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ABSTRACT 

A cylindrical field-emission microscope has been 

designed and constructed for use in the detection and 

observation of surface cracks in wire specimens stressed 

to failure in uniaxial tension. An analysis has been 

made, utilizing field plots, which indicates the nature of 

the trajectories of electrons emitted from crack edges; 

magnification of crack size, in both axial and circumfer

ential directions, is clearly indicated by this analysis. 

Wire specimens containing surface defects (cuts, 

cracks, craters, or holes) have been studied in the 

microscope constructed. Identifiable images are obtained. 

Conclusions reached from field-plot studies have been 

verified and calibration curves, plotting field-emission 

microscope image size versus known defect size, have been 

constructed. Magnification, for this particular type of 

microscope, is determined to be dependent on a number of 

factors, i.e., specimen diameter, defect size and shape, 

and the specimen-to-screen distance. In calibration 

studies, images have been obtained from cracks known to be 

less than four microns and less than six microns in the 

axial and circumferential directions, respectively. The 

maximum magnification of defect size measured, for a 0.010n 

vii 
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diameter wire, is about 2700 for a defect 4-4 microns wide 

in the axial direction. The maximum possible magnifica

tion for the microscope constructed was not determined. 

Un-notched wire specimens of thoriated tungsten, 

titanium, and other materials, have been fractured, in 

uniaxial tension, in the cylindrical field-emission micro

scope. Motion pictures have been taken, at 64 fps, which 

show images of crack formation and early growth. Frac- -

tures of titanium wires showing one, two, and three cracks 

have been observed and analyzed. Crack lengths were of 

the order of 3- microns at the time of detection. From 

observation of the wire showing three cracks, fractured at 

845°C, it was obvious that every crack initiated does not 

cause fracture. Analysis of growth of one of the three 

cracks yielded an equation of the approximate form 

v = A + Be~^c which relates velocity, v, to crack length, 

c; A, B, and k are constants. Microcracks have been 

observed to appear ahead of the tips of the major cracks 

in two different instance^; these microcracks are less 

than six microns in length when first detected. Micro-

cracks of this size, in the early stages of continuous 

growth, have not previously been observed. The field-

emission microscope has been shown to be a new and unique 

system for investigation of the early stages of any frac

ture which begins at the surface. 



CHAPTER 1 

•INTRODUCTION 

1.1 General 

This research was undertaken to evaluate the cylin

drical field-emission microscope as a new tool for the 

detection and observation of surface cracks in metals. 

Numerous other methods, including use of the optical 

microscope and the electron microscope, have been employed 

for this purpose. This report will point out the advan

tages of the cylindrical field-emission microscope in 

crack detection and observation, note some of its limita

tions, and indicate areas of research where this particu

lar method seems applicable and useful. 

Due to the interdisciplinary nature of this inves

tigation, the remaining sections of this chapter will be 

used to briefly present pertinent portions of the various 

fields involved. These limited presentations from the 

areas of metallurgy, physics, and vacuum engineering are 

intended to be sufficient to permit understanding of the 

method proposed, and the need for the method, without 

recourse to other publications. 

1 
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1.2 Metallurgical Considerations 

The author's involvement in this investigation 

stemmed from an -interest in fatigue and brittle-fracture 

failures. This.section is devoted to brief discussions 

of these two phenomena with emphasis on their particular 

aspects which are pertinent to this investigation. 

A. Brittle Fracture 

A brittle fracture is characterized by separa

tion normal to the applied tensile stress (1)*. Both 

Stroh (2) and Cottrell (3) have indicated two stages in 

the process of brittle fracture. The formation, of a crack 

nucleus of atomic dimensions is regarded as "initiation," 

and the extension of this crack to critical dimensions 

(that is, 'v l/lO the grain diameter or smaller (3)) is 

termed "growth." It is assumed that the crack will propa

gate, causing catastrophic failure, once this critical 

dimension has been reached (3). Hahn (4) and others at 

Massachusetts Institute of Technology lump these two pro

cesses together as "crack initiation," and define the 

conditions for crack propagation as those that satisfy 

the requirements for catastrophic cleavage fracture. It 

is agreed, at any rate, that cracks nucleate and undergo 

* Numbers in parentheses refer to REFERENCES. 
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some alow growth prior to the beginning of rapid propaga

tion which takes place at velocities of the order of 

6,000 ft/sec. (1). 

Experimental observations (4) have shown that 

microcracks are not confined to the surfaces of tensile 

te3t specimens which have been strained but are found in 

the interior as well. It is generally thought, however, 

that brittle fractures usually begin at the specimen 

surface. 

Experimental evidence (4) indicates that micro-

cracks tend to form in a plane normal to the tensile axis. 

Of the cracks observed in this referenced study (4), 85% 

were within 15° of the plane perpendicular to the tensile 

axis. Schroder, Packman, and Weiss (5) have attempted to 

show that all dislocation mechanisms of crack formation 

proposed to date will lead to the formation of a micro-

crack which is approximately normal to the direction of 

applied stress even if the primary crack is inclined 40° 

to 50# to the stress field. This is explained as due to 

the fact that the stress concentration at the tip of the 

primary microcrack will be unsymmetrical to the crack 

plane, if the crack plane is inclined to the load axis. 

This leads to a secondary microcrack in a plane nearly 

perpendicular to the load axis. 
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B. Fatigue Fracture 

Significant factors regarding fatigue fracture 

have been summarized by Cottrell (6). Items pertinent to 

this investigation are discussed here. It is generally 

thought that fatigue cracks start at the surface early in 

the life of the specimen and grow slowly. Recent work by 

W. L. Grube (7) at General Motors Research Laboratories 

has indicated that it is also possible for a fatigue 

crack to begin in the interior of a specimen at the site 

of an inclusion. In the usual case, however, fatigue 

damage from which cracks form is localized near the sur

face of the specimen. Fatigue cracks start in broad slip 

bands. Grooves and ridges are formed on the surface of 

the specimen along slip bands. Fatigue cracks can be 

formed at very low temperatures; fatigue fracture has been 

produced at 4«2°K. A general reference and discussion 

of this area of research is available (6). 

Grosskreutz (8) has obtained cross-sectional views 

of the internal disposition of fatigue cracks in alumi

num single crystals by sectioning in a microtome. 

Grosskreutz made the following observations from these. 

1. The fracture does not follow the pri

mary slip plane for more than a few microns into the 

interior; thereafter, the course of the fracture appears 

very erratic. 
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2. The photographs taken near the tip show 

that the crack propagation in this case is from the sur

face into the interior of the sample. No examples of 

interior cracks leading the surface crack were found in 

the sample material under the test method used. 

C. Crack Detection 

Several papers (9, 10, 11, 12) have been pub

lished dealing with a wide variety of techniques for crack 

detection; a recent review (13) tabulates the character

istics of the currently-used methods of crack detection 

along with descriptions, in some detail', of each of the 

methods. The table of characteristics has been reproduced 

in part and is included, for reference purposes, as 

Appendix A. The characteristics of the field-emission 

microscope have been added to the table. An extensive 

bibliography on the subject of crack detection is included 

in the review paper (13)-

1.3 Field-Emission Microscopy 

The field-emission microscope, hereafter referred 

to as FEM, was first described in 1937 by Muller (14). 

More recently, general discussions of field-emission 

microscopy have been published (15, 16, 17) and details 

of construction have been presented (16, 18). 
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A qualitative discussion of field-emission microscopy-

follows here with more details available in Chapter 2, 

as well as in the references cited. 

Field emission is defined (16) as the emission of 

electrons from the surface of a condensed phase into 

another phase, usually a vacuum, under the action of high 

(0.3 - 0.6 v/1) electrostatic fields. The phenomenon 

involves the tunneling of electrons through the deformed 

potential barrier at the surface. Thus it differs from 

thermionic emission, or photoemission, where only elec

trons with sufficient energy to go over the barrier are 

ejected. As in the latter cases, the details of the 

surface-potential configuration are important so that 

surface conditions strongly affect field emission. For 

this reason, one of its chief applications is the study 

of surface phenomena. 

The Mliller field-emission microscope is the prin

ciple application of cold emission (16). Electrons, as 

they are emitted from a specimen in the FEM, have very 

little kinetic energy and, therefore, follow lines of 

force, at least initially. As the emitted electrons 

move away from the specimen, they are accelerated by 

the electrostatic forces due to the applied potential 

and, consequently, attain high kinetic energies. As the 

specimens are, in general, good conductors in the emitting 



portions, and are of small size, the emitting surfaces 

can be considered to be equipotential surfaces with lines 

of force orthogonal to them. If the emitting specimen 

is surrounded by a conducting fluorescent screen as the 

anode, the emitted electrons will produce there a much 

magnified image of the emitting area of the specimen. 

Emission anisotropy arises not only from work-

function differences but also from local variations in 

the field. These occur wherever the local curvature 

differs from that of the main body of the specimen, 

owing, for instance, to the presence of protuberances 

or asperities. If conducting,these distort and compress 

the equipotentials in their vicinity. This causes local 

field enhancement and increased emission. The distortion 

also leads to a divergence of the lines of force, and is 

equivalent to a lens effect, resulting in higher local 

magnification. Surface irregularities of very small 

size will show up as bright, magnified regions if the 

local work function and field compare favorably with the 

surroundings (16). 

The FEM is characterized by a high magnification 

(approximately equal to the ratio of screen distance to 

emitting tip radius, typically in the 10^ to 10^ power 

range), a high resolving power for smooth surfaces 
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(typically 30A, limited by the initial energy spread of 

about 0.25 ev of the field-emitted electrons) and a still 

higher resolving power for surface irregularities (19). 

Field emission can be made to occur at the lowest attain

able temperatures (19)-

1.4 Vacuum Considerations 

Field-emission microscopes are essentially high-

vacuum devices for three reasons. First, many experi-

- ments require uncontarainated emitters for long periods of 

time. Second, emitters of the usual design suffer a 

rapid decrease in life with increasing pressure. (The 

second consideration is not too vital in the use of the 

FEM to be discussed here; the emitters are edges of 

sharp cracks and they are not required in the experiments 

reported in Chapter 3 or in those proposed in Chapter 7 

to have particularly long lives). Third, with applied 

potentials of the order used in the FEM (approximately 

10 kv), a high vacuum is necessary to prevent arcing 

between the closely-spaced electrodes. 

The first consideration above is of concern in 

some of the experiments proposed. At a gas pressure, p, 

and a temperature, T, the number of gas molecules 

colliding with a square centimeter, per second, may be 

written (20) 



NqP 

( 2TT MRT) 
" ° 1/2 (1' 

where N0 is Avagadro's number, M is the molecular weight 

of the impinging gas and R is the gas constant. For any-

particular gas, the rate of impingement will be a function 

of temperature and pressure only. For oxygen, then, at 

300°K, 

n 5,1 3 • 63 x 10^p (2) 

where p is in torr (mm. Hg). 

The number of adsorption sites on the surface of 

a crystal is generally felt to be approximately 10-^/cm^ 

(21). Assuming that the portion of the impinging par

ticles which stick (sticking coefficient) is 0.10, the 

surface will be completely contaminated in 10, 100, or 

1000 seconds at pressures of 10~^, 10"^, and 10~® torr, 

respectively. 

As regards the clean surface problem, operation 

at pressures of 10"^ torr would appear to be more than 

adequate for the brittle-fracture studies suggested in 

Chapter 7, since the fractures are generally completed in 

less than one second. For fatigue studies, to maintain 

reasonably clean surfaces over a longer period of opera

tion, lower pressures would be desirable. 



CHAPTER 2 

FIELD-EMISSION THEORY 

2.1 Electron Emission from Solids 

In the free-electron model of metals, electrons 

are contained at t.»« surface by an electric potential 

barrier as shown in Fig. la. The Fermi energy,^ , 

represents the energy of electrons in the highest-filled 

electron energy level. The work function, 0, represents 

the work required to remove an electron from the surface 

of the metal to infinity; it is dependent on two effects 

(16). The first, or inner potential, is the difference 

between the chemical potential of the electron in the 

metal and that at a very large distance from it in a 

field-free vacuum. The second component arises from 

electrostatic effects at the surface and decays slowly 

with distance. The additional energy required by an 
( 

electron to escape the surface, in the absence of an 

external electric field, is equal to the work function and 

may be supplied by heat, light, or bombarding particles. 

The presence of a moderate electric field produces 

the Shottky effect (22) as illustrated in Fig. lb. The 

potential barrier is distorted. The additional energy 

10 



DISTANCE 

( a ). Vacuum-metal interface potential barrier for 
zero applied field. 

FERMI 
LEVEL 

( b ). Lowered and thinned barrier due to 
moderate field. 

FERMI 
LEVEL 

( c  ) .  T h i n n e d  b a r r i e r  p r o d u c e d \ b y  h i g h  
field. 

Fig. I. POTENTIAL BARRIER VERSUS DISTANCE FOR FREE-ELECTON MODEL OF METALS. 
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required by the electrons for escape over the potential 

barrier is reduced as the electric field is increased. 

The electron emission (from tungsten) as a function of 

field strength, at two temperatures, is shown graphi

cally by Nottingham (23). When the applied field reaches 

0.2 x 10^ volts/cm, the barrier is thinned, Fig. lc, to 

the point that Fermi electrons can leak out through it. 

This mode of electron emission was explained, neglecting 

the image potential, by Fowler and Nordheim (24) in 1928. 

Nordheim (25) later made corrections to account for the 

image potential. This tunneling of electrons, a quantum-

mechanical phenomenon, is known as field emission. 

In addition to the original derivations (24, 25), 

other derivations of the Fowler-Nordheim equation are 

available. A modern derivation using the WKB (26) approx

imation for barrier penetration is given by Good and 

Miiller (15). Gomer (16) gives still another treatment. 

What will be given here is the Fowler-Nordheim equation 

along with some conclusions which may be drawn from it. 

The equation is 

j= (3) 

where J is the emission-current density in amp/cm^, A and 

B are constants, and F is the applied field in volts per 
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centimeter. As explained in Section 1.3,yu and 0 are, 

respectively, the Fermi energy and work function in 

electron volts. 

A number of factors are apparent as a result of 

this wave-mechanical theory of field emission. Most sig

nificant, perhaps, is the prediction of current densities 

of the order of 100 million amperes per square centimeter 

of emitter surface; this is about one million times as 

large as current densities obtained in thermionic emis

sion. The Fowler-Nordheim equation shows the dependence 

of field emission on the applied field and the work func

tion; it is evident from the equation that the emission 

increase with applied-field gradient is almost exponential. 

The space-charge effect is not shown by the Fowler-

Nordheim equation. This effect is due to the fact that 

emitted electrons oppose the electric field and tend to 

reduce it. This field reduction will consequently limit 

the density of the electron beam. 

In the field-emission microscope, the electrons 

emitted from the metal specimen eventually strike a 

phosphor screen which surrounds the cathode and a visual 

image is formed. Image brightness on the screen is a func

tion of voltage and current density; as shown by the 

Fowler-Nordheim equation, the current density obtained from 

a particular material is controlled by two factors: 
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variation in work function in the specimen and field 

variation at the surface. 

2.2 Electron trajectories 

If an electron is assumed to emeree in a direction 

perpendicular to the cathode, with zero velocity, the 

electron will then have a path such that the field strength 

normal to the electron path will be zero in the immediate 

proximity of the cathode. The electron will, therefore, 

follow a line of force. At some distance from the cath

ode, however, the electron's velocity will have increased 

and, if the direction of the field changes, the electron 

will no longer follow the line of force. As a result of 

this deviation of the electron path from the field line, 

a component of the field normal to the path will act on 

the electron and the trajectory will be curved. Letting 

l/R be the instantaneous curvature of the trajectory, 

the centripetal force is just balanced by the electro

static force due to the normal field which is eEjj. Equa

ting these, one obtains 

R = (4) 
sEn 

Making use of the energy equation 

^ mv2 = eV (5) 

yields the path's radius of curvature, 

R - f * .  ( 6 )  
n 



The electron trajectories may be obtained analy

tically by integrating the equations of electron motion; 

however, this requires a knowledge of the potential dis

tribution in the system. As pointed out by Klemperer 

(27), the calculation of the potential distribution in 

emission systems offers great difficulties and has been 

successful for hirrhly-i iealized electrode structures 

only. 

The equation of electron motion in an electric 

field may be written (28), in rectangular coordinates 

and using indicial notation, as 

^ - -» (7) 
dt2 ' Xl 

where X^, X^, and X^ are the coordinate directions, 

is the ratio of charge to mass, t is time, and E is the 

electric field. 

It is obvious that if X^ - f^(t) is a solution 

of Eq. (7), then = fjL(at), where a is a constant, is 

also a solution. Letting X^ = fj_(at) is comparable to 

2 
increasing the field strength at all points by a . The 

electron velocity at each point will be just "a" times 

as fast as it was in the old field. The only differenc 

in the FEM image, as a result of the increased field, 

will be an increase of intensity due to the change in 

velocity of the electrons incident on the screen. 



The field, E, between two infinite coaxial cylin

ders of radii r^ and r0, is 

E(r) « Vi "Vo (8) 

rlnro/ri 

where and V0 are the potentials at the surfaces of 

the inner and outer electrodes, respectively. Near the 

inner cylinder, the variable r is the dominant term and 

fields are high. These high fields, near r = r^, largely 

determine the paths taken by the electrons; the electrons 

accelerate to high velocities within a very short dis

tance and the weaker fields at some distance away have 

little effect. The magnification (not resolution) of 

the FEM changes with specimen to screen distance; the 

greater time of flight allows the electrons from different 

areas to spread further apart. 

Experimental methods are available for predicting 

electron trajectories. In all but one of these methods 

the field distribution must be obtained and this is 

generally done by making use of an electrolytic tank or 

trough (27). Having obtained a map of the field, three 

methods of attack are generally used (29) to obtain the 

electron paths: 

1. Numerical methods — these involve dynamical 

or trigonometrical considerations and are the most accur

ate. 



2. Graphical constructions — these yield first 

approximations. 

3. Automatic trajectory tracing — by the use of 

mechanical devices operating on easily-deduced laws of 

the field. These are rapid in operation but the accuracy 

is not as high as in (1.). In the cathode region the 

rays are confined to electrons of zero initial energy. 

All three of these experimental methods are 

briefly described by Jacob (29). Myers (30) gives con

siderably more detail regarding method (3 • ) • Jacob (29) 

describes still another method of ray tracing. The 

trajectory of the electron is deduced from the trajectory 

of an oil drop (produced by the Millikan technique) in 

the field of an enlarged model of the system. The method 

yields a good first approximation and does not require 

prior determination of the field distribution. Other 

methods are also described in Myers (30). 

It should be pointed out that none of these meth

ods allows for the apace charge effect on the field dis

tribution or on the electron paths. 

2.3 Field Plots with Typical Field Lines and Charge 

Trajectories 

its indicated in the previous section, it is 

extremely difficult, if not impossible, to obtain, analy

tically, the paths of electrons in a system of real 



electrodes. Likewise, it is difficult to obtain an exper 

imental plot of electron trajectories in an electrode 

system which gives field variations in all three coordin

ates of the cylindrical system as in the case being treat, 

here. For these reasons, an approximate approach was use 

to investigate, qualitatively, what one might expect when 

using the cylindrical FEM for the detection and observa

tion- of surface cracks in metals. 

A. General Method 

Two-dimensional field plots are readily made 

using conducting paper of relatively high resistivity 

such as "Teledeltos." A model of the anode-cathode 

system under study is drawn on the paper with silver 

paint. Direct-current potentials are then applied to the 

anode and cathode which, of course, represent equipoten-

tials. To obtain a plot of the equipotentials between t h  

anode and cathode, use is made of a voltage divider-

connected probe and a null detector. A voltage level is 

selected and the probe is moved so as to maintain a zero 

reading on the null detector. Small indentations are mad 

in the "Teledeltos" paper with the probe as the equipoten 

tial lines are traced. To complete the plot, field lines 

may be drawn in freehand making use of the fact that t h e y  

are orthogonal to the equipotential lines. 
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A Sunshine Scientific Instrument Analog Field 

Plotter* was used in making the plots of Fig. 2. The four 

models used were considered to be sufficient for quali

tatively predicting the trajectories to be expected in 

the experimental studies of Chapters 3 and 4. 

Figure 2a represents a sectional view, along the 

axis, of a wire with a concentric viewing screen. The 

distortion of the equipotentials due to a cavity in the 

wire is shown. Typical field lines are drawn in orthogo

nal to the equipotentials. The trajectory shown is 

qualitatively what one would expect and is very similar 

to that obtained by Rose (31) in an idealized situation 

which permitted calculation of the trajectory. 

Figure 2b represents the same cavity as shown in 

Fig. 2a except that it is shown as a section perpendicu

lar to the wire axis. The difference between Figs. 2a 

and 2c is that the ratio of cavity width-to-depth has 

been changed. Figures 2a, 2b, and 2c all represent, to a 

distorted scale, cracks in the surface of a wire. 

To give insight into an experiment described 

later, Fig. 2d was constructed. This view taken along 

the axis of the wire represents two projections from a 

wire surface. The primary purpose of Fig. 2d is to 

* Sunshine Scientific Co., Philadelphia 15, 
Pennsylvania. 
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illustrate magnification in the axial direction of the 

cylindrical FEM. The two points might also be taken to 

represent two closely-spaced slip band extrusions result

ing from fatigue. 

B. Interpretation of Field Plots 

As pointed out by Webster and Read (32) and 

others, the chief drawback in previously-used cylindrical 

emission microscopes has been that this geometry affords 

magnification in one dimension only. However, previous 

observations (33» 34, 35) made with the cylindrical con

figuration have been observations of "smooth" specimens. 

The most important observation to be made regarding the 

field plots of Fig. 2 is that they demonstrate the absence 

of this drawback in observing cracks or protrusions on the 

surface of a metal specimen. The field disturbance due 

to the crack, or protrusion, results in magnification in 

the axial direction. 

A number of conclusions may be reached as a 

result of studying Fig. 2a. First, it is apparent that 

the field gradient is strongest at the edges of the cav

ity. For that reason, the strongest emission should come 

from these areas. Second, for a cavity with large width-

to-depth ratio, there will be a reasonably strong field 

at the bottom of the cavity. With fields higher than the 

minimum required for emission from the sharp edges, 
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rough spots on the floor of the cavity should emit. Third, 

it is apparent from the trajectory line that the image of 

the cavity as viewed on the screen will be inverted. It 

is also apparent that the field is quite weak in the 

cavity corners and emission from that area would seem un

likely. 

On comparison of Fig. 2b with Fig. 2a, one impor

tant difference is apparent. At some distance from the 

cavity, in Fig. 2a, the field lines are very nearly par

allel while in Fig. 2b the field lines are seen to diverge. 

The result of this difference is that the normal compon

ent of the field strength with respect to the electron 

path will be smaller in the transverse plane than it will 

be in the axial plane. Reference to Eq. (6) will show 

that the radius of curvature, R, is inversely proportional 

to the normal field, En, and as a result, the magnifica

tion of the cylindrical FEM used for study of cracks will 

be greater in the circumferential direction than it will 

be in the axial direction. 

The width-to-depth ratio of Fig. 2c is smaller 

than that of Fig. 2a by a factor of four. Emission from 

the floor of a cavity such as this is unlikely due to the 

extremely weak field in the region of the floor. 

The field around two points protruding from a 

wire is shown in Fig. 2d. The notable difference between 



the points and the cavity i3 that the inversion of the 

image which takes place in the case of the cavity does 

not take place in the case of the points. Also, it is 

apparent that if the points are a sufficient distance 

apart, the spacing will not be magnified and they will 

image as two separate points at their actual spacing. 

The point images, of course, will be ellipses due to the 

fact that the magnification varies with direction, as 

pointed out earlier in this section. 



CHAPTER 3 

EXPERIMENTAL PROCEDURES 

3.1 FEM Designed for Detection and Observation of Surface 

Cracks in Metals 

The apparatus designed and built for this investi

gation is shown in Fig. 3- Cylindrical field-emission 

microscopes have been used by Johnson and Shockley (33)» 

Smith (34), Coomes (35), and others. These microscopes 

were used for observations of smooth wires and suffered 

one great defect: this geometry gave magnification in 

one dimension only. The microscope of Fig. 3 was designed 

for observing phenomena on wire surfaces as the wires are 

stressed to failure in tension. Protuberances or asperi

ties appearing on the wire surface, as pointed out in 

Section 1.3, will distort the field and result in magni

fication in two dimensions. This phenomenon was explained 

further in Section 2.3-

The FEM of Fig. 3 was operated at pressures of the 

order of 2 x 10" ̂ torr which were maintained by means of 

an oil-diffusion pump and a liquid-nitrogen cold trap. 

The specimen wire could be electrically heated and was 

part of a signal-light circuit used to indicate the 

24 
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instant of wire fracture in certain tests. This particu

lar FEM was designed for use in fracture research. Design 

and construction details, along with data on instrumenta

tion and power supplies used in conjunction with this FEM, 

are contained in Appendix B. 

A second, similar cylindrical FEM was also used 

in this investigation. The glass pipe was in a vertical 

position, and wires could be loaded in the microscope 

without the need for support rods or other objects coming 

between the wire and portions of the viewing screen. This 

system could be operated for tension-tension fatigue 

experiments but was used only for static observations dur

ing the course of this investigation. 

Images obtained on the FEM screen were recorded on 

film for later study. For static studies, a model 37 

Tower 3 5 mm camera was used. Tri-X film and exposure of 

l/l5 sec. with a stop of f8 generally produced satisfac

tory results. Accurate exposure times were easily deter

mined using a simple photometer (36) designed for that 

specific purpose. For dynamic studies, a Bolex H16 Rex 

Camera was used. This camera, equipped with an electric 

drive motor, was used with Tri-X film at fl.8 and 64 fps 

to obtain satisfactory photographic records of dynamic 

tests. One test was run using a Fairchild Model HS101, 

16 mm Motion Analysis Camera at 200 fps} the record 

obtained at that speed was satisfactory. 
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3.2 Preparation of Specimens 

The specimens used in this study fell into three 

categories: those used to verify the information gained 

from the field plots of Section 2.3, those used to deter

mine the FEM*s approximate magnification in this applica

tion, and those used in actual fracture studies. 

A. Specimens for Field-Plot Verification 

Two specimens were prepared for the purpose of 

verifying the conclusions reached from field plots. The 

first specimen consisted of two points protruding from a 

wire. This was prepared by welding short pieces of 0.0025" 

tungsten wire to a piece of 0.005" tungsten wire. The two 

short wires were then etched with K0H to sharp points, 

which protruded approximately 0.005" from the 0.005" 

diameter wire. 

The second specimen was a piece of 0.025" 

diameter molybdenum wire with an irregular crater in it. 

The crater was created by spark discharge between a tung

sten point and the wire. Some of the slag resulting from 

the spark discharge was removed by mechanical means to 

obtain a sharp edge around a portion of the crater. 

B. Specimens for Determination of Magnification 

The specimens in this category consisted of 

mechanically-polished wires that contained surface defects 
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of various sort3. A number of methods were used to obtain 

the surface defects. Use of a sharp razor blade was 

effective in placing marks on the surfaces of pre-polished 

titanium wires. A sharp needle, applied repeatedly to the 

same spot, was useful in obtaining small cavities and 

holes. One specimen contained a crack which resulted from 

the application of torsional and bending fatigue to a 

nickel wire. 

C. Specimens for Fracture Study 

Fracture-study specimens were generally wires of 

0.005" to 0.025" in diameter and 4n long, with a test 

section of slightly-reduced diameter approximately 2" long. 

The purpose of the reduced section was to prevent the 

occurrence of fracture in the end grips (pin vises); no 

notches nor other stress raisers were intentionally put in 

the specimens. Specimens were made of glass fibers and 

various metala. 

The glass-fiber specimens were drawn to obtain a 

reduced-diameter test section. The specimens were then 

coated with either Aquadag (colloidal graphite in water) 

or platinum; the purpose of the coatings was to provide 

an electron source for emission. 

The metal specimens were made of cadmium, thori-

ated tungsten,or titanium. Test emphasis was on titanium 

and preparation of the titanium specimens was typical. 
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Commercially-pure titanium, obtained from A. D. Mackay, 

Inc., New York, was used. The test section of the wire 

was reduced from the original diameter of 0.010" to approx

imately 0.009" by either of two means: etching with a 

dilute solution of hydrofluoric acid or mechanical polish

ing with abrasive papers. 

3.3 FEM Procedures 

Both static and dynamic studies were made in the 

FEM. "Static studies" refers to observation of the speci

mens described in A and B of Section 3-2; the specimens 

were placed in the microscope and observed with the speci

men at rest, unstrained. The term "dynamic studies" refers 

to studies made of the specimens described in C of Section 

3.2; these specimens were placed in the FEM and, while 

being observed, were stressed to failure by means of the 

mech a n i s m  s h o w n  i n  F i g .  3 .  

The preliminary proceedings were the same for both 

the static and dynamic tests. The wire specimens were 

placed in grips, shown as pin vises in Fig. 3, which were 

part of the pulling assembly. The high-voltage lead was 

then connected to the conducting coating on the glass pipe 

and the pulling assembly was secured to the glass pipe. 

The sealed system was evacuated to a pressure of 5 x 10"^ 

torr or lower. 
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With the camera positioned to record the images, 

pictures were taken of scales temporarily attached to the 

viewing screen. These were for later use in measuring 

the filmed images. 

A. Static Studies 

After the wire had been cleaned by heating, the 

positive voltage on the screen was increased sufficiently 

to obtain emission from the areas of high field enhance

ment; these areas were the sharp edges of the cavities, 

craters, holes, cuts, and cracks in the various specimens 

— or the points attached to the wire, in one case. The 

image formed on the screen by the emitted electrons was 

then photographed for later study. 

It wa3 necessary to ascertain whether the FEM 

images did, in fact, correspond to the defects in the 

specimens. In instances where the defect was large enough 

to be seen without the aid of a microscope, a light was 

used to make the specimen and the defect visible through 

the phosphor viewing screen. Coincidence of defect loca

tion and FEM image was thus easily established. In 

instances where this method, because of microscopic defect 

Size, could not be employed, careful measurements were 

made from location marks on the pulling-assembly flange 

to the image on the screen. On removal of the pulling 

assembly, measurements were again made from the location 



marks on the flange of the pulling assembly to the defect 

in the specimen; in this mariner the correspondence be

tween the FEM image and the defect was established. 

B. Dynamic Studies 

As in the static studies, the positive voltage on 

the screen was increased until 3ome emission was obtained 

from the specimen. A signal-light circuit including the 

wire specimen was connected to give an indication of speci

men fracture. In some instances, strain-gauge data were 

recorded. Semi-conductor strain gauges, mounted on the 

three-eighths inch diameter stainless-steel rod by means 

of which the stress was applied in the pulling assembly, 

were used for this purpose. The gauges had a gauge fac

tor of approximately 128; this was sufficient to give 

data when a 0.010" titanium wire was fractured. The 

strain increase accompanying the application of stress to 

the wire was apparent on the strain gauge records and 

specimen fracture was clearly indicated; slippage of the 

specimen in the pulling-assembly grips was also correctly 

indicated in one instance. The data obtained were, how

ever, very erratic because of specimen impurity and 

thermal drift and were not used in this study. With more 

elaborate apparatus, strain-gauge data would be a useful 

adjunct to this experiment. 

With preliminary steps completed, the movie camera 

was turned on and the pulling motor started. The speci

men was stressed to failure while the field-emission 

images obtained were recorded by the camera. A second 



scale picture was taken, after the wire had fractured, 

along with pictures of a grease mark placed on the view

ing surface at a point approximating the location of the 

wire fracture as determined by visual observation through 

the phosphor screen. 

3.1+ Optical-Microscope Studies 

The specimens described in A and B of Section J.2 

were studied, measured, and photographed using three dif

ferent optical instruments. A Tasco microscope was used 

for a majority of the optical studies and 3ome 35 ram 

photographs were made using it and the Tower model 37 

camera with Tri-X film. Some additional studies were 

made on a Reichert metallograph.* Photographs were made 

on this instrument a;t magnifications up to 400X using 

4 x 5 Contrast Process Ortho film. 

Though some "defect" sizes were determined from 

photographs obtained with the two microscopes, the measure 

ments used to determine FEM magnification were made 

directly on the specimens using a Leitz Durimet Small-

Hardness Tester at 400X. This instrument was equipped 

with a vernier eyepiece which gave measurements accurate 

to within one-half micron. 

* Courtesy of Dr. Louis J. Demer of the Department 
of Metallurgy. 



The fractured ends of specimens broken in the FEM 

were also studied in a Tasco microscope to determine the 

nature, ductile or brittle, of the fracture. Some pic

tures of these "remains" were taken in the Reichert metal 

lograph and in the Tasco microscope as well. 



CHAPTER 4 

DC? I RIVE NT A L RESULTS 

4.1 Static Observations 

A. Verification of Field Plots 

The emission pattern obtained from the pair of 

points on the O.CC;n tungsten wire is shown as Fig. 4a. 

The wire was at roon temperature and the applied field 

was 10 kv when this picture was taken; pressure in the FEM 

was approximately 5 x 1C ^ torr. The emission evident in 

the center of Fig. La. was later determined to come from 

surface contamination on the wire which resulted from 

the procedure used in attaching the points to the wire. 

A second wire with two nore closely spaced points attached 

was later observed in the same manner and, though other 

results were similar to those obtained in this test, no 

emission was evident between the two patterns representing 

the points. A photograph of the specimen used in obtain

ing Fig. 4a, taken at ICG x through the Tasco microscope, 

is shown as Fig. 4b. 

The crater produced in the 0.025" molybdenum wire 

is shown as Fig. 5a, a photograph taken on the Reichert 

metallograph at 15CX. Microscopic examination showed the 
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crater to have sharp edges along the left side with fairly 

sharp edges along the top and extreme right-hand edges. 

A trough entered the crater at the lower left and no 

abrupt "break" in the specimen surface was discernible in 

that area. Slag, which resulted from the spark discharge 

and was not completely removed by the mechanical buffing, 

was evident along the remainder of the crater edge. 

The images shown in Fig. 5b, c, and d were ob

tained, at room temperature, from the specimen pictured in 

_7 Fig. 5a. Pressure in the FEM was approximately 3 x 10 

torr and the applied field used for the three pictures was 

22, 13, and 12 kv. In the high-field picture, Fig. 5b, 

some extraneous emission is apparent which did not corre

spond to anything evident on the specimen surface; it 

appeared to have come from part of the pulling assembly 

itself. 

B. Magnification Determination 

Two examples of the specimens used in obtaining 

calibration curve data for the cylindrical FEM are shown 

in Fig. 6. Optical microscope views of the specimens, a 

razor blade cut in a 0.010" titanium wire and a fatigue 

crack in a 0.020" nickel wire, are shown along with the 

corresponding images obtained in the FEM. Four 0.010" 

titanium wires, each containing a different size of cut, 

were used to obtain magnification data. Two 0.020" 
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nickel wires, one containing a fatigue crack, and a second 

one containing a cavity made with a needle point, were 

also used. A hole made in a 0.020" nickel wire by means 

of repeated blows from a needle point proved to be unsat

isfactory for this purpose; the iiameter of the hole 

varied with depth, the sides of the hole were rough, and 

as a result it was not possible to determine, with any 

certainty, the source of the emitted electrons. 

The data obtained from the six calibration speci

mens, as well as those obtained from the crater in the 

0.025" molybdenum wire, were used to plot magnification-

calibration curves for the cylindrical FEM; they are 

included in this report as Fig. 7. Both image size and 

magnification were plotted against the size of the defect 

in the wire specimen. The dependence of magnification on 

wire size is evident in Fie;. 7 and is discussed in Sec

tion 5.2- As may be deduced from Fig. 2, field distor

tion and, therefore, crack size magnification, is a func

tion of crack edge shape. The assumption that crack edge 

shapes do not differ sufficiently to cause appreciable 

error is inherent in constructing, or using, a calibration 

curve such as the one used in this study. 

4.2 Dynamic Observations 

A. Coated Glass Fibers 

No usable data were obtained from fracture te3ts 

made with coated glass fibers. Microscopic examination of 
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fractured ends indicated that the conducting coatings, of 

platinum or Aquadag, had adhered well to the glass sur

faces at the point of fracture. Some emission was obtained 

from the specimens. As glass is extremely brittle at room 

temperature, and since microcracks exist even in unstressed, 

freshly drawn fibers (37), it was felt that fracture was 

too rapid to be recorded by a camera operated at 64 fps. 

B. Cadmium Wires 

Three cadmium wires were fractured in the FEM. 

An emission pattern was obtained in one instance and was 

interpreted as sliding on the single slip plane of cadmium. 

All three fractures were of a ductile nature. More experi

ments will be needed before any conclusions can be drawn. 

C. Thoriated-Tungsten Wires 

After the thoriated-tungsten specimens were 

loaded in the FEM, and the pressure in the system had been 

reduced to less than 10"^ torr, the wires were flashed to 

approximately 2150°C for a period of one minute. Speci

men temperature was then reduced to about 1600°C and the 

wires heated at that temperature for periods varying from 

two hours to 24 hours. The flashing, followed by heating, 

had two effects on the specimens: it brought thorium to 

the surface of the wires, thereby reducing the work 

function of the specimens, and it embrittled the wires. 
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The specimen temperatures were measured through the FEM 

screen using an optical pyrometer. For that reason, they 

probably are somewhat in error. 

Interesting emission patterns were obtained, just 

preceding fracture, from the thoriated-tungsten wires. 

In one instance, four frames of similar emission patterns 

preceded the fracture frame on the film (made at 64 fps). 

The patterns looked like a network of fine cracks. The 

images also showed what is presumed to be emission from a 

gas leaving the crack network. The fracture point in the 

specimen, recorded post-run, coincided with the observed 

emission pattern. 

The thoriated-tungsten wires, after being sub

jected to the heating just described, were extremely brit

tle. One end of the specimen used in the test described 

in the preceding paragraph shattered when attempts were 

made, post-run, to remove it from the pulling assembly. 

Specimen fragments were also found in the FEM. Micro

scopic examination of the other end of the specimen, at 

400X, revealed a complex network of fine cracks as well 

as several larger axial cracks in the wire. 

D. Titanium Wires 

Titanium specimens were used in a major part of 

the investigative effort. Selected frames from the 

filmed records, taken at 64 fps, of three titanium 
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specimens tested are shown in Fig. 8, Fig. 9, and Fig. 10. 

The test3 shown in these three figures were made at ele

vated specimen temperatures; however, it should be pointed 

out that crack images were also obtained from experimental 

runs made on room-temperature titanium. 

Figure 8 shows the growth of a single crack from 

its first appearance to the frame just preceding frac

ture. The frame following (d) of Fig. 8 showed the wire 

to be fractured. Emission from the crack edges, with the 

dark center portion, is particularly evident in (b) and 

(d) of Fig. 8. 

The fracture shown in Fig. 9 differed from that 

of Fig. 8 in that a pair of cracks appeared simultane

ously. The cracks continued to grow, at very nearly the 

same rates, until fracture which occurred approximately 

0.33 seconds later. A smaller crack appearing near one 

tip of the lower main crack is evident in (c) of Fig. 9> 

in (d) of that figure, these precursory cracks are evi

dent at all four tips. 

A third test providing results, shown in Fig. 10, 

differed from those of Figs. 8 and 9 in two respects: the 

pulling speed was slower - 0.333"/min vs 0.364"/tnin -

and the wire temperature wa3 higher, 845°C, than in the 

two previous tests. The higher wire temperature was used 

in an attempt to slow down the fracture process; a second 
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reason for the higher wire temperature was to make the 

wire visible through the phosphor screen. The unmagni-

fied, hot wire is visible in all frames and is indicated 

by an arrow in (a) of Fig. 10; the wire image is blurred 

due to being out of focus (at the center of a 4n pipe 

and thus 2M from the plane of focus) and due to the inten

sity of the light coming from it. The wire itself could 

be seen to have parted in the frame following (f) of 

Fig. 10; this frame is (a) of Fig. 11. The signal light, 

upper left in the pictures of Fig. 10, was an incandes

cent bulb wired in parallel with the wire specimen so as 

to increase in intensity when the specimen fractured. 

This test confirmed that, at 64 fpa, the signal light 

intensity increased noticeably in the frame in which 

fracture was first apparent. It should be noted that a 

later test, with a camera speed of 200 fps, showed the 

increase in signal light intensity to lag the specimen 

fracture by two frames. 

The test of Fig. 10 yielded data of great inter

est. In (a) there is an indication of the beginning of 

crack formation and in (b), just one frame later, two 

cracks of about 12yu and 16.5/U. in length are apparent. 

The two cracks moved away from each other and a third 

crack appeared between them as is evident in (d), (e), 

and (f). The precursory cracks visible earlier at the 
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tips of the main cracks in Fig. 9 are again in evidence; 

in (e) and (f) of Fig. 10, the precursory cracks may be 

seen at the tips of the main crack on the left. 

Measurements made from Fig. 10 (f) and Fig. 11 (a), 

showing the wire fracture, indicated that fracture had 

taken place at the center one of the three cracks. An 

optical-microscope search of the two pieces of the frac

tured specimen revealed cracks, one in each piece, which 

coincided in position, measured from the fractured end, 

with the position of the images of (f) of Fig. 10 meas

ured center to center from the middle crack. These two 

cracks are pictured as (b) and (c) of Fig. 11. An opti

cal-microscope view, at 125X, of a portion of one end 

of the fractured wire is 3hown as (d) of Fig. 11. A re

duction in wire diameter is in evidence adjacent to the 

fractured end. Further inspection, with the wire rotated 

90° in the microscope, revealed that this reductio.n in 

size was in one plane only. 



CHAPTER 5 

DISCUSSION OF RESULTS 

5.1 FEM Verification of Field-Plot Conclusions 

The images obtained in the FEM from two tungsten 

points on a tungsten wire are shown in Fig. 4a; the condi

tions under which this study was made are recorded in A 

of Section 4-1. Measurements made from Fig. 4a and in 

the optical microscope showed the point images to be 

1.34" center to center while the points themselves were 

0.012" apart. This is a magnification of the spacing 

between points of approximately 112. What makes this 

more interesting is the obviously large magnification, 

in the FEM images, of the points themselves. With a 

higher vacuum and clean points, crystallographic detail 

would have been discernible. 

As mentioned in A of Section 4.1, a second simi

lar set of points was also run in the FEM, For the 

second specimen, the image centers were 1.10" apart and 

the points themselves were 0.005" apart. This is a mag

nification of 220. The increase in spacing magnification 

with decrease in spacing is what one would expect from 

study of the field plots; as pointed out in Section 2.3, 
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if the points were a sufficient distance apart, the spac

ing would not be magnified and they would image as two 

separate points at their actual spacing. The second 

specimen was heated, with the field off, to clean the 

surface prior to viewing in the FEM. Observation at a 

pressure of 5 x 10~8 torr with a 13 kv field did reveal 

crystallographic detail in the lower of the two points. 

Examination of the FEM patterns obtained from 

the crater in the molybdenum wire, Figs. 5b, 5c, and 5d, 

verified the conclusions, reached from study of the 

field plots shown in Figs. 2a, 2b, and 2c, stated in B 

of Section 2.3. At a field of 22kv, Fig. 5b, all but a 

small section of the crater, as well as the rough bottom, 

emitted. The portion of the image edge which is dark 

in Fig. 5b is 180° opposite the location of the trough in 

the specimen. The trough, described in A of Section 

4.1 had not been expected to emit, thus the conclusion, 

reached from field plot3, that the image would be the 

inverse of the specimen defect was verified. The width-

to-depth ratio of the crater was approximately four-to-

one, the same as used in the field plot of Fig. 2a, and 

the bottom was quite rough. As expected, at this high 

field, the rough floor of the crater did emit. 

Lowering the applied field from 22 kv to 13 kv 

yielded the image of Fig. 5c. As expected, the emission 



pattern pulled away from the sharp edges. The continued 

emission near the left edge of the image was attributed to 

slag spill-over observed on the right edge of the crater. 

When the field was reduced still further to 12 kv, the 

field gradient was no longer strong enough to cause amis

sion at any but the sharpest edges of the crater. This 

result was anticipated from field plots and is pictured 

in Fig. 5d. 

Study of (a) and {z) of Fig. 5 makes it apparent 

that the magnification of crater width was not the same 

in every direction; again, this is the result anticipated 

from study of the field plots of Fig. 2a and Fig. 2b. For 

this particular crater, wiiths in the axial and circumfer

ential directions were 0.0035" and 0.0032", respectively; 

corresponding image widths of 0.480" and 0.990" indicated 

an axial magnification of 137 and a circumferential 

magnification of 309. 

5.2 Calibration Curves 

There is a dependence of magnification on specimen 

diameter, hereafter referred to as specimen size effect, 

as indicated by Eq. (7) and Eq. (3) and discussed in Sec

tion 2.2. As wires of different sizes were used in obtain 

ing calibration-curve data, it was necessary to make an 

adjustment, in Fig. 7, of the. ima?re sizes obtained from 

wires of other than 0.010" diameter. If the actual poten

tial distributions in the system were known, it would be 

possible to make the adjustments making use of scaling 

laws which are available in the literature (28). How

ever, the potential distribution, in this case, is 
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essentially unknown; for that reason, an approximate 

method was used in making image size adjustments. 

As pointed out in Section 2.2, the paths taken by 

the emitted electrons are largely determined by the field 

very near the wire. Letting r of Eq. (18) equal ri, it 

was found that the ratio of defect image sizes, for wires 

of two different diameters with defects of comparable 

size, was inversely proportional to the square root of 

the ratio of the fields obtained at r = r^. The correct

ness of this method of adjustment is indicated by the good 

agreement obtained, between points from specimens of dif

ferent diameter, as shown in Fig. 7. 

There is also a dependence of magnification on 

viewing screen radius. The magnification increase with 

screen radius increase is almost in direct proportion to 

the increase in radius r and is due primarily to a geo

metric multiplication of image size. It has been pointed 

out (31) that resolution i3 not a function of screen dis

tance, but rather of the size and structure of the emitter 

and (less strongly) of the screen geometry. 

An increase in screen distance increases the mag

nitude of the potential which must be applied to obtain 

emission (Eq. (8)). 

The data obtained for determination of the magni

fication along the wire axis (Sect. 4.1) fit a curve some

what better than those obtained for magnification along the 

circumference of the wire; differences in defect edge 

shapes and viewing screen curvature are felt by the author 

to be the cause of this. Edges of the specimen defects 



perpendicular to the axial direction were sharper than 

those perpendicular to the circumferential'direction and 

thus the defects and the images were more easily measured 

in the axial direction. There is a second, perhaps more 

important, effect mentioned in Section 4-1 which results 

from differing defect edge shapes. As the emitters are 

good conductors, and the size of the emitting area is 

relatively small, the emitting edge surfaces approximate 

equipotentials. Study of field plots, such as those of 

Fig. 2, demonstrates the dependence of field distortion, 

and consequently magnification, on the shape of defect 

edges. It is felt by the author that the scatter in data 

shown in (b) of Fig. 7 is primarily due to magnification 

variation resulting from differing defect edge shapes. 

These defects were made by various techniques 

(Section 3-2) and the resultant variation in edge shape 

was somewhat greater than would be expected in the case 

of cracks. 

The magnification for defects of comparable size 

is seen, from Fig. 7, to be greater in the circumferential 

direction. This relationship had been predicted from the 

field plots of Fig. 2 and verified using the specimen of 

Fig. 5. 

It would be interesting to investigate the nature 

of these calibration curves for defects of other sizes, 

particularly very small defects. Attempts to make cali

bration specimens containing defects smaller than those 

used in obtaining data for the calibration curve were 

unsuccessful. 
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The calibration curves of Fig. 7 were adequate for 

interpretation of the crack-growth data obtained as reported 

in Section 4-2. 

5.3 Fracture Tests 

Tests made with thoriated tungsten and titanium 

wires villi be discussed here. As noted in Section 4-2, 

?EM images were obtained from the coated glass and cad

mium specimens but due to the.limited number of observa

tions made, and a lack of confidence in their interpreta

tion, they do not merit discussion beyond that of Section 

4.2. 

A. Thoriated-Tunpsten Wires 

The emission images obtained from these tests 

corresponded with cracks in the specimen itself. Frac

ture was extremely brittle and consequently time for 

study of the fracture process was quite short. Use of a 

higher-speed camera, such as the Fairchild, might be help

ful in recording fractures of this sort. 

Nottingham (?3) points out that impurities are 

purposely introduced into tungsten in order to facilitate 

the production of wire. The occluded impurities were 

probably vaporized in the interior of the specimen, which 

was at approximately 870°C for the fracture test, and 

were released as cracks developed. The cloudy appearance 

of the pre-fracture emission patterns may be attributed 

to the presence of this vapor. 
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B. Titanium Wires 

Previously, data of the type obtained with the 

cylindrical FEM in this investigation have not been obtain

able. It is of interest to compare the present results 

with those of other investigators obtained with large 

specimens or from static, rather than dynamic, studies. 

Hahn (4) states, -"It is generally assumed that a 

crack, successfully initiated within a grain, will continue 

to grow and cause fracture." Stroh (2), in his quantita

tive treatment of the dislocation models for cleavage, 

also assumes that the first cleavage crack to grow beyond 

atomic dimensions continues to propagate and cause frac

ture. However, the static studies of pre-strained speci

mens made by Hahn (4) disagree with this assumption; the 

dynamic tests of Fig. 9 and Fig. 10, showing more than 

one crack in the specimen, also indicate the incorrectness 

of Stroh's assumption. In this connection, Irwin (38) 

stated that, 

"...for fractures at moderate or slow speeds of 
loading, substantial amounts of crack growth 
occur prior to instability. Under these condi
tions a flaw or crack which initially may be 
only slightly larger than others develops such 
an advantage over its competitors during the 
growth period that only one starting crack 
initiates the observed fracture propagation." 

In the test of Fig. 10, crack growth prior to instability 

was observed, in agreement with Irwin, and this growth 

is shown in the curves of Fig. 12. The remainder of 
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Irwin'3 statement was not confirmed under the conditions of 

test of Fig. 10; though fracture took place at the center 

crack, it was not in evidence until some O.36O seconds 

after the other two cracks were apparent. 

Hahn ( 4 )  has written that, 

"If the microcrack fails to penetrate further and 
stops at the grain boundary, propagation may then 
take place by the subsequent initiation of cracks 
in neighboring grains" (ahead of the crack tip) 
"as a consequence of the stress concentration 
produced by the first unsuccessful cleavage." 

Liu (39), in taking shadowgraphs of crack propagation in 

steel sheet specimens, observed some indications of micro-

cracks ahead of the tip of the major crack. He did not 

consider his evidence to be conclusive and further tests 

are being made (39) at California Institute of Technology, 

to substantiate these observations. The preceding quo

tation, and Liu's observations, would seem to be con

firmed by the precursory cracks evident in (c) and (d) 

of Fig. 9, and in (e) and (f) of Fig. 10. 

The crack on the left in Fig. 10 was chosen for 

an analysis of crack extension trends as it gave measur

able images in more frames than did any other crack 

observed during this study. Crack length, obtained by 

converting image measurements with the calibration curve, 

was plotted against time in (a) of Fig. 12. Crack velo

city, obtained by measuring slopes in (a), was then 

plotted against crack length as (b) of Fig. 12. 

By inspection, the form of the equation for the 

curve of Fig. 12 (b) is ~ = A + Be~^c (9) 
at 



where c is crack length, t is time, and A, B, and k are 

constants. The constants may easily be evaluated from the 

data obtained. The work could,be made somewhat more gen

eral by some device such as dividing c by the initially 

detected crack length. The word "apparent" is used in 

Fig. 12 because of the scatter in Fig. 7. It should fur

ther be noted that this relation (c.q. R) was obtained for 

a single crack and cannot, therefore, be considered as a 

general result for microcracks. 

Crack velocity, v, is often given for the plane 

stress condition, (^C) as 

v = 3v (1 - fG) (10) 
c 

where CQ is the calculated length of a "Griffith crack,"* 

R is a constant and vQ is the sonic velocity in the mater

ial. Equation (10) assumes an ideal elastic, isotropic 

medium. That Eq. (9) is not of the same form as Eq. (10) 

is to be expected as Fq. (9) resulted from microscopic 

observations where the assumptions of Eq. (10) are not 

valid. It should also be noted that Eq. (10) applies to 

the propagation of a crack, in a flat plate, where the 

crack depth is the same as the plate thickness; this is 

the plane stress condition in contrast with the plane 

strain condition present for a wire fractured in uniaxial 

* Griffith cracks are discussed by Dieter (1). 
The cracks were postulated by Griffith in partial explan
ation of the discrepancy between theoretically estimated 
and observed values of the tensile strength of materials. 



tension. For large values of c, the velocities given by 

Eq. (9) and Eq. (10) both approach constant values. This 

is misleading and does not indicate a relationship. The 

constant velocities yielded by Eq. (10) are of the order 

of 6000 fps while those from which Eq. (9) was deduced 

are of the order of 90 microns per second. The results 

of Section 4.2D confirmed the slow growth phase of frac

ture reported by other investigators (see Section 1.2A); 

the very high growth rates predicted by Eq. (10) should 

not be expected to agree with the results of the present 

study. 

Further remarks are in order regarding Eq. (9) 

and the test data from which it was obtained. First, it 

is difficult to assess the role played by the two cracks 

to the right of the one analyzed earlier (all three 

cracks grew at approximately the same rate). Second, the 

extreme reduction in cross section which took place in the 

vicinity of the center crack represented another variable, 

which was not measurable as a function of time, and may 

have been of some importance. 

Measurements available from (b) and (c) of Fig. 

11 and (f) of Fig. 10 were used to plot the points, deno

ted as "cracks in wire of Fig. 10," shown on (a) of Fig. 7. 

The fact that the points do not initially fall near the 

calibration curve (the cracks were too small) is felt, by 

the author, to be due to three factors. First, the FEM 



images were obtained with the wire under tension. Release 

of the tension, when the wire fractured, would have 

resulted in a decrease in the width of the cracks. Second 

the FEM images were obtained with the specimen at about 

845 °C. During coolinfr, after fracture, the crack size may 

have decreased even further. Specimen size effect was the 

third factor. The fracture specimen of Fig. 10 was 

stressed at a high temperature, %5°C, and the specimen 

diameter in the neighborhood of the two cracks plotted 

was somewhat reduced under the applied stress. Adjustment 

of image size, as discussed in Section 5-2, were made, on 

Fig. 7, to account for this specimen size effect. The 

adjusted data points (cracks in wire of Fig. 10) fall 

much closer to the calibration curve (Fig. 7). 

An explanation is required for an apparent incon

gruity: though the center crack' image, in (f) of Fig. 10, 

is smaller than the image of the crack on the left, frac

ture occurred at the center crack. Measurements made of 

the pre-fracture crack image, when converted using the 

calibration curve, indicate that the center crack was 59 

microns long; however, the diameter of the fractured wire, 

shown in (d) of Fig. 11, was not uniform after fracture 

and was estimated to be approximately 16 microns (minor 

diameter) adjacent to the fracture. It is the opinion of 



the author that, as the center crack grew, the wire under

went a gross reduction in cross section at the location 

of the crack and rupture occurred when the crack length 

and specimen diameter became equal. The excessive strain 

between the two outside cracks is evident from their mov

ing apart, as seen in Fig. 10, as well as from the view 

of the fractured wire shown in Fig. 11. That pre-frac-

ture crack length was much less than that indicated by 

Fig. 10 is explained by specimen size effect on magnifi

cation . 

The outer two cracks of Fig. 10 were 32 and 39 

microns in length when initially detected. The cracks 

of Fig. 8 and Fig. 9 were of this same order when first 

detected. It might be concluded that the observation 

limit of the microscope is then of the order of 30 

microns. This is not so, as i3 apparent from images of 

precursory cracks shown in (c) and (d) of Fig. 9, and (e) 

and (f) of Fig. 10. These cracks do not appear to be 

connected to the major cracks and their images are much 

smaller than those obtained from the major cracks when 

they are first detected. The calibration curves of 

Fig. 7 are inadequate for accurately determining the size 

of the precursory cracks but they do give some indication 

of upper limits to their size. From Fig. 7, it is readily 

determined that the width of these cracks is less than 
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four microns and that their length is less than 10 microns. 

What is thought by the author to be one of the precur

sory cracks of (f) in Fig. 10 is evident near the tip of 

the crack in (b) of Fig. 11. Measurements, made on the 

photograph, indicated a length of 5-6 microns for this 

crack. 

The reasoning of the preceding paragraph indicates 

that cracks 5-6 microns, or less, in length are detec

table by the FEM. The fact that the images of the major 

cracks in all three tests on titanium were first apparent 

when the cracks were at least twice this long may be a. 

clue to their formation. The width of the cracks was 

probably not the limiting factor as the precursory cracks 

had widths, when first imaged, much less than those 

apparent in the first images of the major cracks. In the 

author's opinion, the cracks were not imaged at a smaller 

size because their depth was not sufficient to give the 

field enhancement required for field emission from the 

crack edges; the cracks began at the surface and were 

imaged after they had reached a depth which enhanced the 

field, at the crack edges, sufficiently to result in 

field emission. 



CHAPTER 6 

CONCLUSIONS 

The cylindrical FEM designed and constructed for 

this study is considered by the author to be very satis

factory for the detection and observation of surface 

cracks in metals. Specific conclusions have been reached 

regarding the fracture of titanium at elevated tempera

tures, the characteristics of the FEM and the merit of 

the FEM relative to the transmission-electron microscope 

and the optical microscope. 

6.1 Fracture 

Data obtained from fracture tests of 0.010" 

diameter titanium wires, at elevated temperatures, resulted 

in three conclusions. 

First, the findings of Hahn (4) made from studies 

of specimens which had been strained prior to observation, 

were confirmed by observations made of wires while they 

were being strained: cracks, though successfully initiated, 

did not necessarily cause fracture. 

Second, microcracks were initiated, and observed, 

ahead of the tips of major cracks. These observations 

appear to confirm earlier experimental evidence of these 
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cracks obtained by Liu (39) using shadowgraph techniques 

to study crack propagation in steal sheet specimens. 

Third, the equation relating crack velocity to 

crack size, for an observation made on a wire at 845°C, 

was of the form v = A + Be"^c where v is velocity, c is 

crack length, and A, B and k are arbitrary constants. 

Mott's (40) equation, v = Bv0(l - CQ/C), derived for an 

ideal elastic, isotropic medium, is not applicable in 

this instance. As observations of growth of cracks of the 

small size observed in this study have not previously been 

made, no growth data nor equations are available, in the 

literature, for comparison. The slow growth phase pre

ceding rapid crack propagation indicated by Stroh (2), 

Cottrell (3), and others, was confirmed. 

6.2 Magnification and Detection Ability of the Cylindri

cal FEM. 

The magnification of specimen defects, in the cyl

indrical FEM as used in this investigation, was found to 

vary with direction, defect size, and specimen size. 

Field plots made indicated that magnification would also 

vary with system geometry. The maximum magnification of 

defect size noted in the course of this investigation was 

about 2700: this magnification was obtained, along the 

specimen axis, for a defect measuring 4-4 microns in the 

axial direction. 

No real effort was made to determine the minimum 

crack size detectable in the FEM; however, data obtained 



indicated that the minimum size would be less than 6 

microns measured on the circumference of the specimen and 

less than k microns measured along the specimen's axis. 

Crack depth is apparently a limiting factor in early detec' 

tion; no data were obtained relative to the magnitude of 

this limitation. 

6.3 Potential of Cylindrical Field-Emission Microscope 

for Use in Crack Detection and Observation 

The cylindrical field-emission microscope reported 

here is intended for research use in the early detection 

of crack initiation and observation of the early stages 

of crack growth on the surface of metal specimens. Only 

the most sensitive methods of crack detection are suitable 

for the observance of crack initiation and the structural 

changes which precede it. For that reason, the field-

emission microscope will be compared with electron and 

optical microscope methods only. 

FEM offers several advantages over the other two 

microscopes in the area of detection. First, it keeps the 

entire specimen under surveillance while testing is in 

progress. Neither the optical microscope nor the elec

tron microscope can do this for a specimen of practical 

size. Searching a large area under high magnification is 

an almost prohibitive task using either of the older 



methods. In the FEM, the crack will be imaged, no matter 

where on the specimen surface it occurs, as soon as it 

reaches the minimum detectable size. 

Second, the specimen need not be handled in any 

way while checks on crack initiation are made. For the 

electron microscope, except for very thin specimens which 

may be observed directly and may be tested in the micro

scope, plastic replicas of the specimen surface must be 

made. 

Third, the appearance of a new crack should be 

quite obvious in the FEM. This is due, of course, to the 

fact that field enhancement sufficient to permit electron 

emission occurs only at the crack edges; background emis

sion from the remainder of room temperature specimens is 

negligible and does not confuse the crack image.' In the 

optical microscope, the surface surrounding the crack 

edges reflects light, as well as do the crack edges, 

making it difficult to locate cracks. 

The FEM is considered by the author to be an 

excellent tool for observing the growth of cracks once 

they have been detected. The FEM permits continuous 

observation without test interruption. This can also be 

done with an optical microscope but requires the use of 

stroboscopic devices and illumination. 
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That the relative length of time required for 

crack examination is shorter for the FEM should be appar

ent. No set-up nor focusing is required. The ease with 

which a high speed motion picture camera may be used to 

record a rapidly developing crack image makes the FEM 

system particularly convenient for the study of surface 

cracks in a dynamic situation. 

Since the tests take place inside the FEM, the 

test environment with regard to temperature and atmos

pheric composition is easily controlled, within limits. 

Once the test is begun, the specimen need not be removed 

from this controlled environment. The FEM is intended 

for basic research rather than for field use and there 

are definite advantages to having control over what gases 

will be present in the system and in whAt concentration 

they will be present. Reducing the gas pressures increases 

the amount of time for a layer of any given thickness to 

be formed due to the impinging gas; this, in turn, allows 

more time for the study of the effects of the layer form

ation . 

The FEM in its currently-used form is subject to 

certain limitations. One limitation is in regard to 

specimen type. This microscope is not suitable for use 

on complex objects and has been used to date only on test 

specimens in the form of wires. Other test-specimen 
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geometries could be used but might well further complicate 

interpretation of the observed images. The electron micro

scope is similarly limited to direct observation of thin 

specimens only but use of replicas gives it a wider lati

tude of application The optical microscope 'is much more 

flexible from the viewpoint of specimen forms on which it 

can be used, but for the higher magnifications, the work

ing distance is quite short and this prevents examination 

of specimens in areas of appreciable curvature. 



CHAPTER 7 

SUGGESTIONS FOR FUTURE RESEARCH 

A number of research problems were suggested by 

this investigation. 

More-complete calibration curves for the cylin

drical FEM are desirable and fairly essential to further 

research done with this instrument. The magnification 

for very small defects (less than four microns, edge to 

edge) is of particular interest. Reference to Fig. 7a 

shows the increasing magnification of the FEM as defect 

size is decreased to four microns. For some defect size 

smaller than four microns, the trend of the magnification 

curve should reverse and a decrease in magnification, 

with further decrease in defect size, should be obtained; 

for some particular size of defect, the field lines will 

begin to bend less sharply around the defect edge and 

this will result in lower magnifications (see field plots 

of Fig. 2). It is also apparent from Fig. 7a that, unless 

the trend of the magnification curve is reversed, a 

defect of zero size will be greatly magnified. 

Obtaining a calibration curve for the region of 

small defects is a major problem. Preparation of specimens 
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with defects of the desired size, having sharp edges, is 

itself a major obstacle. There is some question as to 

whether or not the FEM's lower limit for detection of 

small-sized defects would be reached before the limit on 

the size of defects which could be produced would be 

attained. 

A theoretical analysis of the field enhancement 

obtained at a crack edge, as a function of crack depth, 

would be of interest. If the reasoning of Section 5.3 9 

is correct, in that the limiting factor on detection of 

cracks is in some instances the depth of the crack, a 

knowledge of the variation of field enhancement with 

crack depth would permit the making of at least a crude 

estimate of this limiting depth. The gross field at the 

specimen surface is readily determined from a knowledge 

of the applied potential. The field required for field 

emission is well known. These two factors, along with 

the enhancement - depth data, would then permit an 

estimate of the crack depth at the time emission is first, 

obtained. 

Analyses of field enhancement due to two types of 

projections from a specimen surface have been made by 

Lewis (41). Other analyses of enhancement due to surface 

projections have been made and they are referenced in the 

paper by Lewis. To the author*s knowledge, no analysis of 
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field enhancement due to cracks in an otherwise smooth 

specimen surface is available in the literature. 

Fatigue crack detection and observation are obvious 

uses for the cylindrical FEM. An apparatus for fatiguing 

specimens in pulsating tension, within the FEM, is easily 

constructed. The pulling assembly, Fig. 1, can be 

replaced by a similar assembly utilizing an eccentric 

drive and bellows to apply a constant amount of elongation 

per cycle. 

A recent National Bureau of Standards Technical 

News Bulletin (42) gives construction details for a small 

fatigue-testing machine to be used in applying alternating 

torsional loads. The device as shown (42) could easily 

be adapted for use in the cylindrical FEM by utilizing a 

glass pipe tee and two rotational, vacuum-system feed-

throughs. A clock-controlled, 16 mm camera, could be 

used to take time-lapse motion pictures of the images 

obtained from the specimens under torsional stress. 

A rotating-beam fatigue testing machine specifi

cally designed for use with small diameter wires has been 

described (43)- A method for predicting the maximum 

bending stress to which the wire specimen is subjected is 

outlined along with the means by which the maximum stress 

can be varied. Though there is a slight geometry problem 

in using an apparatus of this sort in the FEM, the 
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adaptation can be made by utilizing a glass pipe elbow. 

The wire geometry, for any particular maximum stress 

level, is outlined by Votta (4-3). Images obtained from 

the stressed specimen could be recorded by means of time-

lapse motion pictures. 

It should be noted that slip-band extrusions, 

should they appear as a result of the fatigue process, 

would be imaged, and recorded, in the FEM. 

The initiation and early growth stages of cracks 

preceding brittle fracture are observable in the FEM. 

Observation of rapidly propagating microcracks is not 

feasible as can be shown by a simple calculation consid

ering propagation speeds (on the order of 6000 feet per 

second), wire diameters used (approximately 0.010"), 

and camera speeds available (a maximum of about 8000 fps). 

The time required for a rapidly propagating crack to tra

verse the diameter of the wire is of the order of 10"? sec. 

The author feels that this investigation clearly 

demonstrated the potential of the cylindrical FEM for use 

in the above-proposed fatigue and brittle-fracture inves

tigations. This new tool permits continuous observation 

of dynamic phenomena occurring at the surface of metal 

specimens; the magnifications should be sufficient to 

allow new observations of fundamental importance in regard 

to basic fracture mechanisms. 
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TABLE 1 

CHARACTERISTICS OF METHODS FOR THE DETECTION OF SURFACE FATIGUE CRACKS* 

I IT Hi IV V VI TO 
Name of Method Relative Test Specimen Continuous Observa- Equipment 

Sensitivity Location Type or Inter- tion Time Necessary 
mitt ent Required 

NON DESTRUCTIVE TESTS 
Microscope Tests 
Optical Microscope L,M,H IS B I S,M,L S,M 
Electron Microscope VH IS** TC I L c 
FEM H IS TC C S M 
Magnetic Particle Testing 
Magnaflux M EX B I M M 
Penetrant Test3 
Oil-Whiting L IS B I M S 
Fluorescent M EX B I M s 
Dye M IS B I M S 
Bubble L IS B I M s 
Mechanical Property Tests 
Deflection M IS TC C S s 
Brittle Coating L IS TC C S S 
Bonded Wire M IS B c s s 
Moist Coating M IS B c s s 
Vibration M IS, EX B I,C S,M S,M 
Damping Change M IS, EX TC I,C S,M M 

* Reproduced from WADC Technical Report 55-36, Fatigue Crack Detection Methods, 
by permission of the author, L. J. Demer, (Characteristics of FEM added to table) 

**Replicas may be made on specimen in machine. 
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TA3LE 1 (Continued) 

I II III TV V VI VII 
Name of Method Relative Test Specimen Continuous Observa Equipment 

Sensitivity Location Type or Inter- tion Time Necessary 
mittent Required 

Penetrating; Radiation Tests 
Macro L EX B I L C 
Micro L EX TC I L C 
Ultrasonic Tests 
Ultrasonic Transmission or Reflection Tests 

M IS B I S M 
Magneto-Inductive Tests 
Eddy Current Method M IS B I S M 
Electrical Tests 
Electrical Resistance L IS B 1,3 S M 
Tribo-Electric H IS B I M S 

DESTRUCTIVE TESTS 

Heat Tinting M IS, EX 3 I L S 
Etching-Microscope H IS •p I M S 
Recrystallization L EX. TC I L s 
Damage Line L IS TC I L S 
Impact M EX R I M 
Tensile Pulling M EX B " I M s 
Slow Bend M EX TC I M S 
Sectioning H EX B I L S,M 



TABLE 1 (Continued) 

Column 

Column 

II 

VH: Very High 
H: High 
M: Medium 
L: Low 

Legend 

III 

IS: In Situ 
(Fatigue Machine) 
EX: External 

IV 

AP: Actual Part 
TC: Test Coupon 
B: Both 

V ; 

C: Continuous 
I: Intermittent 

VI 

L: Long 
M: Medium 
S: Short 

VII 

C: Complex 
M: Medium 
S: Simple 
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APPENDIX B 

CYLINDRICAL FEM DESIGN AND 

CONSTRUCTION DETAILS 

The cylindrical field-emission microscope construc

ted for this investigation is shown in Fig. 1. The vacuum 

system was assembled from standard components. The type 

PMC 115, two-inch, oil diffusion pump and the BCR 21A 

chevron-ring baffle were obtained from Consolidated Vacuum 

Corporation, Rochester 3, New York. The two-inch, hand-

crank actuated gate valve is a product of Temescal Metal

lurgical Corporation, Berkeley, California. The cold trap 

used was purchased from Tri Metal Works, Inc. of East 

Riverton, New Jersey and is a combination liquid nitrogen 

trap and internally-traced, water-cooled baffle. Adaptor 

plates, of standard design, were fabricated and used on 

either side of the cold trap to correct for mis-match in 

component bolt-hole circles. 

A four-inch nominal diameter Pyrex brand "Double-

Tough" glass pipe twelve inches long was used in making 

the screen for the FEM. An optically-transparent, con

ducting coating was deposited on the inside of the pipe 

using the vapors of fuming stannous chloride applied 
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while the pipe was heated to 450°G in an oven. A coating 

of Aquadag on adjacent areas restricted the conducting 

coating to the center, eight-inch long portion of the 

screen. A zinc-sulphide phosphor was then applied over 

the conducting coating, using a solution of orthophos-

phoric acid in methyl alcohol, and the screen was baked 

out at 500°C. 

The grips in the pulling assembly are pin vises 

made by the L. S. Starrett Company of Athol, Massachusetts 

The bellows are of the electro-deposited type made to 

order, of nickel, by the Servometer Corporation of Clifton 

New Jersey. The pulling power was supplied by a universal 

type, 5 rpm motor manufactured by Carter Motor Co., 

Chicago, Illinois. The remainder of the pulling assembly 

was fabricated using type 304 stainless steel for all 

parts inside the system. 

Pressure in the FEM was measured with two gauges. 

Pressures of the order of one micron and higher were 

measured with a type GP-140 Pirani Vacuum Gage manufac

tured by Consolidated Vacuum Corporation, Rochester, New 

York. Lower pressures were measured using a type 518 

Ionization Gauge and a type 710B, Thermocouple Ionization 

Control, produced by NRC Equipment Corporation, Newton 

Highlands 61, Massachusetts. 

The power supply for the FEM field was a 0-30 kv, 

DC, reversible polarity, model PN-30 high voltage power 



supply made by Spellman High Voltage Company, Bronx 69, 

New York. The supply requires a 117 volt input and the 

output is rated as 2 ma at 20 kv. A Heathkit Battery 

Eliminator, made by the Heath Company of Benton Harbor, 

Michigan, was used when heating of specimen wires was 

desired. 

Micro-Sensor semiconductor strain gauges, type 

• 4S 302-350, manufactured by Micro Systems Incorporated, 

San Gabriel, California, were investigated for use in 

obtaining strain data. The gauges have a gauge factor 

of 128 and appear to be satisfactory for this usage. 
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