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ABSTRACT

]
A Geiger-Miller flow counter was constructed and

operated to effectively detect exoelectron; from a 6063
aluminum alloy. The optically stimulatéd exoelectron
emission raté was recorded during“and after plastic de-
fbrmaiion; _

By properly heat treﬁting the age-hardening 6063
alloy, the microstructures, slip modes aﬁd consequent ¢
exoelectrdn emission of the alloy specimens were changed
in a systematic manner. A finér'slip mode resulted in
higher rate of inéreése bf exoelectron emission during
tensile strain. This correlation of emission rate with
specimen slip mdde,allowed'the suggestion of a mechanism
for exoelectron emission during plastic deformation.

It is suggested that upon plastic deformation,
slip steps f;rm-and break through the metal oxide, expos-
ing dislocation ends, that is, dislocation lines inter-
secting the exposed metal surface, which form localized
'exoemission.cenfefs. The exoelectron emission rate from

+

these centers then decays with time.
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I. INTRODUCTION

When a solid undergoes a-structura1~change,isuche
as’ is encountered during plastic deformation, irradiation,
~or a phase change,.the solid surface ma? emit negative |
charge-carriers.in the form of slow electrons (a few
felectron-volts) After termination of the structural
change, the em1551on rate decays with "time. This emission

bad
N

phenomenon was named exoelectron em1351on (EEE) by Kramer

(1] in 1950. Photo-em1551on and thermo—em1551on of
electrons occurxfrom many substances upon structural
change and eQC1tat10n by visible light and thermal stimu-
lation, respectively,” These phenomena, called optically
‘stimulated exoemissionl(OSEE)‘and"thermo—stimulated exo-
emission (T$EE),-differ from the normal photoelectric
effect,.which is observed-only~with sufficiently short
wavelength 11ght, and the normal thermionic emisSLOn, .’
. which is observed only at suff1c1ently high temperatures._
’ .The OSEE and TSEE also decay with’ time.
The ability to. study the structural changes in

) metals, espec1a11y commercial materials, is of great

importance. Structural damage 1n commerc1a1 ‘metals may

result in failure. Also, tructural changes are necessary
or both the fabrication and the development of useful ‘

roperties in metals;' The EEE effect, since it occurs-
i . T _ .



because of structural changes in the metal ot.its surface
layer, can be related to deformatiOn"processes, including
fatiéue, in the metal. Also, methods for increasing the
service lifehof the componegts of machihes and structures
require knowledge'of‘the physicochemical condition and
structure of the metal surfaces as well as their reactions
with external 1nf1uences. Thej;.ns a general pauc1ty of
'vsimple, effective methods of studwying the physical con-
dition of surfaces. ﬁxoelectron emission is a promisinc
method for thls type of lnvestlgation.

It. 1s generally believed that in ﬁany~cases the
temitted_electrons are released from defects at the surface
ofjthe‘solid. The_electrons‘efe liberated from the -
'défects byvthe'stimuiétion energy (light or heat) and

- reach the conduction band; If sufficiently energetic,

.'fthe electrons may overcome the‘wo;k_function and escape

'through the crystal surface. ExoeieCtron emiséion, then,
is characterlzed by the fact that 51ngle partlcles ate _b
detected ‘ | ,. | |
Although the mechanlsm of EEE 1s not fully under—v
stood;careful stud1es can lead to much empirical knowledge
which could result ultlmately in appllcatlons to the study'
of materlals.r. To- thls end, a Gelger—Muller (G-M). flow .

;cOunter was constructed as a hlghly sen51t1ve 31ngle'

’4 particle detector.v Slnce alumlnum is known to have a



pronounced OSEE effect,'etudies were carrieo out on a
commercially available 6063 alominum alloy. This alloy is
an age-hardenlng alloy and therefore 1ts microstructure
may be greatly altered by various heat treatments. Test
specimens were stralned in tension -and the mechanlcalf\\
'(deformation) behav1or correlated with the EEE.

It is not the prlmary-lntentlon‘of'thls work to.
develao a definitive model‘for'EEE,.but rather to observe
thefef}ect of microstructure (slip mode) on. the process. -

"It is then p0581b1e to speculate about the emission mech-
anism; however the long-term aim is to use EEE as an a1d
to predictlon of mechanical prOpertles, spec1f1cally

fatigue behav1or. This thesis is a prellmlnary step to-

ward that goal.



II. EXOELECTRON EMISSION FROM METALS

)

Excellent review articles on exoelectron emission -
from metals have been pubiisheg by Grunberg [2] in 1958
and Brotzen I3] in 1967. .This ertion will firstly present
ﬁhe chronological development pf ﬁpE ideas up t6-1958.
This will be followed by discussion of»EEE during various

forms of metél deformation.

Historical Background

Exoelectron emission has been observed directly
or indirectly for over 130 yeafs. Vitovec [4] refers to
the work of Moser [5], published.in 1842, Moser found>
that cold-worked or abraded metals affected light sen-
sitive materials, such as phétographic'emulsions, in .
the dark.' The action of freshly disfurbea surfaces. on
pﬁotographic emulsions partly caused by EEE, is called
the "Russel effect" [6] and will not be donsidered'fu:%her.
Obethfer [7] refers to early work by Elster and Geitel
(1896) and Klaphecke (l93i)vdealing with emission stim-
“ulated by’means of‘illuminAEion and by the application
of heat, respectively. | .

Scharmann states in;hiS'hiétorical review [8]
‘that mahy physicists héve.detected exoglectrOns withouf

;ealizing_it. Curie observed in 1899 [9] a deéaying



radioactivity of materials brought near radium. R&%ﬂ;rford
[10] also observed this behavior with thorium compohnds.
When the Geiger-Mﬁl&er counter, which was highly sensitive
to low-level radiatfon, came into use, electron emission
was often discovered within these tubes. Newly‘constructed
tubes 6ften had to be 'aged' to reduce the internal back-
ground counting level. In 1941, L. C. van Atta et al. [11]
found akhigh backgrbund level in the counting rate of o
th~ir Geiger tube; wﬁgn étudying’nuclear excitati&n pro- -
iag with X-rays. ﬁigviously, in 1935, Tanaka [12]
measured slow-deéay curves of aluminum, silver, copper

and nickel foils irradiated with 300 KeV electrons. Short-

ly afterward, Lewis and Burcham [13] observed that abraded ,ﬂ"”

or scratched épecimens of aluminum, copper, brass and
nickel wheﬁ'introduced into a Geiger-Miller counter
triggered off a large number of pulses. |

"'The fifét comprehensive reports of a delayed 
electron emission phenomenon was published by Kramer [1]'
. in 1950.‘ Ffom his findings Kraﬁer drew‘attentiqn to the |
fact that this phenomenon afforded a means'Of investigat-
'ing ﬁétﬁl'éurfaCesl Hiéfwork consisted of experimenfs
'in which meféls were subjected'to vaerus'treatments and
then examined>with a point counter. Thf metal specimens
formed part of the counter'cathqde. It was found that

deformed metal surfaces émitted negative charge carriers



at an intensity level greater than that expected for
thermionic emission. This emission decayed with time.
Froﬁ experiments on wdod's metal, Kramer assumed that the
transformationﬁof metals from the amofphous to the crystal-
line state caused an emissiqn of electrons. As solidi-
fication is an exo-thermal process, he named the elec-
trons "exoelectrons". Although the phenomenon is.now
" known to be structute dependent, the term "exoelectron
emiséion” is still used, as well as the name "Kramer
effect", honouring Kramer's contributions in thg field.
In 1956, Bathow And Gobrecht [14) overcamé the
difficulties caused.by exposing the §urface of a speciﬁen
to the air or to the cqunting gas in a counter. They
enclosed the specimen in a vacuum chamber and electron-
optically focused the emission current into a couhter
 thfbﬁgh an electron transparent window. This showed that
the d;igin of the emission cannot be ascribed to instru-
mental causes, such as the bombardment of the specimen
surface by positive ions 6r_metastable atomic or molecular
-particles. Tests in highlvacuum also revealed that EEE
is related to the presence of surface films or td_gh%)
interaction between gas molecules and the metal surface.
The'possibi ity that an inﬁefaction of the metal sﬁrfgce
with oxygen (c emigorption)'wasvthe cause qf emisﬁion,
had been discussed by Haxel, Houtermans and Seeger 1151.

Tests on aluminum, zinc and other metals showed that
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oxygen and a surface film was necessary for emission.
Seeger {16], .for instance, had clearly shown that thermal
emission frOm alum;num, upon stimulation w1th ultra-v1o1et
light, was assoc1ated with the presence of an oxlde film.
Photo-electrlc em1351on from abraded metal sur-
faces was also studied in the m1d-l950 s. It was found
that abrasion appeared to shift the photo-electric thres-
hold to longer Qavelengths.by several hundred angstroms; |
this shift receded with time. This is the OSEE effect
which coincides with changes in the work function at the
metal surface. For aluminum, Grunberg and Wright [17]
[18] attributed'the‘effect to the creation of.color centers
v1n the aluminum-oxide surface layer. They specifiCally..
con51dered F'-centers — oxygen vacancies at which two |
electrons were trapped ~ The em1551on takes place through |
photo—exc1tatlon of these centers, which give up their |
energy to nearby shallow surface centers (unspec1f1ed)
from which.e;ectrons are emitted. Durlng deformation they
vacancies could be formed mechanically in tne oxide layer
in anion—catlon palrs.' Also, the decay of the em13510n
~was accelerated by increased oxygen pressure. Se1d1 [19]
suggested'that the electron.traps wetpugreated by absorbed .
iokygen.' Grunberg and Wright also studied exoelectron
vem:.ssmn dur1ng deformat:.on of a.lumimf wder photo-
stimulation. - During plastic deformatichu v found that

-



intensity I increased approximately as

I=A(-t)"
where £ is the amount of deformation and £  is the
initial degree of.deformation at which an increase of
emission is observed. A and n are constants, n being
close to 2 or 3.

Kramer [20] and Bohun [21] found a similarity
between optical luminescence and exoelectron emission in
insulating crystals. With this information, Hanle [22]

' made an attempt to explain the EEE mechanism on the basis
of'a comprehensive band model. This explanatiOhtwhich isﬂ
in general st111 accepted, can be con51dered in simple
terms to 1nvolve the absorptlon of energy, and the con=
sequent release,of exoelectrons from the surface lattice
'imperfections. The energy"absorption; the "excitation
process s causes electrons to move from the valence band

to the conduction band as shown ‘in Flg. 1. The various

5"processes in F1g. 1 are explalned as follOWS'

'l. By energy absorptlon, electrons are llfted from
the'valence band into the conduction band.' R BRI

2. After the electrons remain there for a short tlmej/

-35' the electrons drop into traps wh1ch may be located
within the solido(volume traps) or at its surfacev

(surface traps).‘ The enérgetic posltlon of the
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traps, "trap depth", is characteristic of the mat-
erial conéfdefed.

4. By putting more energy into the solid (stimulation)
the electrons can be liberated from the traps by
lifting them into the conduction band.

5. If the electrons return by the emission of light
(hv) to the valence band by way of 'acceptors'
luminescence or thermo-luminescence occurs.

6. Exoelectron‘emission occurs if the electrons leave
the surface of the solid, overcoming the work

function.

The intensit§ of the exoelectronbemission is re-
lated to the number of trapped electrone'and therefore to
. the excitation‘energy. Propbftionality is~expected‘as
long.as the available‘traps‘are not exhausfed. This pro-
-vides 1nterest1ng appllcatlons in radiation d051metry
_(see e.g. Oberhofer [7]). |

| Muller [23] also in 1956, demonstrated the import-
ance of lattice defects by the'observatlon of cuprous
‘oxide films. Specimens whose X-ray patterntrevealeQ»a
strongly dietﬁrbed lattice were more sensitive to exo-
emission aftef X-radiation than films with a nearly per-
fect structure.

Thus by 1958, exoelectron emission had been the



subject of numerous investigations, but its mechenism
remained unknown. Since then, there ﬁas been further
intensive work which is reviewed below by toplc, rathet
han chronologically, \thereby facilitating a better

understanding of the curkeaqt state of knowledge.

Emission Following Abrasion of Metals
N ".rl““" .

Vacuum studies of EEE by Lohff [24] indicated
that internal'proceSSes taking place in metal specimens,

)

in the absence of oxidation, affected subseduent emission
~ rates. Alumlnum samples were abraded at low: oxygen pres-
sures and the emission was allowed to decay for a perlod
Evacuatlng the system caused the emission rate to drop.
Restoration of the original ox;gen'pressdre raised the
emission. but to a lower level than at evacuation. This

‘means that emission-controlling processes occur even when

i

emission is suppressed by high vacuum.
After stddying the OSEE decay from abraded
berylllum, calcium, alumlnlum and magne31um at various
temperatures, Ku- and lebley [25]) suggested a mechanism
for the emission in which lattice vacancies are generated
in the metal by ebraSion. }The vacaneies diffuse to the
~surface and become/sitee for adsorption or oxidation.

When the sum of the energy of the vacancy released plus

10



thg energy of photo stimulation exceeds the photo-electric
work function of the metal, emission of an electron takes
place. 'Subsequentiy Pimbley and Francis [26] used this

model to obtain an emission rate decay equation of the

type:

where I 1is emission rate (intensity), t is time,
A and B are constants and Kl and K2 are decay constants

which vary with temperature, T, as

K, = k,° e E/KT
i~ i

The aétivation energy, E = 0.24 eV, was found to be the
same for the first And second decay constants. The emis-
sion rate was téken to be propo:tional to the vacancy

flux across the Agtal surface, but the activatien energy
obtained did not correlate with that for vacancy dtffusion
in aluminum [27].

; Ramsey and Garlick [28] abraded aluminum specimens
at 10”3 Torr and 195°K. Immediately after abrasion the
OSEE rapidly rose, peaked 'an:a_’ thefn"deéayed although the

emission rate was much smaller than that at room temper-

ature. At lower pressures, the emission was hardly affect-

-ed but at higher temperatures, the'decay"was suppressed.
These results were explained by an oxidation model pro-

:posed by”Cabfera [29]. According to this model,

11
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chemisorption is presumed to take immediately after.
abrasion, starting at preferential nucleation sites., The
oxide.film contains many defects, especﬁally vacéncies{
which spééd up the diffusion of metal ions and thus

oxide growth. Electrons from the metal can be trapped at
vacancies about 1 eV below the oxide conduction band.

These electrons may then be removed by light absorption

at photo energies lower than the metal photo-electric .
~ threshold.

Elliott and O'Neill [30]) recently showed that the
time to reach maximum emission after abrasion rose with
the approximate time for the formation Qf a mOnolayer of
adsorbed gas. In Poland, Lewowoski [31] showed that the
"moisture content of the counter gas'affec;ed the EEE |
process, with high moisture content causing more rapid
decay of'emission.- Alse recently, Mbmdse [32] sgnd-
blasted Ni and Cu specimens,witﬁ SiC particles and then
aged the specimens in wet or dry air. 'He then heétedithe
specimens and obtained emission ”glow curves" (emission
rate versus temperature increase). The glow curves ex-
hibited a peak.which coincided with the temperature of
-dehydration for the appropriate metal oxides. Furthermdfe_
the peak.was greater in wet air than in dfy air; Prior
ageing in~tﬁesé atmosphéres caused an increase in the

maximum emission to some saturation value. These results.
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»

were explained as being due t;:the "slow interaction of
water vapour with the freshly deformed metal au;face”.

Exoelectron emission from the surface of abraded
or filed aluminum excited by ultrasonic vibration was
st‘died by Langenecker and Ray (33). The effect of ultra-
sonic vibratien was to increase the EEE. The same
increase of emission could be obtained by the apélication
of thermal energy,~§hich was four orders higher than the
ultrasonic energy. This result was explggned by the.
fact that souné passing through a crystal lattice is
hardly absérbed by atoms away from diélocations. Heat,
however, is diépersed among all the atoms of the sample.
The authors believed fhat this selective effect of ultra-
sonic vibration on'disIOQationé'forms‘actiée.emission
centers where the_dislocations eﬁérge ét‘the surface.

A recent article by Craciun [341 haslmadé spﬁe
important bbséfvaﬁiénsndnrﬁEE»décéy,aftér abrasion of .
aluminum ahd maghesium samples. Craciun reportédka
'spontaneou$ regénératién'-of EEEirate in abraded aluminum
and'magneéium following removal of one or more of the
- working p&rametefsiof.thé detéctioh system. A conven~
tional opén window Géiger4nﬁlle: counter was used to
detect emission under éhoto or thermal stimulation con-

- ditiops. The\wdrking.parametefs inciuded the effects of -

illumination, temperature, external accelerating field,

&
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and counter voltage.

Ctdéiun believed that positive coonter gas ions,
diffusing to the cathode, produced an electric double—_,
layer at the emitting specimen surface.‘ T}is produced an”
electric field superimposed upon the external field ac-
celerating the electrons and thus enhanced exoemission of
electrons. The ion layer increased until a dynamic
equilibtium was eetablished between the ions'arriVing
et the sample surface and the ions neutralized at the
sample surface.: The‘centers of EEE wete considered as
capture centersd(trape)‘for'electrons. Theftime-dependent
decay of the EEE wouldbthen be a depoéu}ation ofAthese
traps. o v

The metais'investigated had metal oxides

(Al and MgO) that exhibit n-type‘Semiconductor prop-

273
ertles. ‘Therefore, metal-senlcondlctor junctions exlst-

:ing at the sample emitting strface couid:cause an 1ntense

: electrlc fleld which would hinder electron passagevthrough.
the metal-oxide interface. _ However, electrone”of euf?
fic1ently high energy and velocity are known to be able
ydto'%unnel' through junction barrlers. Those electrons

may be captured by defects (traps) in the oxide layer,
J‘thus prOV1d1ng emitting centers. - '

. /\ - )

It must be noted, however, that EEE 1s also ob-

1

served 1n vacuum, so Crac1un s explanation cannot be the



entire story " In general, the abrasion of metals provides
a simple way to study EEE decay, however, the extent of
deformatlon and the typelof defects produced cannot be

{
quantltatlvely controlled.

" Emission Frgm Quenched Metals

q%&Relatively few papers=have been-published‘on'eXQQ'
emission from quenched'metals. Scharmann and Seibert [:35])

discovered that the threshold wavelength for photo-

L, . . -5
electrlc emission from aluminum at 10
i
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Torr is raised not

only by mechanical working but also by quenchlng. Ageinglf

of the specimens at this pressure caused the threshold

wavelength to return to shorter wavelengths. Such results'

could be explained by defect mlgratlon in the alumlnum

Claytor, Gragg, and Brotzen [35] also used aluml-

num in. quenchlng experlments. The alumlnum disks and .'b
wires tested emltted exoelectrons only after quenchlng
from temperatures below 450°C. he energy of formatlon

.of the defect cau51ng the exoem1951on was found to be 1 8

-eV. This, however, is an apprec1ably hlgher energy than o

‘required for vacancy formation in aluminum.

It has been long known that at elevated tempera-

2

turesrpoint.defects are found in considerable concentra-

tions. Kurov and Sidorova [37] quenched 0.2 mm. thick -

)

-



aluminum spec1men$ from various temperatures. Their
results substantlated the results of Claytor. et al. [361
with higher quench temperaturgs emlttlng fewer exo- |
electrgns.- Kurov and Sidorova, however, used their data
to-conf;rm a relationshlp between the vacancy concentra-:
tlon in alumlnum and the EEE.' The quenchlng experlments
were conducted ;n‘conjunctlon wlth.plastxc deformatlon
tests. Uoon'deformationrof“a samolebthe vacannyconcen—
tratlon and dlslocatlon den51ty lncreased however, after
deformatlon ceased, the vacancy c0ncentrat10n gradually
returned to 1ts or1g1na1 level whlle the dlSlOC&thn
den81ty remalned almost the same,r The dlslocatlons, then,
can act ‘as 51nks for the vacancxes. Although quenchlng
from a hlgher temperature 1ncreases the vacancy concen-y
‘tratlon,.the quench also causes thermal stresses w1th1n.
‘_ythe sample whlch, in® turn, produce dlslocatlons.r,Thenf
"‘-hlgher the quenchlng temperature, the greater'the number
wioi dlslocatlons produced, whlch result 1n a greater 4

';vacancy absorptlon, thereby reduc1ng‘£he EEE. Thls re-

; sult is. 1nteresting and surprlslng as it is known»the

'7.vacancy concentration of metals does go up wlth temper-‘

‘ature and quenchlng should preserve many of the vacan01es.

16



Emission From Plastically Deformed Metais

With specimens subjected to mechanical testihg,
as opposed to abrasionf the degree of.plastic deforha-p
tion can be controlled ‘and quantitatively measured.

During the late 1950's and throughout the 1960's, many'work-
ers attempted to obtain correlations between 1nformat10n
from deformation processes and EEE. Ba31cally, three

types of mechanlsms for EEE were proposed, involving
dislocation - surface 1nteract10ns, vacancies in surface

- oxide 1ayers and cracks in surface oxlde layers.

In 1960, Meleka and Barr [38] showed that when a
zinc single crystal, covered with a hlghly photo sen31t1ve
strlpplng emu151on, was plastically deformed, the slip
lines of the zinc appeared on the developed emulsion.
Although this was an example of*\hg~hussel effect, Meleka
and Barr hypotheslzed that the regions where dlslocatlons
“intersect the crystal surface act as em1551on sites for o
exoelectrons.

Serlous attempts to correlate the mechanlcally
induced ‘changes in poly—crystalllne aluminum with OSEE
were conducted in the late 1950 s by ‘Von Voss and Brotzen
[39] and Claytor and Brotzen [40] These workers used a.

Geiger-Muller ‘counter as thelr electron detector.‘ Th;s

.'permltted control of straln, straln rate,‘stress and

v
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~ temperature. Tests at room temperature [39] showed that

the emission rate during tensile straining and subsequent

18

:decay depehded strongly on the strain history of the spec-

imen. Therefore they concluded that QSEE'was strhctdre.
'sensitive. Deformatibn of aluminuﬁ at low;temperatures
[40] and subsequeht annealing produced an emission "glow.
curves"”. bFrcm‘both series of tests, Brotzen concludedd
that: | |
a)- point defects, 1 e. vacanéies, are created in
the Al crystals during’ plastlc deformatlon,.
b) these defects, dependlng on the temperature,
Homigrate'towards‘sinks, ihcluding'the scrface,
c)'.some of'the point defects succeed in locating
b'themselveS'in'the ox}de layer,'creating discrete
~ energy levels 1n the forbidden energy band, and
d)i.these are the orlglnal 51tes from which OSEE or

- TSEE occurs.»

Since the vacanc1es in the oxlde layer continue  to d1f-
fuse, the em1381on decays. A d1ffu51on equatlon for
point defects was solved, yleldlng the rate of arrival

_of defects at the surface-oxlde-layer and consequently a -
_:rather complex equatlon for decay of em1551on. .
Sujak, in Poland, dlrected an 1mportant series

'of experlments durlng the 1960 s. He showed that the
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decay of OSEE from polycrystalline aluminum after‘bending-
[41) followed the form described by Pimbley and Francis

{27] for decay after abrasion. During this bending deform—
ation, the rise in the OSEE rate was approximately propor—

tional to the third power of strain, according to

_ _ 3
I = A(e eo)

where A is a constant, e is strain andl €5 is the
initial strain. Sujak justified this form on the basis
of lattice vacancy formation and lattice dislocation
mOVement. A following paper [42] showed that,.for alum-~
inum, a definite amount of tensiie strain, é;, had to be
applied before QSEE could‘be'detected,_,_ |
When var}ing thicknesses“of oxidefon the“aiuminum -
were produced eiectrolytically a maximum in.eo.was found |
to occur at an oxide thickness of 1 um. Sujak concluded.

that the rupture of the oxide layer during plastic de-

formation was 1mportant and proposed that the cracks
[ 4

' formed had to achieve a certain opening displacement be-

. fore 'OSEE occurred. Gieroszynski,_Mader, .and Sugak [43]
-also 1nvestigated the effect of moisture content on alum-

Anum specimens of varying oxide thicknesses.\ They found

the rise in Eo WIth 1ncrea51ng oxide thickness less pro-

‘ nounced when the m01sture content of the atmosphere rose.

.

‘Sujak -and co—workgrs also conducted_measurements



cf EEE in vacuum Ih4] using an electron multiplier. These
tests confirmed their previous results with the Geiger-
Miiller counter,- Sujak and Gieroszynski [45] showed an
interdependence of OSEE from aluminum with oxide thick-
ness, frequency and intensity of the stlmulatxng light,
"and applied acceleratlng field. ngher frequency and/or
_inten51ty of stlmulating llght decreased €g° - These work-
ers therefore put forward a mechanism [46] for EEE which
xconsldered the formation of cracks in the oxide layer as
‘a result of plast1c~deformat10n. It was thought that

a strcng electric field would 1ie across cracks in the

| oxide'and oppose'the'escape of.electrons'from a underé

- 1lying emitting 1ayer; Thls layer was cOnsidered.aISemi—»
‘conducting, trans1t10nal metal-oxlde lnterface containing
.'emlttlng centers formed by the influx of lattlce defects
from the metal. Electrons emltted by the layer would
:not always be able to leave the cracks and therefore
~could set up a space. charge that varled w1th time .and - ’
'affected the klnetlcs of the em1381on process. It must“

_be Stat%g that thls mechanism has not met general accept-

',Lance as’ there has been no ev1dence supporting large

-electrlc f1elds (107 v cm ) Wlthln oxlde cracks.

-, In vacuum, aluminum with a thxck oxlde 1ayer

(>50nm) can emit exoelectrons wlthout photostlmulatlon

[47].. Two maxima are present at small deformatzOn values."

20
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Arnott and Ramsey [481], 1nvest1gat1ng EEE'under these
conditions, found two dxfferent types of EEE, one of which
was a-presSure dependent OSEE for Odee thlcknesses
greater than 45 nm. They concluded that the OSEE from
alumlnum deformed in tensxon resulted from the lowering
of the work functlon due to the adsorpt10n of oxygen and
water molecules on fresh Al exposed by slip breaking |
‘through the oxide film. Above oxide thicknesses’ of about
’45.nm, the second type of EEE was observed wlthout 11ght
.stimulatlon and was characterlzed mlcrosc0p1cally by the_.
=;ahsence of;visibleh81ipfand thevformatron andgpropagatlon,'
"of:tracks.inwthe'oxide. o . _ | | - |
‘ | Beglnn;ng in the. Late 1960'5, a largennumber of‘l
_artlcles on EEE. have appeared in the U. S.S.R. An early
.lartlcle by Mlnts and Kortov [49] showed that electron
:semiss1on durlng metal deformatlon was caused by formatlon]
-1of a large number of defects at the metal surface. .Theﬁd
authors c0ns1dered that the emission centers are the |

_p01nts at whrch dlslocatlons emerge at the metal surface._

_In areas contalnlng dlslocatlons, there are changes in-

‘ff the rnteratomlc dlstances, cau31ng a change 1n the energy

destrlbutlon of the electron states. Th1s may result —
in a local change of the metal's work functron." When the
“surfaces of weakly oxldlzlng gold and stainless steel were

fmechanically ground a& approxlmately 1073 Torr.em1551on

¢

W
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'occurred which was almost insensitive to pressure. Alum-
- inum and copper were tested in the same way the EEE in-
_creased with 1ncreasing pressure. Therefore EEE from
i'metal surfaces is not entirely due to oxldatlon. To
show the effect of defect mobxllty on EEE, nickel and man-
;ganese austenltlc steels were. used.* (The defect moblllty
'1n Lron—nickel alloys is hlgher than 1n 1ron—manganese
alloys ) The'tlme to maxlmum»em1531on dependence on the
wdegree of deformatlon for both austenltes agreed well with
»the mob111ty of defects 'in these austenltes.- B
' In a later artlcle, Melekhln, Kortov and Mints.'

[50] showed that two-dlmenslonal defects of the twin

boundary and stackrng fault type are. capable of fprmlng

22

[centers on the surface of metals and thus enmit exoelectrons.

Magnesrum has also been a favorlte metal 1n which

:;to produce EEE.U Gel'man and Rorkh [51] 1nvestlgated thev

.itime dependence of OSEE, surface potentlalr,_ and ox1de

J:':thickness in. deformed and undeformed magneslum. They.-

nconcluded that the OSEE from the magneslum surface ig

govsrned by the surface potential, the thlckness and the

'Vhﬂformatlon rate of the oxlde. The deformatlon of the mag—

_nesxum is then not\the reason for OSEE, but affects the

‘;emission kinetlcs by changing the nature of the oxldationnf

jprocesses. The OSEE kinetics ‘seem to be governed flrstlyr

- by the changes 1n surface potentlal when the ox1de is

.
-
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thin.  As the oxide thickens, its effect.on the OSEE
increases. Thetexoelectrons were detected by an interest-
ing air-filledvproportional counter'with a hemispherical‘
cathode and a tear—drop-shaped anode wire. | |
In a later report Gel' man and Fainshteln [52]
studied the two stages‘of OSEE in the‘oxldatlon of
magnesium. The authors hypothesized a relatlon between
the thickness L of.the surfaCe oxlde fllm and the wave-
length A, of the emltted electrons wh1ch appear at’ the . | |
fmetal-ox1de 1nterface. For L < A the OSEE was thought -
fto be an oxldatlon- tlmulated photoelectrlc effect'
?lfrom the metal : The energy of. the electrons escap1ng from
the metal 1s greater than‘the energy of the electrons de-

tected by an amount correspondlng to the potent1a1 drop

o across the surface f11m.a The flrst stage of OSEE contln-

4ues unt11 the oxlde and adsorbed f11m reach a total thlck-

_.ness greater than 30 K ' For L > A, the OSEE\enters a

l"second stage, in whléh scatterlng and. capture of electrons

by film defects become 1mportant. Exoelectrons are then
’ \

fliberated from 1oca1 levels associated w1th oxide defects-

**and adsorbed molecules. h. o -l--“ B v:aﬂ'f' _-' _ .
- ) Recently, Shkil'ko and . Kresnln [53] stretched |
'“_amagnesium ribbons in a vacuum chamber and examlned both

:the OSEE and the dark EEE. They concluded that EEE, after_

*fdeformatlon, was due to the mlgratlon of vacanc1es from

\-
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the bulk metal to the metal surface.
Therefore it is ev1dent that both the oxide layer
.and the formation of bulk defects in a plastlcally de-
@&

formed metal contrlbute to EEE: the dominant mechanism

for EEE being .unknown.

Emission From'Fatigued'Metals

. Ever since'Kramer'S'Original experiments [1], the
possibility of using EEE to study fatidqued metals‘haS'been
considered},‘Ae EEE emanates from the metal surfaces, it
contains-informatioh'regarding'the structure changes in

'thegeurfacerf.a metal in the orocess of deformation.
There are two levels~of observation in the study of EEE
_from fatigued metals: | ‘ | |
1. . Emission is obtalned from a larqe surface area>L\\
measuring total fatzgue damage. Thls is an easier
(; .observation than |
2.

,emiSSIOD from a movable small area (approxlmatély o

100 um ) whlch measures loca112ed fatlgue damage.

Untll recently only the flrst ‘method was used and this
-gave EEE rate durlng the fatlgue llfe‘of a specimen and
| the number of cycles to start em1351on. ‘
Mints and Kortov [49] carrled out cyclic 1oad1ng
‘on pure copper, alumlnum and gold, after deformation byv

“grinding and micro 1mpact. The authors. found that upon



cyclic 1oading, the internal frictioh level of.the'spec-
imens increased then‘remained constant. With this deform-
ation, the EEE also increased to saturation‘indicating a
correlation between EEE and defect mcbility. In a later
paper, Minta et al. [54] found a correlation between EEE
‘and the degree of deformation, surface relief and fatigue
strengthenlng during cycles of alternating stress. .The

" EEE was regarded as an electrical effect which is the
result of storing of deformation energy in ajmetal. Tﬁis
assumption was supported by studies of the amplitude-
dependent internai friction, thch may characterize the
dissipation of_ehergy.dpring stress cycles.

In 1972, Hoenig et al. [55] published an import-
ant article on the p0891b111ty of applying EEE to speci-
fic types of non—destructxve evaluation. The authors
showed that EEE occurs durlng the 1n1t1atlon and growth
of cracks. Metal spec;mens, notably aluminum, were fat—
_.igued to a certain percentage of their fatigue 11fe,'
During fatigue a complex structure of vacancies and dis-
locations develop near the specimen surface. Most of |
these defects would be se551le at room temperature but
upon heatlng a 81gnif1cant fractlon of these defects
(vacancies) would be expected to diffuse to the surface.
The resultant EEE ‘would be used as a measure of the

fatigue damage to the specimen. The heatlng would be to

4
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a temperature far below that at which metallurgical changes
could occur (90° C for aluminum). The authors ohtained
increased EEE with increaSes in'bercentage of‘fatigue
- life, thus show1ng a promlslng potent1a1 for non—destruc-
tive evaluation of metals (at least aluminum). "They also
succeeded in showing that the area of maximum fatigue |
damage was also the reglon wlth maximum EEE. -

The study of small. reglons on a fatlgued surface
has only been reported very recently. Beglnnlng-xn.l972,

Baxter has-publlshed’a number of articles examining small

regions of fatigqued surfaces. He constructed an apparatus

capable of mechanically scanning a 15 pm ultra violet
Aspot across a fatigued"specimen‘surface [56]. The devel?
. opment and accumulation of fatigue damage, and the assoc--
iated changes in surface toéography,_are very localized
_phenomena. The technlque of scannxng the surface with a.
small spot of stlmulatlng radlatlon provides more detalled
results in contrast with earlier investlgations where: “the
entire surface was illuminated. Tests on’ aluminum and ‘
steeI demonstrate that fatlgue damage produces OSEE after'
1ess than 1% of the fatigue life. The localized emisslon
increases throughout the fat;gue 11fe, wlth fallure ocur-
sring in the reglon of most intense em1531on. The regidns
of intense 1ocallzed emlssion correspond to the locatlon

-Where fatlgue cracks develop and propagate.~_Further

26
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studies [57] substantiated;these results and produced the
‘interesting observaticg that small tensiie“strains.caused
‘emission while similarly smalllcompressive strains did not.
Baxter believes that OSEE iS'an enhanced photo electric
effect: The cracking of brittle oxide layers is c0n51dered
the important factor in produc1ng EEE. Indeed, for brittle- |
surface coatings, it has been theoretically predicted that
~ cracks should dexelop in tenSion at a lower strain level
than in compression [58].> The exoelectrons are presumably
emitted from microcracks in the oxide

Baxter has also succeeded in obtaining a visual
display of fatigue damage by means of OSEE [59]. ~Th18~
was made possible by the use of direct electron optical
'limaging of the, exoelectrons, as in a photoem1851on mic-
rosc0pe." Baxter showed conclusxvely that OSEE resulting’
;from fatigue deformation of a metal originates completely
dfrom the Sllp 1ines on the surface and concluded that
: exoelectrons are emitted only where the surface oxide is
locally ruptured during the formation of a slip step. )
dFinally, Baxter [60] showed that the intensity of local—
L‘ized OSEE in steel 1s a measure of the accumulated surface
'damage. The develoPment of persistent slip bands pro-
duces microcracks in the surface oxide.< The growth of

'these bands and the formation and propagation of fatiquef Lo

icracks increases the area of fresh metal surfaqe from




~which OSEE occurs. Baxter uaed the EEE increase as a
crude-calibration for the predictlon Of the remaining
fatigue life. This is cdrtainly one 6f,the.most interest-

ing applicatiohsfof'EEE-phenomeﬁeg i??

Summary.. .

The evidence compiled in the literature seeme
to indicate that EEE phenomena, at 1east for atronqu
OXidiZlng metals, is directly connected to the oxiae or
adsorbed surface layer on the metal. The mechanism of
em1351oﬁ from these surface layers, however, seeme to be
-in doubt. The vaxious mechanisms suggested fall 1nto twoﬁd
basic types, where- _ e
| 1..”the surface layer controls the EEE. and o
| 2,~2tne defects in the metal control the 333. ~ingthef.} Q
' In the first type of mechanism.,, ' ,' | i_i | d'
. flg_dthe growth of the surface layer by oxidation or o
adsorption prcvides some of the stimul&ti@n fcr ;-:
| EEE, or > :{ ;5 S o
f‘é.-‘aomegelectrons in the metal tunnel through the
‘ cmetal odee interface and are trapped at dia
'-'energy 1evels within the oxide. later to be re~’7

B _'3admitted, or. R . . .
,f3§fﬂ1axge electric fields could form within Oxide‘




interfaces
In the second type of mechanism:

1. point defects migrate from the metal int°~thé,f
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oxide layer and create electron traps withinlthis'» :

layer, or
2. " a dlslocatlon—vacancy mechanlsm exlsts whereby
.dislocations absorb wvacancies and form EEE centers

. where they intersect the metal surface.

'Most probably more than one of the varlous mechanlsms are f.f

'1nvolved, ‘with the domlnant mechanlsm belng determined by
the partlcular specimen' and exper1menta1 condltlons.\f”’

Most of the research to-date has been conducted On

k pure metals w1th llttle attentlon belng glven to alloys.;"

Experlments on alloys allow the researcher to control by ;

heat treatment the metallurglcal structure and thus para— o

meters such as’ deformatlon behavxour and 511p mode, w1th--

out changlng specimen comp051tlon or the oxxde character-

istics. | 15e present work ¥s an attempt to correlate: EEE

“'w1th deformatlon chaﬁ;cterlstlcs in an a1um1num alloy

s,

loading.

'under ten51le and fatxguer

R
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N ..l IITI. 'EXPERIMENTAL '

-'Ma;orhTESt‘E' i £
e e quw'f‘ent |
:ﬂ'Selectlon of Detection System’7-l°

The first experlmental objectlve was the selectlon

”-»and constructlon of a convenient, sensrtive electron de—

| H"detection systems~'

',_tectlon system._ .There are two ba81c types of exoelectronsdf

1. 'the tradltlonal 51ng1e partlcle counters, such as.‘?
open. p01nt counters, Gelger-Muller (G—M) counters

'n7gjand Open electron multlpllers, and

'2,“dthe more recent current measurlng dev1ces contaln-

:Zglng FETs;,and capable Of measurlng'as llttle as’

Kramer [1] began hls work w1th an open p01nt
‘.counter operatlng 1n alr at atmospherlc pressure. An Opent
“pblnt counter consast! of a p01nted anode w1re surrounded
by a cyllndrlcal cathode which is oPen at one end so that
the anode wlre can be adjacent to the sample.' These count-.

Calk
ers are smmple, easy to construct and inexpen31ve but they

have severe lzmitatlonsr_ They require hlgh anode voltages,.f

have a very small plateau reglon and resolving capacity,._
and are ‘very temperature sen81t1ve..“"'.' | ': s
G—M counters offer hlgh sensit1vxty, good resolu— :

tion and good stabxllty, however, the exposure of thei‘i'



- currents of 10°

.

,specimen to the counting‘gas is required in order thet low
energy electrons can be detected.b | )

| . Open electron multlplxers with Cu-Be dynodes aue
hrghly desirable characterlstlcs,but low energy elec ns.
’are not eff1c1ent n11nduc1ng secondary.electron emisgsion.

;.Furthermore, these devices require h1gh vacuum or ultra-

'tyhlgh vacuum for operatlon and are costly and complicated

‘*‘systems._b

All the above detectors can permlt in-situ optlcal
'and thermal stlmulatlon and temperature control of the

T specrmen, The,major problem in studying EEE has been the
: smell"emission.currents '(10—9 10713
' energy (about].eV) However, the edvent of the FET and

the operatronal ampllfler has made it possible to measure .

-15 A;_ Thus a small voltage applled to an-

‘-.‘

iji;anode grrd w111 permlt detectlon of the exoemissron cur-

rent even in ambrent a1r [55]
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to 10°~° A) and low electron

In the present case, as. “a hlghly sen51t1ve current'_

measurxng device was’ not avaxlable the frrst type of -
;“system, a G—M flow counter was’ chosen, de51gned and con-
structed DRI ' |

| .,Geigéér-r{iilxlet Flow Counter '

‘ The design of the countlng tube was modlfred from

ﬂlrone by Von sts and Brotzen [39] The body of the counter '
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see Fig. 2, was a 2 in. i.d. 6061 aluminum alloy tube,
10 in. long. The specimen mounting surface was a 2 in.
wide,ziannel in the reinforced center of the tube. The

unter window wasgg hole Of 1 in. dlameter in the

open

center of the channel This channel malntalned the (flat)
| Spec1men in the correct p051t10n. For. spec1mens of dess
than 2 in, w1dth, a teflon specimen holder was inserted
into‘the channel. Each specrmen holder had a channel

and an opén’window»sultable for a particular specimen:
conflguratlon as shown in plates l, 2 and 3. The spec1men,
then, was’ open to the countln; gas of the counter..dTo'

allow the 1mp1ngement of v1sib1e or ultrav1olet llght on
.the specxmen surface, a 3/4 in. sealed quartz glass port
was 1nstalled d1rectly opp051te the counter w1ndow.- Thlssv
port also allowed v1sual observatlon of the spec1men sur-i
face durlng a test. ~:'4,‘ g Ak?'*" |

| A 003 in. - tungsten wlre,‘strétfhed along the 1ong
~axis of the tube,_served as the counter anode. . The ends
-of the counter were made of teflon, sealed with slllcone
._vacuum grease and fxrmly clamped in place by alumlnum"
”rlngs.A These endpieces allowed for 1nsulated electrlcal
l:and sealed gas flcw feed-throughs.' As. well as supportlng
. the anode*wrre, the endp1eces also supported a 1 in. i.d.
‘cylindrical grid,'of 22 mesh copper, whlch was c0ncentr1c

\

rwith-the anode wlre.’ By applying a small positlve



. potentialito the grid, an-external accelerating voltage.
.”could be applled between the spec1men and the grld.

'_dThe counter gas . used was 1% methane 1n hellum,_
3‘thehmethane serV1ng as the quenchlng agent.

The operatlon of the counter is as follows. then.d
"an“electron‘ls emltted from the spec1men surface, 1t'is'
iaccelerated, by the large electrlc fleld’w1th1n the
countlng tube, toward the anode wire. -Upon reachlng a -

certaln energy thls electron beglns 1on121ng the countlng

vgas. LIf the anode voltage 1s w1th1n the G-M reglon as

hvshown 1n F1g._3, 1onlzatlon of -the hellum molecules

- avalanches through the counter &ube. This" causes a'
'Slngle pulse which can be counted. Durlng the mlgratlon

"v-of the p091t1ve 1ons to the cathode, ‘the hellum 1ons wlth

_can ionlzatlon potent1a1 of 24 48 volts colllde w1th

7methane molecules w1th an 1onlzatlon potentlal of 12. 6
','volts. Because of the difference in the lonlzatlon pot—‘w

"entlals, the charge is transferred to the methane mole—

' 'cules. Therefore, only methane 1ons reach the cathode“

| .where_they_are neutralizedl. The energy released when

1. There are two mechanlsms by wh1ch an electron can be .
. emitted as-a result of neutralization: the energy .
~difference between the io#tization potential of the
-ion and: the work function of the cathode may be rad-
. iated as a proton which may release a photo-electron,
or ‘the energy difference may be used directly in a
radiationless 11beratlon of ‘an electron from the

cathode. : ‘ . ‘ :

33
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this.occurs goes 1nto dlssoc1at1ng.methane molecules'.
rather than producing further 1onization [61]. Since
| fthe methane does not recombine 1n the cougter, it would
be depleted,etherefore'a slow flow of counter gas was .
tprOV1ded through the: tube to maintain a constant supply
.of methane moleculeﬁ}for dissoc1at10n. ThlS flow also d’
‘.allowed the counter to operate at a slight posltive.'p
pressure lnhlblting air from entering the -counter tube.,'
The gas flow was monitored by bubbling the discharge'.'
through a water filled flask. R ' | '_
For each test,. a speC1men, 1n4a spec1men holder; o

'was clamped between an alumlnum plate and the specxmen ftef
1mount1ng surface of the counter. The top clamping surface
was’ faced Wlth 1/16 1n. teflon to reduce sliding friction.hd_fr
.An 0 - .ring between the‘teflon specimen holder and the |
icounter specimen mountinq surface and generous amounts
of siticon vacuum grease about the spec1men, prevented
air from enteting the counter tube. The counter tube .
'h could be suspended from the frame of any ten51le or fat—ilfa
:;igue testing machine."°iuuﬁ"dil_ | ' "
N The llmitations on the" specimen dimen51ons 1mposed
'.’bY the counter are 1isted below-‘f' ' : |

1. A flat specimen is. necessary; S S \
‘::2.- A 3 in. length of the specimen is in contact with

the specimen mounting surface on. the counter.""'



3. The maximum specimen width is 2 in., and
B 4. the maximum test area_i;e.'thefsize of the counter

SN

"window is 1 in. in diameter. -

L e

"Electronics_

A
3

The electronlc equ1pment necessary to process

the 1nformat10n from a 51ngle partlcle detector, such as

hj'the G=M flow counter, is shown 1n block dlagram F1g._4

_ The detector may be of. any type which is capable of pulse-
jptype operatlon.; The output of the detector appears as a

pulse of current at the 1nput ‘of the pre-ampllfler. ‘Thé.'

'5-“pre~ampllfler produces some galn of the signal (up t° 100

'73ftimes) and 1t transforms the voltage whlch is developed

"ﬁfacrOSs the small capacity at the 1nput of the pre—.7

<ampllf1er 1nto an approxlmately equal voltage across the

‘:;fhigh capac1ty of an output cable. The over—all gaxn of

'vfthe system, pre—amplrfler and linear ampllfler eomblned, _,;,?}[;

”l[fdepends on: the sxze of the detector output pulses but

:fygalns as low as 10 are posslble for G-M tubes.v An osc11°i'A-w'“”
:‘loscope may be used to observe the size and. shape of the
'ﬁ_pufsesf _' | AL

The’ dlscrlmlnator passes only those pulses wath

Ca helght (voltage) exceedlng a certaln mlnimum._f]ﬁheffltfffff'””

}Vt;action of ‘the dlscrlmlnator makes 1t pOSSlbleJto reject
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;smaller (n01se) pu18es whlle countlng the 1arger pulses.
The output pulses from the dlscrlminator are of a standard
.'herght and usually of a constant wldth.' These pulses go

-into a scaler Wthh ‘can d1v1de the rate of occurrence of

the pulses down to one whrch can be followed by a reglster.-i*:

'The value of thls reglster may be prlnted out for analysrs.f’}{L

These measurements can be converted to an average countlng»
brate b;,hlv1d1ng the total counts by the time of countlng- y
Alternatively the counting rate may be directly obtarned
‘by an electronlc determlnatlon of the rate of arrival of
:the pulses.' Such a system, called a countlng—rate meter,

'!.permlts a contlnuous output through a chart recorder.'

“Two separate electronxc systems were employed for

”'_vgthe pro:ect con31dered. The first consrsted of.‘

.;l,thigh Voltage D. C. Power Supply model 408A . :..ﬂ
- linnby John Fluke Mfg.*yo.,iif@i"i' ' |
:-ismég.tLinear Ampllf er mod‘l 348 by Franklin '
-V‘::EIectronlcs Inct,%f' S - |
‘nfs3¢55L0g-Linear count Rate Meter model N-731 by
| z's-Hamner Electronlcs CO., and : |
Uf#ginaoneywell Eleotronlk 15 Chart Recorder by _dh:ﬁl
"?;;Honeywell Controls Ltd.:f..i' f 'h“ ‘..::‘
'%faThe second system was a Philips circult panel

combinauon ‘model pw 1370/00 which included' S
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'l;f-a HV supply-amplifier/enaiYSer.— ratemeter model
PW 4620,_"' PR T
2. counter-tamer~pr1ntercontrol model PW 4630,
.‘3;dda flat bed recorder model PM 8003, and |

'-4,f’e:victor printer model PW 4202/03.

'Téstihg Procedure
Specimen Preparation..

It has been knoﬁﬁ for some time that, with eimu1-
j\\taneous plastic deformatlon ‘and 111um1natlon, alumlnum -
‘.shows a pronounced OSEE effect._ Most prev10us work, how-
?ever, has been carrled out u31ng relatlvely pure alumlnum.
}eIn this pro;ect, two batches of a polycrystalllne commer- R
fcial aluminum alloy were obtalned in the form of A/B in.. .\
1 1n. strlp.j TheSe two batches were statea to be of the
GOXX serles out a chemlcal analysxs carrled out’ by atomlcei
- absorptlon methods (using Pye Unicam SP 12§0 Atomlc;d
rAbsorption.Spectrophotometer) ylelded the results glvem

. I
in Table 1., Both batches meet compositxon speciflcatlons.

gy

"'tor alloy 6063 [62]

The spe01mens were machlned from the approprlate o
fﬁé' sttf% in the hardened (as recelved) cond1t;on,'a110w;ng

| 0
’?5r easier and more effic1ent machlning.- The constralnté:,



of the G—M counter and the testlng system resulted in the
use of three dlfferent spec1men conflguratlons as des—
ribed in Fig. 5. Plates 1, 2,-and 3 show the.varlous
specimen configuratlons and thelr approprlate specnmen
vholders, revealing both sides and the spec1men test area.
’Configuration III, an alternate configuration for the MTS
_ Testing System, was not used in this pro;ect. | |
‘ . The tested specxmens were numbered consecutlvely o
~;'1n each batch, therefore, BlZ is the twelfth 'run of the
second batch. The specimen preparatxon technlques were
’as ‘listed below- | »
| 1. Spec1mens Al to A29 are the as-recelved alloy,
| hand pollshed to 400 grlt and aged two days at
room temperature or left unpollshed B These.were.:
' used for the prellmlnary runs to become famlllarf
w1th the apparatus and the OSEE effect. and to |
_{ standardlze detector condltions, and callbrate.
“.;N»ihll 29 spec&mens were coufiguration I. |
>2. Spec1mens A30 to A37 were heat treated, pollshed-h'
ffby a buffing wheel and then aged two days at
v7room temperature._ Bufflng 1mproved the flnlsh
[:of the spec1men test area.f These spec1mens were )
Lhconflguratlon I whlle speclmens A38 onwards werea';
:"AConflgurat;onAII._~e_ o |
) e ,



3. Specimens A38 to A45 were heat treated, polished

by a buffing wheel and aged two”days'at =17°C.
Holding at' -17°C, eliminated the possibility of
age hardening during the holding neriod.

4. Specimens Bl to Bl7 were first buffed, then heat
treated and tested 1mmedTately (w1th1n 1/2 day).
Any holding of the specimens was done at -17°C.

5. Specimen Bl8 was flrst buffed, heat treated as
Bl7 buffed again, then brlefly heat treated to

Vremove effects of bufflng and "’ then tested immed-

1ate1y.

The various heat treatments carrled out on the

o spec1mens are glven in Table 2. The reasons for-these

specific heat—treatment -and surface preparatlon condltlons

'will be discussed 1ater. Accordlng to the standard con-

'_ventlon [63] T4 means solutlon heat treated and T6 means

'solutiOn heat treated and artlfic1a11y aged.

'UTensilezTesth :

AP

Tensile tests were carried out using an Instron

”model TTD Un1versa1 Testing Machine, whlch was callbrated
‘as follows. Flrstly, the InstrOn cross—head rate and
..chart speed were found to be accurate to within 1*';

\'Secondly, the plastic strain rate on-a dummy specrmen_rr__
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was measured and" determined to be within 5% of the
Instron. cross-head rate. This was done by produc1ng
strain (obtained from a strain gauge) versus time curves.'

Ten51le testing produced controlled plastic de-

formation of the specxmens and thus OSEE. Before each test-

’the speCimen was lightly wiped with a Kimwipe paper tissue
to remove any n01sture from the test area. Alcohol was
not used to remove m01sture due to the possibility of
surface film formation The specrmen was sealed W1thin
the suspended counter and a high gas flow rate was used
"to flush out the counter tube for 1/2 an hour Thereafter
the gas flow rate was maintained at about one bubble per
second | | | | E o

The protruding.speCLmen ends Were clamped an. the
BInstron grips prior to straining as shown in plate 4.»};.

-The counter was thereby rigidly fixed w1thin the testing

‘gframe s0 that the 5pec1men test area could be illuminated

through the quartz port by ‘a Variable incandeSCent 1ight jhf_fai

_ source. The voltage and current were applied to the;_‘

1l'light source from a. stabilized a. c. power supply to pre-;”'“

- vent light intensity variations. The light intensity was

g constant within a group of specimen tests but varied be- fl

’Ltween groups and was designated as. either high or low

'ﬁintensityl No effort was made to register light intene7ﬁ"”"

' ;sities or frequencies.' Plate 5 shows the light source
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illumlnatrng the spec1men test area.

| A low impedance d.c. source was requlred to apply
the external accelerating voltage to the 1nterna1 grid.
therefore, standard batteries of 67% v and 135 V were

'used.v The grld voltage determines the counter character~k

' 1st1cs as Wlll be shown in 'Detection System Performance'

A radmoactlve pitchblende source was used as a standard

Wlth whlch the counter anode voltage could be set w1th1n

| the G—M operatlng region and the detection system calxwf-t

_brated for proper operatlon. The background connt rate .

. 41’]'5

;-was then monitored for 15 minutes to eneure stability.-,;zl'k"v

The rate qf)deformation (straln) Of the specrmen '_?

;:‘was controlled by Selecting an Instron cross—head rate of_.

'h'either 01 or 02 in /min.. With the first.set of elec»*

’fftronxcs, a load versus time chart recording was synchron—
- rized with an em;ssion count rate versus time chart record~;_,j..“-

"fing.: The second (Philips) set of electronics also allowed, ;77

*fﬂin additionhgghe printing out of a 10 second emission o

'ZTQCOunt eVery 20 seconds.,jggaf'ﬁ

The tension'tests were carried Out until fractureﬁfh"r

57vfg§ the speclmen.3 In»some cases, the decay of the OSEE

f:after fractureftas also:recorded fcr as long as: 50 hnurs,;n_f;u

fjiTable 3 contalnsJaf ummery of
';pertaining to all ther,,fjf

f)f{research.‘ Both1 lectronic systems“were calibrated by

P

'”e”experimeptal Conditlons‘d

'ts;conducted dnring thls_‘gfrfff
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pulse generators, resulting in correction curves for_-ﬁ .

record count rates., The raw data was then f. i?f'j;f4¥’,,,f“

l. corrected for recorded count rate errors,

i2."corrected for counts IOSt by the G—M counter (see

"fDetection System Performance) and

"13.r plotted as in emission rate versus plastic strain._ SR

slip M’oaé | be’ﬁérninaiian o
Regular cohfiguration IT specimens were heat
'treated to T4, T6 and T6(450) conditiOns. These specimens
‘:-were then polished to a l micron diamond finish holding
atﬁll7°c between polishing stages. A good metallurgioal
finish is necessary to optically image slip bandsm. These

: polished specimens were each strained in tension to 16%

"f.plastic strain corresponding to slightly less than the ;5”;'

,»nultimate tensile strain of the least ductile specimen (Ts),;_ng{

rurMicrographs were then taken of the surﬁace slip structure

'fat 250 x using a Zeiss Ultraphot III Metallograph,using. iiﬁlﬂfdf

-;;fNomarski Interference Contrast.-»ﬁ';'“
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frequency, short life fe}%gue tests were performed due to
‘testing system and - time llmltatlons. To obtain a sen91—-
'tive OSEE response from the speeimen test area very~high-’
iilumination intensities were used. Also at this time, -
an air heater/hlower was‘used to thermally‘etimulate the
‘specimens at some percentage of their:fatigue 1ife{‘ The
_heater produced 250°C atlthe blower fip buf the ‘test. area
was likely at 100° to 150°C. TSEE/OSEE time curves were

_obtained.



Iv. RESULTS AND DISCUSSION

Detectlon System ig%ormance

In order to adequately operate the detectlon .

system it was flrst necessary to determlne the performance :

characterlstlcs_of the G—M flow counter.- There were two
important con51deratlons, the G-M reglon for the counter -
,anode voltage and the resolvmng power of the counter.r'hjg
change in the external accelerating grrd voltage effect-'d"
| lvely shlfted the G—M plateau of" the counter.. Plateaus 5
for the tWO grld voltages used, 67% VA and 135 V, are o
shown An. Flg.v6 The'anode voltages employed 1n.the testsis
ere chosen to be 30 volts over the threshold voltage of o
the G—M plateau.”:;h 3375t4‘- ' ‘ o ' e
'v”ff'h The response rate of the G-M flow counter was.AfP
| llmlted by the delonlzatlon t1me of the tube.v The dead
time of a- detector, 1, 1s the minlmum t1me 1nterval beb',
tween two countable puISes.w The loss in countlng rate v

due to the dead tlme was estimated in ‘the following manner,['

from conuentional countlng statmstics.. A G-M‘tube cannotyﬂﬂ:h

detect an electrOn unless its arrival 1s preceded'by an
interval r during which no partlcle passes through the e

GfM tube., we as.rme that electrons pass 1nto the G—M tubef;"

C e e
v

at an average count rate N count' per second.

The probability of having an interval t during




which no electron arrives is

Wd!= exp(—Nor) . , o (;)

The probablllty of one or more electron. pa551ng into the

‘G-M tube 1n thls 1nterval T is

Aav1>=l1g—.exp(-Npr)_;‘ - v | (2)

The number of electrons not counted is
.:.Np-feyc:é\No[l.’ ?*p(TNoT)]'i,  L ;1;. (3)

where N, is the observed count rate. rhns_

N = No~exp(-Ndr)'. ‘. :‘,‘ o | _(4)

rr;The exponent1a1 term is expanded so- that

. (N 1)2 o -
=N /[1 +N T +—7— + ...] ' (5)

‘:and if the count rate is small, 1‘e‘vN6t5<1"

Fc‘_z No/['l + NOT]: . . -‘ o . ',(5)
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Looklng at it another way, for a glven N the t1me '

'rﬁfractxon durlng whlch the counter is insen91t1ve 1s NT.
o If N, is the rate of arr1va1 of electrons then N‘N T ‘

'felectrons will pass uncounted. Therefore,; ﬂ -

': _4> o
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or

Nc = No/[l + NOTI . ' (8)

which corresponds-to equation (6).
The dead time for G-M counters with'sensitive
‘amplifiers‘is approximately 10-'4 sec. [61]. The T Varies
with count rate,gsensitivity of amplifier, dimensions and
‘form of G-M counter. The particular G-M flow counter and
' the electronics ‘used in this study were very sen51t1ve so
- that 1t Wwas taken as 10 -4 sec.; this ‘assumption was
supported by subsequent counter performance characteristics.
To satisfy the condition N r<<1, only count rates be!om
} N'°<103 counts/sec., or N T<0 1l were employed ~ The count

rate of 103

*mts/sec. ‘was arbitrarily denoted as 'counter
”saturation since above thlS the dead time becomes very
long and thus 51gn1f1cantly affects the G-M,counter per-
formance. |
' All emission rate data was adjusted by
No”-.-N-/[lf%Nr]', T | e C
but the results were conSidered valid only to the ‘counter '
saturation'h .The deviations at saturation of the counter
_ rate may be seen in Fig.' s 14 to 20 and 23 to 30.
B .

e . Other factors affecting system performance 1nc1uded

discrimination of the counter signals and the time constant



~used in obtaining the count rate. :Sinoe_the pulses from a
G-M connter are all equal in height (voltage).‘the discrim-
ination of the signal may be set quite high. High time‘
constants?of 4 sec. were used to minimize statietical

fluctuations in the count rate.

Emission During TensilehTests

The OSEE rates durlng ten511e stralnlng of spec-
imens A30 to B18 are glven 1n Flg. s 7 to 30.v These-
_ graphs show how the natural logarlthm of OSEE rate, Ln I,'
1ncreases w1th the englneerlng plastlc straln, e,'and
‘will be referred to as the"OSEE growth':- The OSEE growth .
can be - quantltatlvely con51dered only up to the ultimate B
_vtensile strength (UTS) of the specrmen. ThlS is because-'
.the OSEE lS known to be straln rate dependent [39], and
after the UTS, necklng ‘causes: locallzed plastlc straln and-
"'.therefore a much g:.gher strain- rate. ‘ ' :

It .can be seen that the form of all the. OSEE growth

‘curves can. be approxlmated as'

tr Rle-ey) + En A, a0

‘or

T
N

here K and”Afare,oonstants'andﬂeo_is the'engineeringif



' plastic strain at 1n1tlal emlSSlOn. This form is guiteA

different from the pfévrous forms reported [64] [41],

I = A(e-g) o o o '.'(12)

~ where A is a‘constant,-n'is 2‘0r33,'s is’Strain (VariouSIy“~
‘ defined) and Eo is thetstrain at initial emission}' Eguae"
'_tlon (12) has been ‘explained such that n ishcontrolled_
by the type of defect operating, being taken as - 3_<if'.
,dislooation motion and vacancy formation are simultaneously
: occurring [64] - The same argument cannot be used ‘to ex-. p‘~:
plain the equation (11) determined in the present case. ..
| h For the purposes of comparing the behav1or of
hdifferent spec1mens, various OSEE parameters,,as measured~,~-

-

bfrom the growth curves, are’ given 1n Table 4. These

“_1nc1ude~’ the average background count rate, A, the slope

af. the growth curve (the growth constant) before UTS, K
‘(the plastic strain at 1n1tia1 em1331on, eé; the growth “p
s;constant after UTS M, and the plastic strain at UTS.. As
‘:the ox1de thickness of the speCimens was not rigidly con—ﬂ:
.”itrolled, the eo varied greatly among the tests and thus

' could ‘not. be used for comparison purposes.‘ The growth

'ichonstants, K and M. hcwever, should not be dependent on.

f.the initial oxide thickness but rather on the OSEE mechan-jffﬂlf

“_hfism as influenced by the inten81ty and frequency of il1um,ﬁ="

“iination and by the strain rate., The growth COnstants, K't:g:"a

R
?‘."
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';'and M, were determlned by ‘a 1east squares method below and o
above the UTS, respectlvely. Al data p01nts used were o
'fbelow the counter saturatlon (103 cps) | In additlon, ‘the
'rM values were calculated using only the flrst few p01nts.
followlng uTs 51nce straln rate changes rapldly as- fracture
1s approached S - ..l -._ _

' Spec1me€\groups 1 and 3 (Table 4) (lower lnten31ty
flllumlnatlon) have lower K values than groups 2 and 4 '
- (higher 1ntensrty 111um1natlon) This is. expected on the
Abasrs of prevrous work and is due to a Shlft to 1onger ~'

_threshold wavelengths of the photo—electrlc effect..

In general, when M values were calculated, t y

'”fwere dlstinctly dlfferent from X values.: Normally, the

V

M value for a spe01men was: c0n31derably larger than the K

'value but, on occa51on, a test would reveal a much lower ;{ o

v

o M,value. Thls erratic behaV1or can be attrlhuted, in'

part, to the testlng arrangement._ The w1ndow in the spec—"hf
'r'1men holder must 1llum1nate a- constant test reglon since
':the OSEE 18 pr0portiona1 to the size of the test area.vff:rT'*‘”*

‘r;However, after UTS the reglon of maxlmum strain rate is

'“;élocallzed and may even fall partlally outsxde the lllum-

'winated area.] The lncrease 1n strain rate at UTS lS llkely
’Tfrespon91b1e for other dlfferences between K and M.\,

In addxtlon to the change ln slope, there is dn -

' "ﬁfmany cases a drop xn emlssion in the v1c1n1ty of the UTS

(see e g. Flg. 14) This 1s lrkely due to the transxtlon

T



to a small reglon of locallzed deformatlon (and therefore
\ PO
OSEE) as necklng beglns. For these reasons only the K

‘values w111 be considered 1n the remalnder of thls dlscus—

h51on.

The maln thrust of thlS prOJect is the correlatlon

of OSEE growth behav1or wrth the varlous heat treatments

< 5p

‘(and resultlng mlcrostructures) of the 6063 alumlnum alloy._'

The comparlsons are made w1th1n a. group of tests where all ~.h:

Pl

"condltlons (straln rate,.lxght 1nten91ty, counter c0nd1-~“

»tlons) were held constant. Flg.,3l compares the growth

' curves, as glven by equatron (ll), of group 1 spec1mens.

_i In thzs and the subsequent three flgures, 1t must be noted L

'that the p051t10ns of the curves depend on the background

r_:level and the thlckness of the oxlde (through o °) and

E gonly the slopes (K) are 51gn1f1cant1y grouped. ;ThewK;_/;
:~va1ues of the curves fall 1nto two reglons. T

| 1. T4, and h -_,.Z_'H__.- | '_. ‘ B
2.: T6(450) and T6(4500) wlth the hlgher values..v'

c. 7‘.,;.

The one exceptlon 1s A,liwh;ch zs T4 but falls Wlthln the

'T6(450) and T6(4SOQ) curves.» Thls speclmen, hou.ver, had

{much longer than the other T4 spec1mens. Thls anomalous

’ ”res 1t 1s explalned below.» Fig. 32 shows the growth curves,}‘

1fhfof roup 2 specxmens and the K values fall into three

_'regzons 3 7 R T

“7fan agelng tlme of 1% weeks at room temperature whlch was:s”'



EE T u .
2;f'T6(450) and T6(4500) at higher values, and.

3. T6 at the hlghest values..

Fig. 33'shows that group 3 spec1mens behave as do group 1;

Fig{_34 shows that group 4 behaves llke group 2.
These consxstent results clearly show that dlf-
ferent heat treatments, and thus mlcrostructures of the

"_same alumlnum alloy, produce dlfferent OSEE growth ‘rates

,upon plastlc deformatlon. Specxfifally T4 gave lowest K

—_

values,, T6 hlghest and T6 450 and 4500 1ntermed1ate val-.,

~ ues. Some ins1ght 1nto these results may be obta1ned by»'

3Econ51der1ng the dlfferences in Sllp mode caused by the‘

'varlous mlcrostructures .

Aehlslipanédé Correiatious
fl;?‘The T4 treatment (solution heat treated) causes the
“"formation of very few prec1pitates and, since solute

1.'atoms are retalned 1n solutlon, the Stacklng Fault

"3hEnergy (SFE) is low.; There are thus few prec1p1tate 3

1fd#obstacles to dxslocatlon motlon and a planar 511p

51

"7f{mode occurs upon plastlc deformatlon.j Plate 6 shows f:t

l“fﬁa typical T4 specxmen with distlncty ma551ve planar
*alip._ This correlates Wlth the lowest observed K-

'-valnes.-A



- quenched—ln poxnt defects. If EEE is dependent onh p01nt o

- 2. The T6 treatment forms a great many small, finely

’ dispersed precipitates which'aCt-aS~effective ob?.
stacles to dislocation motlon. ‘This causes ‘indistinct,
very flne, any sllp (plate 7) and a correspondlng |
jhlgh K value.- _ |

3,' The T6(450) and T6(4SOQ) treatments form a few very
large prec1p1tates which offer obstacles to dislocatlon

motion but leave clear paths between the partlcles for

52

'd;slocations to move. The Sllp mode (plate 8) is wavy .

-~

“but not'as_wavy as T6. Correspondlngly, the K values
are intermediate between.those.for T4 and Ts,
dThis explains'the anomalous A4llspecimeh with its
\

1ncreased natural (room temperature) ageing, : as mentloned

above. Thls agelng produces precipltate obstacles to dls-

1ocatlons, whlch 1ncreases ‘the - K value.;”

The over—agelng temperature of 450°C was chosen to

.reveal the effect of quenched—ln defects on the OSEE.j
,Quenchlng from.above 450°C causes .no. subsequent EEE in _‘

‘”"alumlnum [36] [37] but the alumlnum should have many

'defect movement, then the K values obtalned should be'

'fdlfferent for quenched T6(4SOQ) and a1r cooled (T6(450)

.dspeclmens. The observed K values for T6(450) and T6(4SOQ),_‘ﬂb

“:Erhowever, were very slmllar. Thls then lndlcates that p01nt



/‘
défectsnare not important in producing EEE, however, no
firm conclusion can he drawn without further work.

The ercellent corr%lation'of slip structure with
K values shows that the type of slip band formation is
deflnltely related to the OSEE during plastlc deformation

of the spec1men. It is suggested that the OSEE rlse is

'governed by dislocations 1ntersect1.'35_ _surface, in slip

s
- ,«

bands, that is, Sllp bands creati"i 'sites from

den51ty of dlslocatxonullnes 1nterse¢ﬁﬁhg the. alumlnum
’surface.~ "For example, flne, wavy slip (many dlslocatlon
'Fllnes 1ntersect1ng the surface) produces the hlghest X
w.lues while, on the other hand, ‘coarse, planar slip (few
dlslocatlon 11nes 1nter5ect1ng the surface) produces the
1owest K values. It should also be noted that the OSEE
‘-rate does not correlate w1th the yleld strength or UTS of
g ,the Spec1mens, sxnce the T6 overaged heat treatments had
| '-ethe lowest strength whlle the T6 had the highest.

R Since con51deratlon of the OSEE decay behavior
v-isw;l,:‘ | germane to the explanatlon of these effects,‘
‘:further dlscusslon w111 be deferred until the decay has

v,been con81dered.,

53



Decay After Tensile Tests

After terﬁinatioo of strdihing, the OSEE wes ob-
served to decay as a function of time. It%ﬂs‘sﬁggested>
that this is related to.theloride layer which forms on
the clean surface exposed by sllp or fracture. It is
.1nstruct1ve to consider. Crac1un s [34]\mathemat1cal

‘representatlon of the- decay which is based on the 1dea ¢

that electrons tunnef through the oxlde-metal 1nterface

and are trapped w1thintthe oxide, to be emitted later when'

stimhlated by lig;} ‘The decaylis due to the traps being

emptied, Wlth the ass1stance of optical stlmulatlon; faster

than they are refilled w1th electrons from the metal. Thrs’f

is beI&eved to.be the,case after the cessatlon of plastic_
deformatlon. e | _ i ”'

Let n be the number_'of electron traps of a
glven type per un1t volume in the oxlde where _n- of:them
'are occupied by electrons at tlme t.j' - | o

- If v1 and Vz_are the rates of f1111ng and empty-~

1ng (emission) of the electron traps,'respectrvely, then'_"'

S owy=kn (14)

where P is the fllllng factor and k \13 the em1831on

o

'factor.‘ The rate of changb in the number of occupled ;

54
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y; traps is therefore given by -

e

= vy - v2 P S | - (15)
or, |

dn +'(§ +;kih =Pn_ E  tV" rf-'.rtt'kr ‘(16)t
dt_ IR IR co s R
~1‘Thé‘soiqtlop to this-firstVOrdér’differential éﬁuﬁtipn’is’
Pn + C exp[ (P + k)tl

n = —_— M"'.”‘[, (17)

To determlne c, the boundary condltlon t 0 is applled
At t = o, Tet (n) ’f""n.o o< £ < by ,vz e. a

fractlon f of‘the traps areﬁ%llled Then

g-'and, from (17) n’fvf'

o Pn +(fn (P+k)—Pn )exp[*(P+k)t]

P+k

'"“Let the recorded OSEE rate be 35»:i;ffﬁ:7*"”"’p

o akPn * ak[fn (p+x) P’ ]expl—(P+k)t] ,f”*'
- akn - —2 3Ty s (20)

C R
4."

“7}where a is a constant relating the output from the o -
E idetection system to the emission rate of electrons from

lffthe traps.~




b. ‘- énd K

s :of electron

‘v‘-ks there are likely to be

" _the form

¢.Qg%vfﬂxféi9f15X£l.f.f

Dl e o
Cowmere LU

ak[fn (P+k)“9nd]-?f;:jfi> F

 ]»A;#

x - p + k

and sunc_ B

RIS, TR

1'*f(21y'

A | .
[

'f-(zz)ﬁ

-
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‘ Now s:.nce P<<1, ~equat10n (22) is approximately zero (em;.s—.. '
-s:.on rate falls to zero at infinite time), thus the first

: .;'term in equatzon (20) can be neglected, leavmg 1t m
2w



layer [52] Exoelectron energies °f$

kY

.Some representative results of decay observations

~are given in Fig. 35 for short'term (< 200 mini; decay

and in Fig. 36 for long term decay (< 3000 min.¥. The
decay curves are clearly of the form given by equation (24).
ThlS leads to the conc1u51on that OSEE decay is controlled
by trapi 1n the oxide in the manner proposed hy Cracrun
[34] and descrjbed quantitatively by equation (24)

v

During short term decay, howeq;r, it is p0351b1e

that electrons may be emitted directly through the oxide
ey

observed but the majority are below l“ev‘[65] | The wave—

;1ength k of an electron is related to its momentun ‘p

it° 3 eV have been :

| by the de Broglie relation.- : ﬂ7..ﬁ d,.} }fiv ; ff"ﬂ?:fj;.'tﬁf
- %= ———-—.h-. S ,. 'f~<2f7f).'

‘ﬂnwhere h. is Planck's constant,;m' is the rest mass of S

; f\festablished values for h and m and using % eV for E’

o

- the electron and E is its kinetic enéigy Uszng the

‘!

jl is approximatery 1. 7 nm., This indicates the order of

i»through directly~from the metal.

”-Tforms'afﬁb @' eﬁﬁ o%ide;of about 2 nm thickness 1n approx-
L ihhtely 1 hour~ ‘

>

-~

-

.'3‘0-

V T ‘k-"‘ . ‘)

th qnlnyery slow ox1de growth‘afterwardsy

S A ,
”v:[6§]:j*l It i?‘suggeste?, therefore, that tn tke ehort f~'

P . : :r

. e . “ . s 3 = g ;
oo T . e ALy T . ,' o . .,;.t,'!-

> -_’L"_f_'_,

fimagnitude of a surface layer that an electron may pass '»i .

-
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A

. term (Zess—than‘chout'one hour) déaay,'éhé'o;édé iahthin”
enough that it allows the dzrect emtsaton of‘electrans from
‘the aZumz?um.: ElectrOns are continuously trapped in the j"
growxnﬁ oxude but most of the OSEE comes directly from.
the'ne 1. After about ~one. hour of oxidation there is.

P4 gradual transitioh to‘e seqpnd, OXide-‘.b

' 'tse. where electr s l&ogqghe ﬁ%tal are. trapg"vh

‘i

.f' 75 ST

'ped'Wi the oxide; to,beﬂlatervem&tted as explained by

: Creﬁ}pnc(séefalsq’Fig 1) .gﬁ ,ahort term<decay kinetics ,
g R v
1_e évowth kinetics which may also

ey
\,Q

. / &

be’ described by a series of‘bxpOnentials [67] The presentw;~

. 2 ""u"ﬂ,vim

_‘work then supplies further evzdence in supportwoﬁ“the re-.1A
. J @ -

”Yatidn hekween the oxide and the long term emiSsion of

are domrhAted by, the c

exoelectrons frOm aluminum._ However, since the ten811e,

tests Iasted much less than an, hour, lt lS the ehort termf:_h'

\

;}sdecay behaVior which is germane to the OSEE growth during»i,

plastic deformation.. This discuSSion, therefOre, returnsfdh

» to - the emission which occurred during the tensile @ests..:~a'*

Suggested Mechanism For OSEE_ During TenSile Deformation'..»‘ .
) N ) . . R . ’a., . “'D

For the tensile tests, the oxide laye is such

that even the fine, wavy slip of thdgT% specimens would
'r'break through the oxide. This ecgsgkkresult{)in fresh metal i-f‘

being exposed. because of the oxide layer coarse slip ‘°f;g".f

‘
Al
('
&y

,, L L e
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L
B

'-..sv_-.,

'exposes more fresh metal than fine Sllp.w honever;.thev
_ highest K values correlate with fine slip, i.e. with
the least amount of freshly exposed'metal.' It thus
"appears that a 31mple model based on oxidation of freshlyb"
exposed surface ca“bt apply in the presen -se.

The K values, however, do correlate with the denJ‘
sity of dislocations 1ntersecting the surface.v The~den— |
sity of dislocations intersecting the surface along a o
slip line is expected to be roughly 1ndependent of the»ﬂ
coarseness of the Sllp step, thus the greater the number

',of slip lines on the surface,_the higher the density of
-intersecting islocations. It h3 . been suggested by others

©(33) [28] [49] ([50] that the emis!ion could occur from

such‘Sites.i.' reasonable mechanism whereby this might
: occur'is as f 1lows. | S | | ' 4

'jhggf hey point at which dislbcations emerge at the\‘
' msfél'aﬁféaeé?"'e interatomic distances .are distortedggﬁ

¢s in the energy distribution of the'electron .

w

: states.r This'may result in a local change of the metal' &

causing chan

) work function and/or in chemisorption or. preferential’
Q'oxidation;_ It is suggested that one of these processes

Lis responsible for the enhanced«emisSions thus explaining

@

the correlation with' slip mode. , R _

@ f,; It appears that all that "necessary for OSEE is
that slip steps break through the oxide surface. This_-

¥

Lxoer
\



‘may be seen by examining the ‘results of specimen B17 and

B18. The microstructures of these speC1men are essent—

3

60

~ially the same but Bl7 has a thick oxide while ‘B18’. has ah‘_

very thin oxide. The OSEE growth behavior for the spec—’

imenShis very similar,'indicating slip was able to break‘
through both surfaces: |
During plastic deformation a group of slip lines

EPbelops rapidly Slip then ceases in that particular

. E . % .
¥§ibs band ‘and OSEE occurs, from tha'em#qslon sites assoc-

iated With the dislocation ends, while further strain _.7

”f:_is accommodated by development of new groups of slip

lines. Wlth time, then. each sllp line undergoes an RO

1emissiOn o decay process.- The overall OSEE observed is .

“~fthe cumulative effect caused by an,ever—increasing number

. of slip lines -as’ tensile straining preceeds.~ Thls ex-lf”"'

d'plains the QSEE as detected by the G-M counter and the f

Gcorrﬁlation of slip mode W1th the growth constants._

R .
‘-gf*i It is also of interest to note that the growth

.curves commonly exhibited discontinuous Jumps as strains

Afproceeded. Serrations were also observed on the load
elongation Instron plots, and are presumably due to
discontinuous bursts of slip, causing bursts of OSEE.'
The sensitiv1ty of the strain measuﬂnng equipment was
insufficient to detect a one to one. correspondence beﬂ

tween slip bursts_and OSEE bursts.- It would be of
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interest. to check this*Vithamore_senSitive1equipment.iz

. Fatigue Tests - \ R

: The'exploratory fatigue tests gave interesting
results, although they were of a qualitative.nature.only.
Due to the high stress amplitude applied to the spccimens,~
' lastic def a r he first
p e orm tion ocCurred -during the firs ﬁaﬁgxtgf
cycle. This produced OSEE as in the ten51le tests. . The

}OSEE rate rose quickly to a maximum and then slowly de—

;§ajed thh respect to the number of cycles. On rapid
'vjtﬁihcture there was a’ great 1ncrease in OSEE rate.~ These
uqﬁﬁdgsexvations are in full agreement w1th previous reports
[49] and are- fully consistent with the ten81le results. ;d'
: Heating the speciqnn after 1nterrupt1ng the fat—'
‘1gue test caused a similar rise, followed by a fall in
Q&SEE/OSEE rate above the level of em1831on obtained from
fatigue.; The. -heat waS»then removed and the spec1men was
- aged in the counter for l day.— Upon reheating the spec—
imen the TSEE/OSEB peak returnéd. This regeneration of
the TSEE/OSEE sappggts the model for emisSion proposed
T by Craciun [34] ,Jg'other*words, the oxide is thick enough
to trap electrons from’%he metaﬁ%&sd later emit them ’_
These tr“‘s.are cpgﬁf&g;l& H!Eng ozé%pied and this accounts

.N¥ ' '» v 'P T

Ta B iy . ."\',i,
. . -
,@‘?., . .ﬁmaﬁ?-’

for the ‘regen _tf



The.heatlng behav1or durlng decay from plastic de-
formatlon 1nd1cates that the TSEE 15 addltlve to the OSEE
Thls is a most 1nteresting result and could 1mply that
‘ﬂdifferent types of electron traps Qpe involvgd 1n phe_two
;1processes.? Further work 1n thls area Qoﬁi&tlikely‘be'

7‘_fru1tful.:

kY
e



R A CONCLUSIONS ',

Ce N Thé conc1u51ons derived on observ1ng exoelectron

,‘r.emi891on from a 6063 aluminum alloy are llsted below in
p01nt form: . ° | | AT

l. A pronounced OSEE effect'can be obtained froﬁ
6063 alumlnum alloy Upon plastic deformation
-and.illuminatiOn.w : | A

2. 2 G-M flow counterils an'effectipehéeviceﬁforv

- detecting OSEE and TSEE. _;.'. ~'.
3;~:The OSEE 1stfen51t1Ve to 111uminat10n.inten51t¥

TR and specxmen strain rate.

.4.r'An approx1mation tanSEE rate versus specimen i‘ 1
.A\;f'plastic strain is ;iven by o *agg? ~;%ﬂfigl, “, &
e I = A exp [K(e— o)] ¢
* : ‘
'53;5‘ Various microstructures, which affect dislocation
e‘motion,.of the same. alloy yield distinctly differ-r'i

ent K valpes.
.6.-'These K values corzelate to the specimen slip
W,Tﬂstructure, that is, the dens1ty of dislocation |
‘ lines 1nterse¢ting the metal suxface, w1th higher
| numbers of dislocation lines (finer slip) giv1ng L,
vhigher K values. 'l‘ ‘ ' ST |
~ls_ To obtain OSEE. the slip steps need only to break
.‘ thrcugh thelpxide,'since the ends of theidislocations

S AP .
-o\ LT

Y
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appear to. act as 1ocallzed OSEE centers.'

: the{;#;shly exposed metal lS thln (approx1mately
';‘< 2 nm),,the electrons may escape dlrectly '

through the oxide.-wﬂ'

S,

j9ff OSEE deCay 'bllow1ng deformatlon or fracture may

be ‘described by the equatldh

LA N

° B

}§ .’ xp(xt)

i

:10.-eIt is'suggeSted'thatvfor thidker oxides which form_

durlng lqng term decay electrons from the metal are

. trapped within the oxlde but may be later emltted

a

| ,under.stlmulatlon;;

64

i;gﬁ ”It is. suggested that when the oxlde Wthh forms on

\

A}



. VI. FUTURE WORK

As.EEE is related'to the pﬁysicochemical condition._u
’of a metal surface, there are many p0581b111t1es for ex-
: pandlng metallurg1cal research u51ng thlS effect. Appllc—
. atlon of EEE gives the p0551b111ty of obtalnlng 1nforma—
thn ‘about defects at the surfaces of solids. Efforts can
ybe undertaken to apply EEE to photography, detectlon of
* small quantltles of substances, analysxs of chemical re-
action at surfaces, dogimetry, and non-destructive test-
ing; immediete possibilities for future work, from,this
research, are: | | | o
1. the'fﬁrther investiéations’of ﬁetallur&lcai var-
iables (such as phese transformations; micro--
. | structures etc.) on EEE from many metels;:
-2.'_the study of specific types of deformatlon pro—
» cesse"~espec1ally fatigue, with respect to EEE,.
3. the slmilarity and differences of OSEE versus
TSEE (some evldence(ﬁEF been obtained in thls work
that these are addltive),,

# _
ﬁ?ﬁﬁ, the appllcatlon of OSEE/TSEE to non—destructlve

‘fabr1cat10 or service of_metsls, and

5. the investigation of Craciun's model under vacuum.

» -
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4
 TABLE 1
CHEMICAL COMPOSITION OF ALLOY -
ELEMENT | COMPOSITION v
' ' (wt/0) :
~ Batch 1 Batch 2
Mg 0.41 .  0.41
si - 0.25 B 0.29
Cu . 0.013 "~ 0.013
cr ©0.013. - 0.013
Fe .~ 0.143 - 0.139 -
Ni - | 0.009 - ’  0.008 | :
Mo . . 0.047 - 0.048 e
2Zn . 0.009 ~,0.009

Al ' . bal. | bal.
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Plate 1 - Specimen configuration II and its
' appropriate specimen holder.



Plate 2 - Specimen configuration III and its

o appropriate specimen holder.

b Y
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I/ mounted in their specimen hold-

Plate 3 - Sff}imené of configurations II and
: II
exs, revealing-the tést areas.



Plate 4

» ' - l09

Side close-up of G-M flow counter .in the
test position. The specimen is clamped .
to the counter tube and mounted in the
Instron grips. This plate shows the
illuminated guartz port, the accellerat-

'ing grid (through the port) and its volt-

age source, the assorted electrical
connections and gas tubing required for
operation of the counter hand the lead
foil shieldinq.
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Plate 5° - An overall, rear view of the testing

- o - system. fThis plate shows the Instron
testing frame, the Philips electronics
~and the light source.

p
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. oA

e N3

Plate 6 - SIip’structﬁre of a T4 specimen,
showing distinct, massive planar
slip, x 250.
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~

R structure of a T6 specimen,
.showing indistinct, fine, wavy
..8lip,\x 250, (Lines running
approjximately north-south are
- polishing scratches.)

~ Plate 7 _—‘



Plate 8

Slip structure ‘of a T6 (450) specimen,
showing an intermediate slip (between

- T4 and T6) which is less 1ndlst1nct

L

and wavy than T6, x 250

113
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