCu		0.06035				0.06115				0.0004		0.215		0.785		0.902

		10		UPCu		0.06085				0.0618				0.000475		0.22		0.78		0.912

		12		BBCu		0.0614				0.0619				0.00025		0.193		0.807		0.913

		12		PLCu		0.05995				0.06055				0.0003		0.222		0.778		0.899

		12		UPCu		0.0598				0.0607				0.00045		0.211		0.789		0.902

		14		BBCu		0.0599				0.06075				0.000425		0.191		0.809		0.914

		14		PLCu		0.06185				0.0625				0.000325		0.217		0.783		0.904

		14		UPCu		0.0607				0.0616				0.00045		0.209		0.791		0.91
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Burning Begins at
8 Amp/ft^2    ------------------------>
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Aluminum

		Aluminum Phase Two Results								20 minutes and 50 minutes

		Amps/ft^2		Substrate Type		Starting Thickness				Ending Thickness				Coating Thickness		Reflectance		Emittance		Absorbance

		Electroless Ni		BBAl										0		0.815		0.185		0.515

		Electroless Ni		PLAl										0		0.91		0.09		0.426

		Electroless Ni		UPAl										0		0.893		0.107		0.471

		2		BBAl		0.06125				0.0615				0.000125		0.231		0.769		0.911

		2		PLAl		0.06015				0.0605				0.000175		0.288		0.712		0.897

		2		UPAl		0.0608				0.06095				0.000075		0.277		0.723		0.889

		3		BBAl		0.061				0.06125				0.000125		0.214		0.786		0.913

		3		PLAl		0.06005				0.0603				0.000125		0.272		0.728		0.9

		3		UPAl		0.06025				0.06055				0.00015		0.27		0.73		0.899

		4		BBAl		0.06095				0.0613				0.000175		0.217		0.783		0.916

		4		PLAl		0.05945				0.05975				0.00015		0.26		0.74		0.903

		4		UPAl		0.0605				0.0608				0.00015		0.253		0.747		0.91

		5		BBAl		0.0612				0.0618				0.0003		0.21		0.79		0.915

		5		PLAl		0.0603				0.06075				0.000225		0.243		0.757		0.905

		5		UPAl		0.0607				0.0611				0.0002		0.239		0.761		0.907

		7		BBAl		0.0612				0.0618				0.0003		0.206		0.794		0.909

		7		PLAl		0.06015				0.06085				0.00035		0.229		0.771		0.905

		7		UPAl		0.0604				0.0611				0.00035		0.22		0.78		0.911

		8		BBAl		0.0613				0.06195				0.000325		0.198		0.802		0.91

		8		PLAl		0.06025				0.06095				0.00035		0.223		0.777		0.907

		8		UPAl		0.0608				0.06125				0.000225		0.219		0.781		0.907

		9		BBAl		0.06105				0.06175				0.00035		0.195		0.805		0.906

		9		PLAl		0.06005				0.0609				0.000425		0.226		0.774		0.902

		9		UPAl		0.06075				0.06165				0.00045		0.214		0.786		0.902

		10		BBAl		0.0608				0.0615				0.00035		0.196		0.804		0.91

		10		PLAl		0.0603				0.0611				0.0004		0.219		0.781		0.91

		10		UPAl		0.06045				0.06125				0.0004		0.218		0.782		0.902

		12		BBAl		0.06095				0.06175				0.0004		0.191		0.809		0.914

		12		PLAl		0.0599				0.06085				0.000475		0.218		0.782		0.901

		12		UPAl		0.0607				0.06155				0.000425		0.215		0.785		0.905

		14		BBAl		0.06105				0.0622				0.000575		0.192		0.808		0.903

		14		PLAl		0.0605				0.0614				0.00045		0.219		0.781		0.899

		14		UPAl		0.0603				0.06115				0.000425		0.214		0.786		0.9

		50 Minute Runs

		4A/ft^2, 50 min		BBAl		0.0611				0.06175				0.000325		0.27		0.73		0.885

		4A/ft^2, 50 min		BBAl		0.06125				0.0621				0.000425		0.21		0.79		0.914

		4A/ft^2, 50 min		PLAl		0.06005				0.06105				0.0005		0.228		0.772		0.91

		4A/ft^2, 50 min		PLAl		0.06005				0.061				0.000475		0.234		0.766		0.9

		8A/ft^2, 50 min		BBAl		0.06075				0.0621				0.000675		0.202		0.798		0.93

		8A/ft^2, 50 min		BBAl		0.06105				0.0626				0.000775		0.206		0.794		0.952

		8A/ft^2, 50 min		PLAl		0.06005				0.06195				0.00095		0.221		0.779		0.925

		8A/ft^2, 50 min		PLAl		0.06035				0.06205				0.00085		0.221		0.779		0.915
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Al

		Aluminum Phase Three Results

		Time-Thickness Data

		BB Al				Starting Thickness				Ending Thickness				Coating Thickness				Plating Rate

		Time (mins)		Current Density (amps/ft^2)

		0												0

		10		5		0.06095				0.0612				0.000125

		20		5		0.0611				0.0618				0.00035

		30		5		0.0612				0.06205				0.000425				1.36E-05

		40		5		0.061				0.062				0.0005

		50		5		0.06125				0.06245				0.0006

		60		5		0.06095				0.0627				0.000875

		POL Al

		Time (mins)		Current Density (amps/ft^2)

		0												0

		10		5		0.06005				0.06025				0.0001

		20		5		0.06005				0.06075				0.00035

		30		5		0.06005				0.0609				0.000425				1.16E-05

		40		5		0.0598				0.0607				0.00045

		50		5		0.06				0.0611				0.00055

		60		5		0.05995				0.06125				0.00065

		BBAL

		Time (mins)		Current Density (amps/ft^2)

		0												0

		10		3		0.06095				0.0612				0.000125

		20		3		0.06075				0.06115				0.0002

		30		3		0.06095				0.0614				0.000225				7.72E-06

		40		3		0.06095				0.0615				0.000275

		50		3		0.06105				0.0618				0.000375

		60		3		0.0609				0.06185				0.000475

		POL Al

		Time (mins)		Current Density (amps/ft^2)

		0												0

		10		3		0.05995				0.06015				0.0001

		20		3		0.06005				0.0603				0.000125

		30		3		0.06005				0.0605				0.000225				6.59E-06

		40		3		0.05995				0.0605				0.000275

		50		3		0.06035				0.061				0.000325

		60		3		0.06015				0.0609				0.000375

		BBAL

		Time (mins)		Current Density (amps/ft^2)

		0												0

		20		4		0.06095				0.0613				0.000175				7.59E-06

		50		4		0.0611				0.06175				0.000325

		50		4		0.06125				0.0621				0.000425

		POL Al

		Time (mins)		Current Density (amps/ft^2)

		0												0

		20		4		0.05945				0.05975				0.00015				9.58E-06

		50		4		0.06005				0.06105				0.0005

		50		4		0.06005				0.061				0.000475

		BBAL (This data is obmitted from preditions due to increased plating rates associated to burning)

		Time (mins)		Current Density (amps/ft^2)

		0												0

		20		8		0.0613				0.06195				0.000325				1.46E-05

		50		8		0.06075				0.0621				0.000675

		50		8		0.06105				0.0626				0.000775

		PLAL (This data is obmitted from preditions due to increased plating rates associated to burning)

		Time (mins)		Current Density (amps/ft^2)

		0												0

		20		8		0.06025				0.06095				0.00035				1.80E-05

		50		8		0.06005				0.06195				0.00095

		50		8		0.06035				0.06205				0.00085

		Predicted Time vs. Thicknesses for Specified Current Densities

		BBAL      Thickness = (2.427738E-06)*(Current Density)*(Time)

		Current Density (amps/ft^2)				Time (mins)				Thickness (inch)

		0				0				0

		1				30				0.0000728321

		2				30				0.0001456643

		3				30				0.0002184964

		4				30				0.0002913286

		5				30				0.0003641607

		6				30				0.0004369928

		7				30				0.000509825

		PLAL      Thickness = (2.159605E-06)*(Current Density)*(Time)

		Current Density (amps/ft^2)				Time (mins)				Thickness (inch)

		0				0				0

		1				30				0.0000647882

		2				30				0.0001295763

		3				30				0.0001943645

		4				30				0.0002591526

		5				30				0.0003239407

		6				30				0.0003887289

		7				30				0.000453517
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Stainless

		Stainless Steel Phase Two Results								20 minute runs and 50 minute runs

		Amps/ft^2		Substrate Type		Starting Thickness				Ending Thickness				Coating Thickness		Reflectance		Emittance		Absorbance

		Ni Strike		BBSS		0				0				0		0.829		0.171		0.557

		Ni Strike		PLSS		0				0				0		0.946		0.054		0.399

		Ni Strike		UPSS		0				0				0		0.931		0.069		0.466

		1		BBSS		0.0594				0.05955				0.000075		0.367		0.633		0.839

		1		PLSS		0.059				0.0591				0.00005		0.474		0.526		0.792

		1		UPSS		0.059				0.05915				0.000075		0.453		0.547		0.808

		3		BBSS		0.0595				0.05975				0.000125		0.212		0.788		0.915

		3		PLSS		0.0589				0.05935				0.000225		0.266		0.734		0.9

		3		UPSS		0.05905				0.05935				0.00015		0.253		0.747		0.905

		5		BBSS		0.0591				0.0595				0.0002		0.202		0.798		0.916

		5		PLSS		0.0586				0.059				0.0002		0.237		0.763		0.91

		5		UPSS		0.05905				0.05945				0.0002		0.236		0.764		0.905

		7		BBSS		0.05945				0.06				0.000275		0.191		0.809		0.915

		7		PLSS		0.0588				0.05945				0.000325		0.218		0.782		0.903

		7		UPSS		0.05895				0.0596				0.000325		0.221		0.779		0.904

		8		BBSS		0.0594				0.0599				0.00025		0.192		0.808		0.912

		8		PLSS		0.0588				0.0595				0.00035		0.227		0.773		0.896

		8		UPSS		0.0591				0.0596				0.00025		0.223		0.777		0.92

		9		BBSS		0.0593				0.0598				0.00025		0.196		0.804		0.914

		9		PLSS		0.05875				0.05945				0.00035		0.226		0.774		0.904

		9		UPSS		0.0593				0.0598				0.00025		0.216		0.784		0.907

		10		BBSS		0.05915				0.06005				0.00045		0.189		0.811		0.948

		10		PLSS		0.05905				0.0599				0.000425		0.224		0.776		0.907

		10		UPSS		0.0589				0.0598				0.00045		0.214		0.786		0.932

		12		BBSS		0.05945				0.0603				0.000425		0.195		0.805		0.897

		12		PLSS		0.0589				0.05975				0.000425		0.22		0.78		0.902

		12		UPSS		0.05905				0.0598				0.000375		0.216		0.784		0.905

		14		BBSS		0.05915				0.0599				0.000375		0.195		0.805		0.913

		14		PLSS		0.05855				0.0597				0.000575		0.215		0.785		0.906

		14		UPSS		0.0591				0.06				0.00045		0.213		0.787		0.906

		18 (2 Hooks)		BBSS		0.05905				0.0598				0.000375		0.197		0.803		0.888

		18 (2 Hooks)		PLSS		0.0591				0.05985				0.000375		0.22		0.78		0.9

		18 (2 Hooks)		UPSS		0.05915				0.0599				0.000375		0.219		0.781		0.904

		18		BBSS		0.05825				0.05925				0.0005		0.195		0.805		0.914

		18		PLSS		0.0579				0.0586				0.00035		0.219		0.781		0.913

		18		UPSS		0.0576				0.0586				0.0005		0.215		0.785		0.913

		22 (2 Hooks)		UPSS		0.06025				0.0616				0.000675		0.217		0.783		0.901

		50 minute runs

		4A/ft^2, 50 min		BBSS		0.0598				0.0602				0.0002		0.217		0.783		0.914

		4A/ft^2, 50 min		BBSS		0.06005				0.0605				0.000225		0.21		0.79		0.885

		4A/ft^2, 50 min		PLSS		0.0594				0.0599				0.00025		0.235		0.765		0.902

		4A/ft^2, 50 min		PLSS		0.05935				0.0599				0.000275		0.245		0.755		0.912

		8A/ft^2, 50 min		BBSS		0.0591				0.06075				0.000825		0.205		0.795		0.909

		8A/ft^2, 50 min		BBSS		0.05945				0.0609				0.000725		0.206		0.794		0.912

		8A/ft^2, 50 min		PLSS		0.05895				0.0602				0.000625		0.229		0.771		0.913

		8A/ft^2, 50 min		PLSS		0.05895				0.06				0.000525		0.232		0.768		0.919
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Copper

		Copper Phase Two Results								20 minute runs

		Amps/ft^2		Substrate Type		Starting Thickness				Ending Thickness				Coating Thickness		Reflectance		Emittance		Absorbance

		Ni Strike		BBCu		0				0				0		0.842		0.158		0.595

		Ni Strike		PLCu		0				0				0		0.96		0.04		0.437

		Ni Strike		UPCu		0				0				0		0.959		0.041		0.492

		1		BBCu		0.0617				0.06185				0.000075		0.349		0.651		0.849

		1		PLCu		0.0601				0.0602				0.00005		0.471		0.529		0.789

		1		UPCu		0.06045				0.0607				0.000125		0.27		0.73		0.8

		3		BBCu		0.06105				0.0614				0.000175		0.212		0.788		0.91

		3		PLCu		0.0603				0.0607				0.0002		0.284		0.716		0.889

		3		UPCu		0.0608				0.06095				0.000075		0.462		0.538		0.896

		4		BBCu		0.06105				0.0615				0.000225		0.195		0.805		0.916

		4		PLCu		0.0602				0.06085				0.000325		0.258		0.742		0.902

		4		UPCu		0.0609				0.06125				0.000175		0.252		0.748		0.899

		5		BBCu		0.06125				0.0619				0.000325		0.195		0.805		0.911

		5		PLCu		0.06015				0.06075				0.0003		0.243		0.757		0.898

		5		UPCu		0.06075				0.0611				0.000175		0.235		0.765		0.91

		7		BBCu		0.0613				0.0619				0.0003		0.189		0.811		0.914

		7		PLCu		0.0604				0.061				0.0003		0.231		0.769		0.904

		7		UPCu		0.06075				0.0612				0.000225		0.221		0.779		0.902

		8		BBCu		0.0612				0.0619				0.00035		0.19		0.81		0.922

		8		PLCu		0.0608				0.0614				0.0003		0.226		0.774		0.899

		8		UPCu		0.0605				0.06105				0.000275		0.221		0.779		0.913

		9		BBCu		0.06105				0.06185				0.0004		0.191		0.809		0.913

		9		PLCu		0.0606				0.0611				0.00025		0.222		0.778		0.904

		9		UPCu		0.0605				0.06095				0.000225		0.225		0.775		0.9

		10		BBCu		0.06115				0.06185				0.00035		0.191		0.809		0.918

		10		PLCu		0.06035				0.06115				0.0004		0.215		0.785		0.902

		10		UPCu		0.06085				0.0618				0.000475		0.22		0.78		0.912

		12		BBCu		0.0614				0.0619				0.00025		0.193		0.807		0.913

		12		PLCu		0.05995				0.06055				0.0003		0.222		0.778		0.899

		12		UPCu		0.0598				0.0607				0.00045		0.211		0.789		0.902

		14		BBCu		0.0599				0.06075				0.000425		0.191		0.809		0.914

		14		PLCu		0.06185				0.0625				0.000325		0.217		0.783		0.904

		14		UPCu		0.0607				0.0616				0.00045		0.209		0.791		0.91
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Burning Begins at
8 Amp/ft^2    ------------------------>
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Aluminum

		Aluminum Phase Two Results								20 minutes and 50 minutes

		Amps/ft^2		Substrate Type		Starting Thickness				Ending Thickness				Coating Thickness		Reflectance		Emittance		Absorbance

		Electroless Ni		BBAl										0		0.815		0.185		0.515

		Electroless Ni		PLAl										0		0.91		0.09		0.426

		Electroless Ni		UPAl										0		0.893		0.107		0.471

		2		BBAl		0.06125				0.0615				0.000125		0.231		0.769		0.911

		2		PLAl		0.06015				0.0605				0.000175		0.288		0.712		0.897

		2		UPAl		0.0608				0.06095				0.000075		0.277		0.723		0.889

		3		BBAl		0.061				0.06125				0.000125		0.214		0.786		0.913

		3		PLAl		0.06005				0.0603				0.000125		0.272		0.728		0.9

		3		UPAl		0.06025				0.06055				0.00015		0.27		0.73		0.899

		4		BBAl		0.06095				0.0613				0.000175		0.217		0.783		0.916

		4		PLAl		0.05945				0.05975				0.00015		0.26		0.74		0.903

		4		UPAl		0.0605				0.0608				0.00015		0.253		0.747		0.91

		5		BBAl		0.0612				0.0618				0.0003		0.21		0.79		0.915

		5		PLAl		0.0603				0.06075				0.000225		0.243		0.757		0.905

		5		UPAl		0.0607				0.0611				0.0002		0.239		0.761		0.907

		7		BBAl		0.0612				0.0618				0.0003		0.206		0.794		0.909

		7		PLAl		0.06015				0.06085				0.00035		0.229		0.771		0.905

		7		UPAl		0.0604				0.0611				0.00035		0.22		0.78		0.911

		8		BBAl		0.0613				0.06195				0.000325		0.198		0.802		0.91

		8		PLAl		0.06025				0.06095				0.00035		0.223		0.777		0.907

		8		UPAl		0.0608				0.06125				0.000225		0.219		0.781		0.907

		9		BBAl		0.06105				0.06175				0.00035		0.195		0.805		0.906

		9		PLAl		0.06005				0.0609				0.000425		0.226		0.774		0.902

		9		UPAl		0.06075				0.06165				0.00045		0.214		0.786		0.902

		10		BBAl		0.0608				0.0615				0.00035		0.196		0.804		0.91

		10		PLAl		0.0603				0.0611				0.0004		0.219		0.781		0.91

		10		UPAl		0.06045				0.06125				0.0004		0.218		0.782		0.902

		12		BBAl		0.06095				0.06175				0.0004		0.191		0.809		0.914

		12		PLAl		0.0599				0.06085				0.000475		0.218		0.782		0.901

		12		UPAl		0.0607				0.06155				0.000425		0.215		0.785		0.905

		14		BBAl		0.06105				0.0622				0.000575		0.192		0.808		0.903

		14		PLAl		0.0605				0.0614				0.00045		0.219		0.781		0.899

		14		UPAl		0.0603				0.06115				0.000425		0.214		0.786		0.9

		50 Minute Runs

		4A/ft^2, 50 min		BBAl		0.0611				0.06175				0.000325		0.27		0.73		0.885

		4A/ft^2, 50 min		BBAl		0.06125				0.0621				0.000425		0.21		0.79		0.914

		4A/ft^2, 50 min		PLAl		0.06005				0.06105				0.0005		0.228		0.772		0.91

		4A/ft^2, 50 min		PLAl		0.06005				0.061				0.000475		0.234		0.766		0.9

		8A/ft^2, 50 min		BBAl		0.06075				0.0621				0.000675		0.202		0.798		0.93

		8A/ft^2, 50 min		BBAl		0.06105				0.0626				0.000775		0.206		0.794		0.952

		8A/ft^2, 50 min		PLAl		0.06005				0.06195				0.00095		0.221		0.779		0.925

		8A/ft^2, 50 min		PLAl		0.06035				0.06205				0.00085		0.221		0.779		0.915






