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ABSRACT

Presently, residual stress analysis continues to be a challenging field, as 

few tools have the ability to obtain nondestructive, rapid, portable, low cost, and 

accurate measurements. As components, systems, and materials advance, tools 

for residual stress analysis must advance for quality assurance in manufacturing 

and prevention of failure in service. Physical properties can be correlated to 

electronic properties of materials because modern electronics industry has 

extremely sensitive electronic and magnetic measuring systems available. 

Electronic and magnetic nondestructive measurements have the ability to 

measure anything that changes the perturbation in the crystal lattice such as: 

phase change, interstitial content, microstructure, residual stress, etc. The focus 

of this project assesses the change in electronic properties as a function of 

residual stress and the fundamental basis is presented. Specifically, residual 

stress produced by different milling practices is assessed.

Thermoelectric power and low frequency induced impedance 

nondestructive measurements are calibrated quantitatively with strain (stress) 

using four-point bend on depleted uranium bars. After calibration, electronic 

measurements are performed on the surface of both bent and machined uranium 

bars for assessment. When strain is induced by bending, strain is monitored 

using thermoelectric power, low frequency impedance, and by displacement 

calculations. The quantitative residual stress surface analysis is then used for 

stress corrosion cracking assessment.

A threshold residual stress value induced by machining can be determined 

which would give pure uranium negligible stress corrosion cracking tendency. 

Determination of the proper environment and stress corrosion cracking 

procedures will be discussed.
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CHAPTER 1

INTRODUCTION

Residual stress plays a crucial role in the service life of metallic products. 

Although nondestructive techniques exist, quantitative assessment of residual 

stress has continued to be a challenging field. Residual stress can cause 

premature failure in products susceptible to stress corrosion cracking among 

other cases not investigated in research. The purpose of this research is to 

develop a nondestructive probe that measures residual stress induced by 

machining with greater sensitivity and flexibility than current available tools. The 

nondestructive tools will use modern solid-state physics principles. In addition to 

nondestructive probe development, determination of a residual stress level on 

pure uranium that is not susceptible to stress corrosion cracking is investigated.

Chapter 2 covers a detailed description of residual stress, the different 

types that can occur, and how they are induced into the crystal lattice. The 

primary focus will cover residual stress induced by machining practices. Quality 

of the cutting tool and different types of machining practices can produce a 

variation of residual stress.

Detection of residual stress for this project will be accomplished using 

thermoelectric power coefficient and electromagnetic techniques (literature 

review in Chapters 5 and 6, respectively). However, Chapter 3 reviews a variety 

of the most common methods for measuring residual stress, both destructive and 

nondestructive.

This research demonstrates that multiple nondestructive tools can be 

utilized for residual stress assessment. Because of the advances in modern 

electronics, tools are now capable of measuring small changes in the crystal 

lattice. Sensitivity in the thermoelectric power coefficient measurements is 

attainable because thermoelectric power coefficient is a function of electron
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concentration, scattering parameters, and effective mass of the electron. The 

electron concentration has little affect on thermoelectric power coefficient 

because it remains relatively constant (when assessing residual stress) and 

electron scattering is negligible when using high impedance. Essentially, 

changes in effective mass provide the majority of information for thermoelectric 

power coefficient measurements. The effective mass is a measure of the 

curvature of the electronic bands at the Fermi energy level. When the crystal 

lattice is strained, the shape of the electron bands change, effectively changing 

the effective mass where thermoelectric power coefficient is very responsive. 

Similarly, electromagnetic techniques such as induced impedance 

measurements can also be used for residual stress assessment. However, 

induced impedance measurements respond mostly to the scattering parameter of 

the electron. Strain in the lattice will affect the resistance in the material.

Thermoelectric power coefficient and electromagnetic techniques are 

calibrated to strain using four-point bend testing. Four-point bending provides an 

area between the inner supports where strain is constant in elastic bending and 

probes can be placed for nondestructive measurement. Once a calibration curve 

is achieved for pure uranium, the nondestructive probe can be used to assess 

damage to pure uranium (material with the same chemistry) surfaces from 

machining. Chapter 11 includes results from calibration and surface analysis 

using thermoelectric power coefficient and electromagnetic measurements. 

Chapter 10 discusses procedure and experimental set up.

Understanding the physical properties of uranium is important for proper 

assessment of thermoelectric power coefficient and electromagnetic data. Thus, 

a detailed literature review of uranium properties is discussed in Chapter 4. 

Notorious properties of alpha uranium (phase of interest for this study) such as 

anisotropy and mechanical twinning can have a significant effect on 

thermoelectric power coefficient and induced impedance measurements. These 

characteristic uranium properties make residual stress analysis difficult to isolate.

Electronic measurements will be utilized to demonstrate stress analysis 

correlating to stress corrosion cracking on pure uranium. However, most pure
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metals are known for immunity to stress corrosion cracking, the question of 

whether pure uranium has the ability to stress corrosion crack will be investigated 

in Chapter 12. The overall goal is to develop a sensor, which has the ability to 

obtain nondestructive, rapid, quantitative, portable, and low cost residual stress 

measurements that could predict available service life or whether the material is 

susceptible to stress corrosion cracking. Sensors have the ability to be utilized for 

in-service or manufacturing inspection. Utilization of multiple nondestructive 

sensors is highly recommended, as multiple sensors will increase the confidence 

when characterizing materials.

Chapter 13 lists the final conclusions for the non-destructive 

thermoelectric power coefficient assessment and electromagnetic assessment of 

residual stress, and stress corrosion cracking assessment on depleted uranium. 

Chapter 14 offers suggestions of future opportunities in research and 

development of thermoelectric and electromagnetic sensors. Additional stress 

corrosion cracking analysis is also suggested.
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CHAPTER 2

LITERATURE REVIEW OF RESIDUAL STRESS 

INDUCED BY MACHINING PRACTICES

Residual stress forms from all metal working processes and has created 

issues since the Bronze Age. Although residual stresses are well known and 

understood, detection of residual stress has continued to be challenging. This 

Chapter will discuss the important types of residual stress and how they are 

formed, specifically from milling practices.

2.1 Residual Stresses

Residual stresses are considered internal stresses that exist in a body of 

material with no external applied force formed by nonuniform plastic deformation. 

Discrepancy exists in the literature in the description residual stress 

classification. Dieter (1986) claims that residual stress, although created by 

plastic deformation is considered to be only elastic. Moreover, the materials yield 

stress is the maximum achievable residual stress (Dieter, 1986). McGonnagle 

(1961) states, “Cold-working-induced stresses can be of two kinds: elastic 

through a large portion of the material, and plastic microstresses within the 

deformed grains.” These types of residual stress that McGonnagle and Dieter 

attempt to describe are better defined in Analysis of Residual Stress by 

Diffraction using Neutron and Synchrotron Radiation by Fitzpatrick and Lodini, 

2003. Fitzpatrick and Lodini classify the residual stress into three categories first, 

second, and third order (or type I, type II, and type III, respectively). The following 

definitions from Fitzpatrick and Lodini are as followed:

• Residual stresses of the first order, or type I residual stresses, are 
homogeneous over very large number of crystals domains of the 
material. Such stresses are also termed macrostresses. The
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internal forces related to this stress are balanced on all planes. The 
moments related to these forces are equal to zero around all axes.

• Residual stresses of the second order, or type II residual stress, are 
homogeneous within small crystal domains of the material (a single 
grain or phase). The internal forces related to these stresses are in 
balance between the different grains or phases.

• Residual stresses of the third order, or type III residual stress, are 
homogeneous on the smallest crystal domains o f the material (over 
a few interatomic distances). The internal forces coupled to these 
stresses are in balance in very small domains (such as around 
dislocations or point defects). Type II and III residual stresses are 
collectively termed microstresses.

Withers (2001) states, “type II (second order) stresses nearly always exist in 

polycrystalline materials simply from the fact that the elastic and thermal 

properties of differently oriented neighboring grains are different.” Considering 

milling and turning processes for the scope of this project, such operations 

produce plastic flow at the surface of the workpiece and the type of stresses is to 

be determined.

Tensile Compressive Tool

Tensile
Residual
Stress
Layer

Workpiece

Tool

Figure 2.1: This cross section schematic illustrates the residual stress layer that 
is formed from a metal removal process.
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Depths of deformation are dependent upon the metal removal process. Warren 

et al. (2005) shows a cross section surface image after a turning process (Figure 

2.2) with a damage depth of approximately 0.06 mm with a tool flank wear land 

(VB) of 0.6 mm.

Figure 2.2: Tapered crossection of turned surface with a thick white layer by 
turning (AISI 52100 steel; VB: 0.6 mm). Arrow indicates the thick white deformed 
layer (Warren et al., 2005).

The grains underneath the deformed surface remain unaffected while the surface 

grains are deformed. Thus, the unaffected grains have to accommodate for 

changed surface grains with residual strain the opposite of the surface residual 

strain. Typically, compressive residual stress will form with a tensile plastic strain 

deformation process and the opposite alike (Dieter, 1986) however, once heat is 

induced from friction, tensile residual stresses will form.

Equilibrium must be achieved in the workpiece with the residual stress 

system. Thus, depending on the residual stress left at the surface, the opposite 

stress will remain in the bulk material to maintain static equilibrium. Figure 2.1 

illustrates static equilibrium of a component showing tensile surface stress 

counterbalanced by compressive internal stress. Although a simple schematic 

(Figure 2.1) makes visualization of residual stress straightforward, residual stress 

comes in a three-dimensional stress state, which brings complexity to the system 

(Dieter, 1986).
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The most common way to remove residual stress from metal components 

is by heating to a temperature where the yield strength of the material can 

deform and release the stress. If the goal is to relieve residual stress only, 

caution needs to be taken with this practice for two reasons: too much heat and 

time can start recrystalizing the material, and nonuniform heating and cooling will 

introduce residual stress back into your lattice. Residual stress formed from 

nonuniform heating or cooling is the same as nonuniform plastic deformation. 

Nonuniform thermal expansion or contraction can cause residual stress the same 

way as nonuniform plastic deformation. Residual stress induced from nonuniform 

heating and cooling, and nonuniform plastic deformation can occur at the same 

time from tool friction and is discussed further in Section 2.2. Other ways of 

eliminating the residual stress can be done by loading a part uniformly several 

percent beyond the yield stress eliminating the differential stresses (Dieter, 

1986).

Given the complexity of residual stresses, using analytical methods for 

calculating them with precision is difficult. Thus, residual stresses are typically 

determined using experimental methods (Denton, 1966). Ways of measuring 

residual stresses have often been destructive and the techniques are still used. 

Measuring residual stress nondestructive^ is more favored and new practices 

and techniques are continually being pursued for rapid, quantitative 

measurement. Some of the more common methods for nondestructive testing 

use x-rays, ultrasonics, and acoustics. X-ray analysis is considered to be the 

most widely used nondestructive test (Lindgren and Lepisto, 2004; Dieter, 1986) 

Detection of residual stresses and quantitative measurements is further 

discussed in Chapter 3.

2.2 Residual Stresses Induced by Machining

Residual stresses induced by machining are controlled by cutting speed, 

depth of cut, speed of workpiece, cutting tool radius, material, and cooling 

conditions. Also, the influence of heat from friction will induce tensile residual
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stresses but has a smaller impact as compared to mechanical mechanism of 

removing metal. If enough heat is generated through friction from the tool onto 

the workpiece, then residual stresses from thermal influences will dominate and 

produce tensile stresses (Brinksmeier et al, 1982).

There are many methods by which metal can be removed that induce 

residual stresses. The scope of this project will focus on turning, up milling (up 

cutting), down milling (down cutting) and face milling (end milling). All metal 

removal practices induce different residual stresses both tensile and 

compressive. Compressive residual stresses are more desired due to the ability 

to enhance mechanical properties, and decrease susceptibility to corrosion and 

stress corrosion cracking, while tensile residual stresses proclaim the opposite.

Turning is material removal practice that uses a lathe. A lathe turns the 

workpiece while the tool is stationary in the rotational direction. Lathes are used 

to machine parts with a single axis of symmetry such as shafts or rods. Turning 

processes often induce tensile residual stresses (Cheng and Finnie, 2007 and 

Brinksmeier et al., 1982). Tensile stresses occur due to secondary cutting edge 

shown in Figure 2.3.

Figure 2.3: SEM observation of cutting tool edge after experiment at cutting 
speed V = 180 m/s ( /  = 10 pm/rev, f = 100 pm); (a) adhering metal; (b) primary 
cutting edge; (c) secondary cutting edge (Yousefi and Ichida, 2000).



The secondary cutting edge creates more friction on the workpiece, which 

creates more heat thus, tensile residual stress. Heat created by increasing 

cutting depth, feed speed, tool radius and cutting speed will assist the 

mechanical surface damage by increased penetration of residual stress. 

However, tensile stresses can decrease when negative cutting angles are used 

because it plastically deforms the material to a higher amount (Brinksmeier et al., 

1982).

End milling, up milling, and down milling are three common mechanical 

milling practices. Compressive residual stresses can be produced by end milling 

due to high amounts of plastic deformation. However, Brinksmeier et al (1982) 

shows that an increase in the tool wear-land will increase the thermal impact, 

giving rise to tensile residual stress to a depth of -10  pm, Figures 2.4 and 2.5. 

Figure 2.5 also shows that a larger wear-land will leave a deeper region of 

compressive stress after the tensile region (Brinksmeier et al., 1982).

Tool

Workpiece

Tool

Wear-land
Workpiece

Figure 2.4: Basic crossection schematic of a milling process. The left picture 
shows no wear-land while the right picture shows a large area of wear-land, 
which creates more friction with the workpiece.
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Figure 2.5: Residual stress as a function of depth beneath the surface with 
different tool (Brinksmeier et al, 1982). Specifications: End mill process with a 
carbide cutter, Vc= 16.8 m/m in, f/ = 0.15 mm, d = 1 mm.

Although up and down milling processes appear similar, the residual 

stresses induced on the surface can be very different. Examining the up milling 

schematic Figure 2.4, a cold cutting edge removes the metal with a thin initial 

chip thickness. The chip thickness increases as the tool moves through the 

material as indicated with the dotted line. Cold cutting edge will induce cold 

plastic deformation, leaving compressive residual stress at the new surface. Up
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milling will create heat during the contact length but is removed with the next 

passing tooth (Brinksmeier et al., 1982).

Tool

More
Heat

Less Heat

Workpiece

Tool

Less
Heat

More Heat

Workpiece

Figure 2.6: Simple crossection schematic of an up (left) and down (right) milling 
process.

As compared to up milling, Figure 2.6 shows the down milling process starts out 

with a thick chip then decreases as the tool cuts through the material indicated by 

the dotted line. The cutting edge increases in contact time, heating the edge and 

the workpiece. At the point which the tool has generated the most heat is at the 

new surface, which produces tensile residual stress (Brinksmeier et al., 1982). 

See Appendix A for residual stress mapping for up and down milling practices.

Brinksmeier et al. (1982) has shown that end milling and up milling 

operations can produce compressive residual stress, which is most desirable in 

metal forming. However, if the proper procedures are not taken, then any metal 

cutting process will produce tensile residual stress at the surface. Table 2.1 is 

provided to show the damage that a machining process will do on the surface of 

parts. Table 2.1 shows results that are based on three major factors that affect 

the surface of a fatigue specimen: (1) surface roughness or stress raisers at the 

surface, (2) changes in the fatigue strength of the surface metal, and (3) changes 

in the residual stress condition of the surface. In, addition the surface is 

subjected to oxidation and corrosion (Dieter, 1986).
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Table 2.1: Fatigue life of SAE 3130 steel specimens tested under completely 
reversed stress at 95,000 psi (Fluck, 1951).

Type of finish Surface roughness, /win
Median fatigue life, 
cycles

Lathe-formed 105 24,000
Partly hand-polished 6 91,000
Hand-polished 5 137,000
Ground 7 217,000
Ground and polished 2 234,000
Superfinished 7 212,000

Producing heat with milling and turning operations is the major factor with 

inducing tensile residual stress and tensile residual stress from thermal 

expansion or contraction overcomes the compressive residual stress from 

nonuniform plastic deformation relatively easy. During milling operations, proper 

cooling and sharp tools can produce compressive residual stress (Warren et al, 

2006 and Brinksmeier et al., 1982). However, desirable compressive residual 

stress can be very difficult to achieve when cost and production is the main 

driving factor.
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CHAPTER 3

LITERATURE REVIEW OF RESIDUAL STRESS DETECTION: 

BOTH DESTRUCTIVE AND NONDESTRUCTIVE

Residual stress measurements actually measure strain and stress can 

then be calculated from strain. Strain is comparing the interatomic spacing 

between atoms (Bray and Stanley 1997). Measuring residual stress can be 

categorized into two types: nondestructive techniques and locally destructive 

techniques. Nondestructive techniques include, but not limited to, x-ray 

diffraction, neutron diffraction, Barkhausen noise analysis, and ultrasonic 

propagation analysis. All nondestructive techniques require a baseline 

measurement of the material investigating. Once a baseline has been achieved, 

one must calibrate the tool by inducing a physical change in the material while 

analyzing the signal output from the instrument. Nondestructive testing signal 

outputs will not only change due to residual stress but can change due to crystal 

structure, lattice impurities, microstructure, or grain size. Thus, proper 

procedures and standards must be prepared so that one variable is changing 

during calibration.

Destructive measurements require localized removal of material or 

sectioning, and changes in strain are measured as each new surface is created 

with a strain gauge. Successful destructive techniques consist of hole drilling, 

chip machining, groove machining, and block sectioning. It is important to 

address both destructive and nondestructive techniques measure strain, then 

stress can be calculated. All residual stress measurement techniques have their 

own limitations which will be discussed in more detail later this chapter. 

Moreover, the limitation commonality between all techniques is the ability to 

measure a region with a large stress field gradient because a large volume of 

material that must be measured to achieve precision (William, 2003).
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3.1 Destructive Methods: Sectioning

The sectioning method is a very involved, repetitive and time-consuming 

process. First, the part is separated into sections, and then the sections are 

divided up into small pieces. Strain gauges are placed installed before the small 

pieces are cut. The strain gauge measurements are then implemented into a 

three-dimensional finite element model for further analysis, which is the primary 

advantage to this method (Cheng and Finnie, 2007). Layering is a similar method 

to sectioning but has more error due to the residual stress from removing each 

layer by milling.

3.2 Destructive Methods: Hole Drilling

Hole drilling method is considerably less destructive compared to the 

sectioning and layering methods (Ansell, 1999). Other names for hole drilling are: 

center-hole drilling or blind-hole drilling. This method uses strain gauges on the 

surface adjacent to the hole as shown in Figure 3.1. Proper machining 

techniques such as air turbine and air abrasion are important when machining 

the hole to ensure that additional residual stress is not being induced into the 

surrounding material. Holes are drilled to a depth between 1 and 2 mm and strain 

measurements can be taken as a function of hole depth (William, 2003).

3.3 Destructive Methods: Chip Machining

Chip machining is a destructive residual stress measurement with the 

advantage of having near zero residual stress since the rosette strain gauge is 

removed with the chip and not attached to the base metal. As compared to the 

hole-drilling method, a larger volume of material will be removed which will 

average the residual stress over a larger amount of material however, removing 

more material is not as desirable.
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Strain G auge (X3)

Drill Hole

Figure 3.1: Illustrating a simple schematic of a rosette strain gauge arrangement 
for measuring residual stress destructively using the hole-drill method on bulk 
metallic sample. Other strain gauge configurations exist when obstructions 
interfere with strain gauge placement.

Figure 3.2: Three-dimensional CAD drawing of how the hole is bored out.
Notice the angle of the tool to ensure material is only being cut from the bottom 
of the hole to minimized residual stress being induced from the cutting of the 
hole.
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Destructive techniques are limited to only part of the residual stress tensor but 

proper techniques can provide information of the residual stress direction of most 

interest.

3.4 Nondestructive Methods: Ultrasonic

Ultrasonic elastic wave propagation utilizes frequencies greater that 20 

kHz up to 50 MHz typically pulsed energy rather than continuous waves (Bray 

and Stanley 1997). Stress waves are inputted into the material through a 

transducer while monitoring the amount of time the wave takes to reach the 

detector after traveling through the material, i.e. acoustoelastic effect (William,

2002). Residual stress is measured by altering the speed of the propagating 

wave caused by non-linearities in the strain-displacement and constitutive 

relations of the material (William, 2002 and Bray and Stanley 1997). Presently, 

ultrasonic stress measurements possess two interesting characteristics. One, 

ultrasonic waves have the ability to propagate through the entire part allowing for 

full crossectional stress measurements. Second, stress gradients can be 

characterized because waves can be propagated at the surface, near the 

surface, and in the bulk of the material. Localized wave propagation is possible 

by using different frequencies, propagation paths and particle motion (Kundu, 

2004). Careful documentation of material history is important, as ultrasonic 

techniques are also sensitive to microstructural variation and can be confused 

with stress in the material (William, 2002).

The stress induced anisotropic behavior of solids is the basis for which 

ultrasonic measurements change. Bray and Stanley, 1997, explain the wave 

change occurs due to the acoustoelastic effect defined as: “changes in the speed 

of elastic wave propagation in a body that is simultaneously undergoing static 

elastic deformation.” Different techniques using the acoustoelastic effect involve 

longitudinal waves and polarized shear waves perpendicular to the applied 

stress. Different types of waves can be applied but longitudinal waves are most
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commonly used and show more sensitivity to stress change than polarized shear 

waves (Withers, 2001).

Using acoustoelastic technique for stress analysis can give rise to 

inconstancies in wave speeds even when measuring nominally identical 

materials. Crystalline texture and residual stress may be the contributing factors 

that cause the minor differences in wave speeds (Bray and Stanley 1997). 

Thompson et al. (1984) describe that changes in wave speeds are most likely 

due to texture effects. Measuring stress appears to be achievable when texture is 

reasonably uniform (Bray and Stanley 1997).

3.5 Nondestructive Methods: X-ray Diffraction

X-ray diffraction is a nondestructive method to determine residual stress 

by averaging the spacing between atoms. Figure 3.3 is a simple schematic 

fundamentally describing the diffraction of an x-ray beam on a crystal lattice. For 

conventional x-rays, the depth at which the residual stress is measured is limited 

to 0.5 mm (William, 2003). However, synchrotron x-rays (or hard x-rays) can 

penetrate to depths of 50 mm in aluminum using high-energy photons (20-300 

keV: Report does not clearly indicate what energy achieved 50 mm depth of 

penetration in aluminum) (Withers and Bhadeshia, 2001). As the atomic number 

Z increases, the depth of penetration decreases using a constant energy as 

shown in Figure 3.3 (Liss et al., 2003).
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typical behavior for the different periods (Liss et al., 2003).
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Equation 3.1 gives the relationship between stress and planar spacing 

with a uniaxial stress field from Cullity and Stock (2001).

O- = E d n ~ d o [3-1]
7 v d0

where E is the Young’s Modulus of the given material, v is the Poisson’s ratio, dn 

is the spacing of crystallographic planes that reflect at normal incidence under 

stress, and d0 is the spacing of planes under no stress conditions.

Using x-ray analysis will determine both planar spacing with and without 

strain so the stress level can be directly calculated. Obtaining measurements for 

the material to be assessed without stress is important for the baseline 

measurement (d0) (Cullity and Stock, 2001). Moreover, laboratory practices are

considered unprofessional if the value of spacing between planes is taken from 

tabulated literature because different impurities will exist in the crystal lattice from 

different purity standards and thermo-mechanical treatment (Fitzpatrick and 

Lodini, 2003). Biaxial stress can also be calculated using a similar expression to 

Equation 3.1 (Cullity and Stock, 2001).

Isotropic crystalline materials consist of numerous randomly oriented 

grains with each grain having a continuous crystallographic orientation. Relative 

to the surface being analyzed, the planes in the crystal will be oriented in a 

variety of directions, keeping their constant planar spacing (Bray and Stanley, 

1997).

Although incident-reflected beam method can be used to determine planar 

spacing, back-reflection method is more common for determination of residual 

stress. Back-reflection directs the x-ray beam normal to the surface so the 

diffracted beams exit the material at an angle 26 from each other forming a cone 

with the diffracted beams. The incident beam is the central axis of the cone with 

the peak of the cone located at the surface of the material being investigated. X- 

ray film or electronic detector is positioned parallel to the material surface to
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analyze the diffracted beams which appear as a series of concentric circles. 

These concentric circles are known as Debye rings and the radii represent the 

planar spacing of the material. Stress in the material can be assessed by 

measuring the change Debye ring radii with applied stress (Bray and Stanley, 

1997).

Figure 3.5: Debye rings.

Uniform elastic deformation of polycrystalline material is such that the 

strain is considered to be uniform over large areas. Meaning, the lattice planar 

spacing changes corresponding to the amount of applied stress thus, strain is 

essentially constant from one grain to the other with uniform macrostrain. When 

uniform macrostrain is applied to the material, the diffracted lines shift from a 

stress-free 20 position to a new 20 position. Stress that is determined by the 

change in diffraction lines is either calibrated to a known stress or calculated if 

the materials constants are known. However, once plastic deformation is induced 

into the material, the lattice planes are distorted causing the diffracted pattern to 

broaden. This nonuniform microstrain will cause the planar spacing to vary from 

one grain to the other. Other broadening systems include small crystallite size 

and stacking faults. (Cullity and Stock, 2001). Therefore, x-ray diffraction
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techniques are best used for elastic strain measurements. Also, X-ray diffraction 

techniques rely heavily on isotropic material.

3.6 Nondestructive Methods: Neutron Diffraction

Neutron diffraction works similar to that of x-ray diffraction. Neutrons have 

character of a wave, with the wavelength similar to the atomic spacing of a 

crystal lattice (-0.1 nm) giving an advantage over x-rays (Fitzpatrick and Lodini,

2003). In comparison to conventional x-ray techniques, neutron diffraction can 

penetrate much further into the metallic lattice measuring residual stress deeper 

than 25 mm (William, 2003). Also, neutron diffraction does not show any trend 

relating to the dependency of the atomic number Z, Figure 3.3 (Liss et al., 2003). 

The volume of material that can be sampled for residual strain varies with the 

power source, detector efficiency, and the time of exposure. Generally, the 

volume of material which residual strain measured is approximately 1 mm3.

Neutrons, however, are difficult to produce, expensive and a large facility 

is required. Other drawbacks to neutron diffraction include the safety hazards 

that come with the nature of high-energy particles. Thus, proper biological 

protection and safety procedures must be implemented to prevent accidents 

(Fitzpatrick and Lodini, 2003). Residual stress measurement limitations of 

neutron diffraction technique include the inability to measure a metallic sample 

with large and random orientation grains. In this case, grains are considered 

large when detection volume is much smaller than the grain size (William, 2003).

There are two types of neutron diffraction techniques, which have been 

developed mainly due to the two present types of neutron beam sources, i.e. 

one, which comes from a nuclear reactor as a continuous beam and the other 

using a spallation process giving a pulsed beam (Withers and Bhadeshia, 2001). 

Several essential components of a neutron source include: high neutron flux 

(measured in neutrons/cm2/s), moderator to slow the fast neutrons, neutron 

spectrometer, and collimation of the neutrons from the source (Fitzpatrick and 

Lodini, 2003). Nuclear reactor neutron source assesses stress using
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conventional 0/20 scanning, monitoring the shifts in A0, Figure 3.6 (Withers and 

Bhadeshia, 2001).

Figure 3.6: Principle of strain measurement by neutron diffraction (Fitzpatrick 
and Lodini, 2003).

Spallation process pulses a neutron beam at a constant Bragg angle 

(typically 20 = 90°) at the material measuring the flight time of the neutron 

(Withers and Bhadeshia, 2001). Neutron production, in the spallation process, 

uses a synchrotron (synchrotron illustrated in Figure 3.7) to accelerate protons to 

high-energy, targeted at materials of high atomic mass (Pb, W, Ta, or U). The 

high-energy protons, upon collision with the target material, excite the target 

material nuclei creating neutrons by decay. Fast neutrons produced (high 

energy- in the MeV range) by the spallation reaction must be slowed using a 

moderator so as to thermalize the neutrons. Typical pulse rate for spallation 

neutron source is between 10 and 50 Hz with a proton pulse length of 0.1 to 1.0 

ps (Fitzpatrick and Lodini, 2003).
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RF cavity

Dipole magnet

Insertion device

Electron injection

Photons to beamline

Figure 3.7: Schematic design of a synchrotron radiation storage ring. The main 
radiation sources are insertion devices from which are installed in the strain 
sections. Dipole magnets guide the electron beam from on straight section into 
the next. (Fitzpatrick and Lodini, 2003).

3.7 Nondestructive Methods: Barkhausen Noise Analysis

An abrupt size and orientation alteration in ferromagnetic domains 

throughout the crystal lattice during magnetization and demagnetization is 

fundamentally known as the Barkhausen effect. Barkhausen noise phenomena 

can be used as a nondestructive tool, on ground-finished surfaces, to measure 

residual tensile stress, microstructural deterioration and composition gradients 

however, limited to ferromagnetic materials (Blaow et al., 2004). A search coil 

monitors the magnetic response in a localized area of interest while an external 

magnetic field is applied in the surrounding material, Figure 3.8 (William, 2003).
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Figure 3.8: Schematic layout of apparatus for magnetic Barkhausen noise
measurements (Blaow et al., 2004).

Figure 3.8 illustrates a simple schematic of MBN analysis relative to stress 

using applied moment on a test bar. The search coil responds to the shifting in 

magnetization from the magnetic domain walls moving throughout the metal 

(William, 2003). Detecting the magnetization shift can be done by measuring the 

voltage pulses in a search coil or by using a magnetic read head.

Uniaxial tensile loading always increases MBN while uniaxial compressive 

stress reduces it in the elastic regime; see Figure 3.9 (Kleber and Vincent, 2004). 

The number of Barkhausen events, their magnitude and duration are the factors 

that the Barkhausen noise amplitude depends on. Specifically, increasing the 

tensile stress increases the number of mobile 180° domain walls, reorient 

domains or modify the pinning. In contrast, the number of 180° domain walls 

decrease with compressive stress because domains will form (Krause et al., 

1996). Blaow et al. (2004) states that past studies concentrate on achieving 

values using root mean square MBN emission over the entire magnetic cycle as
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a function of stress, while Blaow shows that a detailed analysis in the various 

shapes of the MBN profile can bring out more information in the stress fields.

Relative peak height

©~ 1>
Peak B

~D-

---- e

d Peak A
d

l

e/e,
- 2 -1

Figure 3.9: Peak height from the magnetic Barkhausen noise profile versus 
applied strain at the surface of alloy steel (EN 19) (monotonie loading) (Blaow et 
al., 2004).

Figure 3.9 also shows limitations using MBN, indicating a saturation level 

once a certain degree of strain has been applied. Saturation of MBN emission 

are due to the fact that dislocations inhibit domain wall movement (Blaow et al.,

2004). Different materials exhibit different levels of saturation. Moreover, the 

MBN emission sensitivity varied significantly with alloy composition and heat 

treatment (Hyde et al. 2000). Lindgren and Lepisto (2000) showed MBN as a 

function of low applied tensile stress of mild steel reaching saturation level at 

approximately 100 MPa.

Results mentioned thus far describe MBN emission sensitivity in the 

elastic regime; however, plastic deformation has a different effect on the MBN
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signal (Stefanita et al., 2000). Reports by Hwang and Kim (1988) present results 

using mild steel increasing MBN amplitude in concordance to strain up to 6.7 

percent then decrease thereafter at higher strain. Correspondingly, Char et al. 

(2001) reported an increase in MBN energy up to two percent strain then 

decreased upon greater strain. In general, most authors found an increase in 

MBN energy till high plastic deformation was achieved then decreased 

subsequently. Moreover, Blaow et al. (2004) demonstrates MBN profiles can 

describe more specifically the type or magnitude of stress.

Volume of material being measured is important to consider because a 

given type of stress will average to zero depending on the characteristic volume 

being sampled. Considering the case where type II, and III stresses need 

measured but the technique being used sampled a large volume (greater than 

multiple grains), the type II and III will self-equilibrate resulting in zero stress. 

Most destructive residual stress measuring techniques measure macrostresses 

(type I) because macroscopic sized regions of material are being removed. 

Diffraction methods, at a given wavelength and diffraction condition, can sample 

grain orientation or particular phase for microstress assessment (type II). 

Averaging multiple diffraction measurements from phases or grains allows for 

phase or grain orientation independent macrostress (type I) analysis. Table 3.1 

from Withers (2001) gives a summary the more common residual stress 

measurement techniques which includes: depth of penetration into the material, 

spatial resolution, stress or strain accuracy, and comments including the types (I, 

II, and III) of stress that the method is capable of measuring. Figures B1 and B2 

in Appendix B give more detailed schematics on micro and macro stresses.
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Clearly, careful consideration needs to be taken when choosing tools to 

measure residual stress. Moreover, knowledge of the material and application of 

the material is essential to the design or testing engineer for proper assessment 

(Withers and Bhadeshia, part I, 2001). For the case of stress corrosion cracking, 

type I, II, and III stresses are important because corrosion starts at the atomic 

level and any stress tensor will enhance crack propagation. In a different case, 

analysis of cyclic loading components would consider type I stresses because 

type II and III stresses are unimportant (Withers and Bhadeshia, part II, 2001). 

However, tensile microstresses, unseen by macrostress testing, could be the 

critical factor for creep cavitation or mode I crack propagation. Thus, component 

failure might not come from improper measurement of stress but from an 

improper residual stress-measuring tool (Withers and Bhadeshia, part I, 2001).
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CHAPTER 4

LITERATURE REVIEW OF PHYSICAL METALLURGY

OF URANIUM

Although uranium is well known for its remarkable nuclear properties, 

uranium also possesses very interesting physical and mechanical properties. 

Though different isotopes of a metal will alter the density, the isotopic differences 

are insignificant to the metallurgist (Wilkinson and Murphy, 1958). Thus, for 

safety and security reasons, metallic depleted uranium (U-238), commercially 

pure (400-500 ppm carbon), serves as a very good surrogate to U-235 and is 

used for this study.

4.1 Crystallography of Uranium

The crystallographic nature of uranium has three allotropie phases: alpha 

(a), beta (P), and gamma (y), and the phase of interest for the scope of this 

project is alpha. Figure 4.1 illustrates alpha phase uranium having an 

orthorhombic crystal structure, which was discovered by Jacob and Warren 

(1937). Alpha is stable from -230 up to 668 °C (Wilkinson and Murphy, 1958). 

The lattice parameters a, b, and c reported by Cullity and Stock (2001) for a- 

u rani urn are 2.8538, 5.8697, and 4.9550 Â, respectively. Alpha uranium is similar 

to hexagonal metals except the consecutive layers of atoms in the basal plane 

are stacked off axis alternating in the <010> axis (Jacob and Warren, 1937). 

Uranium is known to have strong anisotropic characteristics. Anisotropy exists 

when the properties of the lattice are different in three main crystallographic 

directions as just described.

Evidence of anisotropy is seen with thermal expansion of single crystals. 

Thermal expansion measurements of alpha uranium have been a major part of
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understanding the complicated behavior of the alpha uranium crystal (Fisher, 

1994). Table 4.1 gives linear thermal expansion coefficients at 25 °C for the 

uranium lattice in three principal crystallographic directions as an example of 

anisotropy (Wilkinson and Murphy, 1958).

o

>  [0 I0 ]

[100]
Figure 4.1: Crystal structure of alpha uranium (Fisher, 1994).

Table 4.1: Thermal expansion coefficients for uranium at 25 °C (Wilkinson and

Direction Coefficient (per °C)

a0 +21.7E-6

b0 -1.5E-6

Cq +23.2E-6
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Figure 4.2 shows thermal expansion coefficients as a function of 

increasing temperature with a and c ([100] and [001], respectively) directions 

expanding with increasing temperature which is a typical characteristic of a 

crystal. However, b ([010]) contracts, demonstrating strong anisotropic behavior 

of alpha uranium (Vandermeer, 1982).

2.5
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Figure 4.2: Thermal expansion as a function of increasing temperature of alpha 
uranium in three principal crystallographic directions in single crystal 
(Vandermeer, 1982).

Further thermal expansion studies were performed by Barrett et al. (1963) 

at low temperature (4-200 K). Barrett et al. (1963) used both x-ray and neutron 

diffraction on single crystal samples. Measurements were taken by monitoring 

lattice parameters as temperature slowly increased from 4 K. Results indicate 

anomalous minima at 43 K for a0 and b0 parameters whereas the c0 parameter 

increases between 20 and 43 K. Steinitz et al. (1970) verified the results of 

Barrett et al. by a using supersensitive strain gauge. The anomalies at 38 and 22 

K are first order transitions indicated by the elastic modulus data, involving abrupt
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shifts in all three lattice constants whereas the transition at 43 K does not involve 

a sudden shift in any of the lattice constants.

Barrett et al. (1963) also found that the space group symmetry at 43 K 

does not change. During the first complete neutron diffraction study of alpha 

uranium, Lander and Mueller (1970) also discovered maximum principal neutron 

intensity at 40 K and intensities remained high at temperatures less than 40 K. 

Moreover, charge-density-wave (T < 43 K) was discovered at Oak Ridge National 

Laboratory due to neutron diffraction experiments and elastic modulus 

anomalies, which were the basis for inelastic and elastic scattering experiments.

Anisotropy of alpha uranium can also be revealed using electrical 

resistivity measurements. Vandemeer (1982) reports electrical resistivity as a 

function of the three principal crystal directions in Table 4.2. Uranium has a high 

electrical resistance relative to other metals. Reported electrical resistance 

values range from 25 to 35 pohms cm. Variation in electrical resistance values is 

due to impurity content and heat treatment history (Holden, 1958).

4.2 Mechanical Properties of Uranium

In general, mechanical properties can be classified as hardness, strength, 

and ductility. Mechanical properties are assessed at a variety of temperatures for 

different applications, but room temperature assessment is the focus for this 

project. Variables such as heat treatment, fabrication process, and alloying are 

essential for mechanical property assessment. Moreover, directionality, such as 

anisotropy, affects the mechanical properties (Wilkinson and Murphy, 1958).

Pure alpha uranium is regarded as relatively ductile metal. Purity, state of 

cold work, grain size, testing procedure, testing temperature and orientation will 

affect the mechanical properties of uranium, as with other metals. The degree of 

preferred orientation, or texture, can cause significant changes in mechanical 

properties and is well addressed due to the anisotropic behavior of uranium.
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Figure 4.3: X-ray diffraction angles (0) and corresponding lattice constant 
changes during slow warming from 4 K (Barrett et al., 1963).

33



Table 4.2: Resistivity measurements in three principal crystal directions for alpha
uranium (Vandemeer, 1982).

Crystal Direction [100] [010] [001]

Electrical Resistivity at 0 °C (mQ m) 390 240 262

Uranium stress-strain curve is shown in Figure 4.4 and displays a non

linear behavior in the elastic region, which is typical of uranium. The curved 

phenomena in the elastic region create difficulties in determination of yield 

strength and extraction of Young’s modulus. Some studies claim, however, that 

uranium has a very low proportional limit characteristic, indicating a straight line 

in the low stress portion of the curve. Holden (1958) reports a proportional limit 

as little as 500 psi (3.4 MPa). However, work done by Grossman and Priceman 

(1954) made an attempt to locate the proportional limit using compressive tests. 

Specifications for mechanical compressive tests done by Grossman and 

Priceman (1954) include: strain gauge sensitive to 10 micro-in./in, 2.5 in (6.35 

cm), length by 0.9 in. diameter specimen formed by hot rolling. Testing conditions 

consisted of low stress (4500 psi. max (31 MPa) with maximum strain of 180 

micro-in./in. Results indicated a well-defined proportional limit of 3000 psi (20.7 

MPa) with a convincing straight line for the stress-strain curve (Wilkinson and 

Murphy, 1958). Because the stress-strain graph curves almost from the origin, 

using the usual offset from the initial tangent is not considered good practice 

when accurate yield strength and Young’s modulus need acquiring.

Chiswik, Mayfield, and Mueller from Argonne National Laboratory 

developed an arbitrary method for determining yield strength of uranium. This 

technique releases the load once a chosen value is reached. Releasing the load 

results in a straight line offset from the original curve and intersecting at a 

positive strain value. A line parallel to the “load release” line is drawn at the 

desired offset, e.g. 0.2 percent, and the intersecting point of the stress-strain 

curve is the yield strength (Wilkinson and Murphy, 1958).
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Figure 4.4: Typical stress-strain curve for uranium (Wilkinson and Murphy, 
1958).

Difficulty in achieving a reliable linear elastic region in the uranium stress-strain 

curve makes Young’s modulus also difficult to attain. Thus, attempts using 

velocity of sound measurements are thought to be more reliable than obtaining 

values from a stress-strain curve (Wilkinson and Murphy, 1958).

For proper assessment of the tensile properties, knowledge of the testing 

conditions is crucial. Because the lack of knowledge with testing conditions, early 

reported data are not very reliable. Moreover, results given in the literature are 

tabulated without stress-strain data available. Methods, in which the authors 

obtained the tensile properties are not mentioned which again discredits the 

reported data. Table 4.3 demonstrates the tensile property ranges. Later in this 

Section, more evidence to the discrepancy in the data will be described 

(Wilkinson and Murphy, 1958).

The annealing environment also affects mechanical properties of uranium. 

Ductility was found to decrease when rolled uranium specimens were annealed 

in an argon atmosphere at 300 °C. Ductility decreased as annealing temperature 

and time increased. On the other hand, vacuum annealing has shown no such 

effects (Wilkinson and Murphy, 1958).
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Table 4.3: Tensile properties of uranium (Wilkinson and Murphy, 1958).

Condition

Yield 
Strength 

0.2% Offset 
(1000 psi)

Ultimate 
Tensile 

Strength 
(1000 psi)

Elongation 
in 2 in. (%)

Cast ingot, coarse-grained 27-35 60-85 5-10
Gamma extruded 18-38 85-120 10-18
Alpha rolled, alpha uranium 30-40 80-110 10-15
Alpha rolled, beta annealed 25-35 55-65 6-10
Alpha rolled, beta quenched 30-35 70-95 10-15
Beta rolled 30-35 80-95 10-15
Alpha rolled, gamma quenched 17-26 60-80 8-15
Alpha rolled at 600 °C 30-35 85-100 10-18

Similar to other nonface-centered cubic metals, uranium exhibits a ductile- 

brittle transition temperature. Thus, Wikenson and Murphy suggest discrepancies 

in the data could also be due to commercially pure uranium exhibiting a ductile- 

brittle transition just above room temperature. However, relatively pure uranium 

does not have a sharp ductile-brittle transition temperature, meaning uranium 

does not become completely brittle below room temperature. Highly pure 

uranium demonstrates a shift to lower the ductile-brittle transition temperature.

Unsurprisingly, carbon content also attributes to the change in mechanical 

properties of uranium. All specimens were pulled in the as cast condition that 

were machined from cast plates, 0.505 inches (12.8 mm) thick and 2.0 inch (50.8 

mm) gauge section. In the table presented by Wilkinson and Murphy (1958), 

maximum values of the tensile properties (yield strength, ultimate tensile 

strength, and elongation) were achieved near the midpoint of carbon content 

(with carbon content ranging from 60-1250 ppm). Thus, to further clarify, 360-710 

ppm of carbon demonstrated higher tensile property values (Wilkinson and 

Murphy, 1958).

Fisher (1994) attempts to explain, in his paper called The First 30 Years of 

Research on the Physical Properties of Alpha Uranium, the many disagreements 

and inconsistencies in the physical property measurements of alpha uranium.
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Fisher claims that the anisotropy in the single crystals and preferred orientation in

most polycrystalline alpha uranium has the most significant affect on mechanical

properties. Fisher states:

“A prime example is the anisotropy of the elastic properties of the 
single crystal, namely Young’s modulus E, as it varies in the (100) 
plane, which contains the nearest-neighbor direction at 27° to the 
[100] direction. Young’s modulus increases by 25 percent from the 
C0 axis to a maximum value at 37° to [001] and then decreases by 
47 percent at [010]. These E values are calculated from the nine 
single-crystal stiffness moduli Cy as determined by measuring the 
acoustic wave velocities using high precision ultrasonic wave phase 
comparison method of McSkimmin at the Bel! Laboratories. ”
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Figure 4.5: True equivalent stress as a function of true equivalent strain curves 
for alpha iron and polycrystalline alpha uranium (Burke et al., 1976).

Sample preparation is also critical for reliable data. Figure 4.5 illustrates 

how polycrystalline alpha uranium strain hardens significantly more rapidly than 

alpha iron. Thus, proper annealing procedures are essential for relieving the 

residual stress that affects the mechanical properties. Alpha uranium and alpha
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iron where compared because their modulus is similar and room temperature 

testing gives both metals approximately the same homologous temperature 

(Burke et al., 1976).

Flow stress of several pure metals has been shown to be a function cell 

structure generated by plastic work in addition to strain hardening from 

dislocation multiplication. Presumably a dynamic recovery process exists, 

involving dislocation rearrangement into low-energy metastable arrays (Burke et 

al., 1976).

4.3 Deformation Mechanisms

According to Vandemeer (1982), plastic deformation at room temperature 

has two modes, i.e. slip and twinning, behaving similar to hexagonal close- 

packed metals with slip and twinning systems occurring at the same time. Holden 

(1958), however, mentions another mode of deformation called kinking.

Slip is defined as a crystallographic deformation process that occurs 

when one part of a crystal glides past another part typically limited to a single 

plane or narrow region of parallel planes, Figure 4.6 (a). Alpha uranium primary 

slip system, and most frequently observed deformation system, activates on the 

{010} plane in the [100] direction (Vandemeer, 1982). Referring back to the alpha 

uranium crystal structure, Figure 4.1, the slip occurs on the corrugated planes.

t—
■o

■4 »

PLANE OF PAPER (lOO) 

DIRECTION OF SLIP (llO)

■O
PLANE OF PAPER (HO)

4

Figure 4.6: Simple schematic for a cubic lattice deformed by (a) slip and (b) 
twinning (Doan and Mahla, 1941).
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Twinning deformation is considered more important than slip deformation 

by Holden (1958), but considered to be the second most frequently observed 

deformation mechanism according to Wilkinson and Murphy (1958). Twinning is 

defined as one part of the crystal sheared with respect to an adjacent crystal in 

such a way that a mirror image is created across the twin plane, Figure 4.6 (b). 

Moreover, twinning is not just simply shear; atoms are required to shift in addition 

to shear. Two different publishing's in the Journal of Nuclear Materials volumes 

16 and 26 by the authors Crocker (1965) and Bevis (1968), respectively, 

describe in great detail different modes of twinning. At room temperature, 

twinning occurs most frequently on the {130} plane and in the [310] direction for 

alpha uranium (Vandemeer, 1982). Twinning is accompanied by {010} slip when 

many twin systems occur (Wilkinson and Murphy, 1958). Other twinning occurs 

on the {172} and {176} planes. The latter twinning systems are considered minor 

with the {172} system more common than {176} (Wilkinson and Murphy, 1958).

Kinking deformation is essentially extensive localized slip in a band normal 

to the slip direction, which could be the reason more authors do not include 

kinking as a third deformation mechanism. Holden (1958) considers kink 

formation surprising because of the many slip and twining systems that would 

interfere with the kink band formation. Kink band formation will occur when all 

possible twinning systems cannot operate. Since a kink band is associated with 

slip, the {010} <100> system will activate with the band normal to the <100> 

direction (Holden, 1958).

Slip and twinning lines or bands can be easily misinterpreted when 

analyzing a deformed micrograph of alpha uranium. Slip appears as fine lines 

that are not always straight. Twinning appears as lines and bands and occurs 

within the crystal grains and both mechanisms can traverse. Slip lines disappear 

when the sample has been polished after deformation but evidence of twinning 

cannot be removed by polishing.

Deformed polycrystalline uranium is inevitable because of the extreme 

anisotropy from the thermal expansion under heating or cooling. Even under the 

conditions of careful annealing practices with slow heating and cooling rates,
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twins and slip will still occur. The thermal expansion of the random oriented 

grains in a polycrystalline requires deformation of adjacent grains thus, twinning 

and slip systems activate. Moreover, uranium deforms locally in some grains 

much more than others. Highly deformed grains will saturate with twins causing 

the specimen to fracture prematurely (Holden, 1958). Although some grain 

boundary failure has been observed, fracture propagation was found to be mostly 

transgranular (Bierlein et al., 1955).
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CHAPTER 5

LITERATURE REVIEW OF THERMOELECTRIC POWER COEFFICIENT

Modern electronics has given scientists the ability to develop the theory of 

thermoelectric power coefficient as a nondestructive tool for material science 

laboratories. Before thermoelectric power coefficient gained recognition in the 

laboratory, it was used to sort metals due to its high sensitivity to chemical 

composition. Thermoelectric power coefficient is an advanced nondestructive 

tool, which has proven to be successful when measuring lattice defects, and 

results from many authors will be discussed at the end of this chapter. However, 

results discussed will not include all reported thermoelectric power coefficient 

work as many studies have been done and would be difficult to discuss every 

one. Such perturbations in the lattice cause change in the electronic structure of 

the crystalline material and assessment is possible using modern physics 

technique called Seebeck effect. The Seebeck effect occurs when a temperature 

gradient exists in a metal giving rise to a positive potential at the hot end and 

negative potential at the cold end, which is the basis of a thermocouple. Thus, 

thermoelectric power coefficient can be observed by having dissimilar metals in 

junction at two different temperatures and locations. During the thermoelectric 

phenomena, there are five different effects that take place. Two irreversible 

effects are Joule heating and thermal conduction and the three reversible effects 

are the Seebeck, Peltier, and Thomson effects (Heikes and Ure, 1961).

5.1 Historical Development of Thermoelectric Power

Alessandro Volta was the first one to mention the idea of thermoelectric 

power in 1794, but Thomas Seebeck, a German scientist, was the first to 

observe thermoelectricity in 1821. Initially, Seebeck believed that magnetism was
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induced by the temperature gradient in the metal because of the way it deflected 

a compass needle (Lasseigne, 2004). However, the compass needle was 

deflected because of Ampere’s Law which was soon realized and confirmed. 

Though thermoelectric power phenomena has been known since the discovery of 

the Seebeck effect by Thomas Seebeck in 1821, thermoelectric power coefficient 

has not been used to characterize lattice defects in conductive materials till the 

recent decades and continues to gain recognition.

Peltier discovered in 1834, the junction of two dissimilar metals can 

absorb or dissolve heat when a current is applied (MacDonald, 1962). William 

Thomson (Lord Kelvin) correlated both Seebeck and Peltier effect in 1856, 

making both phenomena a single coefficient characteristic of metals at junctions. 

Lenz demonstrated in 1838, the junction of dissimilar metals would heat or cool 

depending on the current direction. American Onsager formulated the theory of 

thermodynamics for non-equilibrium processes in 1931. Onsager was Norwegian 

born and a Nobel prizewinner. Callen (1948), developed a consistent and 

phenomenological description of thermoelectric power. Thus, by using electric 

conductivity and thermal conductivity, a coefficient called the Seebeck coefficient 

can describe the thermoelectric properties of a homogeneous and isotropic 

material at a given temperature (Lasseigne, 2004). More detailed timeline is 

described by Lasseigne (2004).

5.2 Free Electron Theory

Understanding the free electron theory is important when discussing the 

theory of the Seebeck effect. In the crystal structure of a metallic solid, the 

valence electrons of the constituent atoms are considered “free” for the free 

electron model in solid-state physics. Different metal will exhibit different 

electronic properties and can be determined by the occupation of the valence 

and conduction bands, by the spacing between the valence and conduction 

bands, and by the relative location of the Fermi energy level (Krane, 1996). 

Conduction electrons are scattered by perturbations in the lattice such as
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impurities, lattice defects, phonons, etc. Another mechanism by which an 

electron can scatter is by other conduction electrons, which is an infrequent 

occurrence. This phenomenon is a consequence of the Pauli-exclusion principle, 

which states that no two electrons in a single atom can have equal quantum 

numbers (Kittel, 1996).

To thoroughly understand the electronic structure of atoms, the Pauli- 

exclusion principle must be understood as it is the most important governing rule 

(Kittel, 1996). Thus, a Fermi free electron gas is just a gas of free electrons 

subject to the Pauli-exclusion principle (Lasseigne, 2006).

Determined from the solutions to the Schrodinger equation are the 

available electronic states. The highest electronic energy state assumed by an 

electron at absolute zero is the Fermi energy level as shown in Figure 5.1. The 

Fermi energy is:

2m

where h is the Planck’s constant divided by 2 tt, m is the mass of an electron, kp 

is the Fermi wave vector (Lasseigne, 2006).

Empty levels

Fil ed levels

0 1

Figure 5.1 : Half-filled band at T=0°K, showing the Fermi-Dirac distribution of on 
the right (Krane, 1996).

The Fermi wave vector, kp can be determined in terms of the electronic density 

resulting in:
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where Ne is the number of electrons per volume of the crystal. Substituting the 

Fermi wave vector into the Fermi energy equation now becomes:

Notice that the electron concentration in a free electron gas is the primary 

function for the Fermi energy level (Lasseigne, 2006).

As temperature increases, the kinetic energy of the electron gas 

increases. Figure 5.2 illustrates electrons filling energy levels at different 

temperatures. At absolute zero, electrons fill up to the Fermi energy surface. 

Temperatures above absolute zero, electrons can occupy a higher energy state 

leaving a lower energy state empty (Lasseigne, 2006).

Fermi Energy

500 K

0.8

m
0.6

0.2
10 X J0' K

ç/kii, in units of 101 K

Figure 5.2: Fermi-dirac distribution function applying to an electron gas in three 
dimensions (Kittel, 1996).



The Fermi-Dirac distribution gives the probability that an electronic state at 

energy, s, will become occupied in an ideal electron gas in thermal equilibrium:

/ ( f )  =  f------------------ ;—  [5.4]
exp[(£—ju) /  kftT] + 1

The quantity ju is the chemical potential of the free electrons, which is a function

of temperature (Kittel, 1996). Lasseigne (2006) explains in further detail,

“The chemical potential is unique characteristic for particular 
systems. The chemical potential for electrons is the Fermi energy 
level at all temperatures. In metals the chemical potential (Fermi 
energy) coincides with the highest energy of a state occupied with 
an electron at a temperature of absolute zero.”

5.3 Thermoelectric Power Coefficient Theory

Thermoelectric power coefficient is sensitive to changes in solute content, 

lattice strain, microstructure, material processing, and time dependant phase 

changes. Sensitivity to the latter is because thermoelectric power coefficient is a 

function of electron concentration, electron scattering, and effective mass of the 

electron (Lasseigne, 2006). Because alloy microstructure correlates directly to 

electronic properties, the thermoelectric power coefficient is a nondestructive, 

rapid and effective way to assess any lattice changes before significant defects 

arise resulting in structure failure (Lasseigne, 2006).

In metallic alloys, the value and the sign of the thermoelectric power 

coefficient depends on the electronic features in the vicinity of the Fermi energy 

level, changes in the electronic carriers, and is also dependent on the effective 

mass tensor, density of electronic states, and the dominating scattering 

mechanism (Park et al., 2003). For example, with the high degeneracy of the free 

electron gas, the resulting thermoelectric power coefficient, S, is related to the 

electron theory through the following expression. The degeneracy of the electron 

gas at high carrier concentrations is given as:
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(27.1)^
3 Yr + —
2 j

m.
\ h y

kTn
r \ \  
3 [5.5]

where r is the scattering parameter determined by the dominating scattering 

mechanism, and h is Planck’s constant, k is Boltzmann's constant, n* is the 

electron concentration, and me is the effective mass. The electron concentration 

is directly related to the Fermi energy level from the free electron model. The rate 

at which increasing electron concentration fills the energy states in k space at the 

Fermi energy level is described by the effective mass (Park et al., 2003). The 

effective mass can be described as:

me =  fi
d 2E  

dk

-i
[5.6]

where k is the wave vector. The effective mass, me, of the electron is a measure 

of the curvature of the s, p, d and f (in some cases) bands that are in contact with 

the Fermi energy level. Since this me expression has a second order derivative of 

E as a function of k, it is a very sensitive measurement of small changes. The 

shape of the bands at the contact position characterizes changes in alloy 

composition, phase content, and lattice strain (Lasseigne, 2006).

5.4 Use of the Effective Mass of an Electron

Understanding effective mass of an electron is important in thermoelectric 

power coefficient analysis because measurements are based off the second 

derivative with respect to k space, making the effective mass a valuable variable 

to measure. Considering the free electron wave function in a lattice will help in 

understanding the role of the effective mass of an electron. In Figure 5.3, the
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dashed line describes the free electron wave function with local electron 

interactions of the potentials associated with the lattice atoms (Lasseigne, 2006).

Free Electron Wave

Influence of Localized Potential

Figure 5.3: The (augmented plane wave) wave function produced by a
combination of atomic states with a free electron wave function between the ion 
cores (Wilkes, 1973).

The localized potential will be altered if a lattice atom is situated in a strain 

field and will also interact differently to the nearly-free conduction electron wave 

function. The free electron model describes the electron has having no potential 

(V=0) and the energy of the electron is given as E = 1/2mv^ = P2/2m, where P is 

the electrons momentum and is equal to Planck’s constant times the wave vector 

from the deBroglie expression. Thus, energy is expressed as E = /z2k2/2m, where 

m is the mass of the electron. However, conditions where localized potential 

interactions exist and potential energy is experienced by the conduction electron, 

E = &2k2/2m + V. When allowing mass of the electron to be altered to 

quantitatively include the effect of potential, the mass of the electron becomes 

the effective mass, me, giving the total energy as E = ft2k2/2me. The electron 

properties of alloys can then be derived using free electron formulation making 

the effective mass an important parameter with electronic measurements. 

(Lasseigne, 2006).
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The Seebeck coefficient can now be introduced in order to gauge the 

magnitude of this effect. The Seebeck coefficient is defined as the potential 

difference divided by the temperature difference:

S = -----
dT

[5.7]

The sign of S represents the Seebeck coefficient by convention. The coefficient 

S is widely referred to as thermoelectric power coefficient or thermoelectricity. 

The Seebeck coefficient is a material property that depends on temperature S = 

S(T). Given the Seebeck coefficient for material, the voltage difference between 

two points where temperatures are T0 and 7, is given by:

To observe thermoelectricity, it is necessary to have a circuit composed of 

two dissimilar conductive materials, and the net difference between their 

thermoelectric properties can be measured. The electromotive force (emf) 

produced under these conditions is the relative Seebeck emf. Figure 5.4 

illustrates the potential that exists in a conductive material when there is a 

temperature gradient (Kasap, 1999). As the temperature gradient increases, 

electrons on the hot end jump to higher energy states causing them to move 

towards the cold end, presenting a negative charge at the cold end and positive 

charge at the hot end.

[5.8]
Ta
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Figure 5.4: A temperature gradient (AT) gives rise to a potential difference (AV), 
which is the Seebeck effect (Kasap, 1999).

The voltage across each metal element is dependent upon the Seebeck 

coefficient, so that the potential difference between two metals is Sab= Sa-Sb- 

The emf between the two metals, Vab=AVa-AVb can be expressed by following:
T T

VAB = l(SA- S B)dT= \S ABdT [5 .9 ]

where Sab = Sa-Sb is defined as thermoelectric power coefficient for the 

thermocouple pair A-B. The absolute Seebeck coefficient (ASC) of the alloy 

material, Sa, can be determined from measurements as:

c _  V
A T  [5.10]

where 1/is the Seebeck voltage measured between alloy material and reference 

copper probe, AT is the temperature difference, and Scu is the well-calibrated 

Seebeck coefficient for copper. One copper probe is maintained slightly above
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room temperature for control and the other probe at a higher temperature. The 

total difference in temperature varies upon alloy because different alloys 

stabilized at different temperatures. That is, increasing temperature difference 

increases the Seebeck coefficient till Seebeck coefficient remains relatively 

constant as a function of temperature increase. Using a high impedance nano

voltmeter (from Keith ley) allows for an accurate potential measurement. Because 

of the high impedance capabilities, the scattering factor, r, is minimized as a 

dependent variable for Sab. Since the electron concentration, n, remains 

relatively constant, the conditions allow the S« measurement to be very sensitive 

to the factor of the effective mass of the electron (Lasseigne, 2006).

5.5Thermoelectric Power Coefficient Measuring Techniques

The depth into the metal at which you can measure depends on the 

temperature gradient localized just under the hot tip. Kleber (2008) states, “If the 

heterogeneity is located in the thermal gradient—that is, under the tip—it can be 

detected due to the variation of the measured thermoelectric power”. The depth 

into the material that thermoelectric power coefficient can measure depends on 

the temperature gradient, and the maximum depth of penetration occurs when 

the temperature at a given depth equals that of the cold probe. Kleber (2008) 

experimented on inclusions at different depths and discovered that the 

thermoelectric power coefficient showed a significant variation in measurements 

(as compared to unaffected matrix measurements) at depths reaching 80 pm. Of 

course, change in thermoelectric power coefficient measurements strengthened 

as the inclusion was positioned closer to the surface. Amongst all materials, a 

mutual depth of penetration at which thermoelectric power coefficient can be 

measured cannot be specified, as different materials exhibit different heat 

transfer properties.

Hu and Nagy (1998) pointed out that poor contact between the probe tip 

and the assessed metal would greatly reduce the accuracy of the thermoelectric 

power coefficient. The contact surface is typically a circle with a diameter that
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can be changed by machining the tip or other metal forming processes. Probe tip 

diameters generally ranges between 150 and 2000 pm for practical applications. 

Each measurement takes about 15 s to obtain because thermal equilibrium must 

be reached. Kleber (2008) claims, “If the contact between the tip and the material 

is good, the precision of the device can be close to 0.02 pV/°C”. Kleber (2008) 

demonstrated achieving a resolution of 100 pm using a 800 pm diameter tip by 

displacing the tip 100 pm increments on the plane of the material in the x and y 

directions shown in Figure 5.6.

Figure 5.6: Micrograph of ghost lines in a ferritic steel (left). Thermoelectric 
power coefficient map of the corresponding zone (right). The size of the map is 4 
mm x 5 mm and the step in the x- and y-direction is 100 pm (Kleber et al., 2008).

5.6 Seebeck Coefficient of Pure Metals

Thermoelectric power coefficient of metals varies with temperature, 

according to the Mott formula but thermoelectric power coefficients of many 

metals at high temperatures follow different laws (Mott and Jones, 1958). There 

has not been a general theoretical explanation of the behavior of thermoelectric 

power coefficient. However temperature dependence of the thermoelectric power 

coefficient is believed to be closely related to the structure of the electronic 

spectrum near the Fermi energy level. Table 5.1 gives the available experimental 

thermoelectric power coefficient data for pure metals is given. Most of the data 

are for polycrystalline samples, although in some cases data was obtained using 

single crystals (Rowe, 1995).
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Table 5.1 : List of Thermoelectric Power Coefficients for Elements (Rowe, 1995).

Thermoelectric Power S, (|xV/K)

Metal 100K 300K 500K 1000K 1500K
Ag 0.73 1.51 2.82 7.95
Al -2.2 -1.66 1.96
Au 0.82 1.94 2.86 3.85
Ba -4 12.1 28.5
Be -2.5 1.7 2.7 7.9
Ca 1.05 10.3 17.1
Cd -0.05 2.55
Ce 13.6 6.2 5.2 -4.8
Co -8.43 -30.8 -44.8 -35.9 -7.8
Cr 5 21.8 16.6 17.9 5.7
Cs -0.9
Cu 1.19 1.83 2.83 5.36
Dy ^ .1 -1.8 0.9 2.3
Er -3.8 -0.1 1.9 4.2
Eu 5.3 24.5 46
Fe 11.6 15 3 0.4
Ga 0.5
Gd -4.6 -1.6 -0.5 -0.8
Hf 0 5.5 5.7 -0.5
Ho -6.7 -1.6 1.4 2.8
In 0.56 1.68
Ir 1.42 0.86 -0.1 -2.7 -5.7
K -5.2 -13.7
La 0.1 1.7 2 -1.7
Li 4.3
Lu -6.9 -4.3 -2.6 0
Mg -2.1 -1.46
Mn -2.5 -9.8 -8.4 -1.5
Mo 0.1 5.6 11.4 17.4 13.7
Na -2.6 -6.3
Nb 1.05 -0.44 -1.1 0.45 3.2
Nd -4 -2 .3 0 -1.2
Ni -8.5 -19.5 -25.8 -29.9
Np 8.9 -3.1
Os -3.2 -4.4 -4.7 -6.3 -8.5
Pb -0.58 -1.05 -1.5
Pd 1.1 -10.7 -16.3 -32.3 -46.4
Pu 12
Rb -3.6 -10
Re -1.4 -5.9 -5.9 -1.9 1.8
Rh 0.8 0.6 0.5 -1.5
Ru 0.3 -1.4 -1.8 -4.2 -7.5
Sc -14.3 -19 -17.5 -5.4 10.2
Sm 0.7 1.2 0.6 -3
Sn -0.04 -1
Sr -3 1.1 4.2
Ta 0.7 -1.9 -2.3 1.6 7.2
Tb -1.6 -1 0.3 0.6
Th 0.6 -3.2 -9.2 -14.3 -10.3
Ti -2 9.1 5.3 -3.1 -0.5
n 0.6 0.3 -1.5

Tm -1.3 1.9 2.7 2.2
U 3 7.1 11 16.7
V 2.9 0.23 1.1 4.6
W -4.4 0.9 9 19.8 21.3
Y -5.1 -0.7 0.3 2.9 6.6

Yb 5.1 30 20.3 12.3
Zn 0.7 2.4
Zr 4.4 8.9 4.6 -3 1.1
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5.7 New and Current Development Utilizing Thermoelectric Power Coefficient

Thermoelectric power coefficient is a technique that has been used for 

decades, but with increased sensitivity in the available tools, thermoelectric 

power coefficient has been used for detailed material characterization 

(Lasseigne, 2006). Thermoelectric power coefficient measurements were already 

being utilized by the 1970’s on hydrogen storage materials to generate 

thermoelectric power coefficient diagrams as a function of hydrogen charging 

pressure to be compared to activity diagrams (Baranowski, 1975). This Section 

will summarize many various material properties characterization that 

thermoelectric power coefficient measurements are capable of. Like any 

nondestructive tool, thermoelectric power coefficient must be standardized and 

calibrated. If the latter is accomplished thermoelectric power coefficient 

measurement possibilities are endless (Lasseigne, 2006).

Cabellero et al. (2005) utilizes thermoelectric power coefficient to show 

quantitative differences in volume fraction of carbides (calibrated using 

micrographs) and retained austenite (correlated to hardness and calibrated using 

micrographs) (Figure 5.7). Thermoelectric power coefficient was found to be 

extremely sensitive to very small amounts of carbide precipitation (Lasseigne, 

2006).

Again, Figure 5.8 shows that retained austenite was quantitatively 

measured utilizing thermoelectric power coefficient by Park et al. (2003) in TRIP 

steels.

Tkalcac et al. (2004) assessed tempering effects of martensitic high 

carbon steels utilizing thermoelectric properties and correlated results to 

scanning calorimetry measurements. Tkalcac et al. (2004) demonstrated a very 

good agreement with one another in determining the stages of carbon 

precipitation.
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Figure 5.7: Results on samples austenitized at 1120°C and cooled at different 
cooling rates: (a) Thermoelectric power coefficient measurements, (b) volume 
fraction of carbides, and (c) volume fraction of retained austenite present in the 
microstructure and corresponding hardness values (Cabellero eta!., 2005).
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Figure 5.8: Thermoelectric power coefficient as a function of retained austenite 
content in TRIP Steels (Park et al., 2003).

Niffengger et al. (2005) monitored neutron embrittlement and low-cycle 

fatigue for nuclear power plant applications using thermoelectric power 

coefficient measurements (Figure 5.9). The ability to assess neutron 

embrittlement and low-cycle fatigue using real-time measurements is a crucial 

quality assurance factor for nuclear reactor life span.
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Figure 5.9: (a) Seebeck coefficient as a function of fluence of irradiated 
specimens measured at two different positions "notch up” and "notch behind", (b) 
Seebeck coefficient as a function of fluence for irradiated and irradiated with time 
delay specimens measured at two different positions "notch up" and "notch 
behind" (Niffeneger, 2005).
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Further investigation of thermoelectric power coefficient assessment led to 

residual strain results from Sun and Northwood (1994) in Canada. Micro-strain 

was induced by aging specimens of pure zirconium and zirconium-chromium-iron 

alloy. Data in Figure 5.10 suggest that strain, precipitation, and aging 

assessment is possible with thermoelectric power coefficient because 

precipitation is an occurrence during aging, which results in an increase in lattice 

strain. Thermoelectric power coefficient measurements decreased as strain 

increased.
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Figure 5.10: Dependence of thermoelectric power coefficient on the microstrain 
for specimens aged at 350°C (Sun and Northwood, 1994).

Considerable thermoelectric signals are observed with texture induced 

anisotropy between regions of different orientation (Rowe and Schroeder, 1970). 

Carreon (2006) demonstrates the significant effect that texture has on 

thermoelectric power coefficient measurements (Figure 5.11). Carreon used 

rolled TI-6AI-4V and performed thermoelectric power coefficient measurements
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before and after annealing (annealed at 710°C for two hours and slow cooled) on 

both the top and side of the specimens. The data indicates a wide distribution of 

thermoelectric power coefficient values, however, before annealing has a larger 

range of thermoelectric power coefficient values per side. Values range up to 1.0 

pV/°C before annealing and range as low as 0.5 pV/°C after annealing. In 

addition to decreasing the thermoelectric power coefficient range, annealing also 

equalized the distribution peaks as one would predict after annealing. Clearly, 

anisotropy has a significant effect on thermoelectric power coefficient 

measurements.
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Figure 5.11: Thermoelectric power coefficient texture assessment in Ti-6AI-4V 
(a) before and (b) after annealing (Carreon, 2006).
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Lasseigne (2006) demonstrated thermoelectric power coefficient 

measurements as a function of interstitial nitrogen weight percent in Figure 5.12. 

Thermoelectric power coefficient measurements where calibrated using a Leco 

Nitrogen Determinator and an ester-halogen digestion method.
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Figure 5.12: Thermoelectric power coefficient as a function of interstitial
nitrogen content for plasma welded stainless steel Alloy 1.4565 (AISI 34565) with 
argon-20 percent nitrogen shielding gas (Lasseigne, 2006).

Borrelly et al. (1978, 1979) monitored precipitation kinetics in copper-iron 

alloys and studied recovery and recrystalization of alloys, respectively, using 

thermoelectric power coefficient. Lukhvich et al. (1998) characterized coating 

thickness with thermoelectric power coefficient.

The examples of thermoelectric power coefficient described in this Section 

are just a few of many ways that thermoelectric power coefficient techniques 

have been applied. Moreover, thermoelectric power coefficient techniques have a 

lot of room for exploration.
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5.8 Previous Investigations Utilizing Thermoelectric Power on Uranium

Rowe (1995) reported a thermoelectric power coefficient of 7.1 pV/°K at 

about room temperature. Holden (1958) reports thermoelectric power coefficient 

values 5.0 and 4.3 pV/°K for two different samples. Holden performed the same 

experiment using platinum probes and observed similar variations among the 

various samples of uranium. Holden suggests that the differences between 

variations in thermoelectric power coefficient measurements on uranium seem to 

be caused by the variations in the purity of uranium and claims that accurate data 

on very pure uranium are lacking. Also, as Carreon (2006) demonstrated, texture 

could have a significant affect on the thermoelectric power coefficient of uranium 

giving various results not only sample to sample, but from point to point of 

measurement on the same sample. All of the data of the Holden report were 

obtained prior to 1947, when very pure uranium was not available.
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CHAPTER 6

LITERATURE REVIEW OF INDUCED IMPEDANCE MEASUREMENTS

Variations in composition, irregularities in structure, and defects can be 

inspected using eddy current techniques. Important application of eddy current 

testing would include metal sorting, detection of cracks, voids, and inclusions, 

measurement of plate or tubing thickness, determination of coating thickness, 

and measurement of thickness of nonconducting films on electrically conducting 

base material. Irregularities near the surface of the specimen are more easily 

found when using eddy current testing, as the intensity of the eddy current is 

greatest at the surface. Eddy current testing must be must be properly calibrated 

to known characteristics of the material before proper measurements can be 

assessed (McGonnagle, 1961).

6.1 Electromagnetic Analyses for Residual Strain Determination

Thermoelectric power coefficient is an advanced nondestructive contact 

method for determination of lattice defects. Although thermoelectric power 

coefficient has many advantages, depending on the application of thermoelectric 

power coefficient, the contacting probe can be problematic. For the task at hand, 

a noncontacting probe might need implementation due to uranium readily 

reacting with oxygen at the surface. Once a thick oxide has formed on the 

surface of uranium, a good contact with the metallic lattice is difficult to achieve 

making thermoelectric power coefficient measurements difficult to achieve. Thus 

development of a noncontact, nondestructive, electronic measurement technique 

needs developing for residual strain measurements and further investigation is 

done for the scope of this project. When properly calibrated and standardized,
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electromagnetic techniques allow for non-contact, non-destructive measurements 

of residual strain.

Currently, most nondestructive tools such as ultrasonics, magnetic flux 

leakage, etc. are used for crack detection, flaws, defects etc. Using a low 

frequency induced impedance technique will characterize the material before any 

catastrophic failure occurs. Like thermoelectric power coefficient technique, the 

noncontact, nondestructive, electromagnetic residual stress detector can 

beneficially be used during production and in-service.

6.2 Electromagnetic Theory

Faraday’s law provides the foundation for eddy currents, magnetic 

Barkhausen noise, and electromagnetic acoustic transducers which is described 

by currents existing in a conductive material in reaction to a changing magnetic 

field (Lasseigne, 2006) (Bray and Stanley, 1997). Faraday’s law makes a 

distinction between two types of electric fields: (1) those fields attributed to 

electric charges and (2) those fields associated with changing magnetic fields 

(Lasseigne, 2006). The curl of an electrostatic field is given by the differential 

form of Faraday’s law is:

V x E = ~ —  [6.1]
dt

where V is the del operator, E is the electrostatic field, B is the magnetic flux 

density, and t is time.

6.3 Induced Current Resistivity (Eddy Currents) Analysis

Eddy Current analysis, generally used in non-ferrous alloys, is a technique 

mostly utilized to find near surface defects in alloy parts. Strain can also be 

detected using ultra sensitive tools. Because the electron is moving through the 

lattice in a closed loop, any defects in the lattice will alter the path of the electron
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changing the resistivity, thus changing the apposing magnetic field. Figure 6.1 

demonstrates a simple schematic of the primary magnetic field produced from a 

coil with alternating current.

Figure 5.1 : Excitation of primary and secondary flux with an eddy current probe 
(Cecco et al.).

The oscillating nature of the flux induces circulatory (eddy) currents into the 

conductive material beneath the coil in the opposite direction with respect to the 

primary coil. Thus, the eddy current’s own magnetic field opposes the primary 

magnetic field know as Lenz’s law (Bray and Stanley, 1997). Section 6.4 

describes the induced current resistivity in greater detail.

6.3.1 Theory of Induced Current Resistivity (Eddy Currents) for Residual Strain 

Assessment

Eddy current testing utilizes a high or low frequency electromagnetic (EM) 

field generated by an alternating current in a conductive material. The EM field 

generates currents (eddy currents) within a conductive material when placed in 

close proximity. The eddy currents generate a magnetic field within the inspected 

material in the opposing direction of the primary electromagnetic field. Detection 

of the primary and secondary EM fields must be accomplished by either 

electromagnetic induction in a coil, by a system of coils, or by sensors such as
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the Hall element. Most often, the coil that is used to induce the primary EM field 

is used to detect the secondary EM field (Lasseigne, 2006).

There are several parameters important in eddy current testing that can be 

divided up into two different categories, electromagnetic and physical. Bray and 

Stanley (1997) list both electromagnetic and physical properties of importance, 

which are shown below.

Electromagnetic Properties

• The source frequency, or frequencies. These are also the eddy 
current and magnetic field frequencies.

• The electrical conductivity of the inspected part, and changes 
therein.

• The relevant magnetic permeability and changes therein.

Physical Properties

• The radius of the exciter coil for circular shapes, or other relevant 
dimensions for other shapes.

• The radius of the sensing coil for circular shapes, or other relevant 
dimensions other shapes.

• The numbers of turns on these coils, which directly affect the 
strength of the applied field that generated the teddy currents, and 
the induced sense coil voltage.

• The proximity of the exciter coil to the part.
• The proximity of the sensor to the part and to the exciter.
• Part dimensions such as thickness, radius and etc.
• The proximity of the system to the edges of the part, or any other 

physical change in the part that could alter the path of the eddy 
currents.

Parameters are discussed in further detail below.

The relationship between the current flowing through a coil and the 

resulting magnetic field strength, H, was discussed. The magnetic field strength 

produces a magnetic flux density, B, and a flux, <\>, which is defined as the integral 

of the magnetic flux density over a particular surface given as:

(f) — \ B » n d a  [6.2]
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Thus, the flux created by the coil affects the sample when coil is placed 

close to the inspected material. The coil parameters and primary excitation 

current are a function of the flux. As mentioned before, the primary flux will stir 

eddy currents in the sample creating a secondary flux in the opposing direction of 

the primary flux. An equilibrium flux is reached, which is the difference between 

the induced primary flux and the secondary flux due to the sample (Bray and 

Stanley, 1997).

The coil possesses both resistance and reactance when alternating 

current is applied. There is a changing flux in the coil, in addition to resistance, 

which exhibits inductance (Bray and Stanley, 1997). The inductance of the coil is 

the flux linkage change per unit current and is given as:

L = d(N<|>)/dl [6-3]

where N is the number of turns in the coil and I is the current. Within a coil, 

resistance due to electromotive force caused by the changing flux linkage is 

created due to an exited coil at an angular frequency, co (Bray and Stanley,

1997). The magnitude of the inductive reactance, Xl, is given as:

XL = coL = 2jc f L [6 4]

where f is the frequency, which would be zero in a direct current. The phase of 

the current through the coil is common to both components, so that if the phase 

is drawn electrically as shown in Figure 6.2 then the voltage across the resistive 

and inductive parts are IR and IcoL as shown in Figure 6.3 (Bray and Stanley, 

1997). Figure 6.3 shows the right triangle created by the resistive and inductive 

parts so that the total circuit voltage, V, becomes:

V = I ((<oL)2 + R2)1'2 [6.5]

Then using Ohm’s law, where V = IZ, the total impedance exhibited in the coil is

given as:
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Z = ((coL)2 + R2)1/2 [6.6]

------------------------- Ü ----------------------------

R L
/V W ------yJlQSLs

Figure 6.2: Generalized coil (Bray and Stanley, 1997).

/

Figure 6.3: Vector relations between resistance and inductive parts for a coil 
(Bray and Stanley, 1997).

Capacitance is also included into the total impedance of the coil but will have 

negligible effect. However, when coil probes are attached to the eddy current
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instrument with very long wires, capacitance reactance may play a role (Bray and 

Stanley, 1997). The capacitance reactance of the coil, Xc is given by:

Xc = 1/(coC) = 1/(27ifC) [6.7]

where C is the capacitance in farads. Though capacitance is often negligible, 

capacitance is included in the total impedance, Equation 6.8. Finally, the total 

impedance of a coil in a circuit containing both inductance and reactance is:

and the phase angle, (/>, between the current in and voltage across the circuit is 

given by:

Eddy current probes work when wL »  1/wC thus, the possibility arises that 

impedance becomes only a function of the resistance when coL = 1/coC and the 

phase angle then becomes zero degrees. This condition is known as resonance, 

and many circuits are designed to operate at or near such a condition (Bray and 

Stanley, 1997).

As illustrated in Figure 6.4, the eddy current density is greatest on the 

surface thus making the response from the flaw strongest when closer to the 

surface. Eddy current strength declines exponentially as a function of depth into 

the material (Bray and Stanley, 1997). The standard depth of penetration can be 

determined mathematically where eddy current is 1/e (37%) of surface value, as 

illustrated in Figure 6.4. The following expression gives the relationship of the 

standard depth from induced current to the applied frequency (Bray and Stanley, 

1997).

Z = ((toL-1/coC)2 + R2)1'2 [6.8]

tan cj) = (coL -  1/coC)/R [6.9]

[6 .10]
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where <5 is skin depth, f is frequency in Hz,p is electrical resistivity in Q-cm, pr is 

dimensionless relative permeability. Changing the frequency can change the 

depth of measurement giving the ability to obtain a cross sectional profile of 

residual stress as a function of depth. The skin depth relationship given in 

Equation 6.10 refers only to plane electromagnetic waves. Situations in common 

eddy current testing such as small coils or encircling tubes make Equation 6.10 

invalid, but can still provide a reasonable estimate (Bray and Stanley, 1997). Skin 

depth relation is a solution to the Maxwell’s equations, which should be 

determined for each particular inspection problem (Bray and Stanley, 1997).

Figure 6.4: Schematic illustration of eddy current density declines with depth 
(Bray and Stanley, 1997).

Permeability and conductivity play an important role with the depth of 

penetration and varies upon material. Thus, Figure 6.5 shows the standard depth 

of penetration as a function of frequency for several different materials (Bray and

Eddy Current 
Strength

“ 3%
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Stanley, 1997). Another variable that changes the depth of penetration is 

resistance as a function of temperature and proper precaution needs to be taken.

Because resistivity is a function of the conductivity of the material, the 

depth of measurement, and alloy content, variables do exist in induced current 

resistivity measurements (Lasseigne, 2006). As with thermoelectric power 

coefficient assessment, the conductivity is a function of the electronic effective 

mass, the electron concentration, and the dominating scattering mechanisms, 

which is altered by inclusions, microstructure, temperature, strain, and etc.

Other variables could exist when there is not careful attention in the design 

and preparation of the coils. The coil can be designed with a liftoff spacer 

attached to the coil or the insulation from the wire can act as the liftoff spacer. If 

the coil does not have identical liftoff every measurement, results will be invalid. 

Because these variables are present it is necessary to use multiple 

nondestructive techniques to eliminate these variables (Lasseigne, 2006).

G R A P H IT E

T IT A N IU M

STAINLESS STEEL'

A L U M IN U M

m
0,01

INGOT IRO N

HIGH-ALLOY STEEL
Ë 0.001

COPPE

0.0001
10*1 1

F R E Q U E N C Y  (KHz)

(a )

Figure 6.5: Standard depth of eddy current penetration as a function of 
frequency for different materials (Bray and Stanley, 1997).
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6.4 New and Current Achievements in Induced Current Resistivity Measurements

Eddy current analyses have been taken beyond crack and defect 

detection to further monitor material properties before significant defects arise 

(Lasseigne, 2006). Although extreme benefits in utilizing non-contact, non

destructive tools characterization of material properties is beginning to make an 

impact, the development of eddy current analyses for characterization of material 

properties has unfortunately been slow.

6.4.1 Eddy Current Analysis for Carbon Content Measurements

Klumper-Westkamp et al. (2003) have utilized eddy current with harmonic 

analyses for non-destructive determination of carbon content in thin foils for 

quality assurance of gas carburizing process. Experiments were performed 

utilizing a set of 71 foils carburized with different carbon potentials and then 

analyzed for glow discharge emission spectroscopy element profiling and newly 

developed distortion free harmonic analysis. The system is calibrated utilizing 

multi-regression analysis.
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Figure 6.6: Calibration result for a 5-dimensional regression (Klumper-Westkamp 
et al., 2003).

The input parameters are the amplitude and the phase of the first to the fifth 

harmonic of different frequencies, so that 36 measurements are available. By 

the connection of several measurements, the precision of the calibration is 

enhanced up to a correlation coefficient of 97.5 percent with a standard deviation 

of 0.06 weight percent carbon. The results are shown in Figure 6.6 for carbon 

concentration utilizing eddy current harmonic analysis as a function of carbon 

content from glow discharge emission spectroscopy. With more precise foil 

extraction the standard deviation would be even better.

6.4.2 Eddy Current Analysis for Hydrogen Content Measurements on Linepipe 

Steel

Lasseigne (2006) utilized eddy current analysis to determine hydrogen 

content in linepipe steels, which are susceptible to hydrogen embrittlement. 

Figures 6.7 and 6.8 show an increase in impedance measurements as a function
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of hydrogen content. Figure 6.7 demonstrates impedance measurements 

incredible sensitivity with the ability to distinguish differences from 0.76 to 0.90 

ppm, which is within the uncertainty of chemical methods for hydrogen 

determination.

6.5 Magnetic Properties of Uranium

Uranium is found to be paramagnetic with no signs of ferromagnetism in 

the temperature range of 20° thru 350 °C. The susceptibility of pure uranium is 

+1.74 X 10'6 emu per gm (Wilkinson and Murphy, 1958)
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Figure 6.7: Frequency sweep of impedance with change in hydrogen content in 
tin coated hydrogen charged X80 line pipe steel specimens. Impedance 
measurements were performed utilizing the Hewlett Packard 4275A Multi- 
Frequency LCR Meter (Lasseigne, 2006).
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CHAPTER 7

LITERATURE REVIEW OF URANIUM CORROSION

Uranium corrosion is a complex subject as uranium is highly chemically 

reactive in addition to being highly radioactive. Complexity occurs because the 

corrosion products consist of one or more of several oxides, hydrated oxides, or 

hydride (Warber, 1952). In addition to the complexity of uranium corrosion, little 

research has been done, specifically research concerning stress corrosion 

cracking of pure uranium in a humid environment with simulated human sweat 

applied to the surface. This Chapter will briefly discuss the stress corrosion 

cracking system then report research on the oxidation of uranium. Lastly, a brief 

look at corrosion data that best pertains to this project and has been obtained in 

recent years by different authors and correlates.

7.1 Stress Corrosion Cracking

Stress corrosion cracking refers to cracking caused by the simultaneous 

presence of tensile stress and a specific corrosive medium. Stress corrosion 

cracking can be distinguished from mechanical failure by rupture at lower loads 

when exposed to an environment. The types of stress that can attribute to stress 

corrosion cracking are: applied, residual, thermal, and welding. Increase in 

temperature increases the susceptibility. Some characteristics that stress 

corrosion cracking exhibits are (Koger):

• Most of surface unattacked

• Occurs at stresses within a range of typical design stresses

• Can be intergranular or transgranular

• Crack is generally perpendicular to applied stress
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With transgranular failures, the cracks propagate usually in specific crystal 

planes typically having low indices such as {100}, {110}, and {210} (Liu et al., 

1980). Intergranular failures are more common than transgranular, but both can 

be present in the same system or even in the same failed part. Facing halves 

matching each other showing little corrosion from a recent failure indicates 

fracture is induced primarily by mechanical fracture. Even though primary 

mechanical fracture is apparent, anodic dissolution does play a significant role 

(Jones, 1996).

Koger states that even pure metals can stress corrosion crack, and no 

unifying mechanism of stress corrosion cracking exists. Jones (1996) states pure 

metals are more resistant to stress corrosion cracking but not immune.

Crack initiation and propagation are enhanced by any kind of stress riser 

such as: pits, trenches, and other discontinuities. Also, breaks in passive layers 

initiate cracks. Once a crack has started, tip of the advancing crack has small 

radius and the attendant stress concentration is great. Lowering stress, 

eliminating critical environmental species, changing alloys, cathodically 

protecting, adding inhibitors to solution, and design change are possible solutions 

to prevent stress corrosion cracking. Design change would include the 

elimination of positions where small amounts of corrosive constituents can 

concentrate (Koger).

7.2 Oxidation of Uranium

Typically, t rivaient oxidation state is the most stable for all lanthanides. 

This not the case for actinides, as six is the most stable state for uranium. This 

behavior can be explained by ascribing to the fact that the energies of the 5f and 

6d levels are close, as well as the chemical binding energies having the same 

order of magnitude. As a consequence, the electronic configuration and the 

oxidation states are strongly affected by the chemical environment, magnetic and 

electric fields, temperature, and pressure. As a result, both 5f and 6d electrons 

are assumed to join in on the formation of a chemical bond (Colmenares, 1975).

75



Stable oxide phases occur in a large number and most can reveal a wide 

difference in stoichiometry. Karkhanavala (1967) and Willis (1963) have 

demonstrated that the range of non-stoichiometric compounds of UO2 is created 

by the penetration and accommodation of excess oxygen in channels created 

between cations along the <111> and <110> directions. UO2 will naturally 

convert to UgOe at ambient temperatures.

The electrical properties of the uranium oxide behave similar to p-type or 

n-type semiconductors (Colmenares, 1975). In particular, hyperstoichiometric 

UO2 is a p-type extrinsic semiconductor up to a temperature of about 1100K. Due 

to deviations from stoichiometric composition, the electrical conduction arises 

from positive holes. Oxide films may or may not be oriented when growing on 

textured surfaces. Orientation may occur when the inherent electrical properties 

of an oxide given stoichiometry are affected due to the variation in surface 

energies of different crystallographic oxide planes. As a thin film of oxide thickens 

on the surface of any of the uranium, compressive stresses are set up between 

the oxide and the metal (Colmenares, 1975) because UO2 occupiesl .97 times as 

much volume as the metal on a mole-for-mole basis (Warber, 1956). Cracks will 

then occur once a critical thickness is reached or the film becomes non-coherent. 

A coherent, very thin film remains nest to the metal under these conditions. As a 

consequence of the electronic properties of the thin film, the oxidation kinetics is 

controlled as well as the migration of the ionic or electronic species. U4O9 and 

U3O7 appear from the U 02 lattice absorbing oxygen, which decreased the 

electrical conductivity. This decrease in electrical conductivity changes the 

material from p-type to n-type conduction. UgOg is thought to be an n-type excess 

metal semiconductor with anion vacancies (Colmenares, 1975).

7.3 Uranium Corrosion Results

Haschke (1998) states that kinetic data in Figure 7.1 are remarkably 

consistent and for the first time, results were reported in common rate units and 

correlated graphically. Under 250 °C, corrosion rate of uranium is significantly
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greater in water vapor compared to dry air. The corrosion product of uranium in 

a humid environment is the same as that with uranium in dry air or water, which 

is UOx with x in the range of 2.0 -2.7. This data from Haschke (1998) best 

summarizes the history of corrosion rate testing.
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Figure 6.1: Arrhenius data for corrosion of uranium in dry air (filled circles) 
(Hillard, 1958) and water vapor at 760 torr (open circles) (Huddle, 1953). Curves 
a, b and c describe the corrosion rate in water at saturation pressures, Curves d 
and e indicate the rate in humid air at nominal water pressure of 40 torr, Curve f 
show the rate in dry, and Curves g and h describe the rates in dry/humid air 
during autothermic reaction and at hypothetical isothermal conditions, 
respectively (Haschke, 1998).
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CHAPTER 8

THERMODYNAMIC MODELING TO DETERMINE THERMOELECTRIC 

POWER COEFFICIENT FROM ELASTIC STRAIN IN METALLIC LATTICE

Thermodynamic modeling will assist thermoelectric power coefficient 

measurements when elastic strain is present. Once plastic deformation occurs 

the thermodynamic model cannot apply due to irreversibility. Presented in this 

chapter is a model that is derived from 1st law of thermodynamics and Helmholtz 

free energy.

8.1 Thermodynamics of Thermoelectric Power Coefficient for Strain 

Determination

Starting with the conservation of energy knowing the change in internal 

energy is the amount of heat transferred into the system minus the amount of 

work being done by the system (Devereux, 1983). The four-point bend will be 

related to internal work being done to the system. The Seebeck coefficient will 

account for the external work done to the system. So, the First Law can be 

written in the form

dE = Sq-PdV + ldA + Fdl-SWex, [8.1]

Assuming complete reversible thermodynamics means that the specimen can

only be bent in the elastic region. Once plastic deformation occurs,

thermodynamic modeling can no longer be utilized in this system.

Irreversible: d S > —  [8.2]
T
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Reversible: dS = —
T

[8.3]

Reversible thermodynamics will be applied in this model giving

dq = TdS [8.4]

to plug into the energy equation.

dE = [8.5]

Helmholtz free energy will be used because a closed system at a constant 

temperature can be assumed giving

A = E -T S  [8.6]

Take the derivative of both sides.

dA = d E -  TdS -  SdT [8 7]

Plug in the conservation of energy, Equation 8.5 (dE),  into the Helmholtz free

energy equation.

dA = TdS -  PdV -y d A -  Fdl -  SWext -  TdS -  SdT [8.8]

Change in entropy (TdS ) terms will cancel. The surface tension and force term

(ydA and Fdl ) are assume to have negligible affect on the system, thus equating 

terms to zero. Helmholtz free energy is given with respect to entropy, external 

work (Seebeck), and displacement (strain).

dA = -dWext -  SdT -  PdV [8.9]

Now relate the external work to the Seebeck coefficient by the electrical work

equation.
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H/“  “ ~ nF£ [8.10]

where F is the Faradays constant (96,487 coulombs per mole). Potential 

=£ = AV=change in voltage. Number of moles transported by electrons is n, 

which will be taken out because moles will not be counted in this case.

Knowing the Seebeck coefficient is equal to the change in voltage divided 

by the change in temperature, set the change in voltage equal to the Seebeck 

coefficient multiplied by change in temperature.

, = Ay
AT [8.11]

AV/= ^ Ar [8.12]

Plug the change in voltage into the electrical work equation.

W- = - ^ A r [8.13]

After deriving the electrical work, the Helmholtz free energy equation is with the 

mechanical displacement term described starting Equation 8.15.

dA = FScdT -  SdT -P dV
[8.14]

The displacement from mechanical work term must be replaced into a strain 

term. For a mechanical system, pressure is going to equal to sum of all stress 

vector times an infinitesimal amount of strain but, assuming one dimensional 

stress field (Landau and Lifshitz, 1986). Since the strain is unitless, a correction 

factor, volume, needs to be applied.

P d v ,v Y .M ,  .
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When Hooks law is obeyed by staying in the elastic deformation region of the 

material, stress is the Young's Modulus times strain.

a  F"£’ [8.16]

Where g = Stress, es = Strain , Ym = Young’s Modulus. Plug the stress term from 

Equation 8.16 into Equation 8.15 giving

PdV = VYm£sd£s [817]

Helmholtz free energy equation can now be written with both the mechanical and 

electrical work term in place.

dA = FScdT -  SdT -  VYmesd€ 1

Assume Helmholtz free energy is in equilibrium so, the derivative is zero to solve 

for the Seebeck coefficient.

^  0 [8.19]

FScAT = SAT + VYme M

S + V W A ^  
F F  (A T [8.21]

Linear thermal expansion coefficient has a small affect on lattice strain but can 

be accounted for.

( S )  = “  [8.22]

The final thermodynamic expression for Seebeck coefficient is

81



_ S Y ïme,a  
F F  [8.23]

where the strain (stress) term has a very small affect on the Seebeck coefficient.

8.2 Use of Developed Expression and Limitations

Using the thermodynamic driven expression for the Seebeck coefficient is 

beneficial when knowing the strain on a material. If there is a known strain on the 

material, calculating a theoretical Seebeck coefficient is simple. Calculated value 

of the Seebeck coefficient would be helpful prior to doing thermoelectric power 

coefficient measurements to get a good idea of the Seebeck coefficient value, 

assuming no deformation has occurred on the surface. Moreover, when the 

Seebeck coefficient is known after thermoelectric power coefficient 

measurements have been taken, strain on the surface of the material can be 

determined nondestructive^. Issues still exist and cannot be resolved 

thermodynamically when plastic deformation occurs due to the irreversibility. 

Also, uranium will always have some strain in the lattice due to anisotropy.
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CHAPTER 9

STATEMENT OF PROBLEM TO BE INVESTIGATED

The purpose of this research is to develop and utilize advanced 

nondestructive electronic material characterization tools for residual stress 

assessment on pure uranium specimens. Thus, correlation of nondestructive 

residual strain measurements to the stress corrosion cracking susceptibility of 

uranium using a simulated corrosive environment will be examined. 

Nondestructive residual stress measurements must prove the ability to measure 

residual strain on uranium induced from machining practices. As most pure 

metals are known for immunity to stress corrosion cracking, the question of 

whether pure uranium can stress corrosion crack is also to be investigated.

Currently, x-ray analysis is used to assess residual stress thus; 

development of a portable, rapid measurement, and low cost tool is desired. An 

advanced tool with the mentioned capabilities will be useful in determining the 

integrity of stored materials. Moreover, giving the ability to determine whether the 

material is susceptible to stress corrosion cracking due to residual stress or 

predict how much service life is available.

Thermoelectric power coefficient and electromagnetic techniques will be 

used for the assessment of residual strain. Both tools require calibration to 

known strain values using four-point bending on uranium bars. Once calibration 

is achieved, the tools can be used to assess machined surfaces. The 

development of thermoelectric power coefficient and electromagnetic techniques 

for residual stress measurements will greatly advance the ability to characterize 

materials before any catastrophic defect occurs.

83



G uid ing  Q uestions

•  Can thermoelectric power coefficient probes analysis be used to 

determine residual stress level on machined uranium?

• What corrosive environment should best represent corrosive 

storage problem?

• Can pure uranium stress corrosion crack?

• Can a threshold residual stress level be determined for machined 

uranium that can cause stress corrosion cracking?

• Is the stress state resulting from machining sufficient enough to 

enhance stress corrosion cracking tendencies?

• Can TEP probes analysis be used to locate the surface regions on 

the part susceptible to stress corrosion cracking?

• Is there an alternative electronic property technique to assess 

residual stress?
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CHAPTER 10

MATERIAL INVESTIGATED AND EXPERIMENTAL PROCEDURE

Thermoelectric power coefficient and electromagnetic assessment of 

residual stress on pure uranium utilizing four-point bend testing is presented. 

Simulated corrosive environment for stress corrosion crack testing is discussed 

along with experimental procedure and set up.

10.1 Depleted Pure Uranium

Material investigated in this project was pure depleted uranium (400-500 

ppm, U-238). Uranium bars were formed by milling practices and dimensions 

followed ASTM-C 1161 (90 x 8 x 6 ± 0.003 mm). Bars were formed from the “as 

cast” condition.

10.2 Four-point Bend Test Specifications and Stress Strain Calculations

Four-point bend testing followed the ASTM-C1161-02c specifications. This 

standard was used because elastic strain can be calculated based off crosshead 

displacement without the use of a strain gauge, which would physically interfere 

with thermoelectric power coefficient and induced impedance probes. This 

practice was also used because stress corrosion crack testing requires an 

undisturbed surface for proper analysis thus, strain calculated based off 

displacement measurements were more practical. Also, using a four-point bend 

test method provides a simple way to design a fixture according to the ASTM- 

C1161-02c standard, which can apply a large load using torsion on fasteners.

The four-point bend inner and outer supports (pressure points) were 

placed at 40 and 80 mm apart, respectively. The four-point bend fixture designed
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for the stress corrosion cracking test used fasteners as the inner supports while 

the outer supports were fixed, shown in Figure 10.1.

80 m m

Specimen

Support Member

40  mm

Figure 10.1: Four-point bend fixture schematic designed for stress corrosion 
crack testing.

Strain was calculated using the ASTM-C1161-02 standard using the 

following equation

e = 6ds
[10.1]

where L is outer support span, £ is the strain, d is specimen thickness, and s is 

crosshead displacement. Stress was calculated based off basic bending 

equations which is only valid with elastic strain.

a  =  -
My

[10.2]

where o is stress, M  is moment, y  is center of mass, and / is moment of inertia.
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10.3 Development of Thermoelectric Power Coefficient Measurement

Proper standards and careful laboratory practices must be established for 

accurate thermoelectric power coefficient testing. Fluctuation in room 

temperature, fluctuation in probe temperature, probe material, probe tip 

contamination and probe stability can all have an effect on thermoelectric power 

coefficient measurements.

For this research, a copper probe with a tungsten tip was used at the 

beginning for measurements because of the desirable strength properties that 

tungsten possesses, holding a well-formed tip that would not round off. However, 

relative to uranium, tungsten was too hard, leaving small dimples on the surface 

of the uranium depending on the pressure of the probe. This situation not only 

changes the material under the probe (applying strain to the surface), but the 

probe also loses nondestructive credibility. Thus, pure copper probes with 

copper tips were used for the remainder of the project. Some results with 

tungsten tip probes will be discussed but consideration of the probe design must 

be taken into account.

Choosing a temperature difference for the cold and hot copper probes 

depends on the material. Thermoelectric power coefficient increases as a 

function of increasing temperature rapidly in low temperature differences. Higher 

temperature differences have less effect on the thermoelectric power coefficient. 

Thus, as temperature difference increases between the probes, voltage remains 

relatively constant. Figure 10.2 shows thermoelectric power coefficient as a 

function of the difference in probe temperature for depleted uranium.
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Figure 10.2: Thermoelectric power coefficient as a function of difference in probe 
temperature for depleted uranium.

Probe temperature difference was cycled two times from 0 to 28 °C with 

the cold probe controlled slightly above room temperature. From 20 to 28 °C 

temperature difference, thermoelectric power coefficient remains relatively 

constant. This temperature range (or higher) is the target for probe temperature 

difference because thermoelectric power coefficient is stabilized and will not be 

influenced greatly with temperature changes thus, 30 °C is the temperature 

difference chosen for this project. Different materials will exhibit different 

stabilized regions, so this procedure must be done prior to thermoelectric power 

coefficient measurements to determine proper probe temperature.

Thermoelectric power coefficient probes must be stable for quality 

measurements thus; physically holding probes with hand produces insufficient 

results. Figure 10.3 shows a custom fixture for thermoelectric power coefficient 

measurements.



Figure 10.3: Thermoelectric power coefficient fixture (shown without
thermocouple and heat cartridge wires).

Probes are free to slide along the track for versatility (longitudinal axis to the 

specimen in Figure 10.3). Top plate is fixed while bottom plate is free to move, 

which allows for flexibility when measuring uneven surfaces and the ability to 

unload and reload specimens with ease. Figure 10.3 shows a four-point bend 

fixture with a strained specimen but fixture is designed to hold bars without the 

four-point bend fixture. There are four nonconductive bolts that hold specimens in 

place. Springs on all four legs gives flexibility with wing nuts to secure the bottom 

plate to the thermoelectric power coefficient probes (Figure 10.3).

Thermoelectric power coefficient measurements were calibrated to stress 

using four-point bending. Four-point bending was chosen because strain 

between the inner supports is constant in the elastic region. Two different probe 

placements were experimented in order to determine if probe placement does
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affect the measurement. Because thermoelectric power coefficient 

measurements are obtained from the hot probe under the contact tip (Kleber, 

2008), placement of the cold probe does not have a significant affect on 

measurements (results shown in Chapter 11). Cold probe on unstrained region 

and hot probe on strained region for one case, and the other has both hot and 

cold probes on the strained region (Figure 10.4).

O

TEP Probes

Figure 10.4: Schematic demonstrating hot and cold thermoelectric power 
coefficient probe position.

Calibration was obtained using an electromechanical test frame (Figure 10.5). 

Figure 10.5 shows the thermoelectric power coefficient unit on top of the 

pushcart demonstrating portability of the system. Figure 10.6 is a picture of the 

four-point bend calibration with the probe configuration as the hot probe on the 

strained region and cold probe on the unstrained region.

When assessing residual stress using thermoelectric power coefficient 

after calibration is complete, multiple measurements within a region are 

necessary when bulk material analysis is important. This practice is very 

important when the analyzed material is anisotropic because of the wide range of 

thermoelectric power coefficient values acquired, as discussed by Carreon 

(2006). When applying this nondestructive technology to the industry, different 

protocol must be used and will vary upon material investigated.

90



Ifltlli4.tfH.fl

Figure 10.5: Thermoelectric power coefficient calibration using an
electromechanical test frame (left). Thermoelectric power coefficient unit shown 
on top of the pushcart (right).

Figure 10.6: Uranium four-point bend test with thermoelectric copper probes 
secured with grips.
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Figure 10.7: Four-point bend uranium calibration for induced impedance and 
thermoelectric power coefficient measurements with stress (scale: uranium bar- 
90 mm in length).
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10.4 Development of Electromagnetic Measurements

Electromagnetic measurements cover a broad range of different types of 

testing. This project will focus on a new advanced nondestructive non-contact 

low frequency induced impedance method, which will be referred to as “induced 

impedance”.

Like thermoelectric power coefficient, induced impedance is sensitive to 

many variables such as, temperature, lift-off distance, probe design, etc. Thus, 

careful probe design and attention to detailed procedures is important. Building a 

probe can be as simple as wrapping an insulated wire around a rod. Although, 

probes can be easier to handle when the coil is secured using a variation of 

adhesive or epoxy. Securing the coil ensures the wire from unwinding, causing 

the number of turns to change thus, change in magnetic field strength, which 

could affect the results. Size of the probe depends largely upon the size and 

shape of the investigated material and the type of defects that are desired to be 

assessed. A small probe was designed for this project because the uranium bars 

that were assessed were small. The probe coil can be utilized in a vertical or 

horizontal fashion. Figure 10.7 shows the probe on the side horizontal to the 

uranium bar placed between two thermoelectric power coefficient probes.

Consistent coil lift-off spacing is essential for quality induced impedance 

measurements because magnetic field strength is a function of distance from the 

coil. Proper lift-off spacing can be obtained simply from the wire insulation 

although, a variety of lift-off spacing methods exist.

The induced impedance measuring device used in this study is the 

E4980A Precision LCR meter from Agilent Technologies as seen in Figure 10.8. 

This device has a frequency range of 20 Hz to 2 MHz with a basic accuracy of 

0.05 percent.
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Figure 10.8: E4980A Precision LCR meter from Agilent Technologies with a 
frequency range of 20 Hz to 2 MHz.

Depth at which the induced impedance probe can measure is dependant 

upon material, applied frequency, coil design, and relative magnetic permeability. 

Uranium is paramagnetic, which has a relative magnetic permeability slightly 

greater than one. Using the depth of penetration equation from Bray and Stanley 

(1997) (with a coil frequency of 20 Hz, coil resistance of 0.096 mO, and relative 

permeability of approximately one) depth of measurement is 3.5 mm.

10.5 Development of Corrosive Environment and Stress Corrosion Cracking 

Procedures

The chosen environment was chosen based off the normal atmosphere 

conditions on the eastern United States. In addition to relatively high humidity 

and high temperature, simulated human sweat was applied to the surface. Stress 

was induced using a four-point bend fixture achieving strain by applying torque to 

fasteners.
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Environmental corrosion chamber used for this study (Napco C 0 2 6000) is 

capable of controlling temperature (up to 50 °C), relative humidity, and carbon 

dioxide, Figure 10.9. Environmental corrosion chamber parameters were set to 

85 percent relative humidity, 50 °C, and carbon dioxide parameter was not used.

Figure 10.9: Environmental corrosion chamber with relative humidity, carbon 
dioxide, and temperature control (three feet tall).

Because residual stress already existed in the uranium bars from 

machining, bars were vacuum annealed for a baseline. Vacuum annealing 

procedures were obtained from Y-12. The vacuum anneal objection was to 

relieve residual stress (recovery) without recrystallization or grain growth. Thus, 

vacuum anneal was performed at 500 °C with a vacuum furnace cooling rate of -  

4 °C/min. After vacuum annealing, uranium bars were strained using a four-point 

bend fixture.
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Once uranium bars were equally strained, simulated human sweat was 

applied to the surface between the inner supports in three different regions for 

repeatability, Figure 10.10. Sweat is contained of primarily water with various 

dissolved solids, mainly chlorides, while many researchers report various results 

of trace amounts of other chemicals. Due to the complexity of the trace amounts 

of human sweat constituents, the proper recipe for human sweat needed simple 

enough for repeatability but complex enough ensure closest simulation of human 

sweat. After investigation and collaboration with Y-12, the simulated human 

sweat solution was selected from a published article by Hirokawa et al. (2007). 

See Table 10.1 for measured concentrations of the human sweat components 

from three individuals.

Figure 10.10: Application of simulated human sweat to the surface of uranium in 
three separate regions using a cotton swab.
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The simulated sweat was produced using ultra-pure deionized distilled 

water. The aqueous solution consisted of sodium chloride (58.5 mg L"1), 

potassium chloride (50.7 m mg L"1), ammonium chloride (0.95 mg L'1), calcium 

chloride (4.4 mg L'1), magnesium chloride (0.95 mg L"1), ornitine (7.9 mg L"1), 

histidine (3.4 mg L'1), lysine (2.9 mg L"1), arginine (0.35 mg L-1), diethanolamine 

(DBA) (0.01 ml L' 1 ), and triethanolamine (TEA) (0.01 ml L' 1 ). For accuracy, one 

liter of sweat solution was prepared at the start of every experiment.

Six uranium bars were equally strained with three regions of simulated 

human sweat applied to the surface, Figure 10.11. Three different regions of 

sweat were applied between the inner supports from the four-point bend for 

repeatability. The prepared samples were placed in a stainless steel canister to 

contain corrosion product. At different time durations, the corroded samples were 

retrieved from the corrosion chamber for pitting and cracking analysis.
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Figure 10.11: Stainless steel canister containing four-point bend fixtures for 
corrosion testing. Stainless steel canister shown inside the corrosion chamber. 
Noticeable corrosion product forming on the surface after one day.
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CHAPTER 11

NONDESTRUCTIVE TESTING RESULTS

Discussed in this Chapter are the results from calibration and surface 

analysis from both thermoelectric power coefficient and induced impedance 

measurements.

11.1 Thermoelectric Power Coefficient Results

Thermoelectric power coefficient results will be divided into four Sections: 

elastic strain calibration, plastic strain calibration, surface analysis, and effect of 

oxide.

11.1.1 Thermoelectric Power Coefficient Elastic Strain Calibration

Calibration of thermoelectric power coefficient was first performed in the 

early elastic region using two different probe positions. Figure 11.1 used a probe 

position with the hot probe on the strained region with the cold probe outside the 

unstrained region. Figure 11.2 used a probe position with both hot and cold 

probes on the strained region. This practice was performed to verify that 

thermoelectric power coefficient measurement indeed comes from the hot probe. 

Results indicate changes in thermoelectric power coefficient measurements are 

still achieve even with the cold probe on the strained region, Figure 11.1 

compared with Figure 11.2. However, besides the probe position change, 

Figures 11.1 and 11.2 are measurements from the same uranium bar, which as 

been cycled a total of six times. Figure 11.2 test cycles two and three (fifth and 

sixth total cycles on bar) start showing evidence of a heavily worked bar
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indicated by the irregular curve and the thermoelectric power coefficient values 

decreasing at the higher strain, Figure 11.2.

Another interesting phenomenon is the upward shift in thermoelectric 

power coefficient values after each cycle. Although stress is well below the yield 

strength of the material (anywhere from 25,000 to 35,000 psi), permanent 

damage to the surface could be possible with stress as low as 500 psi because 

uranium shows evidence of a very low elastic limit (from 500 to 4500 psi) as 

reported by many authors already discussed in Chapter 4. Interestingly, after 

each cycle the thermoelectric power coefficient starts out at a higher value until 

the six cycle where the initial starting value is lower than the previous cycle. This 

behavior could be a result from the fifth cycle (indicated by Test 2 in Figure 11.2 ), 

where thermoelectric power coefficient values reach a peak and start to decrease 

towards the end of the thermoelectric power coefficient-strain curve. Stress on 

the uranium bar with the first cycle reached 8000 psi, while each additional cycle 

did not exceed 5000 psi.

Comparing initial thermoelectric power coefficient values between Figures

11.1 and 11.2 is not applicable because hot probe was shifted, measuring from a 

different location on the uranium bar. This shift in thermoelectric power coefficient 

value from position to position will be discussed later in further detail.

The region in the thermoelectric power coefficient-strain curve that 

remains relatively constant can be better understood from Figure 11.3. This 

constant stressed region, thus constant thermoelectric power coefficient, occurs 

because the strain is calculated from crosshead displacement. The machine 

displaces, while continuing to move the crosshead, which is also known as 

machine “slop”, giving strain to the machine and not the specimen. This 

occurrence is typically corrected for in stress-strain data but is left as raw data 

here to see how thermoelectric power coefficient responds. Figure 11.3 indicates 

that thermoelectric power coefficient is sensitive to small changes in stress. The 

dotted line indicates where the strain axis would be zeroed but in this case left as 

is to show the sensitivity of thermoelectric power coefficient.
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Figure 11.1: Thermoelectric power coefficient measurements as function of 
strain cycled three times on one uranium (U6) bar with a crosshead speed of 
0.001 mm/s. Probe are positioned such that the cold probe is outside the strained 
region while the hot probe is on the strained region. Strain is measured from 
crosshead displacement.

102



5 6.34
ï
0
°  6.30

!B
0 1  6.26I§ 6.22
E 
1—
0)
h- 6.18

0 0.0005 0.001 0.0015 0.002 0.0025
Strain (mm/mm)

Figure 11.2: Thermoelectric power coefficient measurements as function of 
strain on one uranium bar (U6) cycled three additional times to Figure 11.1 with a 
crosshead speed of 0.001 mm/s. Both thermoelectric power coefficient probes 
are positioned between the inner supports (strained region). Strain is measured 
from crosshead displacement.
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Figure 11.3: Thermoelectric power coefficient and stress plotted as a function of 
strain in the early elastic region on uranium (U6).
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Figures 11.4 and 11.5 show linear trend lines applied to each load cycle 

from the data in Figures 11.1 and 11.2. Although the electromechanical test 

frame exhibited a certain degree of slop in the elastic region, the slope of each 

curve was relatively comparable. Slopes where obtained using data up to strain 

values of 0.0025.
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Figure 11.4: Thermoelectric power coefficient measurements as function of 
strain cycled three times on one uranium (U6) bar with a crosshead speed of 
0.001 mm/s. Probe are positioned such that the cold probe is outside the strained 
region while the hot probe is on the strained region. Strain is measured from 
crosshead displacement.
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Figure 11.5: Thermoelectric power coefficient measurements as function of 
strain on one uranium bar (U6) cycled three additional times with a crosshead 
speed of 0.001 mm/s. Both thermoelectric power coefficient probes are 
positioned between the inner supports (strained region). Strain is measured from 
crosshead displacement.
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11.1.2 Thermoelectric Power Coefficient Plastic Strain Calibration

Calibrating stress using a four-point bend can be difficult once plastic 

deformation occurs as stress is difficult to calculate accurately based off load and 

crosshead displacement because the plastic deformation is non-uniform between 

the inner supports of a four-point bend. The simplest way to overcome this plastic 

strain issue is to apply a strain gauge with large strain capabilities (six to eight 

percent strain). However, applying a strain gauge in addition to the thermoelectric 

power coefficient probe configuration proved to be a difficult task. A different 

calibration set up is recommended for future experiments that would allow for a 

strain gauge to be incorporated for proper strain assessment. Although stress 

and strain assessment through calculation is not entirely accurate when plastic 

deformation occurs, a quality relationship still exists for proper data analysis.

Thermoelectric power coefficient is much more sensitive to plastic 

deformation than elastic. Elastic strain data from a previous figure (Figure 11.1 

bar U6 ) is plotted on Figure 11.6 to demonstrate the scale difference. A dotted 

line is also used to signify the elastic portion of the thermoelectric power 

coefficient-strain curves. Thermoelectric power coefficient and strain values are 

scaled an order of magnitude larger in the plastic strain data compared to the 

elastic strain data. Another difference between the elastic and plastic data is the 

strain rate, which is slower for elastic strain data in order to obtain more data 

points.

Figure 11.6 plots five different uranium bars plastically deformed 

monitored using thermoelectric power coefficient. The first feature to point out in 

Figure 11.6 is the initial thermoelectric power coefficient values at zero strain. 

These random initial thermoelectric power coefficient values are an indication 

that each uranium bar has seen a different history of machining (cold working) 

done to the surface. Moreover, anisotropy has a large effect on thermoelectric 

power coefficient as mentioned by Carreon, 2006, in Chapter 5. Anisotropy is 

known to produce a variation of thermoelectric power coefficient values from 

point to point on the same specimen as anisotropy produces Type II residual
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stress. Different measurements could be from the probe being placed on different 

oriented grains (if large grains are present). Anisotropy could definitely play a 

role indicated by the random distribution of initial thermoelectric power coefficient 

values in Figures 11.6 thru 11.8.

Each uranium bar in Figure 11.6 shows a point where the thermoelectric 

power coefficient values reach a maximum then decrease as strain increases. 

Some uranium bars reach the maximum sooner than others indicating again the 

anisotropy of the material or the amount of cold work that has been done to the 

surface. Data from uranium bar U7 was interrupted halfway through the 

experiment where the crosshead paused for two hours and then continued 

(occurred at a strain value of 2.7 percent). Crosshead displacement remained 

constant during the interruption while stress decreased signifying relaxation of 

the uranium giving time for the dislocations to move. As a result, thermoelectric 

power coefficient values decreased indicating that dynamic loading has an effect 

on thermoelectric power coefficient values.
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Figure 11.6: Thermoelectric power coefficient as a function of strain with a 
crosshead speed of 0.003 mm/s for uranium bars U1, U2, US, U4, U7 and elastic 
test data from U6. Dotted vertical line indicates the approximate transition from 
elastic to plastic deformation.
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Calibrating the uranium with the first set of uranium specimens (Figure 

11 .6 ) brought out lots of information but testing parameters were changed to see 

if more information could be gathered. Thus, uranium bars U26 thru U29 were 

annealed and uranium bars U26 thru U29 and U31 thru U34 used a different 

probe design, Figure 11.9. Uranium exhibits anticlastic behavior causing the 

initial probe design to potentially measure complicated stresses at the two points 

which the probe contacts the uranium. The new probe was designed with a tip 

that would only touch the middle of the uranium bar, which more likely has 

uniaxial loading conditions. Loading condition was changed using a crosshead 

velocity progression in order to bring out more information in the elastic region on 

every uranium bar being tested instead of cycling one bar. However, one 

drawback to using this method is the fact that thermoelectric power coefficient 

could be sensitive to strain rate as seen by data from uranium bar U7.

Annealing showed evidence of increasing the initial thermoelectric power 

coefficient values in Figure 11.7 compared with Figures 11.6 and 11.8 with the 

exception of data from U27. Changing the probe design did not have any 

noticeable effect on calibration curves.

Data in Figures 11.7 and 11.8 used a slow strain rate at the beginning of 

the curve to bring out as much information in the elastic region (more details 

focusing on the elastic region is presented in Appendix C). Uranium bars U28, 

U29, U33, and U34 used crosshead velocities of 0.003 and 0.01 mm/s. Uranium 

bars U26, U27, U31, and U32 used crosshead velocities of 0.0001, 0.001 and 

0.01 mm/s. More details on each data set from Figures 11.7 and 11.8 are 

presented in Appendix C.
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Figure 11.8: Thermoelectric power coefficient as a function of strain for uranium 
bars as received with a crosshead velocity progression (0.0001, 0.001 and 0.01 
mm/s). Uranium bars U31-U36 were tested.
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Figure 11.9: Schematic illustration demonstrating anticlastic behavior on a bent 
bar. Bottom half of the schematic shows a cross section design of the 
thermoelectric power coefficient probe before and after the new design. Top half 
of the schematic shows a side view of a bent bar with the dotted line indicating 
the cross section viewpoint.

11.1.3 Thermoelectric Power Coefficient Surface Analysis

Calibration results from thermoelectric power coefficient analysis, although 

demonstrated interesting behavior when assessing stress, did not provide any 

conclusive results on whether thermoelectric power coefficient would decrease or 

increase upon strain. Reasons for this phenomenon are suggested to be due to 

the pre-worked condition of the bar, anisotropic behavior of uranium, and the 

dynamic loading condition. However, some calibration curves do correlate well 

with surface analysis data.

Some thermoelectric power coefficient data presented was measured 

using a tungsten tipped probe. This tungsten tip probe was used for a few
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experiments then switched to the copper tip probe for reasons already mentioned 

in Chapter 10, Section 3. Because of the probe change the absolute values 

between figures cannot be compared however, the important information lays 

within the overall change in thermoelectric power coefficient values.
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Figure 11.10: Thermoelectric power coefficient as a function of position along 
the uranium bar (U7). Uranium bar, U7, is pictured in the background of the 
graph for visual aid. Triangles indicate the points of pressure from the four-point 
bend. Thermoelectric power coefficient values obtained using tungsten tip 
probes.

Thermoelectric power coefficient techniques is designed to analyze the 

surface thus, thermoelectric power coefficient values obtained as a function of 

position on a previously bent uranium bar, Figure 11.10. Thermoelectric power 

coefficient values decreased as the radius of curvature decreased (increase in 

strain). Thermoelectric power coefficient values outside the outer supports (zero 

applied strain) are the largest, while values between the inner supports (applied 

strain) are smaller. The thermoelectric power coefficient measurement taken in-
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between the outer and inner support (less applied strain) is larger than the high 

strain regions.

Within the delivered uranium specimens, one particular bar showed 

indications of different milling practices performed on the surface, Figure 11.11. 

Although the exact machining history of the uranium bar specimen is unknown, 

there is clear evidence of end milling striations at the end of the bar. Figure 11.11 

shows thermoelectric power coefficient values obtained as a function of position 

on the bar. At the end of the bar where end milling occurred, thermoelectric 

power coefficient values decreased. The thermoelectric power coefficient value 

at 60 mm was obtained by placing the probe at the junction of the two milling 

techniques and demonstrated an average of the two surfaces

Thermoelectric power coefficient decreased as strain increased according 

to Figure 11.10. Thus, residual stress vacuum annealing would then be expected 

to increase thermoelectric power coefficient values. As such, Figure 11.12 

showed an increase in thermoelectric power coefficient values after vacuum 

anneal compared to measurements obtained from the “as cast” machined 

condition. Each uranium bar (U8 thru U12) did not reach an equilibrium 

thermoelectric power coefficient value after the vacuum anneal, which could be 

due to residual stresses still present. Multiple measurements were acquired on 

each bar for proper analysis.

A threshold thermoelectric power coefficient value where zero residual 

stress is present was attempted by longer vacuum annealing times and results 

are presented in Figure 11.13. A threshold was not achieved using longer 

vacuum annealing time but a close relation existed in comparison to before 

vacuum annealing. After vacuum annealing, the uranium bars where strained 

using a four-point bend fixture. As seen before in Figure 11.10, thermoelectric 

power coefficient values decrease as strain increases and was demonstrated 

again in Figure 11.13. Interestingly, the applied strain using a four-point bend 

load did not induce the amount of damage to the surface that machining does, 

indicated by the much lower thermoelectric power coefficient values before.
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Figure 11.11: Thermoelectric power coefficient as a function of position along 
the uranium bar (U5). Above three plot shows the uranium bar from which the 
measurements were acquired and also positioned as the background of the 
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different milling practice was used. Additional lines are drawn in to help indicate 
the striations from the end milling practice. Thermoelectric power coefficient 
values obtained using tungsten tip probes.
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in the four point bend fixtures and thermoelectric power coefficient 
measurements where again taken. Thermoelectric power coefficient values 
obtained using a copper tip probe.

In addition to vacuum annealing the uranium bars in the “as received” 

condition; Figure 11.14 shows surface analysis of a bent uranium bar before and 

after vacuum annealing. The data represented by circles is before vacuum 

annealing while the squares represent data after annealing, Figure 11.14. Again, 

thermoelectric power coefficient decreases as strain increases. Interestingly, the 

point at which the smallest radius of curvature exists (position at 35 mm) due to 

nonuniform plastic deformation, the smallest thermoelectric power coefficient 

value also exists. Vacuum annealing again demonstrated an increase in 

thermoelectric power coefficient values (Figure 11.14) correlating to previous 

vacuum annealing data. Although thermoelectric power coefficient values 

increased after annealing, two data points (data points at 25 and 35 mm)
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signified that damage still occurs. Another interesting behavior that 

thermoelectric power coefficient reveals is the decrease in thermoelectric power 

coefficient values at the ends of the uranium bar with the vacuum annealing data 

set. This decrease in thermoelectric power coefficient values could be a result of 

faster cooling rates on the ends, which will induce residual stress.
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Figure 11.14: Thermoelectric power coefficient measurements taken before 
(green circle) and after (yellow square) annealing to relieve residual stresses on 
the surface of the uranium bar (U2). Thermoelectric power coefficient values 
obtained using a copper tip probe.

Results presented thus far reveal the ability that thermoelectric power 

coefficient has to measure stress on the surface. More data needs to be acquired 

to obtain a precise calibration curve for quantitative assessment. Since the 

surface analysis data corresponds consistently with lower thermoelectric power 

coefficient values qualitatively resembling higher stress, calibration curves U1, 

U4, U7, and U28 correlate to this trend potentially exhibiting the desired 

quantitative calibration curve. Uranium bar U28 is potentially demonstrating the 

best calibration curve.
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To further justify that thermoelectric power coefficient has the tendency to 

decrease upon strain contrary to some of the calibration curves; uranium bar U2 

data is further examined. The calibration curve for uranium bar U2 in Figure 11.6 

increases until three percent strain is reached before thermoelectric power 

coefficient values start decreasing. Inasmuch, the thermoelectric power 

coefficient values remain higher compared to the initial value at zero strain. 

However, an average of multiple measurements at designated positions along 

the strained bar indicate a decrease in thermoelectric power coefficient value 

even though the calibration expressed different for the same uranium bar, Figure 

11.14. During the surface analysis of uranium bar U2, some individual 

thermoelectric power coefficient measurements did reach high thermoelectric 

power coefficient values as such for uranium bar U2 calibration curve, but the 

average of all measurements corresponded to a decrease in thermoelectric 

power coefficient values. This information also further validates that the 

calibration curves could be skewed due to the pre-worked condition of the 

surface, anisotropy of uranium, and the dynamic loading conditions, which 

depends highly upon condition of the material just under the tip of the 

thermoelectric power coefficient probe.

Moreover, Holden (1958) states that uranium deformation is localized in 

some grains much more than in others. These grains saturate with twins and 

fracture at an early stage in the total deformation, and a crack from one of these 

highly deformed and fractured grains then propagates to cause failure of the 

entire specimen. The propagation of fracture was found to be largely 

transgranular (Bierlein et al., 1955) although some grain boundary failure also 

occurred (Holden, 1958). This saturation of twins within a grain could be the 

cause of complicated thermoelectric power coefficient-strain curves and the 

variation in thermoelectric power coefficient values from point to point 

measurements.

118



11.1.4 Affect of Oxidation on Thermoelectric Power Coefficient Values

Uranium is known to oxidize rapidly in normal atmosphere conditions. 

Thus, how the oxide affects the thermoelectric power coefficient measurements 

is investigated. Figure 11.14 displays results of thermoelectric power coefficient 

measurements acquired as a function of random positions along a uranium bar 

and measurements repeated in precisely the same spot over time. This 

experiment will determine if thermoelectric power coefficient is affected by the 

oxide. The first observation not displayed in the figure but from hands on 

experience is the ability to achieve good contact between the probe and 

specimen. As the uranium oxidized for longer periods of time, the contact 

between the probe and uranium became more difficult to achieve. The oxide 

layer remains just thin enough where the probe potentially “breaks” through for 

conduction.
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Figure 11.15: Thermoelectric power coefficient measurements as a function of 
selected positions along a polished uranium bar taken at different time intervals 
to determine how the oxide layer will affect thermoelectric power coefficient. 
Thermoelectric power coefficient values obtained using a copper tip probe.
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Evidence of the oxide affecting thermoelectric power coefficient values is 

not entirely clear. Data in Figure 11.15 could suggest more scattering as time 

increases, but most of the data lays within the thermoelectric power coefficient 

error (0.25 pV/°C). Moreover, the distribution at each point may be insignificant 

compared to the change thermoelectric power coefficient when sensing strain. 

Although, the affects of the oxide layer are unclear movement towards a non- 

contact nondestructive probe is investigated in the next Section.

11.2 Low Frequency Induced Impedance Results

Low frequency induced impedance will be referred to induced impedance 

and results will be divided into three Sections: elastic strain calibration, plastic 

strain calibration, and surface analysis. Induced impedance measurements were 

investigated because uranium readily forms an oxide layer in normal atmosphere 

conditions, which could have an affect on thermoelectric power coefficient 

contact measurements. Two frequencies were assessed for this experiment, 20 

Hz and 20 kHz, which gave depths of penetration of 3.46 and 0.15 mm. Uranium 

bars U26 thru U29 were tested with a frequency of 20 kHz while uranium bars 

U31 thru U34 were tested with a frequency of 20 Hz. Depth of penetration was 

calculated from Equation 11.1 given by Bray and Stanley (1997), known as the 

standard depth of penetration.

d = 50
. f r r j

where p  is the electrical resistivity, / i s  the frequency, and p r is the 

dimensionless relative permeability. Since uranium is paramagnetic, relative 

permeability value can be taken as unity.
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11.2.1 Induced Impedance Elastic Strain Calibration

Induced impedance measurements obtained in the elastic region were 

achieved by low initial crosshead velocities using a four-point bend. Uranium 

generally decreases as a function of crosshead displacement (strain), Figures 

11.16 and 11.17. Although a well-defined yield point is difficult to obtain with 

uranium, stress data in Figures 11.16 and 11.17 has a noticeable yield point. 

Inasmuch, induced impedance values revealed a perturbation in the signal at the 

yield point, Figures 11.16 and 11.17. More details in regards to induced 

impedance elastic strain calibration are discussed in Appendix D.
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Figure 11.16: Stress and induced impedance measurements as a function of 
crosshead displacement for uranium bar U27 (20 kHz).
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Figure 11.17: Stress and induced impedance measurements as a function of 
crosshead displacement for uranium bar U31 (20 Hz).

11.2.2 Induced Impedance Plastic Strain Calibration

Induced impedance measurements continue to decrease in the plastic 

deformed region as crosshead displacement (strain) increases. In a general 

sense, data in Figure 11.18 has an inverse relationship to a stress strain curve.

Induced impedance measurements obtained at a higher frequency (20 

kHz) followed closely to a linear relationship, Figures 11.19, and 11.20. Figure 

11.19, shows impedance data as measured demonstrating the range in initial 

impedance values. Using higher frequencies, measuring smaller depths into the 

material, behaves similar to thermoelectric power coefficient results giving a wide 

variation in initial induced impedance values, Figure 11.19, while lower 

frequencies have a narrow variation in initial induced impedance values, Figure 

11.18. Induced impedance measurements in Figure 11.20 were normalized to 

compare how each curve related to each other. More details in regards to 

induced impedance plastic strain calibration are discussed in Appendix D.

122



96.2

♦ U31 
■ U32
•  U34 
▲ U33

96.1

Q  96.0

w  95.9
8  
C 
(0

g> 95.7
Q-

■i 95.6

95.8

95.5

95.4
0 2 4 6 8

Crosshead Displacement (mm)
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shows each uranium bar had a different impedance value to start, so the data 
was normalized to compare values side by side.

Induced impedance calibration measurements at both frequencies (20 Hz 

and 20 kHz) followed a nice trend of decreasing impedance as strain increased. 

Thus, quantitative calibration of induced impedance measurements for surface 

analysis very obtainable from the data presented.

11.2.3 Induced Impedance Surface Analysis

Induced impedance surface measurements were obtained on bent 

uranium bars before and after annealing. This procedure was acquired to answer 

the question of how much impedance measurements are affected by the 

curvature of the surface rather than strain from the bent surface. Frequencies of 

both 20 Hz and 20 kHz were used with the same coil from which calibration was 

obtained and results are presented in Figure 11.21.
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The data in Figure 11.21 suggests that the curvature of the bar does not 

affect the induced impedance measurements rather; the strain has a greater 

affect. Induced impedance measurements at 10 and 80 mm were obtained 

outside the heavily strained region while measurements obtained at 35 and 55 

mm were obtained inside the heavily strained region, between the inner supports 

of the four-point bend. Why the measurements decreased using 20 Hz and 

increased using 20 kHz after vacuum annealing is unexplainable at this point.

This change in induced impedance measurements from relatively 

unstrained region to the heavily strained region is a small change in comparison 

to the calibration curves. Moreover, the absolute value changes great from the 

calibration curve to surface analysis, which could be a result of different bar 

temperatures. Also, impedance increased as a function of strain instead of 

decrease as the calibration curve suggests. This phenomenon could potentially 

suggest important information about induced impedance testing. Once the load is 

released after plastic deformation of a bend test, compressive residual stresses 

reside on the tensile side of the bar and vise versa for the compression side. 

This data could be suggesting that induced impedance is sensitive to macro 

residual stress (Type I). Thermoelectric power coefficient, however, 

demonstrates little sensitivity to elastic strain while exhibits very sensitive 

behavior to plastic deformation. When plastic deformation occurs in uranium, 

mechanical twins form and strain on individual grains increases from anisotropy. 

Those changes are permanently induced into the material where thermoelectric 

power coefficient measurements can still see even without the load still present. 

Thus thermoelectric power coefficient could be more sensitive to micro residual 

stresses (type II and III).
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CHAPTER 12

URANIUM STRESS CORROSION CRACKING RESULTS

This chapter will present data from corrosion test performed on uranium. 

Corrosion rate in simulated human sweat solution, corrosion from the different 

components of sweat, and stress corrosion cracking on pure uranium will be 

examined.

12.1 Corrosion Rate

Before stress corrosion crack testing, a planned interval test was 

performed to give insight on the environment, corrodibility of uranium, and 

corrosion rate. Planned interval testing uses the same corrosive solution for each 

specimen to determine if the solution will increase or decrease in corrosivity. The 

time intervals are designed to determine if the specimen becomes more or less 

susceptible to corrosion over time.

Uranium coupons where cut from one of the uranium bars. Corrosion rates 

presented in Table 12.1 were average corrosion rates from three coupons in the 

same solution. Using Tables 12.1 and 12.2 demonstrates that the environment 

corrosiveness decreases over time. Inasmuch, the corrodibility of uranium 

decreases over time. Uranium develops a thick scale in the simulated human 

sweat solution suggesting scale is one of the mechanisms slowing down the 

corrosion rate over time. The environment corrosiveness decreasing suggests 

the reactants diminish over time. Even though stress corrosion cracking tests will 

not be performed in solution, the planned interval test provides valuable 

information.

Uranium showed visible pits during the first three hours in the corrosion 

chamber, Figure 12.1. Pitting only occurred where the sweat was applied. The
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surface of the uranium bar in Figure 12.1 shows the three positions (inside white 

circle) where sweat was applied. The darker regions of the three sweat spots are 

where corrosion product is starting to form.

Table 12.1: Planned interval test using uranium coupons immersed in a 
simulated human sweat solution.

Specimen Time Duration in Corrosive Environment Corrosion 
Rate (MPY)1 Week 2 Weeks 3 Weeks 4 Weeks 5 Weeks

No. 1 - 1- k 9.44

No. 2 < ------------ -------------- ► a 2 9.65

No. 3 M------------ ------------ ► 8.29

No. 4 7.03

Table 12.2: Planned interval test from Table 12.1 explained. Highlighted in the 
middle row are the results from uranium corrosion using simulated human sweat 
solution.

Criteria
Environment
Corrosiveness Criteria

Alloy
Corrodibility

B=A1 Unchanged a 2=b Unchanged
B<Ai Decreased a 2<b Decreased
B>Ai Increased a 2>b Increased

Contrary to the data reported from the planned interval test, Waber (1952) 

states that the uranium demonstrated the ability to accelerate corrosion rate as 

time increases. Specifics of the testing conditions, however, were not mentioned. 

Waber adds that the accelerating corrosion rate could be attributed to the 

increased amount of fractured “porous” oxide formed during the reaction. 

Although, the oxide, while intact with the metal will create a diffusion barrier 

between the metal and environment, rupturing of the oxide will create localized 

regions where the attack will increase momentarily till the reaction levels off. 

Thus, an acceleration or deceleration of corrosion may be dependant on whether
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the oxide ruptures at a fast or slow rate compared to the rate of growth of the 

unfractured oxide.

Figure 12.1: Uranium bar, U9, demonstrating pitting after three hours in 
corrosion chamber. Corrosion chamber temperature and relative humidity were 
set to 50 °C and 75 percent, respectively.

12.2 Corrosion Results Assessing Different Constituents of Human Sweat

From the solution prepared for the extent of this experiment, the different 

constituents were separated and equal amounts positioned on a uranium bar to 

survey each constituent individually.

Histidine and lysine show very little corrosive behavior, Figures 12.2, 12.3, 

and 12.4. Histidine left a white substance around the perimeter from where the 

droplet placed. Diethanolamine had little reaction within the four days but left a 

black tarnish after twelve days. Triethanolamine produced a black smear after 

four days and turned greenish yellow after twelve days. Magnesium chloride, 

calcium chloride, ammonium chloride, sodium chloride, potassium chloride, 

arginine, and ornitine produced a black powder substance with a hint of greenish 

yellow powder forming on top of the black corrosion product after four days in the 

corrosion chamber. By the twelfth day, the greenish yellow powder corrosion 

product covered the black base corrosion product. Sodium chloride and
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potassium chloride produced the most corrosion product by visual inspection. 

However, the amount of corrosion product might vary due to different 

concentrations.

CaClH j NH4CI NaCI KCI I  Arginine 1  Orintine |  Histidine J  Lynsine |  PEA B TEA

Figure 12.2: Uranium bar, U10, designated as a survey bar showing the 
corrosiveness of the different components of sweat after four days in the 
corrosion chamber. Corrosion chamber temperature and relative humidity were 
set to 50 °C and 75 percent, respectively.

CaCI ■  NH4CI NaCI KCI ; Arginine ■  Orintine |  Histidhe B  Lynsine |  PEA |  TEA

Figure 12.3: Uranium bar, U10, designated as a survey bar showing the 
corrosiveness of the different components of sweat after twelve days in the 
corrosion chamber. Corrosion chamber temperature and relative humidity were 
set to 50 °C and 75 percent, respectively.
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Figure 12.4: Close up picture of all of the chlorides and some of protein 
components of sweat after twelve days in the corrosion chamber. Corrosion 
chamber temperature and relative humidity were set to 50 °C and 75 percent, 
respectively.

12.3 Stress Corrosion Cracking of Uranium

Till present, there are no reports that indicate whether pure uranium can 

stress corrosion crack. Under the conditions of a humid environment and human 

sweat applied to the surface, pure uranium will stress corrosion crack as seen in 

Figure 12.5. Within the heavily pitted region cracks occurred and can be seen 

with visual inspection with no magnification and the cracks lay perpendicular to 

the tensile stress.

The uranium bars U13 thru U18 that were equally stressed and pulled 

from the corrosion chamber at different time intervals also stress corrosion 

cracked with the exception of U13, Table 12.3. However, no catastrophic failure 

occurred for the duration, which the specimens remained in the corrosion 

chamber. Cracks only occurred in the pitted region. Also, more cracks occurred 

when comparing U14 to U15 (one week to two weeks in corrosion chamber, 

respectively) but the increase in number of cracks was not noticeable after two 

weeks. Moreover, longer durations of corrosion testing made observing cracks 

more difficult because the pitting was so heavy. More results are displayed in 

Appendix G.
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Table 12.3: Stress corrosion crack testing in a humid environment with human 
sweat applied to the surface.__________ _________________ _________________

Uranium Bar
Time in 

Chamber
Pits Cracks

U13 1 day Heavy Pitting No Cracks

U14 1 week Heavy Pitting Cracks

U15 2 weeks Heavy Pitting Cracks

U16 30 weeks Heavy Pitting Cracks

U17 6 weeks Heavy Pitting Cracks

U18 5 weeks Heavy Pitting Cracks

Figure 12.5: Uranium bar, U39, stress corrosion cracked in a humid environment 
with simulated human sweat applied to the surface. Cracks formed in the heavily 
pitted regions and are aligned horizontally in the picture, which is perpendicular 
to the tensile stress.
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CHAPTER 13

CONCLUSIONS

13.1 Answers to Guiding Questions

• Can thermoelectric power coefficient probes analysis be used to 

determine residual stress level on machined uranium?

■ Answer: Residual stress can be measured using 
thermoelectric power coefficient.

•  What corrosive environment should best represent corrosive storage 

problem?

■ Answer: The representative environment consisted of 
relative high humidity with simulated human sweat applied to 
the surface of the pure uranium.

• Can pure uranium stress corrosion crack?

■ Answer: Experiments prove that pure uranium can stress 
corrosion crack with relative high humidity and simulated 
human sweat applied to the surface.

• Can a threshold residual stress level be determined for machined uranium 

that can cause stress corrosion cracking?

■ Answer: Some indications show that there may be a 
threshold but further investigation is necessary to clarify.

• Is the stress state resulting from machining sufficient enough to enhance 

stress corrosion cracking tendencies?
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■ Answer: Experiments thus far have shown evidence of 
stress corrosion cracking. More testing is needed in order to 
make confirmation.

• Can TER probes analysis be used to locate the surface regions on the 

part susceptible to stress corrosion cracking?

■ Answer: Experiments suggest TER probes can be used. 
TER probes have indicated tensile residual stresses on the 
uranium parts, which is one of the three components to 
achieve stress corrosion cracking (tensile stress, specific 
environmental condition, and specific uranium alloy).

• Is there an alternative electronic property technique to assess residual 

stress?

■ Answer: Experiments suggest that impedance
measurements can also be used. Impedance measurements 
offer an advantage in being non-contact analytical approach, 
which is not hindered by oxide formation on the uranium.
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CHAPTER 14

FUTURE WORK

Thermoelectric power coefficient has proven the ability to quantitatively 

measure residual stress. However, more work on the calibration of uranium is 

suggested. Calibration on single crystals of uranium is advised for future 

research in order to prevent anisotropy from having an effect on the calibration. 

Anisotropy should be analyzed using electron backscatter diffraction (EBSD) 

techniques to verify the effects on thermoelectric power coefficients. Also, 

relaxation tests need to be performed to see how thermoelectric power 

coefficient responds to dislocation movement.

Variations in coil designs need to be tested for optimal surface analysis. 

This coil design will not only depend on they type of defect that is measured but 

will also depend on size and shape of the component. Coil position, vertical or 

horizontal to surface, will need to be examined. To assess small and localized 

defects, a small diameter vertical coil is suggested. Frequency sweeps, from low 

to high frequencies, are suggested for future tests during strain analysis. 

Frequency sweeping will provide information at different depths into the material, 

which high frequencies data can be compared with thermoelectric power data 

because the depth of penetration will be minimal.

Coupling thermoelectric power coefficient and impedance probes could be 

a valuable design. Research on how one nondestructive probe affects the other 

needs to be investigated. Moreover, applying the Nordheim-Gorter ratio to the 

thermoelectric power coefficient and impedance data needs to be assessed.

More data in regards to stress corrosion cracking needs to be obtained. 

Assessment of the crack utilizing SEM could give much needed information of 

the crack properties. The Miller-Larson expression, although applied to predicting 

rupture from creep testing, can be applied in the same way using rupture times
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from stress corrosion cracking data. Holding stress constant while varying the 

temperature will give different times of rupture, which can be plotted similar to 

Figure 14.1. From the stress corrosion cracking data, constants from the Miller- 

Larson expression can be obtained, which will allow for rupture predictions to be 

made knowing the temperature and environment. The Miller-Larson expression is 

derived from the Arrhenius expression, which is a very accurate formula for the 

temperature dependence of the rate constant thus, rate of a chemical reaction. 

The Miller-Larson expression is shown as:

(logr, +C)  = T2 (logr2 + C) 

where T is temperature, t is time and C is constant.

Type 347
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Type 316o 200

x Crocking 
o No crocking

100
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Time necetsory for onset of crocking, hr

Figure 14.1: Temperature as a function of time of crack for stress corrosion 
cracking of stainless steel.

Combining thermoelectric power coefficient and induced impedance stress 

measurements with the Miller-Larson expression could be a valuable tool that
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could predict how much time a component has till it fails, given the right 

environment.
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APPENDICES

APPENDIX A -  Surface Damage from Milling
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Figure A.1: Residual stresses in up cut milling at different points of cutting arc 
(Brinksmeier et al., 1982).
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APPENDIX B -  Residual Stress
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Figure B.1: Residual stresses arise from misfits (eigenstrains) either between 
different regions or between different phases within material: different types of 
residual macro and micro residual stress are illustrated (Withers and Bhadeshia, 
2001).
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Figure B.2: Residual stress fields can be categorized according to characteristic 
length scales I, II, and III over which they self-equilibrate: for type I, length I 
represents considerable fraction of component; for type II, length II is comparable 
to grain dimensions, while for type III length III is less than grain diameter 
(Withers and Bhadeshia, 2001).
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APPENDIX C -  Thermoelectric Power Coefficient Calibration

Elastic Deformation

Calibration of uranium using thermoelectric power coefficient proves to be 

very difficult because of the anisotropy, twinning, and oxidation properties of 

uranium. However, there are some interesting features that exist in the 

thermoelectric power coefficient -strain data that is worth examining further.

Figure C.1 shows a large jump in thermoelectric power coefficient 

coefficient right around 3,000 to 4,000 psi where reports of an elastic limit exist in 

uranium. Similarly, Figure C.2 demonstrates a significant change in 

thermoelectric power coefficient direction between 3,000 to 4,000 psi.
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Figure C.1: Thermoelectric power coefficient and stress measurements taken as 
a function of crosshead displacement in the in the early elastic zone for U26.
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Figure C.2: Thermoelectric power coefficient and stress measurements as a 
function of crosshead displacement for U27 in the early elastic region.

Figure C.3 is an expanded view of the curve in Figure C.2 and 

demonstrates interesting behavior at the yield strength of the material. A fairly 

well defined yield point exists at 27,000 psi and correspondingly, the 

thermoelectric power coefficient values increase from that point as strain 

increases.
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Figure C.3: Thermoelectric power coefficient and stress measurements as a 
function of crosshead displacement for U27 in the near elastic region.

As presented in the elastic deformation portion in Chapter 11 where 

thermoelectric power coefficient values increased as a function of strain, does 

not always happen to be the case. Whether thermoelectric power coefficient 

values decrease or increase depends primarily upon what it is sensing 

underneath the hot tip. Because thermoelectric power coefficient is sensitive to 

anisotropy, the probe tip could be sensing a compressed, tensile, or heavily 

twinned grain even after annealing. Depending on the whether the hot tip starts 

out on a compressed, tensile, or heavily twinned grain will change the response 

to thermoelectric power coefficient increasing or decreasing with strain. 

Thermoelectric power coefficient increased as a function of strain in Figure 11.1 

because the probe stayed in the same location upon each cycle. The fact that 

thermoelectric power coefficient increased as a function of strain, in Figure 11.2, 

when the probe position changed is suggested to be purely coincidental. 

Thermoelectric power coefficient values could just have easily decreased as a 

function of strain upon shifting the probes.
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Figure C.4: Comparing thermoelectric power coefficient and stress as a function 
of crosshead displacement (elastic strain region) for uranium bars U26, U27, 
U28, U28, U29, U31, U32, U33, and U34. All scales are equal with the exception 
of U27.
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Figure C.4 demonstrates thermoelectric power coefficient and stress as a 

function of crosshead displacement in the elastic region of the stress-strain 

curve. Uranium bars U27, U28, U29, U32, and U34 all show signs of changing 

the overall direction of thermoelectric power coefficient values once the yield 

strength (27,000 thru 35,000 psi) is reached.

Plastic Deformation

Figure C.5 compares all thermoelectric power coefficient-strain data side 

by side. The results clearly demonstrate how responsive thermoelectric power 

coefficient is to the ultimate tensile strength of the uranium 60,000 to 85,000 psi, 

as reported by Wilkenson and Murphy (1958). Between 60,000 and 85,000 psi, 

thermoelectric power coefficient values start to decrease or increase drastically 

and the behavior continues beyond 85,000 psi. Note that four-point bend will not 

display the ultimate tensile strength on the stress-strain curve due to the nature 

of the test.

Thermoelectric power coefficient data presented in Figures C.4 and C5 

has different loading conditions. Uranium bars U26, U27, U31, and U32 all 

consist of crosshead displacement velocities progressing as 0.0001, 0.001, and 

0.01 mm/s. Uranium bars U28, U29, U33, and U34 all consist of crosshead 

displacement velocities progressing as 0.003, and 0.01 mm/s.
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stress values are not scaled equal.
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APPENDIX D -  Low Frequency Induced Impedance Calibration

E lastic  D eform ation

In the near elastic region, induced impedance measurements generally 

decreased Figure D.1. Graphs U29, U32, and U34 showed a small increase in 

the early elastic region before decreasing. Some graphs demonstrated a little 

more noise than others and fluctuation in temperature could be the cause. 

Although noise in the signal could be the cause of fluctuating impedance values, 

there does seem to be some trend with the induced impedance results relating to 

the yield strength of the uranium. Even though uranium is known for its inability to 

exhibit a crisp yield point, some graphs demonstrated a noticeable position 

where the yield point occurred, typically 30,000 psi, Figure D.1. Likewise, 

induced impedance measurements from U26, U27, U29, U31, and U32 showed 

some type response to the yield strength in the material.

Induced impedance data presented in D.1 and D.2 has different loading 

conditions. Uranium bars U26, U27, U31, and U32 all consist of crosshead 

displacement velocities progressing as 0.0001, 0.001, and 0.01 mm/s. Uranium 

bars U28, U29, U33, and U34 all consist of crosshead displacement velocities 

progressing as 0.003, and 0.01 mm/s.

Plastic Deformation

Corresponding to thermoelectric power coefficient plastic strain calibration 

data, induced impedance plastic strain data (Figure D.2) also had an irregular 

response when the ultimate tensile strength of the material was reached, Figure 

D.2. Uranium bars U26, U27, U29, U31, U32, and U33 all demonstrate an 

electrical response at the same time as thermoelectric power coefficient (Figure 

C.5).
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Figure D.1: Comparing induced impedance and stress as a function of 
crosshead displacement (elastic strain region) for uranium bars U26, U27, U28, 
U28, U29, U31, U32, U33, and U34. Stress and impedance are equally scaled. 
Uranium bars U26 thru U29 use a frequency of 20 kHz (measurement depth is 
0.15 mm) and U31 thru U34 use a frequency of 20 Hz (measurement depth is 
3.46mm).
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Figure D.2: Comparing induced impedance and stress as a function of 
crosshead displacement (plastic strain region) for uranium bars U26, U27, U28, 
U28, U29, U31, U32, U33, and U34. Stress and impedance are equally scaled 
with the exception of stress on U32. Uranium bars U26 thru U29 use a frequency 
of 20 kHz (measurement depth is 0.15 mm) and U31 thru U34 use a frequency of 
20 Hz (measurement depth is 3.46mm).
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APPENDIX E -  Vacuum Annealing Details

Vacuum annealing was performed on the uranium bars and Figure E.1 

gives an example of a vacuum annealing temperature-time graph. Other vacuum 

annealing times were performed at 30 and 150 minutes. Uranium was slow 

cooled, furnace cooled approximately minus eight degrees per minute, to 

minimize residual stress induced by rapid cooling.
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f5 300
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1 0 0

0

100 150500

Time (min)
Figure E.1: Temperature as a function of time to demonstrate the annealing 
practice that was used to relieve the residual stresses from milling practices on 
uranium (U2, U11, and U12).
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APPENDIX F -  Thermoelectric Power Coefficient Error Analysis

The thermoelectric power coefficient is given as:

AV7
Z =

AT
[F.1]

The uncertainty associated with the thermoelectric power coefficient, Az, can be 

calculated using:

11/2
'  d z  A
ydKI,

+ f d z }
y [F.2]

where At and Av are the uncertainty in the temperature measurement (2.2 °C) 

and the nano-voltmeter (10 nV). The voltage and temperature measurements 

uranium surface analysis data. Taking the partial differential of the Seebeck 

coefficient with respect to temperature and voltage gives:

f  d Z \  -A V  -104.0/A/
<9AT J AT 30°C,o z ^ 2

A y
i i

AT 30.0°C

= -0.1155

= .03

[F.3]

[F.4]

Plugging Equation F.3 and F.4 into Equation F.1 gives the uncertainty associated 

with the Seebeck coefficient as:

A z = j-0.1155(2.2)]2 + [o.03(0.01)]2
I /2

= 0.254 °c [F.5]

So taking into account uncertainty, the Seebeck coefficient becomes:

Z = 5.46 +0.254^ V c [F.6]
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APPENDIX G -  Corrosion of Uranium

Discussed in this appendix are more details on the corrosion analysis with 

many pictures from the light microscope and scanning electron microscope.

Figure G.1 shows that the three sweat beads were dried on the surface, 

between the inner supports, before being placed into the corrosion chamber.

Figure G.1: After simulated human sweat was applied to the surface, the sweat 
was allowed to dry in the protective atmosphere box before transferring into the 
corrosion chamber. The dried sweat droplets are indicated by the three dark 
spots in-between the inner supports of the four-point bend fixture on the top 
surface of the uranium bar.

The corrosion product from the sweat is difficult to clean off thus, 

collaboration with Y-12 helped find the correct cleaning solution. The first solution 

investigated for pickling was nitric acid. Pickling is a process, which cleans the 

sample by dissolving the oxide rapidly and slowly attacks the metal. In the 

process of pickling uranium, the nitrogen oxides produced are mostly N 0 2 or
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N2O4 giving a yellowish-brown color. Nitrous fumes can be dangerous to inhale 

so proper ventilation or protective atmosphere boxes must be used. Nitric acid 

solution with 3M concentrations was used.

Using a nitric acid cleaning solution on the surface of a bent uranium bar 

corroded by simulated human sweat, did reveal possible stress corrosion cracks, 

Figure G.2. However, since nitric acid attacks the oxide and metal, further tests 

were done cleaning the uranium bar with a carbonate solution.

20 mm
Figure G.2: Picture of uranium bar, U15, after corroding and cleaning with nitric 
acid. Macroscopic cracks are apparent as indicated by the red circles. The 
localize regions of cracks is where the sweat was applied to the surface.

Because the nitric acid slowly attacks the metal, determination of stress 

corrosion cracking was skewed. Thus, a carbonate solution was recommended 

by Y-12 which will only attack the oxide. Carbonate pickling solution was made 

from 200 ml of H20, 15.75 g of sodium bicarbonate, 7.95 grams of sodium 

carbonate, and 5 -10 ml 30 percent hydrogen peroxide. First, the water, sodium
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bicarbonate, and sodium carbonate were mixed. Then hydrogen peroxide was 

mixed in prior to pickling.

Figure G.3 revealed interesting cracking behavior. This cracking is 

believed to reside in the oxide layer. Cracking in this manner was first observed 

from a bent uranium specimen but, was later observed on many specimens in 

the unbent condition. Waber (1952) observed these phenomena and credited the 

fracturing and fragmentation of the oxide products to the density of the oxide, 

which is 58 percent of that of the metal. Hence, at temperatures where the 

plasticity of the oxide is low, fracturing must occur to relieve the stresses.

Figure G.3: Light microscope image of the strained machined bar outside the 
pitted region. Milling striations are indicated by the linear horizontal lines and the 
cracks form perpendicular to the longitudinal direction of the bar. These cracks 
are believed to be cracks in the oxide layer.
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Light microscope images show pitted regions on the uranium bars. The 

lighter regions of the pictures indicate the original machined surface while the 

darker regions show the pitted regions, Figures G.4 and G.5.

Figure G.4: Light microscope image of a pitted region on bar U8 at 100X
magnification. The lighter regions represent the machined surface while the 
darker regions show pitting. Some pitting may be indicating grain boundary 
attack shown by the river patters.

164



Figure G.5: Light microscope image of pitted region on bar U8 at 100X
magnification. The lighter regions represent the machined surface while the 
darker regions show deeper pits.
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Figures G .6 thru G.9 are pictures from a scanning electron microscope 

that zoom in on a deep pit in order to determine if there are cracks at the bottom 

of the pit. Cracks at the bottom of the pit are believed to exist in the oxide layer. 

These pictures were obtained prior to acquiring the proper cleaning solution 

(carbonate pickling solution). The dotted lines indicate where the following picture 

is obtained.

r er'**.

-, X V V Ï

S ^  '

COLO MINES 15.0kV X500 WD 30.2 mm

Figure G.6: Scanning electron microscope image of a heavily pitted area on 
uranium bar U14 at 500X magnification. The vertical striations are from polishing 
with 1200 grit paper. The dotted line box indicates where Figure G.7 is magnified.

166



Figure G.7: Scanning electron microscope image of a heavily pitted area on 
uranium bar U14 at 1,000X magnification. The vertical striations are from 
polishing with 1200 grit paper. The dotted line box indicates where Figure G .8 is 
magnified.
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COLO MINES

Figure G.8: Scanning electron microscope image of a heavily pitted area on 
uranium bar U14 at 3,000X magnification. Arrows indicate evidence of cracks in 
the bottom of the pit. More cracks are possible but could be hidden under the 
oxide sludge. The dotted line box indicates where Figure G.9 is magnified.
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Figure G.9: Scanning electron microscope image of the bottom of a pit on 
uranium bar U14 at 10,000X magnification. More cracks are possible but could 
be hidden under the oxide sludge.
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Uranium bars, U13 and U14 were cleaned for a short period with nitric 

acid which was insufficient for removing the oxide layer. In addition, U13 and U14 

where polished to determine if cracks existed in the bottom of the pits, so the 

surface of the bars will look different than the rest.

Figure G.10: Magnification of 10 (left) and 50 (right) times on uranium bar, U13, 
showing no visible cracks.

Figure G.11: Magnification of 10 (left) and 50 (right) times on uranium bar, U14, 
showing visible cracks. Cracks are indicated by arrows.

Cracks on uranium bar, U15, have already been shown in Figure G.2. The 

cracks are more visible on a macroscopic level because the nitric acid attacked 

the metal causing the cracks to open. Cracks on uranium bars, U16 thru U18, will 

be represented with few pictures because of the difficulty in locating the cracks
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within the pits, Figures G.12 and G.13. Cracks can be more easily spotted under 

the stereoscope compared to the pictures that were obtained.

Figure G.12: Stress corrosion cracks difficult to see through the pitting on 
uranium bar, U17. Cracks on the side are more apparent.
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Figure G.13: Stress corrosion cracks difficult to see through the pitting on 
uranium bar, U17. Cracks are indicated by the arrows.

The initial purpose for stress corrosion cracking uranium bar U39 was to 

demonstrate that humidity and temperature play an important role in the 

corrosion of uranium. Thus, U39 was placed under the same conditions (same 

stress and sweat) as uranium bar U38, except U38 was kept in the protective 

atmosphere box. In the process of verifying the corrosion behavior, U39 showed 

the most significant stress corrosion cracking results, Figures G.14 thru G.18. 

Sweat was applied through out the entire surface of the uranium bar between the 

inner supports of the four-point bend rather than three separate positions. Stress 

corrosion cracking occurred near the inner pressure points rather than through 

the middle section between the inner pressure points because the stress was 

nonuniform. The high strained regions at the supports showed the most 

significant stress corrosion cracking.
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Figure G.14: Stress corrosion cracking near one the inner supports on the 
tensile side of the four-point bend. The faint lines perpendicular to the 
longitudinal axis of the bar indicate cracks. The letter A indicates the pictures 
obtained from the same region.
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Figure G.15: Stress corrosion cracking near one of the inner supports on the 
tensile side of the four-point bend. The cracks are clearly visible perpendicular to 
the longitudinal axis of the bar. The letter A indicates the pictures obtained from 
the same region.
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Figure G.16: Stress corrosion cracking near one of the inner supports on the 
tensile side of the four-point bend. The faint lines perpendicular to the 
longitudinal axis of the bar indicate cracks. The letter B indicates the pictures 
obtained from the same region.
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Figure G.17: Stress corrosion cracking near one of the inner supports on the 
tensile side of the four-point bend. The cracks are clearly visible perpendicular to 
the longitudinal axis of the bar. The letter B indicates the pictures obtained from 
the same region.
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Figure G.18: Picture of the middle section of uranium bar U39 between the inner 
supports showing little stress corrosion cracking due to the nonuniform stress. 
Few stress corrosion cracks are visible on the edge (right) indicated by the 
arrows. More cracks may exist but are difficult to see.

Thermoelectric power coefficient measurements were obtained along an 

unbent uranium bar, Figure G.10, thus stress induced by machining or 

anisotropy. Low and high thermoelectric power coefficient values might indicate 

high and low residual stress, respectively. Although there were no visible cracks 

using magnification up to 50 times, heavier pitting did occur at points one and 

three, which thermoelectric power coefficient indicated high residual stress. 

However, point four showed heavy pitting at the edge of where the measurement 

was obtained and thermoelectric power coefficient still sensed high strain.
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TEP, = 5.446 hV/C

’2  = 6.34 pV/C

5& ’ ■.

(  | ’TEP, = 5.650 MV/Ù» Figure G.19: Thermoelectric power 
measurements obtained along the 
length of the bar from four different 
positions, and then human sweat 
applied to the specified positions to 
determine if thermoelectric power can 
predict stress corrosion cracking. 
Dotted circles indicates the diameter of 
the copper probe tip, thus where the 
thermoelectric power measurement was 
obtained.
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Thermoelectric power coefficient measurement at point two signified low residual 

stress and less pitting occurred at the point of contact. At point one where the 

lowest thermoelectric power coefficient measurement (potentially the highest 

residual stress) was obtained, the deepest pitting also occurred. Also, the pit 

formed in a linear fashion indicated by the arrow in Figure G.11. Heavier pitted 

regions could have also occurred because the highest concentration of 

contaminants might have existed in that region.

■ m

Figure G.20: Heavily pitted region where the lowest thermoelectric power 
coefficient measurement was obtained.
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