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Prerequisite Knowledge: Basic knowledge of electrochemistry, thermal phenomena, diffusion, and materials science.

Objectives:  To demonstrate by experiment an overview of experiments performed in the materials science classroom/lab.  The purpose of these experiments is to show the equivalence of "forces" which move materials.  The real purpose is to explain, through materials science, how unified science really is ...... energy is energy.
Equipment and Materials:

1. 0-15 volt d.c. power supply (Radio Shack);

2. Voltmeter;  ammeter(Radio Shack);

3. Miscellaneous food dyes, water, polymers, aluminum foil, paper towels, glass (Nd:Phosphate pref.), chalk, black and white spherical beads;

4. Hot plate; oven (300oC) optical pyrometer (or surface thermometers);

5. Optical microscope (digital capture preferred);

6. 4-liter tank; Cu sheets, 1015 steel sheet,  CuSO4.

Background

Altshuller [1] defines the Field as something “that provides the energy, force, etc.”

which are either scalar or vector. This definition does not correspond to the normal opinion of ‘field’ in Physics.  The list of Fields is usually agreed to be (with dissenters usually running along discipline party lines):

· Gravitational (masses at a distance);

· Mechanical (stress);

· Thermal (temperature difference);

· Pneumatic, Hydraulic (pressure difference);

· Acoustic (pressure gradient);

· Chemical, Biological (electrochemical potential gradient);

· Electrical (electric potential gradient);

· Magnetic (magnetic potential gradient);

· Electromagnetic (Nuclear Radiation, optical, electromagnetic field);

(Some examples of the Fields are shown in parentheses).  
It is important to recall the fundamental relations between the Flux (mass, charge, thermal, concentration), a proportionality constant, and the field represented by the associated gradient.

Ohm’s Law, Electric Force, and Electrical Energy 

In terms of the electric charge variables, Ohm’s Law provides the proportionality between the time rate of charge flux (current density) and the gradient of the electric potential (the electric field).  Ohm’s Law = “charges (electrical stuff) move from where the electric field has the same polarity as the charges to the opposite polarity”


                       J = (V =  E

The force on the charge is F = Eq (Newtons), where q is the charge (Coulombs).  The resultant energy E = Vq (Joules), where V is the voltage (volts).

The Law of Heat Conduction, Thermal Energy
In terms of heat, the conduction of atoms (or other species) is given as a proportionality between the heat flux and the temperature gradient (thermal field).

 “Atoms (vibrating stuff) move from where the vibration amplitude is greatest (highest temperature, highest energy) to the lesser (lower temperature”


                       Q =-K(T 

The energy of the atoms is E = 3/2 kT (Joules), where k is Boltzmann’s constant (1.38 x 10-23 J/oK) and T is the temperature in oK.

The Concentration Gradient, Fick”s Law

Fick's 1st Law = "stuff moves from where you have lots to where you have little". 



J = D dC/dx 
For determining activation energies for diffusion, we start with Fick's First Law (slope of ln J vs. 1/T as shown in Figure 1):
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Figure 1.  Arrhenius plot of ln J vs. 1/T

This graph is called an Arrhenius Plot.  A summary of transport laws is given in Appendix 3.

Experiment 1:  Electric Fields and Diffusion (solid-solid)

Stress fields, electric fields, and other energy gradients (interfaces) can change diffusion. [Note: Notation is changed and uses diffusion free energy per mole GD (useful for any diffusing species) instead of diffusion energy per atom ED so all of the k's become R's in the energy equation.  The use of G is common for diffusion problems].  When a field is applied, the energetics can be schematically represented as shown in Figure 2[2].
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Figure 2.  Application of a field to assist the diffusion process

The application of the field (electric, stress, thermal, or other fields) allows the diffusion (atom jump) to occur more readily as the field is increased. This is shown in the equations below.
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A simple experiment involves the diffusion of silver into a Nd:Phosphate glass (other glasses may be used with adjustment for firing at 85% of T M.P.).  Three samples are made as shown in the upper insets of Figure 3.  One sample is diffused with no field at 480oC for 30 minutes while the others are diffused at 480oC with 3 and 6 volts d.c.  Observation of both width and depth of diffusion can be made with a good metallurgical microscope.  The students can discuss qualitatively and quantitatively the effects of electric field on diffusion.
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Figure 3.  Fabrication of channel waveguides [3]

 Experiment 2:  Electric Fields and Electroplating (also galvanic corrosion)

Electroplating is an electrochemical process by which metal is deposited on a substrate by passing a current (via a cathode or substrate and an anode) through the bath.  Usually there is an anode (positively charged electrode), which is the source of the material to be deposited; the electrochemistry that is the medium through which metal ions are exchanged and transferred to the substrate to be coated; and a cathode that is the substrate (the negatively charged electrode) to be coated.   Plating is done in a plating tank that is usually non-metallic (often plastic). The tank is filled with electrolyte that has the metal, to be plated, in ionic form. 

The anode is connected to the positive terminal of the power supply. The anode is usually the metal to be plated (assuming that the metal will corrode in the electrolyte). For ease of operation, the metal is in the form of nuggets and placed in an inert metal basket made out non-corroding metal (such as titanium or stainless steel). 

The cathode is the work piece, the substrate to be plated. This is connected to the negative terminal of the power supply. The power supply is well regulated to minimize ripples as well to deliver a steady predictable current, under varying electrical loads such as those found in plating tanks (from the point of Ohm’s law, the conductivity of the medium varies). 

As the current is applied, positive metal ions from the solution are attracted to the negatively charged cathode and deposit on the cathode. As replenishment for these deposited ions, the metal from the anode is dissolved and goes into the solution and balances the ionic potential. 

In the case of materials such as gold, the anode is not sacrificial (gold does not dissolve easily!), but it is made out of material that does not dissolve in the electrolyte, such as titanium. The deposited gold comes out of the solution. Plating is an oxidation-reduction reaction, where one material gives up electrons (gets oxidized) and the other material gains electrons (gets reduced). The anode is the electrode at which oxidation occurs, and the cathode is the electrode at which reduction occurs. 

The case of galvanic corrosion is the identical operation as that of electroplating, but the potential difference is supplied by the difference in the electrochemical potential of the anode and cathode as well as the concentration of the ions.  The Electrochemical Series is a list of chemical reactions and their associated voltages Eoref (with respect to a common reference) that play a role in corrosion (see Appendix 1).   For corrosion to occur, at least a pair of reactions must take place: one reaction on the cathode, and the other reaction on the anode. Which reactions are possible is determined by the elements at hand, both in the makeup of the metal under consideration and dissolved in the electrolytic solution bathing the metal.  In the case of electroplating or corrosion, the charged species acted upon is the ion to be plated.  The force moving the ions is Eq and the governing equation is the Nernst Equation.  It is not possible to measure the electrode potential Eoref for a single reaction in isolation. Rather, two reactions must occur simultaneously in order the compare the potential difference between them.  All reactions are paired with the reaction for dissolved hydrogen ions. Both the test reaction and the reference reaction are maintained at 1 molar concentration (i.e. 1 gram-mole per liter), in an environment of 25 °C and 1 atm. pressure.  For concentrations and temperatures other than 1 molar and 25 °C, the electrode potential Eo can be recalculated using the Nernst equation, 
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where k is Boltzmann’s constant (8.61 × 10-5 eV/K), n is the number of electrons exchanged in the reaction, T is the temperature (in Kelvin), C is the molar concentration.   Plating is governed by Faraday's Laws that state: 

1. The weight of a substance formed at an electrode is proportional to the amount of current passed through the cell. 

2. The weights of different substances produced at an electrode by the same amount of current are proportional to their equivalent weights. 

A simple schematic of the components in a plating process is shown in Figure 4.
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Figure 4.  Schematic of Plating Process

The positively charged ions at the anodes flow through the plating bath's metal electrolyte toward the negatively charged cathode. This movement causes the metal ions in the bath to migrate toward extra electrons located at the cathode's surface outer layer. By means of electrolysis, the metal ions are taken out of solution and are deposited as a thin layer onto the surface of the object.  This process is called electro deposition. Theoretically, the thickness of the electroplated layer deposited on the object is determined by the time of plating, and the amount of available metal ions in the bath relative to current density. Typically, the plated metal thickness can range from 0.10 microns to 20 microns or more.

The inherent shape and contour of the object can affect the thickness of the plated layer. Metal objects with sharp corners and edges will tend to have thicker plated deposits on the outside corners and thinner deposits in the recessed areas. This occurs because the d.c. current flows more densely around the outer edges of an object than the less accessible recessed areas. Items with sharp faceted corners are difficult to replate uniformly. This is due to the higher electric field at the sharp corners and prominent surfaces. This effect of high fields at the sharp (prominent) surfaces varies the thickness of the plating in proportion to the electric field.  

Using the plating solution and parameters given in Appendix 2, plate copper from the Cu2SO4 onto a 5 cm x 5 cm x 1.5 mm thick flat sheet of 1015 steel (working cathode), using two similarly sized copper anodes on either side in the bath (making the current density 2x that of a single sided plating.  Plate at a constant current density (>300 Am-2) for about 1 hour.  Measure the plating thickness in the center and the corners of the anode (microscopically is fine) and compare the difference in thickness from the center to the pointed corners.  The students could calculate, as an exercise, the field strength at the corners using some simple electrostatic solutions [5].

Experiment 3:  Thermal Fields and Diffusion

As stated above, there is a barrier to diffusion created by neighboring atoms that need to move to let the diffusing atom pass. Thus, atomic vibrations created by temperature assist diffusion. Also, smaller atoms diffuse more readily than big ones, and diffusion is faster in open lattices or in open directions, leading to the assumption that the region of higher thermal vibrations (higher temperature) will have faster diffusion. Similar to the case of vacancy formation, the effect of temperature in diffusion is given by a Boltzmann factor: D = D0 ×exp(–Qd/kT). 

A simple experiment can be performed by placing a metal diffusant in a sandwich between two fused silica slides, putting this sandwich on a hot plate, and heating to a temperature where diffusion will occur relatively fast.  The natural thermal gradient that results as well as the concentration gradient) is sufficient to cause preferential movement of the diffusant in a preferred direction (up or down).  Take cleaned (HCl /water/rinse) copper foil (0.2 mm) and sandwich it between two quartz or fused silica slides (0.5 mm).

· Place the sandwich onto a Corning, high-temperature hot plate, and center it on the rectangular ceramic surface.

· Place a 50 gram steel weight on the topside of the sandwich to keep the assembly in intimate planar contact.

· Raise the temperature of the hotplate to maximum (~480C).

· Be sure to time this operation for the duration while taking temperature measurements on the top slid and the bottom slide with an infrared pyrometer.

· After 30 minutes, cool the hotplate and, after it has reached room temperature, remove the assembly from the plate.

· Now perform the same experiment in an isothermal fashion in an oven.

· Compare the results and comment on the contributions of the concentration gradient and the thermal gradient.

By looking at the sandwich from the side under a 400x microscope and measuring the movement of the Cu into the glass on either side, the student can make some conclusions regarding the nature of thermal gradient diffusion assist.  Figure 5 shows a schematic of the sandwich in side section.  The diffused region will appear a turquoise color.  
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Figure 5.  Thermal gradient diffusion in glass

Variations on this experiment involve using other metals (e.g. bismuth, tin, indium, etc.) with soda lime glass.  This glass melts at a much lower temperature than fused silica and can only be brought to a temperature of 350C.
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Appendix 1.  Electrochemical Potential Series (Hydrogen Reference)[4]

	Element / Other 
	
	 Reaction 
	
	Electrode
Potential
(V)


	 Gold  
	
	     Au+ + e- 
	 =  
	Au   
	
	 1.692  
	
	
	
	

	 Gold  
	
	     Au3+ + 3 e- 
	 =  
	Au   
	
	 1.498  
	
	
	
	

	 Chlorine  
	
	     Cl2(g) + 2 e- 
	 =  
	2 Cl-   
	
	 1.35827  
	
	
	
	

	 Oxygen, Hydrogen (acid)  
	
	     O2 + 4 H+ + 4 e- 
	 =  
	2 H2O    
	
	 1.229  
	
	
	
	

	 Platinum  
	
	     Pt2+ + 2 e- 
	 =  
	Pt   
	
	 1.18  
	
	
	
	

	 Palladium  
	
	     Pd2+ + 2 e- 
	 =  
	Pd   
	
	 0.951  
	
	
	
	

	 Silver  
	
	     Ag+ + e- 
	 =  
	Ag   
	
	 0.7996  
	
	
	
	

	 Oxygen, Hydrogen (acid)  
	
	     O2 + 2 H+ + 2 e- 
	 =  
	H2O2    
	
	 0.695  
	
	
	
	

	 Copper  
	
	     Cu+ + e- 
	 =  
	Cu   
	
	 0.521  
	
	
	
	

	 Oxygen, Water  
	
	     O2 + 2 H2O + 4 e- 
	 =  
	4 OH-   
	
	 0.401  
	
	
	
	

	 Copper  
	
	     Cu2+ + 2 e- 
	 =  
	Cu   
	
	 0.3419  
	
	
	
	

	 Hydrogen (acid)  
	
	     2 H+ + 2 e- 
	 =  
	H2   
	
	 0  
	
	
	
	

	 Iron  
	
	     Fe3+ + 3 e- 
	 =  
	Fe   
	
	 -0.037  
	
	
	
	

	 Lead  
	
	     Pb2+ + 2 e- 
	 =  
	Pb   
	
	 -0.1262  
	
	
	
	

	 Tin  
	
	     Sn2+ + 2 e- 
	 =  
	Sn   
	
	 -0.1375  
	
	
	
	

	 Oxygen, Water  
	
	     O2 + 2 H2O + 2 e- 
	 =  
	H2O2 + 2 OH-   
	
	 -0.146  
	
	
	
	

	 Nickel  
	
	     Ni2+ + 2 e- 
	 =  
	Ni   
	
	 -0.257  
	
	
	
	

	 Cobalt  
	
	     Co2+ + 2 e- 
	 =  
	Co   
	
	 -0.28  
	
	
	
	

	 Cadmium  
	
	     Cd2+ + 2 e- 
	 =  
	Cd   
	
	 -0.403  
	
	
	
	

	 Iron  
	
	     Fe2+ + 2 e- 
	 =  
	Fe   
	
	 -0.447  
	
	
	
	

	 Chromium  
	
	     Cr3+ + 3 e- 
	 =  
	Cr   
	
	 -0.744  
	
	
	
	

	 Zinc  
	
	     Zn2+ + 2 e- 
	 =  
	Zn   
	
	 -0.7618  
	
	
	
	

	 Water  
	
	     2 H2O + 2 e- 
	 =  
	H2 + 2 OH-   
	
	 -0.8277  
	
	
	
	

	 Chromium  
	
	     Cr2+ + 2 e- 
	 =  
	Cr   
	
	 -0.913  
	
	
	
	

	 Manganese  
	
	     Mn2+ + 2 e- 
	 =  
	Mn   
	
	 -1.185  
	
	
	
	

	 Titanium  
	
	     Ti3+ + 3 e- 
	 =  
	Ti   
	
	 -1.37  
	
	
	
	

	 Titanium  
	
	     Ti2+ + 2 e- 
	 =  
	Ti   
	
	 -1.63  
	
	
	
	

	 Aluminum  
	
	     Al3+ + 3 e- 
	 =  
	Al   
	
	 -1.662  
	
	
	
	

	 Magnesium  
	
	     Mg2+ + 2 e- 
	 =  
	Mg   
	
	 -2.372  
	
	
	
	

	 Magnesium  
	
	     Mg+ + e- 
	 =  
	Mg   
	
	 -2.7  
	
	
	
	

	 Sodium  
	
	     Na+ + e- 
	 =  
	Na   
	
	 -2.71  
	
	
	
	

	 Calcium  
	
	     Ca2+ + 2 e- 
	 =  
	Ca   
	
	 -2.868  
	
	
	
	

	 Potassium  
	
	     K+ + e- 
	 =  
	K   
	
	 -2.931  
	
	
	
	

	 Lithium  
	
	     Li3+ + e- 
	 =  
	Li   
	
	 -3.0401  
	
	
	
	

	 Calcium  
	
	     Ca+ + e- 
	 =  
	Ca   
	
	 -3.8  
	
	
	
	


Appendix 2.  Copper plating solution

Standard Acid Copper Plating:

The following are the standard formulations for copper sulfate baths.  Air agitation with or without mechanical agitation, is recommended.

General Formulation:
Copper sulfate



26-33 oz/gal          (195-248 g/L)
Sulfuric acid                                                       4-10 oz/gal             (30-75 g/L)
Chloride   (e.g. as HCl)                                    
50-120 PPM
Current density                                                  
20-100 ASF
   (220 – 1100 ASM)
Appendix 3. Table of transport properties

	Quantity Transported 
	Flux
	
	Constant
	
	Gradient

	Heat
Fourier's Law
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