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Abstract

An investigation of surface fatigue wear of hearing halls was carried

out , using exoelectrons to monitor crack growth prior to spalling . The balls

were run in a Barwell 4—ball surface fatigue wear tester , and periodically

removed from the tester, cleaned to remove their oil film , transferred to a

special vacuum chamber, and illuminated with ultraviolet light. The emitted

exoelectrona originating at new surface area generated during fatigue test-

ing were detected by an electron multiplier. By rotating the ball and mea —

suri4~g the exoelectron emission as a function of position , the sources of

the emission could be localized to within the resolution of the scanning

spot , 0.08 mm .

Spalling generally occurred at locations where high exoelectron emis-

sion had previously been noted , indicating the presence of a growing crack.

A more detailed analysis showed that the crack site lacer became the leading

edge of the spall. Fluctuation in the measured intensity of the exoelectrons

were traced to the influence of the hot lubricating oil , which reduces the

ability of a steel surface to emit exoelectrons , the activation energy of

the process being about 0.25 cv , and the half life at an oil temperature of

100°C being about 18 secs.

_______ - —.----—----- --- ----
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I. INTRODUCTION

The aim of this study has been to use the phenomenon of exoelectron

emission to study the process of surface fatigue wear. The research was car-

ried out during a period of three years , from July 1, 1974 to June 30, 1977.

The work carried out during the first half of this period has already been

published , and the two papers are to be found in Appendix I and in Appendix

II. The reader is referred to them for accounts of exoelectrons, of surface

fatigue wear , and of the interactions between the two phenomena.

The work carried out in the last half of the project has not vet been

published , and a rather comprehensive account of it is given here. A more

extensive account is contained in the June 1977 ~t.S. Thesis of Donald ~1.

Boyd, “Effect of lubricant on exoelectron emission during rolling contact

fatigue .”

During the second half of the project , an effort was made to improve

the reliability and resolutton of the exoelectron detection apparatus . Sev-

eral fatigue tests were then run to obtain exoelectron emission scans (here-

after referred to as Eli scans) during the life of the ball hearing . The FE

scans were analyzed in several ways. One method of analysis looked at the

way in which the EE count varied along the track as an indication of crack

movement prior to spall initiation . Also , attempts were made to relate the

site of peak Eli to the first spall site.

The results of the fatigue tests showed indifferent correlation between

liE and the rolling fatigue process. The prefailure scans did not always

show a peak at the first spa11 location. Ibwever , the difference in the liE

count between the leading and trailing edge of the spall was shown to indi-

cate the direction of the crack propagation .

It was assumed that the presence of the lubricant during the fatigue

- ------ . —- - _ _ _ _ _
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tests were influencing the FE count. Accordingly three different lubricants

were evaluated to determine their effect on FE, and activation energy and FE

half life calculations were made from the lubricant tests. The results of

these tests provided new understanding of the events occurring during lubri—

cated rolling contact fatigue tests.

Two research assistants worked on the project, namely Patrick A. 9arch

and Donald Ii. Boyd . They were awarded M.S. degrees in Mechanical Engineering

from M.I.T. in June 1975 ar,d June 1977 respectively .
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II. THEORY

The theory or theories of the exoelectron emission process will not he

repeated here , as they are discussed in Appendix I. However , something

should be stated here about activation energy and its application to exoelec—

tron decay rates , since this concept is made much use of later.

The application of the concept of activation energy in the analysis of

exoelectron decay rates apparently originated with Pimbley and Francis (11,

who attributed the activation energy they calculated , namely .24 eV , to the

diffusion of vacancies . Activation energies have also been intcrpreted as

the initial stages of oxidation , and as chemiemission (2].

Calculation of the activation energy is related to the decay of Eli.

The decay function found to app ly to EE is:

N — N exp (—At) (1) where N exoelectron count

N = constant
0

A — rate  constant

t — time

liE also follows the Arrhenius  e q u a t i o n :

A — F exp(-. (2) where A • rate constant
from (1)

F — constant
0

E = act iva t ion  energy

R — universal gas
constant  (1.978
cal /mole  deg)

0 temperature (°K)

By taking the natural logarithm of equation 1 the rate constant becomes

N
0

A —
~~~~~~~~~ 

(3)

I - 
________
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Combining equat ions  2 and 3 and taking the natural  logar i thm the f i n a l  equa-

tion becomes:

£n in ( ) — — + C (4)

where the constant C = in? + i~ t
0

The act ivat ion energy is calculated by plotting in in ( ) versus

1/temperature (0), in which case the slope is equivalent to —FIR.

The activation energies calculated from EF decay studies range from .24

to 1.14 eV [1, 2]. This large variation is not fully understood .

1~

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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I i i.  APPARATUS

3.1 Introductory Remarks

The research apparatus used in this study was that described in

Appendix I. The subsystems of the apparatus include the fatigue

wear apparatus , the exoelectron emission detection system, and the

specimen positioning systems. The fatigue tester is a standard Barwell

four ball tester with a gravity feed lubrication system. The exoelec—

tron detection system uses a focused ultraviolet light spot to stimu-

late the emission of the exoelectrons (see figure 1). Electrons are

detected by a Channeltron Electron Multiplier and counted by a Baird

Atomic Scaler rate meter. The output from the ratemeter is displayed

on the Y—axis of a Mosley X—Y recorder. A ferrofluidic rotary vacuum

feedthrough , coupled to a digitally controlled stepping motor controls

the specimen positioning. The rotary feedthrough is positioned at the

starting point and the signal corresponding to the rotational position

is read on the X axis of the X—Y recorder. The output obtained from a

test is a plot of electron counting rate vs. rotational position.

Various design changes were made to the system in order to improve the

reliability of EE scans.

Changes to the system subsequent to the tests described in Appen-

dix I can be grouped into four areas: electronic , vacuum , optical and

specimen positioning .

3.2 Electronic System Improvement

The electrical changes made to the system were implemented to

improve the signal—to—noise ratio by lowering the background counting

_ _ _ _
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rate of the Channeltron electron multiplier. This was accomplished by

changing all unshielded wires leading from the electron multiplier to

the Baird Atomic scaler ratemeter , to shielded cables. The preampli-

fier circuit was also placed in a container for both shielding and

safety reasons.

3.3 Vacuum Systems Improvement

The efficiency of the vacuum ’s system was improved by the use of

a liquid ni trogen cold trap . The previous tests run in this vacuum

system used only the roughing pump and obtained a pressure of 7xl0~
4

torr. Without the use of a cold trap , the backstreaming of the oil

from the roughing pump caused the electron multiplier to decrease its

sensitivity and , as a result , had to be replaced. A second effect

on the electron multiplier at this pressure was that the detector was

at its lowest limit of responsiveness. In order to use the mercury

diffusion pump , and a liquid nitrogen cold trap , a vent valve was

placed in the detection chamber. By closing off the detection chamber

from the rest of the system, it could be vented to atmosphere while the

diffusion pump and the roughing pump remained functioning . With this

system, the total pumping time was reduced by three minutes and a final

pressure of 5x10 5 torr was obtained. This system prevented back—

streaming of oil from the roughing pump and provided a vacuum within

optimal range for the electron multiplier.

•
_ _ _  .--_  - .~~~-—-~-_ _
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3.4 Optical System Improvement

The function of the optical system is to focus a spot of ultra-

violet light onto the wear track of a ball bearing. This is accom-

plished by passing the ultraviolet light through a slit to a lens

which focuses the light on the ball bearing. The rebolution of the

system is a function of the width of the focused UV spot. Earlier

tests used a .27 em Spot. In order to improve the resolution, an

adjustable slit device was designed and set for a spot width of .08

im~i. for the majority of the fatigue tests. The spot width was set at

.03 em for the tests investigating the effect of a lubricant on EE.

An ultraviolet light filter was added to the system to reduce

the background counting rate. The filter chosen is described in the

f ilter tests results, chapter fou’. The filter was placed be tween the

LIV light and the quartz lens (see figure 1).

3.5 Specimen Positioning Improvement

A new ball hold ing fixture was designed to improve the realign-

ment accuracy between the Barwell four ball fatigue tester and the

exoelectron apparatus. Earlier tests required the grinding of a flat

surface on the half inch ball to which a .25 inch positioning rod was

epoxied. The main problems encountered with this technique was that

the ball and rod frequently broke apart and alignment accuracy was

lost. The new holding fixture required no machining of the ball bear-

ing. The ball bearing is held tightly in position by a holding cap ,

(see figure 2). The repositioning accuracy was obtained by using a . . -

set screw against a milled flat and is repeatable to better than 0.5

~~~~~~~~~~~~~~~~~ 
_j~~~~_~~ _ _ ~~ 
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HALF IN. BA LL

+
H O L D I N C  CAP

POSITIO NING RO D~~~~ 
—

Figure 2 — Cross sectional view of bearing ball holding and positiofl
in~ fix ture . Scale 2:1.
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degrees of rotation. The ball holding fixture is held in place with a

set screw when running in the Barwell four ball tester.

-~~~ V ~~~~~~~~~~ --- - - -
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IV. RESULTS

A. FILTER TEST S

4.1 Introduction

Photostimulated exoelectron emission is similar to the photo-

electric effect in that both forms of emission are related to the

work function of the electron . Since the electrons emitted by the

photoelectric effect add to the background counting rate, it would be

beneficial to use wavelengths that inhibit the photoelectric effect

and stimulate EE. Most metals have a vorkfunctlon of 3 to 3.5 eV,

(3 1. Exoelectrons have a lower energy requirement as a result of

def o~~~tion to the metal surface.

The emission from the ultraviolet ( (P1) light source used in the

research apparatus is from a low pressure mercury discharge. The

equivalent energies of the six major emission lines of the source can

be calculated by the equation

1.24 x ~~ • electron workfunc—
— 

A(i~) 
(
~

) tion

A — wavelength

A(A) •(eV)
2537 4.88

V 3125 3.97
3650 3.39
4047 3.06
4388 2.84
5461 2.23

Three ultraviolet light filters were tested in order to lower the

background counting rate without a f fec t ing  the EE rate. Filtea BG—1 3 ,

LC—lOO — 2 and 9—54 stop wavelengths shorter than 4047A, 3650A and 3125 
P
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respectively .

4.2 Procedure

A 52100 ball bearing was cleaned in a Freon degreaser. A scratch

was put on the ball with a diamond scriber across the scanning spot

and the ball was placed in the vacuum chamber. Exoelectron scans were

taken without a filter as a control. The chamber was then opened and

a filter was placed above the quartz lens. Filtered scans were then

made. The chamber was again opened , the filter was removed and

another scan was taken to ensure that no appreciable exoelectron

reduction had occurred . This procedure was used for  all three filters.

4.3 Results

Figure 3 shows the exoelectron emission scan control results for

tests using filters BG—l3 and LC—lOO—2. Figure 4 shows the scan

obtained when filter BG—l3 was used. Figure 5 shows the scan obtained

when filter LG—l00—2 was used . The final scan taken without the fil-

ters showed no change in emission rate from figure 3.

Figure 6 shows the control scan , and figure 7 shows the filtered

scan used with filter 9—54.

4.4 Conclusion

In order to evaluate the filters , a signal—to—noise factor was

Computed using the formula:

Exoelectron Peak — Background
Exoelectron Peak

The optimum value for this ratio is one. The ratio was calculated for .

each scan. The average ratio for the control scans was .74. The

_ _ _ _ _-. . . -- - VV V~~ V~~ •~_ _ _  -~~~ —
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ratio for the filter BG—l3 was .58. The ratio for the filter LC—lOO—2

was .50. The filter 9—54 had a ratio of .97.

The results of the test showed that filter 9—54 had a 237.

increase in efficiency over the control scan. Filters BC—13 and

LG—lOO—2 showed a decrease in efficiency. Filter 9—54 was chosen for

the use in all future tests because it significantly increased the

sensitivity of the exoelectron detection apparatus. This filter has

been used by Baxter [4] ,  for his EE research.

V _ _ _ _  
_ _ _ _ _
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V. RESULT S

B. FATICUE TESTS

5.1 Int roduct ion

The results  of the earlier fatigue tests showed that EE could locate

the position of the eventual fatigue spall [5]. These first tests were

run in a Barwell tes ter  at a load of 800 lbf and a typical failure time

was 34 minutes . Although the results  looked promising , additional test-

ing was required to determine the limits of the EE techninue . A

research pro gram was beg un in which longer life fatigue tests were used

as a method of determining the correlation between EE and the fatigue

process .

Fatigue tests of longer duration are necessary for two reasons.

The first is related to the utilization of lighter loads in the four

ball tester to obtain longer life tests. Lighter loads are important

because it has been found that heavy load tests are not indicative of

real life bearings situations ( 6J . The closer the fatigue test con-

ditions are to normal bearing situations the more useful the BE fat-

igue monitoring technique will be. The second reason for the longer

life fatigue tests is to allow for a greater number of BE scans to

be made prior to the bearing ball failure.

The objective of the test program is to evaluate the prefailure

EE scan.s in terms of the rolling contact fatigue process . EE scans

V 
are periodically made during the fatigue test. A final EE scan is

V 
made when the first spall occurs on the bearing ball. The prefailure

EE scans are examined along the wear track for sites of peak EE.

— - 
- V  V
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These sites should indicate  the formation of the f i r s t  spall. Pre—

failure EE scans are also examined for comparision of FE and the per-

cent of rolling contact fatigue .

5.2 Procedure

A 52100 ball bearing was placed in the holding fixture and

secured by tightening the holding cap. The specimen was then ultra-

sonically cleaned in a bath of Freon IF degreaser and placed in the

exoelectron scanning apparatus . An initial scan was then made. The

ball was then placed in the Barwell four ball tester . The lower three

balls of the tester were also 52100. A low volatility diester based

synthetic oil (7 ], Shell Turbo TJ—lS , was used for all tests. Four

tests each at loads of 400, 660, and 824 pounds were run. At various

intervals during the test the Barwell tester was stopped , the specimen

cleaned , and an exoelectron scan of the wear track was made.

During the series of fatigue tests the exoelectron detection

apparatus was continuously being improved. The four tests run at a

load of 660 pounds were monitored by the exoelectron apparatus using

an ultraviolet ligh t spot of 0.27 nmt by 2 nun without the filter. The

spot width was changed to 0.08 nm for the 824 pound tests. After the

filter 9—54 was added to the detection system three tests at a load of

400 pounds were run . The spot width was again changed to 0.03 mm for

the final test at 400 pounds . 
V

5.3 Results

The EE scans from each fatigue test were examined for sites of

— -- - - — V -— - ----V .
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peak emission indicating the location of the future small. The first

set of four fatigue tests used the same load of 824 lhf as was used in

earlier testing . Only two out of the four tests produced prefailure FE

scans with emission peaks at the spall site. Figures 8 through 11 show

the results of the EE scans made during test 14. In figure 10, peak

emission is seen prior to failure at a site which later becomes the

spall site.

Each of the four fatigue tests run at a load of 660 lbf showed

EE peaks at least once in the prefailure scans at the location of the

spall. Depending on the life of the bearing ball, the number of pre—

failure .EE scans ranged between 1 and 11. These prefai lure scans did

not always show emission peaks at the site of the spa11. For example ,

the EE scans for test 8 are shown in figures 12 through 17. Figures 13

and 14 show peaks at the eventual spall site.

In the four 400 lbf fatigue tests there were EE peaks at the spall

site early in the test. However, in two out of the four tests , there was

no distinguishable EE peak at the spall site after snalling occurred !

A Weibull plot of each series of tests is shown in Figures 18 to 20.

In 837. of the tests the prefailure EE scans showed a peek at the

location of the future spall. }bwever , the BE at the spall site did not

always produce the highest emission rate and this was something of a

disappointment .

Because our fatigue monitoring technique allows for a quantitative

value to be obtained at each location of the hearing ball wear track ,

the emission data can he utilized in various ways to help determine the

nature of the fatigue process. Two methods of using the FE rates at var-

ious sites on the fatigue scan were tried . The first method uses a ct-un—
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Figure 8 — BE from 52100 test ball before four—ball test at a load of
824 lbf (Test 14).
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Figure 10 — BE from 52100 test ball after 30 minutes in four—ball
tester at a load of 824 lbf (Test 14).
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Figure 12 — EE from 52100 test ball before four—ball test at a load
of 660 lbf (Test 8).
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tester at a load of 660 lbf (Test 8).
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Figure 14 — LB from 52100 test ball after 2.2 hours in four—ball
tester at a load of 660 lbf (Test 8).
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Figure 16 — EL from 52100 test ball after9.6 hours in four—ball
tester at a load of 660 lbf (Test 8).
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ulative technique in an attempt to locate the spall site continuously

during the life of the ball.

In the analysis of the exoelectron scans taken over the life of a

rolling contact fatigue test , it was found that the site of peak exoelec—

tron emission did not always coincide with the first spall site. It was

also known that exoelectron emission decayed in an exponential manner .

Therefore if a fatigue crack was initiated from the surface , the exo—

electron emission rate would begin to decay . The majority of the exoelee—

tron emission would occur in the area where crack propagation was cur-

rently in progress , rather than where the largest total amount of crack

propagation had occurred .

Based on these assumptions , a chart was drawn up in which the total

amount of the exoelectron emission was successively added for each point

of the track in order to plot a time history of the exoelectron emission

rate over the life of the ball. The results of the test run at 660 lbs.

and failing in 15.2 hours is shown in f igure  21.

The results show that the leading edge of the eventual spall had the

highest cumulative exoelectron emission site for the first 5fl~ of the

life. Thereafter, three regions began to surpass it in total amount of

emission .

The second technique compared the prefailure EE rates at the lead-

ing and trailing edges of the spall. The leading edge as defined by

Syniuta and Corrow [7] is the edge first contacted between the

spalled upper ball and a lower ball in the Barwell tester. A relative

emission rate was determined for each location by dividing the BE rate

at the desired site by the average emission rate of the entire scan .

Plots of the relative EE rate versus the life of the bearing ball

Vt
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were made for the leading and trailing edges of the spall. This type of

analysis required that several prefailure scans be available and only

or.e spall site be present. An example of using this analysis technique

is shown in figure 22. It will be seen that the site of the leading

edge of the eventual spall gave an early peak in emission , while the

trailing ødge gave none. This indicates that snalling is nucleated from

the leading edge .

This result corresponds with the fractographic study of rolling con-

tact fatigue by Syniuta and Corrow (7) which states that fatigue fail-

ures are initiated in the leading edge area. The maloritv of the crack

propagation in a spall occurs below the surface such that FE could not

be detected . This appears to be the best explanation for the lack of

prefailure EE peaks at the spall site.

5. 4 p_is~ u_ssion 
-

Initial examinations of the EE scans were made with the in ten t o f

predicting the spall site. The fatigue tests showed that FE peaks at the

spall site in the prefailure scans were not alwavq reneatahie occurrences .

This could be explained by several different theories . The snail forma-

tion could be the result of periods of growth and no—growth of the fatigue

cracks . If subs~irf~~e ‘~rarking were the mode of fatigue snail formation

the exoelectron en’~~ inn would be tiniikelv to register crack growth at all.

Finally , the techni ‘f FE detection below the surface depends for its

effectiveness on the fatigue crack shape. Figure 23 shows two possible crackc ,

one in which EE detection is possible and one in wh ich it is not possible.

One other exp lal Vltion for the low EE rate at the spall site is

related to the presence of a lubricant during the fatigue test. Several

________ — —
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of the final BE scans did not show a large BE peak at the spall. This

result indicated that the lubricant could he affecting the EE rate.

V i

_ _ _ _  

_ _  
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VI. RESULTS

C. INFLUENCE OF AIR AND LUBRIC ANTS ON EXOELECTRON EMI SSION

6.1 Introduction

In analyzing the fatigue tests, it became apparent that the lub-

ricant being used was influencing the EE rate. Previous research had

shown that EE was affected by oxidation , adhesion, and adsorption

( 8, 9~ 10, 11 , 12]. Each of these processes could be present in a

metal—lubricant interface. In order to investigate the decay rate of

BE and how it is effected by the presence of a lubricant, the fatigue

tests were interrupted and a new series of tests were run.

The test program was divided into two areas. First , a cosipari—

son of the BE rate in air and in a vacuum was made. The total amount of

of liE in counts per square centimeter was calculated from the decay of BE in

air and the decay of EE in a vacuum.

The second portion of the test program evaluated the effect of

three d i f fe ren t  lubricants on the BE rate of a 52100 bearing ball

scratched in air. The activation energy and the EE half—life were

calculated from the results of these tests.

6.2 Comparison of Exoelectron Emission Rate between _Air and Vacuum

6.2.1 Procedure: Exoelectron Decay in Air and Vacuum

A half inch 52100 bearing ball was placed in the holding fixture

and ultrasonically cleaned in a Freon TF degreaser. Two different

sized scratches were put on the ball using a diamond scriber. The

bearing ball was immediatel y placed In the vacuum chamber where FE

V.— -~~ V~~V - - V
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4 V

scans were periodically made. in tests one and two, the EE rate was

allowed to decay in a vacuun of lO~~ torr . In test three the ball

was taken out of the EE detection chamber between scans and allowed

to decay in air.

For these tests there was no ultraviolet light filter and the

width of the UV spot was .08 mm.

6.2.2 Results

Figure 24 shows the EE decay curve in a vacuum of 1O~~ torr. The

results of both tests one and two are plotted . The background counting

rate was subtracted from the EE peaks found at the two scratches for

all tests. Figure 25 shows the EB decay curve in air.

To calculate the counts/cm2 the total number of exoelectrons

emitted was calculated by taking the area under the decay curves and

dividing by the ultraviolet light spot size (7.55 x lO~~ cm
2
). The

results of this calculation are shown in Table 1. 
V
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TABLE 1

A. Decay in vacuum

TOTAL 
2Width of counts/cm

c atch (minus background)

1) .0825 cm 4 .4xl012 
counts/cm 2

2) .01016 cm .84xl012 
counts/cm 2

B. Decay in air

TOTAL 
2Width of counts/cm

scratch (minus background)
1) .0899 cm 9x].09 counts/cm2

2) .01016 cm l.47x].09 counts/cm2

tV V~~~~~~~~ V V V V~ V _V V_V 
V 5 V V
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6.3 Effect of a Lubricant on Exoelectron Emission

6.3.1 Procedure: Exoelectron Decay in a V..ubricant

A series of tests were run in order to evaluate the effect of a

lubricant at various temperatures on EE. The testing procedure

involves putting a series of scratches on a half inch 52100 steel

ball bearing. In order to insure that all the scratches were the

same, a mechanical device was built which allowed the

scratch to be put on under a known load. A three pound load was used

for all tests. Four scratches were placed on each test ball so that

an average emission rate could be determined.

For each data point, a ball was scratched and immediately placed

in the detection apparatus where several scans were taken. The cham-

ber was then opened and the ball immersed in a lubricant bath at a

known temperature . It was then cleaned with a freon degreaser in an

ultrasonic cleaner for three minutes. The ball was then placed in the

detection apparatus and the exoelectron scans were made.

This procedure was used for three different lubricants , Nujol

mineral oil , CAN 2 SAE 30 heavy duty motor oil, and Turbo TJ 15. The

following combinations of lubricant , ball bearing material , and immer-

sion time in the lubricant were used :

Lubricant Material Immersion Time

Turbo TJ—15 52100 steel 10 seC, 1 sin., 5 m m .
aluminum 1 sin .
stainless steel 1 sin.

Nujol 52100 steel 1 sin., S sin.

CAM 2 52100 steel 1 m m . ,  S sin.
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A test using a brass bearing ball was started but it was found

that the location of the scratches during the initial scan were not

readily distinguished from the background counting rate.

The temperature of the oil bath was controlled by a microwatt

heater and a thermocouple. In order to have a uniform

temperature in the bath , an electric stirring arm was used for mixing

the oil. The temperature range of the test was from 20C to 120 C.

The exoelectron detection apparatus used ~he UV light filter, and the

liv spot size was .033 mm . wide.

6.3.2 Results

By using equation 4 section 2.4 the activation energy can be cal—
N

culated . A plot of in in —* versus inverse tenrnerature of the lubricant

bath v,tves a slope equal to —E/~ . The variables N~ and N are the EF

rates at zero time and after Irinmersion t imie t in the lubricant  bath . B

is the universal gas constant. Therefore, each variable of equation 4

is known except the activa t ion energy E which can he calculated fron

the slope. The value of C in equation 4 is nc’t necessary in the activa-

tion energy calculation , the results of which are shown in Table I T .

In  the f i r s t  calculat ion of the activation energy , the value of

N was taken to be the EE peak minus the background obtained nrior to

immersion in the lubricant bath . }bwever , it was found that when the

log of the EE count at the peak was plotted as a function of the lubri-

cant immersion time , the extrapolated value of N0 was not the same F.E

rate as that measured prior to immersion . Since the extrapolated N

value gave more consistent results , it was used in our calculations .

Figure 2 shows the BE count versus immersion time for a scratched
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TABLE 2

Test Condition Activation Energy (eV )

52100 steel in Turbo TJ—15 for:

1) 10 seconds .15

2) 1 minute .22

3) 5 minutes .14

52100 steel in Nujal for:

1) 1 minute .37

2) 5 minutes .20

52100 steel in CAN 2 for:

1) 1 minute .20

2) 5 minutes .17

52100 steel in Turbo TJ—l5

1) 1 minute .3

52100 steel in Turbo TJ—l5

1) minute .41

— V~~ V V V ~~~ V V ~~~~~~~~ V V - 
V V -
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52100 bearing ball in Turbo TJ— 15 at 25°C. The extrapolated value of N
0

was 1.5 x l0~ counts per minute (CPM). Similar results were obtained

for the other lubricants and the N values are shown in Table 3.
0

TABLE 3

4
Bearing Material Lubricant N (xl0 cpm)

52100 steel Turbo Ti 15 1.5

Aluminum Turbo Ti 15 3.0

Stainless steel Turbo Ti 15 1.0

52100 steel Nujol 2.5

52100 steel CAN 2 2.5

Using these values of N a plot of 9.n2n versus e(°K )  
was made

for each test. Each data point on the graph is the geometric mean of

the four scratch locations . The graphs of the tost combinations using

an immersion time of 1 minute are shown in figures 27—31.

The half life value of the EE decay in a lubricant can also be

determined from the decay equation :

— t1/2 
— half life time

A — rate constant

The value of the rate constant can be calculated from equation 3 of

section 2.4:
N

A — 
N 

t — lubricant immersion time

The extrapolated value. of N
0 
were also used for the half life calcu-

lations . Table 4 lists the rate constant ~ and the corresponding

nalf l i fe  for each lubrica nt at various temperatures .

-- —— V -- ~V — - V -
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( X 1 , 0 0 0 )

Figure 31 — m m  N0/N versus 1/temperature (‘K) for a scratched stain—
less steel ball imme rsed in Turbo Ti—iS for 1 m m .
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TABLE 4

Type of Temperature Rate Constant Half Life
Lubricant of Lubricant (C) A (min~~) t112

(min)

Turbo TJ—l5 25 0.18 3.85

40 0.28 2.47

65 1.72 0.41

580 2.30 0.3

Nujo]. 30 0.22 3.11

55 0.46 1.5

70 0.87 0.8

95 1.11 0.62

110 1.91 0.36

V CAM 2 25 0.193 3.59

40 V 0.446 1.55

65 0.639 1.00

95 1.20 0.58

V 125 2.19 0.3

-~ 
~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~ 

~~~~~~~~~~~~~
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6.4 Discussion V

These tests show that the decay of exoelectrons from a scratched

metal surface is influenced by the environmental conditions. Results

of this section show that  the decay of exoelectrons is increased by

the presence of air and of a lubricant.

In air , the decay of EE (figure 25), is apnroxlruateiv 30 times

faster than the decay of EE in a vacut’m , (figure 24). The slow BE decay

rate in a vacuum explains why fatigue tests run in a vdcuum have given the

best results in terms of failure prediction. However , even in air , the

initial EE rate drops by only 50% after 1.7 hours. This makss it easy

to obtain a good electron detection signal from fatigue tests run in

a i r .

The second section of the test program determined the influence of

a lubricant , and the results showed tha: a lubr ican t  grea t ly  increases

the decay rate of BE.

The computed activation energy values indicate the energy required

to interfere with the ability of a surface to emit an exoelectron . Pre-

vious researchers have related the activation energy of exoelectrons to

the initial stages of oxidation , diffusion of vacancies and chemiemission

[1 , 2 ] .

Using the plot of EE rate at a scratch versus immersion time in

the lubricant , the activation energy was calculated to he in the range

from .14 to .41 eV. These are in the same range as the activation

energy obtained by Pimbley and Francis [ii .

Although the interpretation of the activation energy is not fully

understood , the values do indicate that a reaction mechanism is nresent

Vp — V_ ~~~~V
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at the metal—lubricant interface. This implies that the processes of

oxidation , adhesion and adsorption are directly related to the EF. decay

rate .

The results of the lubricant test were also used to calculate the

EE half-life. It was found that an increasing lubricant temperature

decreases the half life time , (table 4) because the higher temperatures

increase the reaction rate at the metal—lubricant interface . A compar-

ison of the three different lubricants at 100°C shows that the half

life times are all approximately 18 secs.

This finding has important practical consequences in the use of

EE techniques to investigate spalling of lubricated surfaces. In order

to avoid a great drop in BE, it is necessary to clean the lubricant off

the fatigue specimen in a time short compared to 18 seconds. The snec—

imen can then be placed in the vacuum det ection chamber to fu r the r  slow

down the decay of EE. This procedure ensures that the best BE signal is

obtained .

This series of tests establishes several important points. The

decay of BE is slower in air than in a vacuum . However, the decay rate

in both tests indicates tha t  a measu rable BE signal could be detec ted

for long periods of time a f t e r fatigue tests. The addition of a lubri-

cant at th e site of exoelectron emission was found to greatly increase

the decay rate. Half life calculations showed the importance of clean-

ing the lubricant off the fatigue specimen prior to BE detection . A

more complete understanding of the exoelectron emission mechanism would

help clarif y the limitations of monitoring fatigue wear.

Three features of the fatigue tests are relevant to the FE decay
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process . The most important component of the fatigue tests is that

an area of EE be present on the surface of the ball hearing . The sur-

face crack , a pit , dent , or plastic deformation are all poscible sites

of BE that  occu r on the ball prior to spall formation. Once the site

of EE is present , the second f e at u re becomes important. The load

placed on the bearing ball results in lubricant temperatures reacning

the 110 to 130° C range [ 7 ] .  At these temperatures the half life of

EE calculated from the lubricant tests is approximately 18 seconds.

Therefore, the decay of EE in the lubricated fatigue condit ions is

very rapid . The third feature of the fatigue tests is related to the

detection of the EE from a ball bearing surface. The minimum time

between stopping the four ball tester and insertion into the EE

detection chanuber is approximately 5 minutes . Two minutes  are

required to get the specimen out of the four ball r ig and into a

cleaning solution. The ball is cleaned for three minutes and put in

the detection chamber. Assuming an EB site is present on the ball

bearing surface , by the time the lubricant is cleaned off , the EE

decay has already been substantial. The poor correlation between the

EE scans and the rolling contact fatigue process can be attributed to

the lubricant decay effects .

_____________ 
V V
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C}LAPTER 7

SUMMARY AND RECOMMENDATIONS

SUMMARY

Exoelect:on emission is a potentiall y useful  non—dest ruc t ive  method

of monitoring rolling contact fatigue . In some eases it is possible to pre-

dict the site of spall formation based on peak emission sites. Scans

made early in the life of the ball are more reliable for these pre-

dictions than scans made closer to the time of the spall. Studies of

the leading and trailing edge of the spall provide an explanation for

this occurrence. In the early scans , a peak is found at the leading

edge of the future spall. Scans made midway through the tests show

little difference between the two edges. Near the end of the tests

the trailing edge registers a small peak. This indicates that crack

propagation proceeds from the leading to the trailing edge.

Several of the tests showed no correlation between the emission

data and the site of the spall. In some cases sub—surface  cracks may

have been involved . In other cases , environmental conditions , narti—

cularly the lubricant being used , apparently interfered with FE detec-

tion . A new series of tests was run to quantify the effects of lubri-

cants on FE. At temperatures from 110—130° C , the emission decay was

found to have a half life of 18 seconds when a lubricant was present.

Since all rolling contact fatigue tests involved the use of lubricants ,

it was clear that bearing balls which were cleaned iviwtediatelv after

removal from the Rarwell tester produced higher emission neaks than

those which were handled mote slowly .
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7.2  Recommendations

Continued research into the use of BE to monitor rolling contact

fatigue requires a different testing procedure. In order to obtain

EE signals which can indicate localized emission sites on a ball

bearing , two steps are necessary . First , the lubricant must be

Cleaned off the specimen immediately. Second , the specimen must be

placed in a vacuum . Both steps are aimed at preventing the decay of

FE and therefore produce better EE signal detection . These two

steps can be implemented with the proper apparatus in a time period

short enough te prevent the rapid decay caused by the lubricant .

The activation energy and half life calculations have given

insight to the EE mechanism. The decay process of FE has been shown

to be related to the metal—lubricant interface. This interface is

where oxidation , adhesion , and adsorption take place. It is likely that

LE used in lubricant research could result in a better understanding of

the metal—lubricant interface. This in turn could lead to a better

understanding of the exoelectron emission mechanism , which would aid in

f u r t h e r  developing i t s  use as a non—dest ruc t ive  f a t i g u e  moni tor ing tech-

nique .

V ~~~~~~~~~~~ V -- V~~V V ~~~~ V~~~~~~ V 
~~~~~~~~~~~~~~~~~~ 

V
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Appendix I

Exoelectron Emission for the Study of
Surface Fatigue Wear

P. A. MARCH and E. RABINOWICZ (Member , ASLE)
Massachusetts Inst i tute  of Technology, Cambridge, Massachusetts 02139

An oppara!u.s has been construaed for studying exoelectron fai lure  are not uncommon. Also , no fatigue l imit  st ress
emiss ion front stee l bearing balls which has ’e been run in a Barwell exists for surface fatigue wear (2). Because of the large

V / S U P - b a / I  los e fa:igw’ u’ ar tester . The test ball is periodically scatt er in life data and the absence of a fat igue l imi t

vem.ss ’ed from the ts’ tri . c les~nedg o ter n isze it Vi oil /j i m , transferred to stress, ball bearings must be severel y de~rated in order to

a vansum c hamber , and i lluminated by ultraviole t lig ht. The obtain reliable performance.

emitted exoe lear rsns or ig i nat in g at ness rurfas~e area generated on Despite the importance of surface fatigue wear , few

the ball ~~r i n g / a t ig~~ t e s t i n g  are deteded by an eledron multiplier . satisfactory W ay S  of studying it have been developed. The
traditional techni que consists of testing bearings to fail-

B~ e la t in g the ball and measur ing the exoe lest ro n ,“mi V ssion as a ure , and stud ying the effect on the life of c h a n g i n g
/ lsns~tw n  s f  pos ition , the sssuo e si  s ou r  es  ssj the em iss i on can be parameters such as load , speed and lubricant .  Fur t  her-
localized l ’he res olution i /  the re iear.h app aratus is  f s r rcs ’ rs t / i  more , the  spalled area is studied to determine rrsetallurgi-
l imi ted to 0.27 mm, the width if the ssa nn ing  s~~ s t Exoeledron cat or other changes (3) ,  (4). A different approa h is to
eml ,V i s . n  deca results indicate a relssti i V el s/in, d r p  if l  em i s s i o n  attempt to carry out measurements  of a bear in g before

~ n h  t.uie !‘mel i mina ry result s indicate that the Jàtig ue / ai l ur e failure ( s ( V ( V U r S  and in th is  wa y is )  obta in  addi t ion a l infor-

,o VC Vu r s  at one 0/ CS eral s i t e s  ~,hu h hat e e’ ’° enhanced electron mation both on the  l ife of t he  bearin g, and on t he  fa t igue
r , n ic r i on.  wea r p 1 5  rss i t s e l f  VJ~y~ techniques in pa r t i cu la r  have

been developed. As s i u s t l u  C i i i  issiont  have been used in
several ways to s tu d y  meta l  f a t igue  (5), I 6), and a r i s . sc

INTRODUCT ION V
n e t i c p er tu rba t ion  t e c h n iqu e  can ,ilsis be used I n s  det es t

R o l l i n g  i s s i s i 4 s t  e l emei s is , su is ball b e t s  r i gs , ro ller the location and si,.e s it  nonmeta l l i c  i r i s  h i s s  in s  and voi d-.

bearing s . s’anis , a nd gear s  are used in wide S V . i r i C I s  ~ f in f r r r . sn s . i g r i c i s s  mater i a l s  ( 7L In th i s  pape r . a th ird

mec ha r i i t  al des o ~ because }i ~~ s s 1 s ci .str smoothly a n d  tec h n i q u e  s s I s t u d y i n g  the prr .s i  s . i l l i n g  s tage s it the  f a t i g u e

wi t h I. w friction losses over ext ended periods i i i  t i t h e . wear pu o ess is described t h ai invo lv ing  the  de tect i s  s r i  of

~ i t h i o u t  unde rgo ing  i r i s  s ) t  t he  ord inar s  t s s r r i i i ,  of S S P V , i i  . 
emitted exo el e c tnssrss  from the bearing ‘urf as es

i sa rock adhesive wear abrasiv e wear s i r  s s  i r r o s i v e  ss c i i
( I) .  J l s s s s r s c i . t h e i r  life is generalk te rm srs . i r r d  Is ’. a THE EXOELECTRON EMISSION PROCESS
u n i i ( s s ’  t s s r r r i  ol weal . s u i f , o  e t . i r sgs ie  wear 1)ur i r ig  oper V

anon. suddenly and w i t h o u t  w a r n i n g .  a large pat 1 is. Is ’ Al t  b ough  the p hen srn irn i i n now called electro n c i i

~ il l  hr spalled from a bearing s u rf  a(V c and isstal f a i lu re  ssf Sli i i  W. i i ~ f i r  St r i -ported by Moser (8) u se r  a hundred ‘. e.ir ’.

the element can occur in a very short tul l e  ther eafter  ago , the first svs i e i i s a t ic  and detailed research i i i  this I s ’  Id

sr’. r~r aI  .ssprs r s  of s i i t  t . r s  r fa t i gue wear con t r ibu te  I t s  ss’aS per t s s i r t i r d  h ’. K ramer ( 9 ) ,  and he oined the svord

the d i f f i cu l t y  in designing ro lling S V ( i n t a ( V t  e l e n r i r r i t s  sr ~ 
‘‘ s-xue les 115,15 ‘‘ Au extensive l i t e r a tu r e  n i t  exo -lec r i • i

bats Ii of 100 apparen t  lv den t is .i I h a i l  beat l o gs  tested e r l o s s , s s r i  is avai lable , and several es c l i en t reviews of O s - .

under  i d r n t u  ‘I test condit ions , var ia t ions  in ball bear ing l i t e r a t  tire have been w r i t t e n  (10) ,  ( / I).
l i f e  bsV factors of 1 (X) l ’ s  one between the first and last LXo (’ks 50511 et i i i S s U s i i  Occurs when a r r s . s  r r i , i l ’c s s i r t . o

is d i s r  ssrb ed ii i  one s i t a variety of was  s includi n g a h i s
Aisk ,, kr~car i h IV ,~h ,,s V ~s’~~iC% I 1. 1dm . Ma,,as huseit , 01 ‘s.’i’ sisi ~~ ( 

~ ), (/ 0 ) ,  1 / 1 ) ,  phase t rans f or r i t a t ion  12t . plast i c
defo rm .,i son ( I  V/ )  ( / 1 ) ,  ar id fati gue ci .0k trig I s), ( !~i . ( / 4 i ,

P,.s.nt .d at t$,• 31i1 Annu.J M••$ing ( / 5 ) .  lh e  in t ens s t  v s s t  exoelectron r i r l i s s s s  sri  can be in-

in P~.Iad.ipi,sa, P.nnsylvonw , May 10—13, 1976 s o-ase(1 hs su~sp Iv i ng cr ier gv to  th e  e m i t t s r s g  sur l ,st r in a
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s , t r i r l v 1)1 W4~~% , the i n s i s t  p l i e s  i R s ’  ni r le  hw i i l s , ~ i r r a ( I i a t i s s t s  r e r t l i s s - e s l , leaned , a u d i l u s t - n t ‘I in s a sa s  u u n t  c f s . i mbs ’ - r
~5’. u l t , , i v i o l e i  l ig i si IC5 1 I u s - ic , t he w r i t  u ra ck  is  i l l u m i n a t e d  s s it h  ij l t r , i v s s , J r i

F~~. si l t ’ s i r o n  er i l i s s lo n s  t r s s t t i  .u t n s ’ s l i l s  formed su t f a s  n’ l ig ht , and the exoelr t r on i  r - r s s i s s s srs  is uiie , i s i i i s ’ s t  and  i s ’

i ( ’ .is hes a i i t . s x i nsss i i r t  . i l m i s s i  i m m e d i a te ly , then  u rea ’. cssrd ~ d as the spedmen is s l s s w l v  r s s t a t s - s l  \\ hen the ss an

w i t h  t i me ( / 0 > ,  ( / / I , ( 1 7 ) .  Researchers have observed is s i r n p let e d . the ball  is removed i r s  rn the vacuum
ecs e le i ron s  emu ss i sr i  frotis both metals  and n onm eta l s , chamber and re inserted in the  fa t igue  appara tus  This
and t h e i r  is s t r o n g evidence t h a t  t he  e x i s t r n s  r’ of oxide s j s o s s  edsire is repeated un t i l  the test ball exp er i ei ss  es a

sr othe r noiirnetalln- surface  l ay er s  is necessary t s s r  s s s r f i s c fatig u e failure. T h e  fa i lu re  t ime and location are
e s s s r l e r -tron  r ’ r h l s s s s s s r s  A l t h ou g h  the exact  mechanism or then  s- ss rnparrd to the l s r s ’ s s s s i s l ’ .  n hs s e n ed exoel ect r i sn
rr s r s  ha r i i sn ns  of exoelectron emission s t i l l  rer siain un -  em scsi  sis ~
d r i r r n s s i i r d , researchers have been able to use exoelectron l b s  f a t i gu e  t Cste r  wa s  of the  Barwell 4 -ha l l  typ e as
er n i s~sIon to study a v . ss  s e t s  of p heno m ena , inc lud ing  sused in recent r o l l i n g  con tac t  sss r fw e f a t i g u e wear  s tudies

~u I a s n  sc de fssrma n ion (18)  and s l i d i n g fr ic t ion ( 19) . Of in t he  au thors’ l ab i sra u orv  ( 3), (4~ A sr s s s s - s e s  i i i  sr s a l v iew

p art ic - u l ti  f l i e r s  Sn to t h i s  research are the t e c h n i qu es and s t  the n est scsi s i r s  is dep icted i n s  I- i g  I - I lie in di anne -
rr’ ssj lts fr i sni  sn s s d i r s  us ing  exoels’s i ron s rmi ss l s sn  to i n ve s t s -  icr test ball , held bs- a spind le  and r i , t a s s ’ ,I ~ 3 S ~~s~ rpm ,
C . u l r’ f a t i g u e  ride ’. on th ree  loss er in d i a m e t e r  b i l l s .  lh r  three lnsser

In l~ 1, K s s  is 2Th . f o l l s s w i ng  the ea rl ier  work of Kra- halls a r t -  sep ara u -sh b’. a f i b r o u s  s~s i s  s’r , and . ir r i on-

r r i r r  (9) ,  sis eassir ed ext sekct r ors  e m nis s i s s i s  f r o m  a l u n i i n u t n  so ,isn ed by a r ing ,uid disk tss  t r ave l  in a s i r c u la r  tras k

p lanes subjected I s ,  c v s l i s  stresses and found t h a t  emission The lubr icant  is dri pped c u ) n t u n u ( s u % l ’ .  in to  ~bie tes t si -s —

i ns, r r a s s - s l  w i t h  the number  of vdes A more sus s n ’s ’.t ssl t i o ns  A m icrop hone ai .is FIed i s  5 r i s e  fs su r - h s a l l  test er trans-
a p > s r s  is h i  was t h a t  t a k e n  Isv  Veernian ( / 4 ) ,  who  used a nu t s  f a i l u r e  noise to i s - ir u m e n t au i o n  ‘.s h u h  au tomat!-
s m a l l  ~ft5 nm-ro ll  I sp l i t  s i t  i n te t i s s ’  u l t r a v s s s l s - t  l ig h t  i s ,  ca l lv  s h u t s  ofT the  power to t h e  s p i n d l e  motor , d rops the
t r averse is -sr s1ws ’in i ens  and ti t er s to m easure photos t i t n i s  loading we sg h s i s , and sl ops an e l i  1 5 5 , 5 /  l ime  cloc k The
h a t e d  e x i l e s  i s s i s  emission , and  in u h i i s  m an n e r , w as able g r ’ s s s s i r s r v  is suc h t h a t  s s s r ut a c : i is (‘ss; t ns ied t o  a r e l a r i v e l v
to i n .qs t s I . i s t  is a l l y d u - t u s r i n i r d  and cracked su r f a c e s  in s i r - cl narrow track on t h e  uppe n ball , and dama ge arid f a i l u r e
a n d  , i l u i r i i n t i n s  w i t h  a m a g n i ( I c . i n i s s n s  of up I s s  I ,000X. generall y occur there TItu s , s s n s l’. t t s i s  i ’ -g sss n  n erd be

Bax t er ( /  ‘I > ,  (/5) d~ velssp ed a ss - s u r i s  rs g ap p a r a t u s  in n soni tor ed.
wh o h a sn i i . i l l  spot of u l t r a v i o l e t  I s s z h t  arid an r ’b es cr s , r i  ‘l ’hc s a c u s u m  exorlr s r u s t s  dci’ s r u i n  . rj i p . i r a t u s  u ses
n i s i l n i p l i n - r s s c r s ’  u sed to detect  local i .’r - d i e g u s s n s s  i sf i n -  shou ’t- ’ .s .is-e l s - n s g i h  s i l i r . , ’ .  oh - n l ig h t  i i  1s i o v i d e  a s s  s / I t s  l i ve
. ns - , u s ’ i l  e- x s s s - l r c i r s s r s  e n u i s s s s s s i s  du r i n g t . i n i g u r  5~~V ( l i n g  i t  n s e . i i i s fssr t h e  1 i h s , r u , s r s t n s u l . s t i o r i  i t  exo elr s t r ( u n  emission.
a l s i n s u n n s u i n  and sued s } s c - s s l n s t ’ n s s  h is - i n t r i i s s t v s ’ f  t h i s  A r s  i i l r n . i ’ .  u s s l , ’ t  l u m p  p r i i na u ’s  em u s s i ’ s t i  ai  2 , :.s ) s  A S  is l i t ’

l i ’ i  , i l i , r s t  em i s sio n s n s i n n ’ ; i s r s h  u s s i s n i n u o i j s l y  w i s h  on t insui ’d  l i g h t  s s s s i n s r ’  ‘l ’he u l t r a v i o l e t  l i g h t  i~~~ ’-~ 
ih r s s s ig h  a (
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- -n ew n i s - u h i t u d  u t  s tu d s ’ i r s g  ‘s s s n t , u s  e i a n i g iu e  s s r . ir  ses ’inci l  so (‘

~ I DRAIN

gr eat i h u . u i  i i  ‘.sas de s - i s Ien f  i s u  ( V s , I l ’ . n n s i ( I ar sd s s 1 s t - n i i , -  i i i l  ~ ..— —
exo cl eennon de t r - s  l ion . ip lu u i a I  is s i s n’ s - u a l l s  d n ’ s i g n i t ’ s i  I s , u  -

, I i i s s n s  ss- i t h i  I ss ’ . i n  t r i g  h i l l s  

— ‘
EXPERIMENTAL APPARATUS ‘ - - -.. — , : ~

“-‘- - -

f lue exp erum ent i I .qnp ar au us was  i i  s u i s r  n u n  it ’d fo r  
LOAD A RM i

r u lo f lu lo r i n u g  ihr  d i u l s s s i s l u l  if cxi  , e l ec in otss  f r o n su  the  s u n  I s

~,e(luenu ( r ‘
~

‘
~ ~:;~ 

- and Our lolioss u ru g m 5 a t ~~~0 il

ro l l ing  u i u n s i , u s  i I a t , s . ’i ,r  tes me r .iui d ruin )  al a k i i s s s s  u s  s t i C s ’ .

lev el l’ s u s us h i ,u f l s ’  t h t s s u i g h u n i u  t h e  l u f i ’  u sf t i l e  ic - s i h . u f l , i t  is Fig 1— I I I~~trohen ol Hi. SorwsIi 4—b.Ii .o.,
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F.g 7—Sch. m.tic il lu it ratious of th. opparalul es.d to, d.l.ct -
Sng .,no.I.ct,on .m,~~uon tram a boll ierf~c. 

Fig 3—Stimuaiaf.d •u,o.Iiciron s,mlsion an a fvnctuos’, 01 P015-
lion For a ball roiat.d in Is. dstoc tuoo oppo,auun shown in Fig’ 2. Th. lo-

cat io n o f a icralch in Hi. ball iu ,foce u s •auIy %.•n,

w i n d u ’,ss and is t s s s  j srd on the  s - sn specimens ss u t h  -i q u a r t z
lens , as shown schematic a l l y  un l - u g  2 F u r  mi te  results iilt i”a s’iolct i i i ,’ hu u l ) i u u s u n a t e s  the  st rat i  bed region ofl the

c vet s in th i s  pape r . i t  r sj  u s s r  s sir  w i ’ .  2 mn s x 027  r um hs.i I ‘Fin’ drop sis i i i  t ime  of elect non rmiss~on r a t e  us

, u n sd  th e est imated spo t i t i i r n i s u t ~ ’ was 15  n s u i l l i w a t i s  sm ~ 
presented un l u g  t i- i i n  steel specimens the  as u u s  s t y  ( i r s  s ) .

I hie e m i t t e d  electrons a r c  detected in an electron by ~hout a fac tor of ts’- t s  in one uh i ’ .  Vs’ s b s  ,‘h u i m u n u m

m u l t i p l i e r . ‘.s bs i s hi is b i . is i  . i l l v  a hollow g l.uss tube w i t h s  t he  specimen s. on the u s u u t r a r y , t he  exoelectron emission is far

inside surface cns . t n ~-u I w i t h  a senn ics ;r sds ic ts u g unat eri. s l more vi gorous , h u t  drops h~ a h ou it  a fa nor - i t  r is s s S s-ri

which serves as the  si’s s s r s s l , s r  electron emitting dvnode ha l f  hour  a f te r  .i new qu d a s  r is is been forrned

ssJrI a r  I he  O u tp u t  puih ’ .es  m d i i  i n s n u g  e l e c i r s u n u  ensissis sn S u n u u s l , s r  r esul t s  to l ’ ig  1 were - u h ) t , t l f l e d  w i t h  I ,.s~ s w h ich

events are summed , arud the r s  ‘ l l s p las  esi u in the v - ax is  of were abrade d ‘.s l u -r u unsmensed ins a l u i b r u r a n t , r i se lubri-

an x - r i— u i s n s i rt  A s~ h n r t n i a t i s  s s f  t h i s ’ exo electrsm dcii’ s  11550 u , s r s t s-leaned , t I  ss i uls a s s s l s  n l u i , .u nss h t h e  h a i l  t h i e n  plac ed

t n i s t r u m e n r a i  is ‘ i s  is u s  l u i d e d  in F i g  ~ in the v a c u u m  s b u a r n u h e r ,  ‘l ’he posit ion of t h u r  scrau h

lii  i sr der to ensure t h , tn  t h r  nes n specimen can he s s s s i lsh be ne , u s t i l~ &-tes-ted t u s- t i ne  uni s ’reased “x sselectr ons

rr çn ’ared ly inserted in the same b s s s s u n u s s u u  unto the scanning Ct f l u s s i u  n i rate.

ap p a ra t u s , t he  test ba l l  ;s t i n t e d  w i t h  .i shaft having ,i F our— ba i l  test  r e su l t s  A nun ssbcr  s t t , i u  igu e s it  s r  test

nsilled flat  which r e s t ’ .  against s a set ss n ess  in the 
~~~ 

runs have been s ,u r ru ed  ‘ s L i t  u i s u t i g  ‘~2l0() ansi  M~0 -, r r r l

men h sul d e r  A st epp ing  i-non it , u u i s i p lcd P u  ,t rs s t j n  s’ s i t  - hal l s , but onl y u no’ ss ill he presented in sIe , u i l  In thins  Is-s i  -

s i u nus ferdthrou g h , n u t  ares t he specs i r i s - n i  holder arid the 511 1) 1) steel h u . u l t s  ‘.s crc run in the P,it’~s s’Il  t es ter  iu i  t h e

spe s imc n in small  discrete ste 1ss of 0 1  degrees st e r s  I -ful l
s t ep s  n r c  .~~. I f i r  i s  stars’ I s s u s i t  i s u n u  of t h e  tes t specun st-n is
r r c u u n d r s t  on the  x ‘axi ,s of the s - s recorder F’urtiu-: details 

—

~~~~~~~

li sa ’.- be I-  i u i nd  in M arch ’s t f i r s u s  (22)

C
EXPERIMENTAL RESULTS ~Aluminum

Prr lin ii ,s ,tr s test s A variety of mea ssun ements  were 0
t nu a d e  of the cxi us-Irs I r i u n u  e ,fl i ssiu ) fl fronts ,u scratched or
abraded area on th e surface of a m a ter ia l  For exan ip le . a

in du a  521(K) steel bal l hearin g was cleaned w i t h  Freon
slegreaw r, and a small scrats hed are.s was form ed with a
diamond scriber ‘I’he specimen w i ’ .  then inserted in tise
vacuum chamber, and the roughing p u m p  was switched jO
on un t i l  a vacuum of 5 x 10 torT was reached, the hug h
s’sul tage supply was turned on and the CEM was allowed
us , ‘.tabilu,e I hr stepping motor was switched su n , and
rss , e l r r t r s ,n m emission versus position was recorded on the — — - - - -—v- . 

~~~~~~~~~~~~~~~
_ _ _- - —

~~~ 
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* y r r s o r d r r . Time
I’ u g s i n r  1 shows the s ilr’.sc of photcustimulated excx”lee- Fig, 4—Sch.ns.tic Iiusfrati on of ..o.l.d,o n .nslssi n rot., oi . fwndton

Ir on emnI u s-s u on I I ’ s l’J- ve rsus sus ss t iuuu I t  wil l  he seen that .1 ~t.n. .bs.r,.d with olu,nin uni .nd st ..l sp.c*nssne Alwuslnu ,,n gri .i
thuer e m s a sh..rp peak un the  emuicsu n )n rate when the mudi high.s snsu,oi .miss.on tot.,. but Hi. d.c.y r.f. us pouch hug h.c

.,,
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5 I’ . ‘.~ M~ i su:ii  and I - RA t u i s su s s  us /

‘~ -i ~ t s s r s  Oe gr ees l  u u ’ . u i . s I  n s a r s n s s ’n - b u t t  i i  .u h i g hs ~u nr ss  level in  w h u s  h i t he
V ~ - 

S ._. ~~~ _ i m s t i c u p a t e d  li l t ’ i s i S  , u l s i  i o u  5 5  r i s u u n u l i e s , ,tn s i the  r s s ) s  saI l

- , si ts n n ’ n u s u s c t ’ i I  .u t i n t e r v a l s  ut  , u h s s s u l t  I I )  t i s in u res  and nested
(ts r r ’ .u u n’ l e u  u r s u m s  n r u n u s ’ . u u u n  . u tu s l  then ru in  , i ’ , s i S u  i i i  tI-se i s - s u n

iuie is -S i  b ) ,u l l  spailed a f t e r  a to ta l  s i t  I I  n n u n u t r s  of n e st in g

-~ ‘.~ 
l i i  F i g s  5 r h n u s u g b i  8, l~~~I’. I’ , s, - i r i s  t s r  t h i e  u l i O ( ) t est
sp ecimen are presented. Fhrse scans id le  taken at pre-

I n r s t i n s g ,  a l i t - n  I f )  m i n u t e s , af ter  .0) minu t e s , and after
-~~ sp a l l u n u g  As w u i l  he seen , I’ ss ,i 7 s r u u t u s  i i i ’s an t ’ \ s s i ’ l r s  O ss O

O 4 8 ~~~~~~~~~~~~~~~ 

~~~~~ ~~~~~~~~~~~~~~~~ 
peak i t  th e  rs- r n u t u a !  sp all s i t  I indu

us~~r ’ce .~~‘xiq Wear “-~~‘~~ MM _ _  - ~~“ ~~~~~~~~~~~ ._~~~

Fig, 5—Exo.l .ctron .missu on os 0 function of position fo, a 52100 - ‘

b.orung ball b.for. t •stsng Pus Hi. 4-ball ie,I~, ama load .1 S00 lb Tb.,. - - -
° 

: TT. 

~~~bl.

~ 3~ 
Dis tance t s l o n g  ~‘~s ’ ~- Tract M M ~

2 r 2 S—Iso.I. tuonemissien corn ib. ba lishow nirFi gs . 5 - 7 . Following
is foi lur , by s poI li ng aft., 34 minut.s in H’.. 4— balI t .st .r TI.. site of Hi.

S spal l ss  indicot.d by a si gh p.ak a~ 10.5 mm along tt,• w.or t rack , at Iti.
son. , locat ion on on. of t i .  ntis.. psasu s in Fi g 7

~ L-~_--- - - - - -
~~ 

-~ DISCUSSION
o 6 8  52 6 20 24 -

Distanc e ~ Io ng Weor Tra ~-k MM F n ’ u i n u  the present  m e s t s , t her e  us no c u s u i c l u u s i v e  es-udence
that .1 l i i  r’ - r t ’si  ex sie l ect ron  u - n i l  i s s u s  s r i  scan can reveal an

Fig 6—~ ut..l.cfr n emission from th . ball ~iown in Fig S aft., 10 es-entual failurr sun’ ‘l ’h se pre l imi tsary  cc s i t - r u ,  u based on
missuu.s us Hi. 4-ball t.st.,,

hut  a t r w  sun s csst us Iv comp leted tests , suggests t h a t  th ere
is an increase in r~ s s i - I r s  i t u s i s  u - miss isun d u r i n g  tes t In g tn s u n

a numher  of su es , about th in-ce In each of t ine  ac u thsu r s ’
test s. - I l i t ’  even tu a l  spall ls ca tu o ns  is as in s - n  hi case one s i t

~~ i0hi ~~ iDegrees ) thuese sites , One of the  prohlenss i nn _ i ’ .  be t h a t , d i i r u n s g  the

6 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

l~0 2 
- - - In i t i a l  pn sr t ion  of .u rest  in t h ue  ha t -w ell  n ia ch ine , i r u t ’ i , I i

) 
5 

nsetal s u  s n u i , u s  i sf mi s c h s .u l l s  cars u s  i s i r .  .Au i s -  adhesive ssn ’ .ir
at  th i s  p s suis t  wil l  give e n u h a n i s  m’d e l r s t r u s n  i ’ i n u i s s u u s r u  , u : u n  I ’!

~ 3~JVL~ 
un :n g u u s h ah l e ir:sm t i ’ u a t d s i . t s k gro w t h  

in t h a t

va luable set h nn ~ue for sthd I Ll :

-
~ tec h n i q u es F s i r ther unui r e , it  may be -ome 

~ 
s ss u l  s Ic t su ds’-

- velop art exoelectron emIssion technique in predicting

Distance A long Wear Irock 1MM) 
h .‘- .u u s n u g  performance and selectin g u u s u t  poor s c i m  u n i g s  and
c’or’nponeists. I - s n u g an gular  t i s u u l . u s  t t s t ’ u n u n u g s  t i n  exans—

Fl., 7—I..,l.ctr.n .rq,lsston at twe dhff.,.mst golis s.ftings Item Hi. ball plc , their orientation in a roll in g contact devu c can he
sfu wn In Fig.. S and ö, aft., 20 pnlnvt.s In Hi. 4-ball tistw, Thr .. V - -

pr.ffiin.nt p.oks h,ve d.v.l.p.d , •$ I 5 , 3 5 , end 10.5 mm els~ip lb. controlled h u v  i s u r n n i n g  t l , u i s  i s i s  the hearing h u l ls , s t ha t  It
t,ack would be necessary t u s  measure exoeketron s ’ t i u u s s u i s t i  i u t s l ’ .
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I’ s u s s - I u’ u m i m i  F u n u u s s u s u n n  t i p, ’ t h e  ~u i u u d s  i ut “s u u u  t i t u ’  I’ . u i u g u u u ’  S’t u - , u t  V

slu ng . u  k n u s u s s  us  i t o  k I hsuu sc  hcar ir sg s  e x h ib i t i n g  ex s -es,sus-e 5 , ’) Ret ( I ) ,  si’ iso n 7 I i

e’soelec t n - s i t u  r is sus sion ci so Id be . u u u n o m a t  ically rejected by fs R i - u s  h i -nb a ,  -u , C - ari d ‘i s n u t u ij ,  - An l ii’ - ir i s f l  ~,1s s ““‘‘t’i-
V 

V ‘s i s s u t i  s i t  Rollurug ( I s s n t a s  i ’ I s I i ~ Trans . H . I t  — 223 ( ‘ H i s
se ‘s , t u u u s i n s g  m l s ’vuc e 5 4 5  “, v r i s u s u a , s.’. amid 5 , , s s r , w I - 

- - -‘ ‘w an n s l i g  I i ’ s  n t s s n  Sli s rs’psi,,ç,e
l” ras 5- p55 iF s 1  s ’ I’, S us dy 1 R sut I ~~ 1 :is nna ~ n I -ai  c i i -  5 ~-~‘ IS . 187

i i 7 u s i
S U M M A R Y  S ‘ . s  ilsuri-mi , is  - auu i l  Dsinepnu n , I I  S “ t u t u  a i s s s n  o( ‘sir iu s , s u ral in t e g ni s

sI Pressure S r u n s  si ‘~~s s s s u o s s  l- . ms ssi smn an d l’ er ss4ur Pri-ws t
A i s is s’ siu r e  h i s  beens developed s u n  s n u i d v u n g  the  i t - s u i n g , ’’ tsp I ‘utt i l l )  ‘ i l l ’  515 , ‘. st M , ‘57 ,’

i - c s  se lectr ons emissuons from bearing b a l l s  The a n t i c ip a t e d  i S s  S1’~~ii e  J - s t  r sar u g , S t h e  Ea r l s  ( i - s i - -  is is of fa t i gu e
- - t )ama it r by i sss r l m’, S , s i rs F u u s s s s s u s f l  ansI A sou su i c  F mission , ’’

p n s ) h l e u n s s  a r i s i n g  I rs s nr s  n Ise t , u  n that rolling contact t e s t i n g  
~ t p ‘,i ’, -s’s I Si i i  3- 1 57 , -

us du ne sun lubricated suirfac s—s , while the rxs se lectr un ‘T i  Parker , R - “S s , u r r l au u on  si Ma gne ns s-  I-’r r tu rba u io n  l r uspecu u u sn

e c a n su n at  u r n  ((I su m us n -s is best carried 5 iii on clean sur- t ) , sn u w it h  R s s l l u n g  F , I r m enm Bear ing F u n s g u u e  k s s s l i s  I i  i I i  j  s~/

l i i  c’s in s  ,un es- _ us sta ted cbsamber , d i st  n o t  u ssr Stimulated ,~ ~~~~~~~~~~~ 

8
~~~j~

’
~ I

r x s se l e s t r s s n  e ns i s s us s u )  is a , i l u u a h l e  nesc,srch too l t s s r  an- ‘ii Kram er , J - “ i )er m r n . s i l u s c h e  Zusrand , ’’ 5 , i i u t s n g e n  S ,.is , ler s S-” ,r i

swer ing  s i u s  h ques t ions  ,u s whether  ball hear ing S r ,ss ks ‘. Ru p r e h t . i’i’s((
/0) Bro tzen , I-’., ‘‘ l . s i s s s s s s s n  of F . x s r l e s  n i - ni trs ,nn S t r i a l l u c  \ I , s s r r s i k

s,  g i n . u i r  at the s u s n t , u s  c u t  be lisw t h e  s tun - face , aisd “~~~~~~~‘~ p’sys cia: Vol . 22 , 9 155 ‘ 5 5 7 :
s i ’  u r i s . .  s i t  h e c u sm i n g  a t echn ique  hel p f ul  in accelerated ( / / )  s ; r s i t s u s n t g .  I. , ” A ‘sir s-tv s i t  Exo~~lecn r u sn Emu ssu isn P hensum ena , ’

l u t e  l u - s i  un g  E v e n t u a ll y, it  m i v  form the basis for a prac- Boi J ~,/ ipp l  P/u5 u . ‘I , 115 ‘ I I . S t arc h j ’ i ~,5(

V - V V 5 / , ’ u I f s e i s s g ,  S S , u c s n z , C., Out . W Ru s s e l l , I - ansi • \ lu , St . \ pttlu-
i u a) met hi  us i t s s r  srIe s ’t u n g  ‘si n short lived bc ,un in sg s  1mm .u -s an i on s  i i i  F .x s~~te~ t r sun l o ss  i s s i s  us u s  \ s sn d e s t r u c nu s e  E i a l u a n s ’ i n  of
batch s it nonsursall y id entical . - -  sn u gs S l i s u s - s i u g ,  ( s, u ~ k Gr owth . Fat igue , \ i , s s t - a ) s i u u ,’ and G r u n d u n g  l’ s ’s

ecits,” / , s u s s i ~ / 5mm F’r, ds siuo n of ,4sfssur.ua/ / ‘s i f , s i -mm msu sSc( sir .Vun ~awes and
Compssneui ss , AS t M ‘i t  F’ 515 , Ame rican ‘I ‘ s i - n ’ .  ‘ i t  Ti -stun g anu s)
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Exoelectrons
They are electrons emitted by a f resh metal surf a ce, Such surf aces

are created by wear or by the cracking associa ted with metal f at igue;

thus exoelectrons have become usef ul in the study of those processes

by Ernest Rabinowicz

Tnvestigators who want to study the tures and then finds it qui te difficult to from surface a toms under cer tain condi-

I surface of a metal for wear, cracks extract any numbers that can be p lotted tions that provide enough energy to pro.
or other defects can call on a wide on curves , eva luated and tested critical- yoke their release . It turns out  that such

var iety of techni ques: optical microsco- ly. Furthermore, he cannot be sure that conditions are closely correlated w i t h
py. e lectron microscopy. scanning dcc- the regions visible in the pictures are tru- the surf ace changes produced by wear ,
lion microscopy and autoradiography, Iy representative of the surface as a cracks and malerial fatigue in general.
among others Thus a graduate student whole, This unsatisfactory state of af- The exoelectrons can readily be count-
doing a doctoral dissertation on some fairs is being remedied by a new tech- ed, so that the technique prov ides what
aspect of surface science commonly nique that involves the detection of pictures normally lack: numbers that
ends up with a collection of lovely pic- exoelectrons, electrons that are emitted can be disp layed, plotted and compared

The discovery of exoelectrons is relat-
ed to a malfunctioning of Geiger tube s .

- ‘
~~ which are used to detect the radiation,

particularly electrons, produced by nu~c lear reactions or the decay of radioac-
t ive nuclei, Geiger tubes are essentially

e metal cylinders , typ ically about the size

- 

0 
, 

-

and shape of a large cigar , with a fine
insulated metal wire running down the
middle and a thin foil window sealing
off one end. A high-voltage difference ,
commonly 1.500 volts , is applied be-
tween the center wire and the grounded
cylinder. If a high-energy electron entersf ’

-

~~~~~~ 

•~~~~~
r
~~

the windo w , it triggers an electric dis-
charge that can be recorded and count-a~
ad, Soon after the introduction of theI V

• ~:~ ;‘I • , , - Geiger tube in the 1920’ s It was ob-
• served that a freshly made tube gave a

• y ..- -: 
- 

- . I high and irregular count ing rate over the
- first few hours or days and after that‘- a 

~~~~~~~~ ~~-, • . performed normally A little later it was

~~ 
~~J 

~ 
. 

- - found that when any freshly machined- t - - -. - ‘ - surface was introduced into a GeigerI ‘L’ a ‘ - - ,-- . - tube, that too increased the initial coun t -- - 
~ .r ’ 

eng rate.
• t 

~~~~~~~~~~~~~ . 
.
~~

- - 
.
~~~
‘ . 

~~~~~~~~~~~~~~
~~~ .~~ -‘• -. - t ~~ 

/ ‘ 4 ~~. - ~~ The phenomenon was first carefull>

~~ ~
.i, 

~~ 
- . ...~j

p’ , ~ - 
.- ~ d investigated by a German physscist ,

- J  I

~~ ‘

•
~~~~‘ 

. 

~~~~~ . 
~~ ~~~~~ 

- 
- 

showed that all freshly prepared metal
surfaces had the ability to give off d cc-

j •  iohannes Kramer. in the 194(Is He

- 
• ted inside a Geiger tube , they would of• S 

‘ 

j
~I~~

D lions and that if the electrons were cmii

course trip the counting mechanism

lion volt and that the emission lasted for

b MuIS - - Kramer found that the emitted electrons
- • had an energy of only about one dcc -

5 !• a
only a few hours or days after the fresh

FATIGL:! CL4C~ IN ALUM Ei-uIL M Io.~~ Ilk. tbM ~~ ma . m e .  .kr..c. p.. ~~~~~~~ .—, surface was produced. Hence the in
IM.I sad ithar .ta.datd I aaJ.g tichaiquis are v.Uy elicIt,. f. r.,salIag cracks sad oghar crease d initial counting rate of new Oci .
sarisce laws tb.y 0,. a. l.tar atisa .bw.S k.w rsc..* Ike~ ar, I, h.w taey at . p..sj i $,  get tubes wu finally explained

H._  -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_  _

74



— (y, -

[‘he annot inccment of th is di’,a. oscr ~ tria l e xt mia t mon to exceed the work func - t.i)nsmd erahl e energy. A good analogy
surprise d the ph~ s mcs cornmu nmt~ I tie i t  i i  and k:mve t h e  sin f .ice [‘he ;n o~ a s s  might he a housing dcve lopment in a
condit ions under ~ hit. h e kc tr I ris a. ciuld is known ,is ihcrmj onic emission ,\ ii p a r t  of the country where  the water ta -

be emit ted Iron-s ,i mnet ,tl st ir fa te had other triuthoal consa -~ in shining ultra ta le is 4 me m e rs below the surface To
been we ll t’s iah lishc’d for many ‘,c a i s  as v io l e t  radi,ition on the s a i l  f.mt c If thc ~ct t~ it e r to t he surface c v e r ~ house .
t he resul t t a t  s t i i a l i t ’s t hat had become w.mvelen ~ t h t a t  ( l i e  , i t i -at ion is shor t holder h is  to drill a w c-ll it least 4 3
c lassic, and the phenomenon disco - . a - ted enou gh tor the a- ne rg~ in eac h photon to me ters deep and pump the water  up
t a .~ Kramer s i riup li, dial not lit Br it ’ll ii us - ceal the w i t  k f unct ion , a photon can ft orn it it depth Th en someone comes
w ,is w e l l  know ii t h a t  in order to remove it iii sl ur  i ts c net g~ la~ cc, llidmrag w i t h  in ,ilong who drills a new well and finds
e lectrons f rom an’, sa i r t . i c c  a spec ilic c lect ro n , and the d c c  turn springs [ m m  ihat w a ter  spurts out of the ground
amount o f end g-, had to he supp lied the su rf ,a~ e [ hi process is known as spontaneously i i i  the height of a meter ’
I-or .i meta l ~iich .is copper (lie remus ml Pl iOtoelet.  t r i c  ei1ii~,s Iim n (W hen ,-\ lher C Wh it n-mechanism supp lies the energy
of one e lectron requires the v xpe i ial l  I - inSie in ret c is ud his Nobel priie in t hat is required o overcome the w ork
nrc of -t eketrori  v a u l t s , t he refore one I ‘I,~ I - it w a s fair his I ~) S paper exp lain- f u n c t i o n  and c i i ise the emission of an

spe aks ot the wo r k t i i ic t ton of coppur i r ia :  the pliotom. - l e c t r i t  t ’ t Icc t  ) e lcc ii i )n ? Kramer thou ght the energy
is being 4 e lea.tron volts . ~~nc w e ll Kramer s dis covcr of the sponiune- w is thermal in nature For example , if
known method of remosing e le c t io ns  o ils emission of electrons w a s  surpr sing an old meta l sur fa ce is abraded , its ox-
from a sur fa ce is to h e , a t  the surf ace to a ptc ’a. iscl~ t iec,ius c it described the .spon ide layer is removed and a naked metal
high temperature . thus enab ling in eke taneous out urrence of something that surface is left The fresh surface wo uld
tron to acquire enoug h energy by ther - w ,is know n it)  require the expenditure of immediate ly tart to ox idiie again . lib.
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EXOEI.ECTKON IMA(’.E of the fatI gue crack show n opt ically o~. Tb, Intensity of emisalo. ~ slmulta.eo*~Iy display.d on the tac, of a
lb. op posit e page provides Info rmat ion that ~ both more graphia cathode-ray tu be by an eleilro. beam that ‘ollo ws the scassing pat .
and potent ially mor e Usefu L In general lb. fr es her th. surfac e is, t he (era of t he uitr.iiloief beam. The vert ical .efiect loa of the cathode-
.i ni. eaeelec t tons se, emitted , The e*oelrc t ton lm.ge shown here ray Image ~ proportional to he Intenalty of e~o,Iec*zo. emLilt oL
wa, made by scanning the sl uminum surfac. with • fine beam i f  The .ioekct on Image end the optical Image is lb. op poet t. page
ultravIolet radiation, whic h stimulates the emission of ,*oel.ctr onx . we,. made by (‘. C. V.ermais of the DeltI IJairerilty of Technology.

______________ V -V 
________ 75



—1~5—
ttR~ sS ~ .s -m ‘~LASS surface has two obvious sources that an

— . - ~~~~ ‘ ~~ ‘ ‘  -- -- 

~,/ 
- old surface does not have One is the

~ 

chemical  bond energy of the metal L.et
us consider one greatly simplified way

- th is energy could be made available ,
ANODi //.:::~f. -. ~o COUNTiNG W hen a fresh surface is created by ma-

OE’ItCL chining. an atom may be left in an cx-
_____________________ 

posed position. so that several of its
FOi L WiN DOW (“

~
“

~ 
chemical bonds are unsatisfied and, as it

________ 
were , dangling. Later . w hen the atom

- ‘

~ 
, -~, forms new bonds with other atoms us

- 
CAT ~~~ OE 

the metal, the number of dangling bonds
is reduced and the energy of the new

-tNOMALOUS BEh AVIOR OF GEIGER TUBES led to the discovery of exoelecfrot.i. Per. bonds is made available, either in the
hap. the beat-known detector of charged subauclea, particl es, a Geiger tube conaiata of a metal form of heat or possibly in the form of
c~hnder surrounding a fin, metal wire, which ate iniulated from each other .o that a differ. exoelectrons. The other energy source is
enc e of about 1,500 volts cam be applied betw eea the tveo. When an electron or another kind of the one I have already describe d the
charged part icle e~ieri the tube ihrough a t hin fo li window , it tr igger , a brief electric discharge. energy of oxidation or analogous proc -

Suc h discharges can be record ed and counted . It had been obeerv ed that newly made Geiger essestuba oft.. giv, spuriously hig h count s for hour s or days . The cause was internal exoelec trons. One can est imate the amount of ener-
gy involved in each process. As an ex-
treme examp le of the first case consider

crating a considerable amount of chemi- might be useful in their work. Physicists an atom of copper that is left dangling
ca l energy in the form of heat. Electron also expended considerable effort trytng on a fresh surface so that it is held h~ a
emission was also observed when a liq. to e xplain lust how and why exoe lec- bond in only one direction , compare d
uid metal cooled and solidified, There trons are produced. As a result exoelec- with the six directions in which it would
the latent energy of melting is given off Irons were soon enlisted in the study of be held if it were embedded in the crys-
in the form of heat, and conceivably a wide variety of surface phenomena: tal lattice of the metal, If the atom
some of the released thermal energy friction, wear, meta l-cutting. grinding, dropped into a nearb y slot in the lattice.
could give rise to the emission of d c c -  ball-milling, cata lysis, corrosion. frac- it might be held by bonds in four direc-
trons. Since such processes are exother- ture . plastic deformation and many oth- tions. In its initial state it was five-sixths
mal. or heat-emitting, Kramer called the ers. In addition there were numerous of the way toward being evaporated
e lectrons exoelectrons. Although his cx- studies making use of physical and (since an evaporated copper atom has
planation for the mechanism of electron chemical techniques to elucidate the no bonds to other copper atoms): after
emission is not accepted today (for cx- properties of exoclectrons and to dis- dropping into the slot it is only two-
amp le. the exoelect ron emission in so- cover the mechanism of their produc. sixths evaporated (since we have as-
lidification is believed to be associated tion. Some of this work was published: sumed that bonds in two directions are
wi th changes in volume and the accom- much was not. still missing), so that the energy made
pa nying breakup of surface layers). the available by the movement of the atom
term exoclectron has survived. Exo- f shall discuss the scientific and engi- is the difference: three-sixths, or one-
e lectrons are also, however , somet imes I neer ing aspects of exoelectrons in half, of the energy of evaporation of
ca lled Kramer electrons, turn, Concerning the production of exo- copper. The energy of evaporation of

Kramer ’s book of l950 describing his electrons there can be no doubt that if a copper at room temperature is 2.9 d cc-
findings st irred up great excitement freshly machined metal surfa—e is to Iron volts per atom, and so we conclude
among investigators interested in sur- give off an electron, there must be a that the energy resulting from the atom-
faces, w ho perceived that exoelect rons source of energy. A freshly prepared ic rearrangement. being about half the

energy of evaporation. might amount to
1.45 electron volts, Consider now the
energy re leased by oxidation, If one

A atom of copper oxidiies to CuO (copper
- can also oxidize to Cu,O with the libera-

t ion of a similar amount of energy). the
B energy liberated is .8 electron volt,

It is hard to see on the basis of these
calculations how an exoelectron ac-
quires the 4 3  electron volts it needs to

- . - . .  , overcome the work function and esci’pe
- -

. -, from a copper surface, to say nothing of
- .- 

,
, , , - 

- -. 
- the additional electron volt correspond-

- - .~-~ - - :  .P , ’ .‘ , . ing to the kinetic energy a typical exo-
- - - t~’.’, ~~~ 

. , 
,~~

- ,- ‘ e lectron pouesses. One possibility isthat
- - .~~‘e a copp er atom might oxidize , adopt ‘i

[/ •
~~ ‘:. . pc ,, “. ~~~ more highly bonded lattice position and

- , . acquire an unusual amount of thermal
energy all at the same instant. Another is

ONE THEORY OF EXOELECTRON EMIS8ION lavok.. lb. e.u’gy that is made availabl, that after the conner starts to oxidize a
wh.. aa .tom drop. fro.s a iocalio. la wbkb li i. l.o,e*y bouad o.a aietal aurfsce (A) l. one v h’ ‘A I W ’ th A d
w here it U mot e tightly bound (1). I. this acb.matIc esam pIe lb. sto m o. the sudsc. ~ ~~~~ 

cry in oat e ayer i * re uce
ta o.. dh .cdo. only, to a a.ighborlog ato m below It, ie.viag it with tree honda (a I~. dlrec- work function, say two electron volts,
tb ... Whea the ato m drop. late a slot I. the suiface, it is held by bonds (a four dlr.ctloas, might be formed at the surface. This
leavi.g o.ly two bond, free. Eaergy released Ia the clang, I. roughly equ ivalent to about bolt makes exo clec t ro n emission eas ier be-
th. “ E’ seed ed to evapo rate the atom sad cou ld help to eject an eI.ctro a from lb. .urfac,. cause the energy requirement is re-
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duce d. but at t he same time the exoe lec- to no more than .ibout 10’ per square sleet balls) in order to reduce it to a po’~
trons must now traverse the oxide layer centimeter even in favorable circum- der , at titst the re is a steady reduction in
in order to reach the surface, Another stances l’hus only about one surface the size of the particles but then the rate
possib le phenomenon to be considered site in 10 million sites is subjected to the of reduction decrease s and eventually
is the adsorption onto the solid surface special set of conditions required for the levels off entirely The phenomenon is
of gas molecules from the environment, em ission of an exoelectron faithfully mirrored by the rate of d cc-
Suc h adsorption could contribute ener- So far every expe rt on exoclectron tron emission from the particles , which
gy. but the amount would be limited, phenomena seems to have his own theo- is fairly high in the early stages of the

ry about the exact combination of con- milling process but decreases steadily
After considering such possibilities. ditions needed for exoclectron emission. Another examp le is what happens
1 1. one is left with the impression that One of the problems is that each worker when two metals are slid over each other
ex oelectron emission seems to depend runs his tests under somewhat different under various loads: they emit more
on an unusual combination of favor, conditions, and he naturally finds that exoelectrons at high loads than at low
able circumstances. In fact, ca lculations the results he gets do not quite match loads. This was hardly surprising, since
based on the rates of exoelectron emis- those of other workers. It seems likely one would expect a greater surface area
sion confirm that the production of an that different combinations of the av ’iil- to be disturt’e d at high loads than at low
exoc lectron is a rare event , If one able mechanical energy, chemical ener- ones. Although the correlation between
abra des a square centimeter of a metal gy. adsorption energy and thermal ener- exoelectron emission and load was in-
sur face, about I0i~ meta l atoms are cx- gy. balanced against a work function teresting, no one could see any way to
posed. if exoelectron emission were nor- that changes as a result of chemical ac- exp loit the emission to gain a significant
mal surface behavior , one might expect tion and surface contamination, are op. new understanding of the phenomenon
eac h surface atom to be the site for the erat ive in different circumstances. of friction.
em ission of at least one electron, so that The users of exoelectrons quickly Basically the problem was that if
in the cour se of several days a total of found that exoelectron emission could exoelectrons were to be used to obtain
ioit exoc iectrons might be emitted from provide information about many sur - knowled ge about some other phenome-
each square centimeter of freshly cx - face-related effects , For examp le . when non. it was necessary to know under
posed sur face. The total number of exo- a coarse material is put into a ball mill precisely what conditions exoelectrons
e lectrons is much smaller , amount ing (essentially a rotating drum filled with are produced. As we have seen, how-

I I I I
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POSITION OF UI,IRAVIOt.E’T SCANNING SPOT (MILLIMETERS)

GROWTH OF CRAC~~ In s. alamlaam t..t str ip is revealed a sa t,’os embolo. wes stisulated by dis.ctba g ultr.vlol.t u.dlatloa at the
,a.eI.ctro..easis e*o. study mad, by Willia m J. Baxter of the R.. surface, Tree. show (acr e.., I. e laio. after 1,000 s.d 4,000 stress
search LaboratorIes of II. Geae,*l Molon Corporatlo.. Tb. str ip cycl es The sa mpl, failed at iocatl.. .4 peek .4 after 140,000 cycles.
w ~~essad by repeated beadlag I. a vacuum. At iat.rs’ak ezo,I.c- This abow.d that ,xoel.ctro.a can r.vesl lb. .1*, of powtag cracks.
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ever , this is exactly what has proved to lithium fluoride and beryllium oxide. i.igcs over other monitoring technique s .
be so difficult Interest in exoclectrons are exp ose d to nuclear radiation or oth. which measure the leakage of electro-
reached a peak in 1957 , the year of an er types of high-energy radiation, their static charge or the exposure of photo-
international conference on the subject, crystal structure is damaged in propor. graphic film.
and then, mainly for lack of progress in lion to the length of the exposure. The
exp laining the mechanism of their emis- damage can subsequently be reversed nother recent use of exoelectrons is
sion. declined to * low point in the mid- by annealing the material at a specific for studying the process of crack
1960’ s Starting in the late 1960’s. how. temperature, usually about 1.000 de. growth in solids , particular ly in the
ever , interest again quickened with the grees Celsiu s. Simuitaneous ly exoe lec- course of fatigue . Fatigue is a mode of
discovery of potential new uses of exo- trons are emitted in rough proportion to failure in metallic solids that are placed
electrons, some of which I shall now de- the amount of radiation the specimen under cyclically varying stress. Suppose
scribe , absorbed. The phenomenon is being a metal rod is repeatedly stretched and

One of the newer uses exploits the considered for possible application in a compressed. if the stresses are less than
emission of exoelec tr ons as an index of reusable device for monitoring the ra- the yield strength of the metal , it will
radiation damage or radiation exposure diation exposure of workers in nu~ survive the fi rst app lications of stress
It has been found that if certain m organ- clear power plants and similar places. without suffering damage. If the app li
ic materia ls, such as calcium sulfate . The method promises certain advan. cations of the alternating stresses are

continue d, however, the rod will eventu-
ally break as the result of fatigue

( ~
“; Earlier studies had shown that in such

cases tiny crac ks form in the metal. and
that they gradually grow during the suc-

I 

cess ive cycles of stress until the spect
men brea ks in two. In the early stages of

SPINDLE fatigue not only are the cracks usually
small and not easy to detect but also at
that time there was no way to predict
which ones would grow and wh ich ones
would remain as they were Thus the
stu dy of crack growth had long present-
ed a difficult problem. Since a growing
crac k constitutes a freshly exposed sur-

BALL UNDER TEST face , however , one would exp ect it to
em it exoelectrons , and it does. As a re
sutt exoelectrons are now being exploit-
ed to study crack formation and crack

SUPPORTIVE BALLS growth.
In such studies one should like to be

able to locate precisely where the exo-
- . . electr c’ .is are being emitted. One meth.

- , od of location is purely mechanical A
mask with a small hole is moved sloss ly

- DRAIN across the surface of the specimen in a
scanning pattern so that one can tell at
each instant the source of exoelectrons

— reaching the detector. As it happens. a
much more elegant technique was as-a ll -
able, as a result of earlier work with
exoelectrons. One of the diagnostic tech-

r - niques used by early workers to investi-
gate the exoelectron process was to ap-

I “ ply various types of energy (heat, light .
- mechanical vibration) to surfaces giving

off exoclectrons and study the conse-
~ f~ quences. In general it was found that if

- 
. external energy is applied, the number

j  e-4. of electrons is increased. Electrons re-
LOAD ARM “ leased in this way are called stimulated

exociectrons. The most effective stimu-
lator is ultraviolet radiation. The fre-
quency of the radiation must be kept

~ 
~~;

‘ low enough so that the energy in each
photon is less than the work function.
otherwise photoelectric emission w i ll
occur as well as exoelectron emission

With ultraviolet radiation the number
BEARiNG-BALL FATIGu E I studied with a devic e I. wh ich a teat ball , rldl.g oa the,. of exoelectrons emitted from a surface
lower balk, I rotated at 3,S40 revoludo.s per mlaute. Tb. ball ar, co.ttououely bathed wIth can be increased by a factor of more
fresh h.brlca.t. Co.tact is co.Ba,d to a narrow track o• the upper balL The amouat .1 .~... than 10 .000 over the normal emission
o th. test bail I gov.rued by th. weight oa the load ares, The lest U stopped wh e. . .ic ~.. rate. This means that if one small region
ph... d.t.cta a l,vel of elbeatlo. signifying that a ball baa developed a ..s-toes swface defect. of a surface is illuminated while the

78

- -. . —-~ 



—68—

HIGH.VCCrAQEJ SCALER RATE METER ~II: -
SUPP~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

X Y R E C OROER

ULTRAVIOL ET
LAMP
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11 __________  

QUARTZ WINDOW D G~~A T O

Li i I CONVERTER

ELECTRON 
,~~ .~-OUARTZ LE NS 

-~~

DETE CTOR 
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EXOELECTRON EMISSION from beari.g b.II wes measured and vacuu m chamber so that a narrow beam of ultraviolet radiation wi i i
recorded with tha apparatna I. the author ’. laboratory at the Mama- laD 0u the track of princIpal wear as the ball U slowly rota led, The
cbuaet~~ lastitut. of T.cb.ologr. Aft er being removed from the ds- beam stimulates the emI~ lo. .1 exo.lectro.s. The exoe lectr on-emts -
vic, show. oa the oppoeit, page balk are cleaaed and mounted I. a Io, ret. I displayed oa oecwoscope sad plotted on a. x-y rec order.

exoelectronemiuion from theentiresur. them eventually led to a failure after required for failure to occur Thus if
face is measured, nearly all the emission 140 .000 stress cycles. It is clear that the 100 identical ball bearings are tested to
will be generated in the illuminated active sites indicate locations where failure, the times measured between the
area. As a result one can sweep a beam cracks form, grow and extend. Baxter ’s first and the last failure may differ by a
of ultraviolet radiation over the surface results were exciting because up to that factor of 100 or more. The problem is
and simply measure the electron emis- time no methods were available for made all the more difficult because on a
sion a. a function of time. The exoelec. identifying fine cracks in metal surfaces macroscopic scale there are no useful
tron count at different times indicates and watching them grow to failure, measurements one can make while wait-
the emission from different areas of the ing for a ball to fail. On a microscopic
solid surface . axter ’s work prompted us at the Mas- scale one can examine the surfaces for

An early demonstration of the inlor- sachuset ts Institute of Technology crack formation. but the growing cracks
mation that can be obtained with this to try to app1y the same techniques to are tiny and hard to locate. At htgh mag-
technique was published by William i. the problem of crack growth in rolling’ nification. to be sure, many fine cracks
Baxter of the Research Laboratories of contact devices, a process generally re- are visible, but there is no ready way ID
the General Motor s Corporation. He ferred to as surface-fatigue wear . Sur- tell which one is growing rapidly and
placed an aluminum strip ‘us a vacuum face.Fatigue wear is the main cause of will eventually lead to a failure. It there-
chamber containing an electron detec. failure of ball and roller bearings and an fore seemed to us that exoelectrons
tor and stressed the strip cyclically by important cause of wear in gears and in might provide a way of identifying sig.
bending it. Simultaneously he slowly wheels rolling on rails. In ball bearings nificant cracks and watching them grow
scanned the surface with a sharply fo - surface fatigue develops when a crack The experimental problems seemed
cused beam of ultraviolet radiation. Be. forms in one of the balls and slowly considerable. Since exoelectrons travel
fore the mechanical stresses were ap. grows until eventually a sizable chip only very small distances in air before
plied there was no exoelectron emission spa lls off. Once this happens the bearing they are stopped. it is virtually essential
from the surface. After 1,000 cycles is quickly destroyed. to conduct experiments with them in a
three sites gave above-average emission. Surface-fatigue wear is an awkward vacuum system. On the other hand, to
After 4,000 cycles the active sites had phenomenon to analyze because there is be meaningful ball-bearing tests must
become much more prominent. One of a very large statistical scatter in the time be carried out under the conditions in

79 
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ROTATION (DEGREES) which the bearing usually works: in air

0 90 160 270 360 with lubricated surfaces. Hence to mea-
6 I I I sure bearing balls for exoelect.ron emis-

— INITIAL — 
sion would call for running tests in a
bearing tester in the presence of oil.
cleaning off the oil with a solvent, evap-

4 — — orating off the solvent, putt ing the ball
in a vacuum chamber, pump ing the
chamber down and hoping that all this

— — would not interfere with exoelectron
emission. When my colleagues were in-
formed about the experiment, many of
them thought it was highly unlikely that
after all these manipulations any exo
electrons could be detected , but we dc
c ided to go ahead anyway. The U S
Army Research Office offered to spun
sor the work.

Two pieces of apparatus were used , a
fatigue tester in which the bearing hills
were stressed and a vacuum chamber in
which the exoelectrons wer e to be de-
tected. The fatigue tester was of the tUr

8 I I I I well four-ball type. in which a tc st ‘~all .
Ui held by a spindle and rotated at ~~~~~5 ~ — AFTER 20 MNIJUTES — revolutions per minute. rides on threez lower balls that are constrained by a ring

and disk to travel in a ctrcular track All
U the balls are half an inch in diameter (IL0.

has been established that tests run in this
apparatus . with four balls rolling to-

.1

gether. give results that agree well wi th
behavior in a conventional ball bearing.

t\i\

\

~~~~~~~~

i

/ f \ ~~~~~~~~~~~~~

,w

~~~

r

~~

which has an inner race , an outer race
and a large number of baits between

I

them.) Lubricant is dripped continuous-
ly into the test section. A microphone(.1
attached to the (our-ball tester measuresU

-a
vibration and automatically shuts off
the power when any one of the balls be-

c I I I I I I I I I gins to spall. l’he geometry is such that
contact is confined to a relatively nar-
row track on the upper ball, so that dam-
age and failure generally occur there.

_____________________________________________________________ 
Thus only the upper ball need be exam-e I I I I I m ed for exoclectron emission.

The evacuated exoelectron.detection
— AFTER 34 MJPIUTES (SPALI4 — apparatus uses ultraviolet radiation for

the stimulation of exoelectron emission
The ultraviolet rays pass through a4 —
quartz window and are focused on the
test specimen with a quartz lens. For thc
results reported here the spot size was
two millimeters by .27 millimeter. The
emitted electrons are detected in an elec-
tron multiplier. The output pulses are
summed and displayed on the y axis of
an x-y recorder.

T 
he initial measurements were made
of the exoe lectron emission from lu-

bricated bearing balls that had been
0 1 I I I I I I I I I I I scratcheu with a diamond scriber and

0 2 4 8 8 tO 12 14 16 18 20 22 24 28 cleaned with a Freon degreaser. The
DISTANCE M.ONO WEAR TRACK (MILLNETERS) exoelectron-detection apparatus worked

________ 
as we had hoped, revealing sharp cmix- -

HISTORY OF RAIJNG.RAU. FAILURE can be ,ec,~~~~ drd by .hs.rvlag the ti , .1
mist. , .1 ~~~~.cituns s.d their Imatlun st latarvak d a fatigue t~~, This. r.carda sion peaks when the ultraviolet beam

war. mad. with thi apparet ~~~ ir s. th. pr.c.dlag m. t., ~~, ~~~, ~~ ,~~ 
illuminated the scratched region on the

sin, of a ,st.ctrma bofers the t~~ hip.. Tb. isddi . iracs show. lb. ,miste, tie als.ug th. ball. We then carr ied out a number of
w track sites IS latiis ,i t.ed.. Tb. ball ~~aSy laDed by .p.ll a& 1ein a ~ k. .1 actual wear tests. In one typical test stee l
maSon , sit., 34 mlantes. The s~~ p p k  I. thi rd trace c~st.dd with Iscatin. .1 lb. spelL balls were run in the Barwell tester at a

S
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stress level where the anticipated life
was about 4(1 minutes. Every 10 minutes
or so the top ball was removed, tested
for exoelectron emission and returned
to the tester for further stressing. The

>~~~~~~~~~< ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

test ball spalled after a total of 34 min-
utes of testing. When the wear track on
the ball was tested at 20 minutes. it had

TRAILINGLE~~ NG EDGEshown three big peaks of exoelectron
emission. The site of one of the peaks - —
proved to be the eventual spall site.

Besides enabling us to locate the posi- CRACK LEADING TO SPALL in a hia,tag bell might grow from lb. kadiag ed;. to the

tion of an eventual surface-fatigue fail- t~~~ a( edge (left) or Ia the opposite directS.. (nglitk Refo .’. deveIo pme.t of ezoelectyoa-rini-

ure . exoelectrons throw light on the sioa tachaique the re woe euly Iadir ,d atbods to establishing the direcUos of crack growth.

mec hanism of the failure process . For
example. if a bearing ball is stressed in a
test apparatus (or in actual use) so that -

the ball always rolls against the adjacent
surface in the same direction, a crack
that develops at the surface typically
grows inwar d at an angle and can even- - 

, 
-

tually lead to a spall. The question aris- ‘

es: Does the crack grow in the direction
of rolling or away from i t?  The question
can be stud ied by observing how the
exoelectron emission near a crack that
grows into a spall varies with time. - :

Our studies have shown that the lead-
ing edge of the eventual spall shows a
prominent peak early in the test but that
the peak gradually decays . presumably
as the crac k extends under the surface .
and parallel to it. The trailing edge
shows hardly any exoelectron emission ~~~~~~~~~~~~~~~~~~~~ — 

‘
~~~~~~~~

‘ ‘

above the background rate until spalling
takes place. Hence the crack develops
from the leading edge to the trailing
edge, confirming earlier studies that had TYPICAL FATiGUE SPALL In a bearing bell N shows In a .cannl.g ekctro, nii cro~ rap b

provided less direct evidence, that was made by the author. The spell N 1.8 mliuimeten long; the leading edge Is at t he telL

In our work with bearing balls the ul-
traviolet beam can be directed along a 2 ~ I I I Isingle track because of the way stress is
localized in the Bxrwell tester. One can
readily imagine, however , a technique
in which the surface of a specimen is
swept with a fine ultraviolet beam in 2 —

a raster pattern while the exoelectron
Uemission 18 displayed synchronously as ,—

the vertical deflection of an electron ~beam scanning the face of a cathode-ray 
~~ 1 .5 —

tube . The first demonstration of such a
technique was made in 1969 by C. C.
Veerman of the Delft University of
Technology in the Netherlands. In his
exoe lect.ron images a fatigue crack in an R —

aluminum specimen resembles a moun-
ta m ridge f ree l!hi.uration on page 75] . ~ TRAILING EDGE

In a similar scanning method the elec-
tron-emission rate is made to modulate 5 —the intensity of the electron beam in the
manner of a television image. In such a
picture light areas correspond to regions
emitting ezoelectrons.

It is risky to predict where future c L.....

developments of exoelectron-e miasion 0 5 10 15

phenomena will lead. Within the next TIME (HOURS)

decade it should be poutble, with spa- REOEI~ CtRON EMISSION f rom tb , ball that ulti mately develop.d the spell showa I. the
cial technique, for detecting cxoelec- mkro~ ’aph aba,, lii W tratlo. enabled the author to oslablbb that the initial fatigue crack
Irons an sir , to make routine examina apps.eud at what o. to boo.. it. kading .dg.. Eaoel.ctro. emkao. ho. the lisdi ag edge
lions of the entire wing structure of an ~ in ~sto.~ ,mhaita he. it. tralliag edge N in black. Evidently crack stark sasSy at Isadlag
airplane. searching for growing fatigue .dg., thea iu ado striate, who. It cannot hi detected, ..d Sanity e.’”*~~ 

at trai ling edge

81
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cracks. As the speeds 7ot ps*scnger trg~ns prediction by indicating which cracks
increase it will be important to develop in the surface of the earth or tn subsur-
fast and reliable methods for detecting face rock structures are actively grow -

incipient flaws in wheels and rails: per- ing. I suspect that as we learn moru
haps exoelectron techniques will serve about the exact conditions ij n k’r~ ,,
the purpose. It is conceivable that exo- the emission of exoclectrons uses w i
electrons could be applied in earthquake be found that we cannot imagine tod,i~
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TWO TECHNiQUES FOR VISUALIZING CRACKS Ia a steel ssnfac. that had be.. iub-
Jed.d to piutlc skaia are compared. Tb. bang. at the top N am esoelectroa mkrograpb In
which bsigbtae. N proportional to the embaio. of ez.d~~tro.. The Image at the bottom di—
pick it, same rigS., In ~ eoa,selio.aI s..~~ ing eS.cfro. mIcr.grapk~ e.fac. cracks ibow up
sa bright lines, The pafteru 01 eso.kcb’o. .mIml.. closely follow, the paftoru .1 cracki~ Mk!o’
graphi w or e mad e by limi ts , and Sinai.7 P.. P.o.. of Geaestl Motors Research Laboralor rs.

- _ _


