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Abstract

Electrons, positive and negative ions as well as photons are known
to be emitted from oxides of a number of metals during tensile deformation.
It has been shown that the propagation of cracks in the oxide is uniquely

associated with this so-called tribo-stimulated exoemission phenomenon.

In this report we describe experiments concerning the tribo~stimulated
emission of negatively charged particles from oxidized bare and aluminum
clad Al 2024 and Al 7075. The investigated samples were anodically oxidized
under various conditions to produce oxide layers of different thickness, as
well as chemical and mechanical properties. Our working hypothesis is that '
exoemission during tensile elongation is determined by the physical and |
chemical properties of the oxide layer. Evidence in support of this hypo- w
thesis is presented for the bare and clad alloys studied to date. The features

- of the exoemission curves (emission rate vs. strain of the substrate) that

appear to be most sensitive to changes in the oxide layer presented and

E discussed.
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Forword

The work reported in Part A of this report was conducted in the first
nine months of the present contract period (January 1, 1977 - September 30,
1977) and that in Part B in the subsequent period from October 1, 1977 to
February 28, 1978. The primary objective of this research was to experimen-
tally verify the following conjecture: does a characteristic tribo-stimulated
exoemission curve exist for a given metal oxide-metal alloy system which
permits an inexpensive and quick test of the quality of the particular oxide
coating? The economic implications of such a quality control test are obvious
in light of the importance of oxide layers as protective coatings or their role
in adhesive bonding of metal alloys in the manufacturing of airplane frames and
the like.

In this report we will first introduce the phenomenon of tribo-
stimulated exoemission, describe the facility assembled at WSU to conduct the
reported research and present recent results obtained under Air Force sponsor-
ship (Contract #F49620-77-C-0042). These results strongly suggest the exis-
tence of characteristic exoemission curves (CEC) for all samples investigated
up to this time: bare and aluminum-clad Al 2024 and Al 7075, coated with oxide
layers of different thickness and chemical and physical properties. We discuss
the features of these exoemission curves which appear to be most sensitive to
variations in the substrate-oxide system. Finally, neutral particle emission
during tensile deformation of oxide coated aluminum alloys was clearly observed
for the first time and analyzed with a mass spectrometer. Distinct differences

between the characteristic exoemission curve of negative particles and the

neutral emission curve are described.
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PART A

I. INTRODUCTION
Tribo~stimulated excemission of charged particles is a transient
phenomenon that is observed from a variety of oxide-covered metals during

3-5) 12 hee to be distinguished from a

mechanical deformation or abrasion.
number of other so-called exoemission processes that occur when dielectric
or semiconducting materials are subjected to external stimulation in the form

y (6:7)

of photons (photo-stimulated exoemission or temperature increase
(thermally stimulated exoemission).(s) Freshly prepared metal surfaces may
give rise to chemi-stimulated exoemission when they are allowed to react with
certain chemically active gases.(g)

In order to study one of these emission processes, the experiments
must be designed such that all other sources of stimulation are eliminated.
Tribo-stimulated exoemission from oxide-covered metals must therefore be
investigated under conditions which preclude the occurrence of chemical,
thermal, as well as photo-stimulation. This can be done in high vacuum, in
total darkness, and at a fixed temperature, e.g., room temperature.

In the past 10 years, a number of experiments on tribo-stimulated
emission from oxide-covered metals have been carried out under fairly well
controlled environmental conditions. Basically two modes of surface defor-
mation were employed: (a) scratching the specimen with a scriber or abrading
it with a steel brush and (b) tensile deformation. The emission from oxide-

(1-6) ) (1,2) o % - J

covered aluminum, magnesium, nickel, and titanium
studied at various oxide thicknesses and strain rates. During tensile defor-
mation, the emission was found to occur in bursts after initiation at a very
low strain (50.2%). 1Its intensity depends on oxide thickness and on the rate

at which the sample strain increases with time. Emission is observed only
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during ongoing deformation or abrasion and usually ceases abruptly when these
forms of mechanical stimulation are interrupted. In some cases (< 1000 )
thick oxide layers on aluminum-clad Al 2024), a distinct and characteristic
emission after rupture of the sample is observed for several minutes; an
effect that has yet to be explained (see Section VII).

The mechanism responsible for tribo-stimulated exoemission is not
known in detail. Clearly, emission occurs only during the propagation of
cracks or during the disruption of the continuity of the oxide film during

abrasion. Gieroszynski et al.(5’6’1°)

have suggested the so-called electrified
fissure mechanism, according to which the walls of propagating cracks are
assumed to be oppositely charged and the resulting intense electric fields

are sufficient to cause field emission of electrons. On the other hand, Arnott

) proposed that the strain energy released at the tip of the

and Ramsey
propagating crack may lead in some unspecified way to the emission of electromns.
All previous authors observed only negatively charged particles and assumed
these to be electrons. In our previous studies we have discovered that
negative and positive ions as well as photons are emitted as well and, as a
consequence, the most likely mechanism is field-assisted thermionic emission

of these particles from the tip of the propagating cracks(l’z) (Attachment B).
The emission of photons is of particular interest for the anticipated practical
applications of tribo-stimulated emission. Single-photon counters can be used
that do not require the sample to be in high vacuum during the test, thus
opening possibilities to observe exoemission in ambient air and to study the
effects of reactive gases which are expected to enhance the emission or permit
the detection of propagating surface cracks even in an unoxidized alloy.

As stated in the Foreword, the present investigations were carried

out with the goal to establish the existence of a ¢ aracteristic exoemission
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curve for a given metal alloy coated with a specific oxide. A large variety
of bare and aluminum-clad Al 2024 and Al 7075 samples were tested. The
oxidation processes used (see Section III) were selected because the chemi~ i
cal and physical properties of their oxide layers are well known.(ll-ls) and
they are of manufacturing interest for finding surfaces which facilitate
adhesive bonding. This goal has been achieved (see Section VII), and we
have established that for these samples the exoemission curve is indeed a

"fingerprint" of the particular metal oxide-metal alloy system as obtained

via our test procedure (Section 1IV),.

II. TEST FACILITY

One system assembled for these studies consisted of an ultrahigh

vacuum system which incorporated a fully instrumented tensile straining

device, a Varian Auger-electron spectrometer (presently being tested), a
residual gas analyzer, and a special high sensitivity-low resolution elec-

tron energy analyzer. Single eventchanneltron electron multipliers (CEM)

are available for the detection of charged particles as well as a single photon
counter with S-20 photocathode (Bendix BX754) for the measurement of photons

in the visible region of the electromagnetic spectrum. This system is des-
cribed in detail elsewhere(l) (Attachment A). A second vacuum system,

equipped with a duplicate of the tensile straining device, a low noise
channeltron and a single photon counter was built during the nine-month con-
tract period. The use of high vacuum (1 x 10'-6 Torr) instead of UHV did not
measurably affect the characteristic exoemission curve, This apparatus

allows us to test in a comparable time many more samples as compared to the
UHV system which is now used exclusively for experiments that require UHV

(such as surface-analytical studies using Auger spectroscopy, mass spectrometry

and the like). A high resolution scanning electron microscope and an optical




microscope together with oxidation facilities are also available to us for
our exoemission studies.

A schematic of the tensile straining device and of the detection
arrangement of the particle detector used in both vacuum facilities is shown

in Fig. 1 of Attachment A.

IIT. SAMPLES AND SAMPLE PREPARATION

All samples were machined by a slow milling process (to avoid unnecessary
stresses and temperature increase) to the dimensions indicated in Fig. 1. The
20 mil thick material was provided from production stock by the Boeing Commercial
Airplane Company, Seattle, Washington. Electrolytic anodization for the pro-
duction of oxide layers on these samples was performed in the following three
different laboratories using either an ammonium tartrate electrolyte to form
dense (barrier type) oxides or a phosphoric acid electrolyte which results in
porous (duplex type) oxldes:

a) Washington State University: samples produced to test

the facility only; no results of these tests are included
in Section VII.

b) AFML, WPAFB, Dayton, Ohio (laboratory Dr. W. Baun).

¢) Boeing Commercial Airplane Company, Seattle, Washington.

The samples prepared at AFML were coated with oxides of nominal
thicknesses ranging from 500 A to 4500 R in a standard (0.05 M) ammonium tar-
trate electrolyte to produce dense barrier type oxides, or in a 1 M phosphoric
acid electrolyte which yields a porous duplex oxide layer. Different oxide
thicknesses are achieved by varying the electric potential on the electrodes
in the case of the ammonium tartrate (dense) oxides, and by varying the time
(duration) of oxidation in the case of the “3P0A (porous) oxides. Spot

checks of the actual thickness of a number of samples using SEM techniques
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generally revealed good agreement of the so-called nominal thickness with the
measured thickness in all aluminum-clad samples (an exception is described
in Section VII.1.2). This was not so for all bare alloys investigated. The
nominal thickness in these cases appears to be considerably less than the
actual thickness, Since these deviations are characteristic for each type of
sample, we have not corrected the oxide thicknesses at that point in time and
we have plotted the exoemission vs. the nominal thickness only. In this way
trends with thickness are recognizable without having to carry out time-
consuming SEM thickness measurement of all individual samples.

The samples oxidized at Boeing used a procedure similar to those
employed for production of oxides suitable for epoxy bonding. (These samples

are subsequently called Boeing Baseline Samples,)

1. (Baseline) Details of Phosphoric Acid Anodizing Process:

1) Solvent wipe w/MEK (methyl Ethyl Ketone).

2) Alkaline clean 10 minutes (immersion in Kelite 25E @ 140°F).

3) Hot water rinse 3-5 minutes (spray or running water @ 110°F
minimum).

4) Etch 10 minutes (immersion in Amchem #6 @ room temperature).

5) Cold water rinse 3-5 minutes (spray or running water @ 90°F

minimum).

6) Anodize in 10 (wt)Z orthophosphoric acid (~85%) @ 74°F
20 minutes and 10 volts potential,
7) Cold water rinse 3-5 minutes with a 15 second delay between
the termination of anodizing and the start of rinsing.
8) Dry at room temperature,
This process produces a rather thin (<2000 X) porous oxide on bare Al 2024 and

a several thousand X thick porous oxide (<5000 &) on aluminum-clad Al 2024.
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Variation of this process, investigated by us, included
2. (20V): Use 20V and 8 (wt)ZX H3PO“ in step 6 and reduce
temperature to 66°F
3. (¢V): Use 40V and 8 (wt)Z HaPOa in step 6 and reduce
temperature to 64°F
to produce thicker (2) and thinner (3) porous oxide layers as compared to the
Boeing Baseline sample, and
4. ("Without Etch"): Omit etch process (step 4).
These variations produce characteristic exoemission curves that are different
from the curve obtained from Boeing Baseline samples. The change in temperature
is expected to result in a different surface texture. At the same time, process
4 (omission of the etch treatment) may produce an oxide that can be undesirable
for bonding since gross contamination e.g., due to outdoor storage) is not
removed in the manufacturing process. Our samples, being stored under selec-
tively clean conditions after rolling the metal, are not expected to be

affected greatly by omission of step 4.

IV, EXPERIMENTAL DATA

IV.1l. Measurement Procedure
After receipt the samples were placed into a desiccator. Just prior
to installation in the test chamber, the sample was rinsed in reagent grade

acetone and, as soon as the vacuum had reached about 1 to 3 x 10”6 Torr,

pulled until rupture with a constant strain rate of € = 0.0142 sec-l. The
stress-strain curve was recorded during pulling and, simultaneously, the
exoemission count rate was measured.

Optical microscopy was used to survey the cracking pattern and scan-

ning electron microscopy for the investigation of the crack walls and other

characteristic features of the oxide.

R A N A Y




IV.2, Display of Data

During the straining of the sample, a stress-strain curve was gener-
ated on an x-y recorder with time-markers being produced every 15 seconds to
insure that the strain rate was indeed linear. Simultaneously, the pulses
from the CEM are amplified and handled with the system shown in Fig. 2. The
pulses are stored and displayed in 3 ways: (1) Simply counted with a scaler,
providing total accumulated counts. (2) Stored in a multichannel scaler where
typically each channel accumulates counts for 0.8 seconds then advances to the
next channel and accumulates counts for the same time interval. (3) A count
rate meter integrates the pulses and displays on a chart recorder the count
rate vs. time. The use of the count rate meter and the multichannel scaler
allows for considerably more flexibility and detail in handling the data.

Figure 3 shows a typical stress-strain curve for an clad Al 2024
sample elongated under vacuum fn our system. Figures 4a and 4b show the
multichannel analyzer output and rate meter output. The exoemission data for
a 3000 X dense oxide layer on clad Al 2024 anodized in the ammonium tartrate
solution, which is a good emitter., Figure 5a and 5b show similar results for
a much weaker emitter, a thin porous oxide on bare Al 2024 anodized in
phosphoric acid (Boeing Baseline Bare Al 2024), Figure 5c shows the digital
data smoothed by an averaging technique discussed in Sec. VII.2. We note
here that even though the emission 1is weak, the reproducibility of the
characteristic exoemission obtained from nominally identical samples is

remarkable.

V. WHAT ARE THE RELEVANT PARAMETERS?

In these experiments we are interested in detecting properties of the
exoemission curves which change as one changes the type of oxide layer (e.g.,

dense vs. porous), the substrate (e.g., pure Al, various alloys, clad alloys)
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1.

3.

4,

5.

6.

degree of hydratiom, etc.).

details which indicate differences in the exoemission curves.

oxide thickness, possibly even chemical composition (e.g., impurities,

parameters of the substrate-oxide layer system and examined the data for

the following set of characteristics the most obvious "fingerprints" for a given

substrate oxide layer system:

Total Counts. This parameter indicates the overall strength
of exoemission from the time strain begins until rupture.

Initial onset of emission, As the substrate undergoes strain,

exoemission is initially negligible until some particular
minimum strain and 1s reported in percent strain. The onset's
position relative to the onset of plastic deformation is also
frequently discussed.

Number of peaks, Some types of samples emit one peak, others

yield multiple peaks, e.g., one major peak and several smaller
peaks.

Peak positions and widths at half-maximum (particularly the

major peak) usually measured in percent strain,

Occurrence of a "precursor" peak prior to rupture. Several

types of samples show increased emission several seconds

before rupture. When this peak is present, its height, position,

and shape are considered potentially relevant.

Occurrence of a spike at rupture, Some samples yleld a very

narrow but easily detected flurry of pulses immediately following

rupture (the duration of this spike is 1 second or less). When
this spike 1s present, the number of counts in the spike is

considered potentially relevant,

We have successfully varied a few of the initial

To date we find
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Occurrence of after-emission following rupture. Some samples

emit negative particles even after rupture. Generally this
after-emission slowly decays with a duration as long as 3-4
mintues. When after-emission is present, the magnitude and

duration are considered most important.

VI. OTHER INFORMATION BEING ACCUMULATED

In addition to exoemission curves, we are also examining a number of

the samples with the optical microscope and scanning electron microscope (SEM)

both before and after deformation. The type of information we obtain with

these methods include:

1.

3.

4,

3.

Density and size of pits in the oxide layer. This is likely
to be unimportant in explaining exoemission but may be very
significant in the role of the oxide layer in adhesive bonding.(16)
Overall surface roughening of the oxide layer due to

deformation.

Overall distribution of cracks along the length of the deformed
samples, including density.

Morphology of the cracks in the oxide layer as a function of
position; e.g., shape, length, width, etc, Particular differences
have been observed between cracks near the rupture and away from
the rupture.

Side~on-view of the oxide layer with the SEM yields information
about the structure of the original oxide layer (e.g., dense vs.

porous, pore size, and density) as well as a measure of the oxide

thickness.

Auger electron spectroscopy (AES) is soon to be available for examining

the make-up of the oxide-layer surface, including a sputtering profile through
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the oxide layer. We are most interested in determining the role of impurities
and exoemission and whether or not the chemical nature of the oxide layer
changea during elongation.

A quadrupole mass spectrometer is also available. One important use

of this instrument is to determine the identity of ions which are emitted

during elongation. In addition, we hope to look for neutral particles during
the pulling of the sample. Potential species include chemisorbed gases such
as Hz, 02. and azo.

The remaining sections of this report will include first a brief

description of the data for a number of substrate oxide layer systems, fol-

lowed by a discussion of differences and simularities found between them, and

finally a brief discussion of possible explanations for some of the effects

we observed.

VII. RESULTS

VII.1l. Aluminum-Clad Al 2024 Samples

VII.1l.1. Ammonjum Tartrate Anodization--Wright Patterson. These samples were

studied with oxide layers ranging from 500 X to 4000 & in thickness. The

" or "non-porous"

oxide layer can be characterized as a "dense," "barrier-type,
oxide. There is little solvent action during its formation. SEM photos of the

unstrained surface of this oxide shows the absence of pits, Higher mangifi-

cation of samples bent into a right angle to expose the oxide layer for viewing

shows no evidence of pores. It appears to have a two-layered structure seen as

a very thin dark layer at the substrate-oxide interface.
For oxides thicker than 1500 K. the cracks are very straight and

uniformly spread, approximately 10u apart at the rupture strain. For these
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thicker oxides, the cracks often extend a millimeter or more. Thinner
oxides did not exhibit the long straight cracks; on the contrary, they seem
to be in sets of parallel, short cracks and are closely packed. We believe
this to be due to the fact that the thinner oxides are breaking up along the
slip steps on the substrate surface. The thinner oxides are obviously more
strongly influenced by the substrate than the thicker oxides.(2'3)

The density and appearance of the cracks on the ammonium-tartrate
samples are quite uniform along the part of the sample which has undergone
uniform elongation. In the region of the rupture, the cracks appear to be
wider and perhaps deeper.

The total emission of negative particles from the ammonium-tartrate
samples is strongly dependent on thickness of the oxide layer (see, e.g.,
Fig. 10). A typical emission curve obtained from a thick oxide (4000 R) is
shown in Fig. 6. Superimposed on the curve is the stress-strain curve which
was recorded during the elongation. The curve shows two peaks: the major
peak soon after the sample entered plastic deformation, and a smaller peak
just before rupture, a so-called "precursor peak." No after-emission was
observed. The onset of emission is seen to begin after a short delay following
the transition from elastic to plastic deformation. The onset of emission
comes at about 4% elongation for the 4000 R samples and shifts to about 6X
elongation for the thin oxides. The major peak occurs at around 5% elongation
for the 4000 X samples and shifts to about 8% for thin oxides. The full width
at half maximum of the thicker oxide peaks were around 1.8% elongation,
whereas the widths of the thinner oxide peaks were closer to 3.0%. (These
results are shown in Figs. 11 and 12 together with similar measurements made
on clad Al 2024 covered with porous oxide.)

A 4000 A ammonium tartrate sample was pulled in air and micrographs

of the surface were made at 100x. At elongations in the elastic range no

’




cracks in the oxide were visible. After the sample went into the plastic

region, fine cracks less than 0.5 mm in length were observed, corresponding
to the rise of emission, As the sample was further extended these cracks
grew in length and additional cracks appeared, presumably corresponding to
further emission. Finally for further elongation, additional cracks were not
seen to appear and the cracks simply grew wider. The small decreasing level
of emission in this region is presumably due to a very small number of cracks
being created and/or increasing in length. As the sample approaches rupture,
it necks down in a region within ~0.2 mm of the future break. This necking-
down is accompanied by the production of a large number of cracks in the
substrate in this region. It is during this time that the precursor peak is
occurring. Since the precursor only occurs on certain types of substrate-
oxide systems, we suggest it is due to further break-up of the oxide layer

in the vicinity of the rupture and only certain oxides are so disrupted by
the necking-down. If the oxide is flexible enough, it is not cracked further

during these last few seconds of the pull.

VII.1.2. Phosphoric Acid Anodization--Wright Patterson, Samples of this

type were investigated with oxide layers between 500 R and 4500 & thickness.
The oxide appears to be the "classic" porous, duplex layer expected to be
formed by acidic anodization. SEM photos of the unstrained surface reveal
the presence of characteristic larger pits and small pores of the kind

apparently needed for adhesive bonding.(16)

High magnification SEM pictures
taken of sharply bent samples (to expose the walls of the cracks in the oxide)
show clear evidence of open pores on top of a rather thin dense layer adjacent

to the substrate. An interesting fact was revealed by these pictures. The

thickness of the oxide nominally expected to be 3500 X was about 4000 A and
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that of the nominally 4000 X thick samples (all prepared in one batch) was
about 3500 & (Fig. 7). Erroneous sample designation may be the cause for this
mix-up. We have plotted the curves using the nominal thickness as a case in
point to show that the exoemission technique readily detects such errors (see
Fig. 9).

The rupture behavior of the porous oxides is in several respects dif-
ferent from that of the dense oxides (Section VII.1l.1). Again, the oxides
(up to 1000 R) crack along slip lines and cracks in the grains. However, the
average crack density appears to be higher at the rupture strain. The onset
of cracking in thick (4000 3) porous oxides occurs later (at about 5% strain)
as compared to dense oxides, The cracks are short and never develop into the
type (traversing the gauge completely) observed in dense oxide. With increasing
strain they grow in density but do not appear to increase in width. These
differences should be kept in mind when the exoemission curves of these
samples are compared with those obtained from the same substrate covered with
dense oxide.

The exoemission curve of these samples is characterized by a dominant
main peak occurring at a strain that is about 3% higher than the onset of
plastic deformation with no apparent dependence on oxide thickness. A precur-
sor peak is again observed in samples covered with less than 1000 X thick oxide.
It appears between 25% and 28.7% strain.

Typical raw exoemission data for these samples are shown in Fig. 8.

The dependence of the total number of emitted particles is presented in Fig. 9
and again in Fig. 10 where, for comparison, the results obtained on clad Al 2024
covered with a dense oxide are shown as well. The peak locations on the strain
axis and the full widths at half maximum of the main peak of the two different
materials (clad Al 2024, dense and porous oxide) are compared in Figs. 11 arnd

12. These results are summarized in Table I.
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VII.2. Bare Samples
VIiI.2.1l. Aluminum 2024 Bare

Up to this point in time our investigations have included only bare
Al 2024 samples covered with dense oxide (see Section III). Only exoemission
data and no optical micrographs are available to date and SEM studies were
only undertaken for spot checks of the actual oxide thickness.

The exoemission curves exhibit one maximum above oxide thicknesses of
2000 & and a number of smaller peaks below 2000 A (see Fig. 13). The total
emission is rather high for the thicker oxides and decreases rapidly with
decreasing oxide thickness (Fig. 14). The location of the main peak on the
strain axis and its full width at half maximum are shown in Figs. 15 and 16.
The exoemission data obtained from these samples are summarized in Table I,
and compared with data measured on other Al 2024 samples. A more detailed

discussion of these preliminary results is presented in Section VII.3.

VII.2.2., Aluminum 7075 Bare

The investigation of this material is still incomplete. No optical
or SEM micrographs have been obtained so far to study cracking patterns and
the appearance of the oxide layer or the crack wall under high magnification.
A series of samples covered with porous oxide and dense oxide, produced at
Wright Patterson (see Section III), was pulled and the characteristic exoemis-
sion curves were measured in the high vacuum facility,

Both porous and dense oxides on bare Al 7075 feature a pronounced main
peak at thicknesses >2000 X which broadens and becomes less distinguished in
the thinner oxides. Dense oxides on this material produce a characteristic
splitting of this main exoemission peak above 2000 % oxide thickness (Fig. 17).
Again, the dense oxides emit considerably more negative particles as compared
to porous oxides of comparable thickness, and the total number of emitted

particles increases monotonically with oxide thickness (Fig. 18). The
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position of this peak shifts to lower strains with increasing oxide thickness
in dense oxides and remains relatively fixed in porous oxides (Fig. 19). The
full width at half maximum decreases in both oxides with decreasing thickness
(Fig. 20). Other characteristic features (after-emission below 1000 &,
occurance of a precursor peak prior to rupture of the sample) are summarized

in Table I in comparison with data obtained from Al 2024 alloys.

VII,3. Comparison of Characteristic Exoemission from Al 2024 and Al 7075

In this section we will attempt to compare the exoemission features
measured in Al 2024, both bare and clad with aluminum, and in bare Al 7075
covered with dense or porous oxides. Information on clad Al 7075 covered with
either oxide and from bare Al 2024 covered with porous oxide will soon be
available.

The oxidation of ail samples was carried out at the Materials Laboratory
of WPAFB under controlled laboratory conditions, e.g., there was no intentional
variation in the concentrations of the electrolyte used or the temperature of
anodization. Consequently, for a given batch of samples covered with a
selected oxide, only the thickness was varied via either the length of time of
anodization (to produce porous oxide in phosphoric acid) or the applied poten-
tial (to produce dense oxide in ammonium tartrate). Thus we expect no variation
of the essential chemical and physical properties in a given batch aside from
those varying with oxide thickness. The characteristic features of the
exoemission curves obtained from a given batch should reflect only the vari-
ations in the properties of the oxide described with the thickness variation.

As pointed out before, SEM spot checks have revealed a consistent
deviation of the actual oxide thickness from the nominal one (as stated by the
ML at WPAFB, based on well known anodization procedures) in all cases where

the bare (unclad) alloy was oxidized. Nevertheless, we have plotted all results
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as a function of the nominal thickness because this will indicate trends with
thickness as well.

The total number of emitted negative particles as well as its peak
height decreased with oxide thickness in all cases. The main peak was a
commonly observed feature of all tested samples and only below 1000 X to 2000 &
thickness (depending on the substrate-oxide system) did it become less distinct
among several smaller peaks. We intend to analyze in more detail (e.g., using
curve-smoothing of the digital data) the lower emission curves for the Air
Force thin oxides, particularly since we have seen reproducible and character-
istic structure in these curves for a particular oxide. For the Boeing samples
(Section VII.4), the sometimes rather subtle variations in the anodization
process produced quite recognizable and reproducible changes in the exoemission
curve. These observations lead us to believe that, indeed, even when the
exoemission intentisy is quite low a characteristic exoemission curve exists
for a given oxide substrate system. On first sight, the "Air Force" samples
exhibit features that appear common to all samples covered with thick oxide.
However, careful comparison of the peak position, the total number of negative
particles emitted, etc. reveal several differences that permit one to distinguish
between samples with exoemission data alone (see Table I). For a given nominal
thickness, dense oxides on clad Al 2024 emit the most particles, followed by
porous oxides on the same material, dense oxide on bare Al 7075, dense oxide
on bare Al 2024 and, finally, porous oxide on bare Al 7075. The variations in
the measured peak position and the full width at half maximum of the main peak
are displayed in Figs. 11, 12, 15, and 16, A quite distinct feature of the
porous oxides on all investigated materials and of dense oxide on clad Al 2024
is the occurance of a precursor peak prior to rupture of the sample. (See also

Section VII.4). In addition, thin porous oxides on clad Al 2024 and thick
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dense oxides on bare Al 7075 exhibit reproducible emission after rupture of
the sample. The origin of both effects is not well understood (see Section
VII.4). To summarize, the features of the investigated exoemission charac-
teristics of the various "Air Force samples'" are such that a clear distinction

appears possible between samples based solely on the exoemission curve.

VII.4. Boeing Porous Oxide Samples

As further evidence of the sensitivity of exoemission to changes in
the oxide, we now discuss samples prepared for us by the Boeing Commercial
Airplane Company with procedures used for producing oxides of technological
importance. The substrates studied so far have been clad and bare Al 2024.
Combinations of parameters in the pretreatment or anodization processes were
varied slightly to produce changes in the oxide characteristics. Such
variables as oxidation temperature, electrolyte concentration, anodization
voltage, and a pre-etch treatment were altered (see Section III). Such
changes could potentially occur in manufacturing procedures and could make
the difference between an acceptable or unacceptable oxide layer.

In the following two sections we discuss the results obtained so

far on the Boeing samples.

VIi.4.1. Boeing Porous Oxides on Clad 2024 Aluminum

An examination of the Boeing clad Al 2024 samples show the oxide to
be porous; Figure 21 shows a SEM photograph of an edge of the Baseline oxide.
On the original photograph one can readily see the pore structure. On similar
SEM pictures we have determined approximate thicknesses of the oxides (see
Table II).

Of the four types of Boeing clad Al 2024 samples investigated so far,
the Baseline samples have the most open structure at the surface. This is

due to the fact that they were anodized at a higher temperature (74°F) which
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leads to a stronger corrosive action by the H3P04 solution on the tops of the

pore structure. Under the SEM, this shows up as a very highly textured
surface. The "Without Etch" and 20V samples are of intermediate roughness
and the 4V samples relatively smooth, presumably because the pores of the
4V samples are very fine or closed at the surface.

Photomicrographs of the extended samples show the cracks formed on
each of the four types of surfaces (Fig. 22). The distinctive features are
the density, length, and width of the cracks, In our hierarchy of thickness,
the thin 4V oxide has a higher density of cracks, but they are fine, short,
and appear to be following the grains of the substrate. The thicker 20V
oxide shows nearly parallel cracks perpendicular to the direction of strains
and are fewer in number while longer and wider. The Baseline and "Without
Etch" oxides are seen to be nearly the same, intermediate to the 20V and 4V
samples.

Typical exoemission data for these samples are shown in Figs. 23 and
24. (We have not as yet obtained such data on the "Without Etch" clad
samples.) The curves shown are original data from the count-rate meter. We
have found that in the case of low count rates, the rather noisy emission
curve can be smoothed using averaging techniques on the digitized data from
the multichannel analyzer. A number of features repeatedly occur when the
same type of oxide is examined. Figure 25a and 25b show examples of such
curves formed by averaging every five channels near the beginning and end
points. In the middle region of the curve, a curve smoothing technique of
adding five channels to the previous average and dropping five channels is
used. This leads to the formation of smooth peaks with structure very similar

to the count rate data (Figs. 23a and b). A comparison of a number of such
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curves for identlcally treated samples indicates that the majority of the
peaks so formed are very veproducible (e.g., see two such curves for Al 2024
bare samples) even though the peak heights are only one or two counts per
second in height. This allows us to rely on considerably detailed structure
in the exoemission curves for characterizing the oxide layers, even for weak
emitters.

Table II summarizes the key features of the exoemission data from the
Boeing 2024 Clad samples. The interesting dlfferences are:

1. Total counts and peak heights. Significant differences in emission
intensity occur between the different oxides, Currently, the baseline samples
are the weakest emitters, contrary to what we expect on the basis of oxide
thickness. This indicates the strong dependence the exoemission process has
on subtle differences in the physical and chemical makeup of the oxide layer.
The relatively thin 4V samples, on the other hand, are quite good emitters.

2. Number of peaks and peak shapes. The 20V samples showed the one
pronounced peak, occasfonally accompanied by a smaller precursor. The
Baseline sample shows 2-3 peaks--the first major peak which corresponds to
the peak position of the thicker 20V sample; a precursor right before the
break which is increasing as the sample ruptures and then ceases emitting
immediately; finally a region between these two distinct peaks which occasfonally
takes on the shape of one or two peaks. The 4V sample shows a much broader
peak occurring at greater elongations accompanied by additional peaks on the
shoulder and a larger precursor peak that is completely gone at rupture. On
the basis of peak positions and shape alone these curvea are distinguishable.
Again, we find this {8 due to the differences in the physical and chemical
make-up of these oxides which in turn determine the way the oxide breaks up

under strain and leads to characteristic exoemission.
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3. Omnset of emission. The percent elongation where the onset of
exoemission begins will also depend on the nature of the oxide. An interesting

trend we observe here is the thinner 4V oxide breaks up sooner than the

thicker Baseline and 20V samples. (Compare with AF porous oxides.)

4. Presence of precursor. All these samples showed a precursor . :
peak. Relative to the largest peak, the 4V sample showed by far the largest :
precursor. The cause of this effect is believed to be related to the sample
necking down, as discussed previously.

5. After-emission. Only the 4V sample yielded emission of negative
particles after rupture. The duration of the emission averaged 3 minutes and
totaled on the average 300 counts. The thin Air Force porous oxides on Al 2024
clad also exhibited this after-emission effect. Since the 4V samples were
also thin oxides, it indicates the thickness is critical for its presence.
After-emission 1s very difficult to explain. One hypothesis for the cause of
after-emission is the possibility of chemical reactions occurring on the
freshly exposed substrate metal yielding chemi-emission, The oxide would
potentially contain active impurities. As these become unavailable either
due to lack of mobility or depletion or as the fresh metal becomes contami~
nated, the emission would fall off. To explain the thickness dependence, it
is further hypothesized that the mechanisms (e.g., surface and/or bulk
diffusion) are prohibited by a thicker oxide. Another possible mechanism

might involve some relaxation of the substrate-oxide system following rupture.

VII.4.2. Boeing Porous Oxides on Bare 2024 Aluminum
To date we have investigated two types of oxides on bare 2024 aluminum,
both provided by Boeing: those produced by the Baseline treatment and the

same treatment omitting the acid etching step ("Without Etch"). The purpose
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of the etch is to provide a uniform starting point of a clean, thin oxide
layer on the aluminum surface before anodization., The effect of skipping
this step will thus depend strongly on the history of the metal prior to
treating. The history and condition of the original aluminum sheets used in
this study are unknown.

Studies of the anodized characteristic surfaces are still incomplete.
However, SEM pictures show both of these oxide layers to be quite thin, well
under 1000 R, and the "Without Etch" 1is slightly thicker than Baseline.

Figure 26 shows typical count rate vs. percent strain curves for the
Baseline and "Without Etch" oxides on Al 2024. One immediately sees that both
curves start out with weak emission and then grow into a series of jagged
peaks, culminating in the largest peak which is very similar in position to
the precursor peak on the clad samples. Note that in both cases this final
peak has essentially died away when the sample ruptures. Figures 27a and b
are the smoothed digital data for two Baseline Bare samples, showing the
reproducibility of the peak structure between samples with identical treatment.
(Figure 27a corresponds to the data shown in Fig. 26a.) It should be noted
that the Baseline Bare Al 2024 samples are the weakest emitters. Figure 27¢
is the smoothed digital data for the bare "Without Etch" sample shown in
Fig. 26b, again showing very similar peak structures.

Table III summarizes the exoemission data obtained on these two
Boeing oxide layers. The major differences in the features examined are:

1. Total counts. The thinner Baseline oxide shows weaker emission
than the "Without Etch."

2. The number of peaks, peak positions, and peak shapes are very
much the same.

3. The onset of emission is detectably earlier for the Baseline

sample.
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4. The after-emission is completely absent. This is in spite of
the fact that both of these are thin oxides. This is in agreement with
observations made on the Air Force thin H3P0a porous oxides on base Al 2024,
where after-emission was also missing.

It should be noted again that the particular differences in these
oxide layers other than thickness, are not really known. The effects of
omitting the etching step would be even more drastic, depending on the
history of the material (e.g., sun and weather vs, sitting in a clean vacuum).
Extremes in this history, which lead to substantial changes in the properties

of the oxide layer would in our case lead to substantial differences in the

exoemission from such samples.
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PART B
RECENT WORK

I. INTRODUCTION

Part A of this Final Scientific Report (Contract #F49260-77-C-0042)
describes experiments which provided strong evidence for the existence of a
characteristic exoemission curve for a given aluminum oxide on aluminum alloys.
In Part B we report pre;iminary results of investigations carried out in the
contract period October 1, 1977 through February 28, 1978. We report here
(a) the testing of our Auger Electron Spectrometer, (b) exvemission experiments
on a number of treated oxide films, and (c) the initial results for neutral
particle emission which we have discovered accompanies charged particle
emission. Under (b) we examine a number of extremely interesting effects due
to aging of the oxide, using organic rinsing agents, and varying electrolyte
concentration, applied potential, and temperature during anodization of

commercial-like oxide layers.

ATTACHMENTS

Three papers are included in this report as Attachments. Two
(Attachments A and B) contain published material that was obtained in prior
contract periods. Attachment C was prepared for publication in Applied
Surface Science and constitutes a report on work performed in the period

March 1, 1978 through May 31, 1978.
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II.1. Auger Electron Spectroscopy and Ion Sputtering Capabilities

We now have functioning in the UHV system a Varian Auger Electron
Spectrometer for analyzing the oxide layers before and after elongation. We
also have installed an Ar ion sputtering facility for depth profiling. To
position the sample relative to the Cylindrical Mirror Analyzer (CMA), a
mechanical pusher was devised to adjust the distance between the sample and
CMA entrance. The Ar ion gun and external electron gun are aligned to allow
Auger analysis to be performed on the region being sputtered. The spectra
shown in Figure 28 were taken in a background pressure of 10-9 during a test
run on a naturally oxidized Al 2024 unclad sample. Before sputtering, the only
visible Auger lines correspond to C, O, and N (not shown). An initial Ar
sputtering at 300 eV yielded an Auger spectrum shown on the bottom. The
elements present are Al, Cl, C, N, and O. The other spectra were measured
after 240 minutes and 390 minutes sputtering. The peak to peak amplitudes of
the major elements present are shown as a function of sputtering time in
Figure 29. One sees that Cl and C are quickly depleted indicating they were
surface contaminants. At around 120 minutes the O and Al amplitudes have grown
and leveled off indicating the sampling of the oxide itself. Finally, an
indication of Al signal growing and O decreasing, suggesting that a clean Al
surface was being approached, but not reached. The source of the Cl was not
determined. The C was most likely from hydrocarbons and CO picked up in the
air and during pump down.

During this test run, Cu and Mg lines were not carefully measured even
though weak signals were observed. More careful scanning will be carried out
to characterize these elements. Also, our sputtering rate is rather low and we

have plans to increase the ion current by a factor of 2 in the near future.
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IT1.2. Effects of Oxide Aging on Exoemission

It is known that freshly formed anodic oxide coatings on aluminum as
well as aluminum alloys change their mechanical properties during a time
lasting up to several days. It is thought to change from a relatively soft to
a stabilized brittle coating. Since the formation of cracks and, in particular,
the initial fracture strain (monitored, e.g. via the onset of exoemission)
depend on the mechanical properties, we expected to observe changes in the
characteristic exoemission curve as a function of time elapsed after anodization.
To test this, we selected aluminum-clad Al 2024 samples, coated with 2000 A
thick dense oxide, produced in an aqueous solution of 0.05 M ammonium tartrate.
The dependence of the total emission on the oxide thickness was investigated
earlier (compare Fig. 10, Part A; all these samples were measured after stabili-
zation of the oxide). Figure 30 displays the total number of negative particles
counted per sample as a function of time after completion of the anodization
process. The total number of counts levels off after approximately 120 hours
at a value of about 20 x 103 (in agreement with our previous work on aged
samples; see Fig. 10). At the same time, the onset of oxide cracking shifts
toward smaller strain values as the oxide stabilizes with age. This is in
agreement with the expected decrease in the critical fracture strain as the
oxide becomes more brittle with age. We also observe that the density of
cracks formed in the oxide at the failure strain of the substrate does not
increase nearly as much with aging time as does the total exoemission count
rate. Thus, the stronger emission from stabilized coatings cannot be accounted
for by entirely the formation of more cracks, but could be attributed to an
increase in energy released at a propagating crack lip. These studies are in

a preliminary stage only. However, they provide yet another example for the

gsensitivity of the characteristic exoemission curve to change in the physical

(mechanical) properties of the oxide coating.




II.3. Different Rinsing Solvents

In this section we report some preliminary findings on the effect of
altering the solvents used in rinsing the oxide coating after anodization.
Initially we simply asked if such a change would produce a noticeable change
in the characteristic exoemission curve. The rinsing procedure is known to
influence the adhesion properties of porous oxides.

The procedure used to effect the outermost surface was simply to omit
rinsing the sample in distilled water to dissolve and remove the residues from
the electrolyte.

Also W. Baun, AFML, in a private communication indicated that rinsing
anodized aluminum samples in oréanic solvents significantly altered the SIMS
signals as compared with samples rinsed in distilled water. (This latter
result is not well understood at this point.)

Consequently, we produced identical anodized samples, both dense
(ammonium tartrate) and porous (H3P04), treating them immediately after anodi-
zation in (a) distilled water, (b) benzene, and (c) toluene.

The effect of these solvents on exoemission was significant; compared
to the water rinsed samples, the total number of emitted particles decreased

drastically (Table 1IV).

Table IV
Rinse Dense Porous
Water 20751 4349
Toluene 7145 123
Benzene 6005 245

Tavle IV. Total exoemission counts obtained from 2000 & thick dense and 3000 &
thick porous oxide on aluminum-clad Al 2024 after various rinse
procedures.
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SEM photographs of the surfaces reveal a marked change in the appearance
of upper 20-30% of the oxide layer after rinsing in benzene or toluene. E.g.,
a very smooth over-layer, roughly 1000 & thick was found on 3000 & thick porous
oxides. We intend to analyze the make-~up of this overlayer with AES. At this

point it is too early to comment further on these very interesting findings.

II.4. Deviations from the Baseline Oxide

During actual production of oxide coatings on aluminum alloys such as
Al 2024 or Al 7075, the applied potential, the concentration of the phosphoric
acid electrolyte as well as its temperature may change. These deviations from
the specifications of the anodization process will result in oxides of different
thickness, pore structure, and surface texture, and thus, may reduce the quality
of the produced coating with respect to its adhesive bonding properties to a

primer. If the characteristic exoemission curve is to provide a quality control

test for deviations from the production specs, changes in concentration and
temperature of the electrolyte must reveal themselves as measurable deviationms
from the exoemission curve of the Boeing Baseline samples. To test the effect
of these changes on the exoemission curve, we have selected aluminum-clad
Al 2024 and performed three sets of tests:
1. Only the electrolyte concentration was varied from the 10%
baseline concentration. The temperature remained at 74°F and
the potential at 10V. The characteristic exoemission obtained
with 12% and 8% HzPoa electrolytes curves are shown in Fig. 31
as compared to the usual CEC of the baseline sample.
2. The applied potential was varied and all other anodization j
parameters remained fixed. The oxide thickness increased

considerably at 20V and decreased at 4V anodization potential

(Fig. 32 a+b). Corresponding CEC's :r-e shown in Fig. 33. The 7

total exoemission increases conside: ly with increasing

potential.
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3. The temperature of the electrolyte was varied and all other
anodization parameters remained constant. The texture of
the oxide surface tends to get less rough with decreasing
temperature and the total exoemission decreases sharply (Fig. 32¢,
d, and 34).
These results are summarized in Fig. 35. It is obvious the investigated
deviations from the desired anodization procedure (baseline procedure) change
the properties of the produced coating and that these changes are steadily
revealed as deviations in the respective characteristic exoemission curves from
that of the baseline curve. These examples support our previous findings
(Part A) and are a further indication that the CEC holds promise to be developed

into a sensitive quality control test for oxide coatings on aluminum alloys.

II.5. Neutral Emission

As previously discussed, the emission of electrons during elongation

(1,2)

was also accompanied by ion and photon emission on pure Al substrates. It

occurred to us that the emission of neutral particles might also be observable
during the stretching of the sample. Our first experiment was to simply monitor

total pressure in the UHV vacuum system (background was *10-9 Torr) with a

Bayart-Alpert pressure gauge during the elongation of a thick, dense oxide on
clad Al 2024. Considerable signal was observed that correlated roughly with the
exoelectron emission curve.

We have since ;epeated the neutral particle emission on a few samples of
porous oxide (“3P06)’ 3500 & thick, on clad Al 2024. While monitoring total
pressure we also take a number of scans on the quadrupole mass spectrometer
during the straining of the sample. The ionizer of the mass spectrometer is in

direct sight of one side of the sample so that reactive and condensible species

would still be detected. The major species observed are 02 (mass 32) and H,0 t
- g '
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(mass 18). Also observed are 002 (mass 44) and possibly mass 28 (Nz or CO),

and mass 40 (Ar). Figure 36 shows the emission curves for H20 and 02 as well

as the total pressure rise. These major components, when added together fit the
total pressure curve quite well. Note that the total pressure does nct come
down to near its original value until after the rupture of the sample. Also
there is a large burst of gas at the rupture indicating considerable gas

release from the sample.

A comparison of the neutral emission and electron emission for similar
samples is shown in Figure 37 and 38. The main peaks of the curves agree
closely but the neutral emission starts almost immediately with elongation and
falls much slower, indicating emission even after cracks stop propagating.

Although the number of samples investigated is limited, we can say
that so far, neutral emission has been detected on all samples that are exoelec-
tron emitters. Also the shape relates to the exoelectron curve as shown in
Fig. 35.

The distinct differences between the neutral and electron emission
suggests that the mechanism for neutral emission is somewhat different. Clearly,
the requirement for emission of the neutral particles involves (a) exposure of
bound molecules to the solid-vacuum interface, and (b) desorption--either
stimulated or thermal. The propagation of cracks in the oxide could certainly
expose gas molecules occluded into the oxide layer during anodizaticon. The
crack tip is a localized hot spot which could provide sufficient thermal energy
for desorption or possibly stimulation into an excited anti-bonding state
(similar to electron-stimulated desorption).

The substantial emission which occurs after the electron emission has
fallen could be due to bonds being broken between the oxide and aluminum sub-

strate due to the continued plastic deformation of the substrate. The location
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of these bonds would allow neutral emission but drastically limit charged
particle emission. Also the energy available by this mechanism is far less
than the cracking of the oxide, which again favors neutral emission over
charged particle emission.

The burst of neutrals at the rupture of the sample could be due to
acoustic emission of adsorbed gases or possibly a relaxation effect.

The explanations presented here are only tentative. It should be
clear, however, that neutral emission could provide another characteristic

curve which in many ways compliments the charged particle emission and merits

further investigation.




T

VIII. SUMMARY

A Variety of characteristic exoemission curves (rate of charged
particle emiasion vs. strain during tensile deformation) have been measured
for a number of different oxide covered aluminum alloy samples. We have shown
that samples treated in the same fashion yield very reproducible exoemission
curves. For a few cases we have qualitatively compared the crack distribu-
tions on the elongated samples and the basic features of the exoemission. Our
results to date support our working hypothesis that a particular substrate-
oxide layer system will yield a unique characteristic exoemission curve. In
the case of samples oxidized at the Boeing Commercial Airplane Company, only
slightly different conditions (e.g., changes in the acid concentration or a
change in the anodizing temperature) produced readily detectable changes in

the exoemission. We thus conclude that this unique type of emission may well

serve as a quick and inexpensive test of the quality of an oxide layer.




-36-

References
1. B, Z. Rosenblum, J. P. Carrico, P. Braunlich, and L. Himmel, J. Phys.
E., Scientific Instruments 10 (1977), in print (see Attachment A).

2. B. Z. Rosenblum, P. Braunlich, and L. Himmel, J. Appl. Phys (Nov. 77),
in print (see Attachment B).

3. D. R. Arnott and J. A. Ramsey, Surf. Sci. 28, 1 (1971).

4. E. Linke, Z. Angew Physik 29, 241 (1970).

5. B. Sujak and A. Gieroszynski, Acta Phys. Pol. 28, 311 (1965).

6. B. Sujak, A, Gleroszynski, and E. Pega, Acta Phys. Pol. 28, 61 (1965).
7. W. J. Baxter, Vacuum 22, 571 (1972),

- 8. K. Becker, "Critfcal Review in Solid State Sciences," 3, 39 (1972).

9. T. F, Gesell, E. F. Arakawa, and T. A. Callcott, Surf. Sci. 20, 174
i (1970).

10. B. Sujak and A. Gieroszynski, Acta. Phys Pol. A37, 733 (1970).

11. N. T. McDevitt, W. C. Baun, and J. S. Solomon, Technical Report, AFML-TR-
15-122.

12. W. L. Baun, Technical Report, AFML-TR-76-30 (1976). :

13, W. L. Baun, T, J. Wild, and J. S. Solomon, Technical Report, AFML-TR-
76"70.

14, J. A. Marceau and J. C. McMillan, Technical Report AFML-TR-76-173.

15. N. T. McDevitt, W. L. Baun, G. Fugate, and J. S, Solomon, Technical
Report, AFML-77-55.

16. G. A, Alers, P. L. Flynn, and M, J. Buckely, Materials Evaluation 35,
73 (1977).

Acknowledgment :

The authors gratefully acknowledge support of this work by the

Bendix Corporation through donation of equipment.




1.
2.
3.

4.

10.

11.

-37=

Figure Captions

Shape of the 0.051 cm thick test samples.
Schematic of pulse handling system.

Typical stress-strain curve obtained by increasing the strain with
time at a constant rate.

Raw data obtained from a strong exoemitter (Al 2024 clad, covered
with 3000 A thick dense oxide). The upper curve represents the
recorded display of the multichannel analyzer, the lower one is a
strip chart recording of the rate-meter output obtained with a 5 sec
response time.

Data obtained from a weak exoemitter (Al 2024 clad, porous oxide,

Boeing Baseline--see Section III). Display of

a) multichannel analyzer

b) strip chart recording of rate meter

¢) characteristic exoemission curve obtained with the curve smoothing
technique described in Section VII.4.

Emission of negative particles from aluminum-clad Al 2024 covered with
4000 & thick dense oxide as a function of strain. The dependence of
the stress on the pulling time is shown for comparison.

SEM photographs of cracks in porous oxides on clad Al 2024. The
nominal thicness of the oxides is a) 3500 & and b) 4000 . However,
these photographs indicate that the thickness must be reversed. We
first discovered this interchange as an apparent anomaly in the
exoemission curves.

Exoemission curves obtained from aluminum-clad Al 2024 covered with
porous oxide (upper figure) and the associated stress-strain curves
(lower figure).

Dependence of the total exoemission obtained from aluminum-clad Al 2024
covered with porous oxide. The arrows indicate corrections made after
measuring the correct thickness of the samples with the aid of SEM
techniques (Fig. 7) (See Section VII.1l.2). The encircled points repre-
sent data which do not reproduce similar measurements made on nominally
identical samples.

Dependence of the total emission of negative particles on oxide thick-
ness emitted from aluminum clad Al 2024 covered with porous or dense
oxides.

Position (increase of strain after onset of plastic deformation) of the
main exoemission peak as a function of oxide thickness. These results
were obtained from aluminum-clad Al 2024 covered with dense or porous
oxides.
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26.
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The full width at half maximum of the main exoemission peak as a
function of oxide thickness measured on aluminum-clad Al 2024
covered with dense or porous oxide.

Exoemission curves and stress-strain curves measured on bare Al 2024
sanmples.

Total exoemission and peak height of the main peak as a function of
thickness of dense oxide on bare Al 2024.

Position (increase of strain after onset of plastic deformation) of the
main exoemission peak as a function of the thickness of dense oxide
on bare Al 2024,

The full width at half maximum of the main exoemission peak as a
function of the thickness of dense oxide on bare Al 2024.

Exoemission curve and stress-strain curve obtained from bare Al 7025
covered with 4000 & thick dense and porous oxides.

Total exoemission as a function of oxide thickness obtained from bare
Al 7025 covered with dense and porous oxides.

Position of the main exoemission peak as a function of oxide thickness
on bare Al 7025 covered with dense and porous oxides.

Full width of half maximum of the main excemission peak as a function
of oxide thickness measured on bare Al 7025 covered with dense and
porous oxides.

SEM photograph of an edge of a Boeing Baseline oxide layer on clad
Al 2024. From the Ehocograph. the oxide thickness is seen to be
approximately 3500 A,

Photomicrographs of the four Boeing oxides on clad Al 2024 after being
strained to the rupture point. The magnification of each photograph
is 200X.

Exoemission curves obtained from a Boeing Baseline sample and a 4 V
sample (aluminum-clad Al 2024, porous oxide).

Exoemission curve measured on a Boeing 20 V sample (aluminum-clad
Al 2024, porous oxide).

Exoemission curves smoothed by the averaging techniques described in
Section VII.4, obtained trom the Boeing Baseline sample B-2C-7 and the
Boeing Baseline 4V-8-65-C-2. Both aluminum-clad Al 2024 substrates
were covered with porous oxide of different thickness.

Exoemission curves from a Boeing Baseline sample (a) and a Boeing
"without etch" sample (b) (aluminum=clad Al 2024, porous oxides).
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"Smoothed" exoemission curves, obtained from two nominally identical
Boeing Baseline samples, shown to demonstrate the reproducibility of
the data that was achieved even for weak exoemitters. Curve (c) is
the smoothed version of rate meter data shown in Fig. 26 (b).

Auger spectra of bare Al 2024 for various sputtering times: (a) no
sputtering, (b) 240 minutes sputtering, (c) 390 minutes sputtering.

Peak heights of prominent Auger lines obtained from bare Al 2024 as a
function of ion sputtering time.

Total number of negatively charged particles emitted from clad Al 2024
samples covered with 2000 A thick dense oxide as compared to the crack
density and the onset of emission (initial fracture strain) for samples
of different age after anodization.

CEC's obtained from porous oxide coatings by changing only the electrolyte
concentration from the Boeing baseline procedure. The wt percentages
used are indicated on the curves.

SEM photographs of cracked oxides obtained from the Boeing baseline
sample (center) and from samples obtained by changing the anodizing
potential to 20V (a) and 4V (b) and by changing the temperature of the
electrolyte to 85° F (¢c) and 65°F (d).

CEC's obtained from porous oxides by changing the anodizing potential
to 20V and 4V as compared to the 10V used in the Boeing baseline procedure.

CEC's obtained from porous oxides by changing the electrolyte temperature
to 85°F and 65°F as compared to the 74°F used in the Boeing baseline
procedure.

Total number of counted negative particles obtained from oxides that were
produced by varying anodization parameters of the Boeing baseline procedure.
The data are averages obtained from 3 to 6 samples each.

Emission of neutral particles (0, and H,O0) from clad Al 2024 covered with
3500 & thick porous oxide. The upper two graphs display the intensity of
H,O0 and 0 emission and the lower graph the total emission of neutral
3ttic1es as compared to the sum of the emission intensities of 02 and HZO

Total rate of neutral emission as compared to the emission rate of the
negative particles obtained from 3500 X thick porous oxide on clad Al 2024.

Total rate of neutral emission as compgred to the emission rate of
negative particles obtained from 3000 A thick dense oxide on bare Al 2024.
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Coupling Activities

We have established a cooperation with the Boeing Commercial Airplane
Company in Seattle. Specifically, we work together with Dr. Art Marceau on
possible applications of the exoemission method to quality control of oxide
coatings on alloys which are produced to facilitate adhesive bonding. In
addition, we have tested samples from Grumman Aerospace Division, Bethpage,
New York. Dr. Gary Geschwind, from Grumman, is interested in using exoemission |
phenomena to detect fatigue crack initiation on the surface of various alloys.
We plan to investigate whether chemi-emission or the newly discovered emission
of neutral particles can be utilized for this purpose. If these initial tests
prove to be successful, we plan to use them as a basis for a joint proposal

to the Navy or Air Force at a later date.
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Figure

7

(a) (b)

SEM photographs of cracks in porous oxides

on 2024 clad Al. The nominal thickness of the
oxides is a) 3500 & and b) 4000 R. However,
these photographs indicate that the thickness

must be reversed. We first discovered this

interchange in an apparent anomoly in the exoemission
curves.
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Figure al,

SEM photograph of an edge of a Boeing Baseline
oxide layer on 2024 clad Al. From the photo-
araph, the oxide thickness is seen to be 3500 &.
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Figure 22 . Photomicrographs of the four Boeing oxides
on 2024 clad Al after being strained to the
rupture point. Each photograph is 200X.
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Figure 32 SEM phothographs of ruptured oxide on aluminum-
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Abstract An apparatus is described for the investigation of
chemically stimulated, photostimulated and tribostimulated
exoelectron emission. Emphasis was placed on
tribostimulated emission from uniaxially deformed oxide-
covered metals (aluminium, titanium and nickel).
Experiments were performed in either ultra-high vacuum or
a controlled atmosphere using single-particle counting
techniques. The emission of positve and nepative ions as
well as of photons during the propagation of fracture cracks
in the oxide is reported for the first time.

1 Introduction

An apparatus is described which is used to study a wide vau, 'ty

of exoelectron emission phenomena such as chemically stimu-
lated, “hotostimulated and tribostimulated emission (Grun
berg (458, Brotzen 1907, Kelly and Himmel {976).

Che nically stimulated emission refers to  spontaneous
emissirn arising when chemically reactive gases interact with,
initially clean metal surfaces (Bohun er al 1965, Delchar 1967,
Brus end Comas 1971, McCarrol 1969) or with fresh metl
surfacs created when the oxide-covered metal is mechanicall v
abrade 1 or deformed (Gesell er al 1970). Abrasion or plastic
deformation of metals may also temporarily enhance phoic-
emission (Gicroszynski and Sujak 1965, Sujak er af 1904,
Sujak and Gieroszynski 1970). Tribostimulated emission is
detectable in darkness under high-vacuum conditions only
during abrasion or deformation of the oxide-covered metal
(Kelly and Himmel 1976, Brotzen 1907, Gicroszynski anl
Sujak 1965, Sujak er al 1965, Sujak and Gicroszynski, 1970
Amott and Ramsey (971, Linke 1970, Rosenblum 1976). This
emission ariscs spontancously without external stimulation a.
a result of the rupture of the superficial ovide Hilm.

The equipment described here was developed for investiga-

§ Also affiliated with the College of Engincering. Wayne State
University, Detroit, Michizan 48202, USA.

Il Present address: Department of Physics, Washington State
University, Pullman, Washington 99164, USA.

tion of all three types of emission ph with emphasis on
tribostimulated emission, of which little is known, and,
because of potential applications in non-destructive testing, in
studies of brittle fracture of ceramics, and in several ticlds of
tribology. The only metals so far investigated are oxide-
covered aluminium, zinc. nicke! and titamum, all of which
emit charged particles (Gicroszynski and Sujak 1965, Sujuk
et al 1968, Sujak and Gicroszynshi 1970, Arnott and Ramsey
1971, Linke 1970, Rosenblum 1976) except zinc (Linke 1970).
Qualitatively, the same emission behaviour is observed when
these oxide-covered metals are mechanically abraded (Kortov
et al 1970, Kortov and Myasnihov 1972) or plastically
defarmed in tension (Gieroszynski and Sujak 1965, Sujak er al
1968, Sujak and Gicroszynski 1970, Arnott and Ramsey 1971,
Rosenblum 1976). The emission current is discontunuous and
very weak (10-!3 A m~32). In tension, the emission is strain
dependent. For a constant strain rate it increases to 4 maxi-
mum, followed by a monotonic decrease with increasing strain
and ceases abruptly when the deformation stops. This emission
depends on the strain rate as well as the oxide thickness and i1s
proportional to the rate at which cracks are nucleated.

Two distinctly ditferent models have been suggested to
account for tribostimulated emission from oxide<covered
metals. The first (Gicroszynski and Sujak 1968, Sujak er al
1965, Sujak and Gieroszynski 1970) postulates that cracking of
the oxide film during plastic deformation of the metal substrate
is accompanicd by charge separation across opposing crack
surfaces, resulting in the creation of strong local tields within
the cracks. These transverse ficlds are believed to be sutliciently
intense to give rise to ficld emission of electrons from the crack
walls. This model is known as the electrified tissure model. The
other model (Arnott and Ramsey 1971) is based on the pro-
position that the relcase of stored clastic strain energy in the
oxide film at the tips of rapidly propagating cracks in the
brittle oxide is responsible for the emussion which is thought to
originate in the oxide. However, no suggestions are offered as
to the mechanism for transter of the available str un energy to
electrons in the oxide to induce their escape.

In an attempt to determine the applicabie me fel, we com-
pared the emission behaviour of dense, adherent Al:Oa films
on aluminium with that of dense NiO hlms or nickel under
identical conditions. We also studied titanium and its alloys
because of their importance as acrospace matenial and because
the emission characteristics of oxide-covered t .@anium were
unknown. All previous investigators have assu ned that the
tribo-cmitted particles are efectrons (Gieroszyn: i and Sujak
1965, Sujak er «f 1965, Sujak and Gieroszynshi 1970, Arnott
and Ramscy 1971, Linke 1970, Kortov ef af 197(, Kortov and
Myasnikov 1972). However, they were unable to distinguish
between electrons and negatively charged ons. vurthermore,
there is abundant evidence that the rupture or cleavage of
diclectric crystals such as alkali halides often induces photon
emission - a phenomenon known as tribolumice cence (Kelly
and Himmel 1976, Brotzen 1967, Rosenblum 1976, Bohun
1970). We therefore developed procedures for cdetection and
measur of the ission yields of ions, photons and
electeons,

The nature of tribostimulated enission must be investigated
under conditions where the enutting surtace s wa 'l detined and
that preveat unrelated emission phenomena which can increase
the background count rate. Also, it is important that a com-
plete characterization (particle identitication and  energy
spectrum) of the emission products be implemented.

The apparatus and experimental procedures were designed
for studies of tribostimulated emission during unianal tensile
deformation of high-purity metals (¢.g. alumunmium, nickel and
titanium) covered with oxide films of various thickncsses and
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structures. Experiments were conducted in total darkness under
ultrahigh-vacuum conditions for precise control of the
environment. Deformation of the samples was carried out at
constant strain rates during which loads and displacements
were recorded autographically. Tribostimulated emission of
charged particles and'or photons was detected with single-
event detectors. Discrimination between negatively charged
particles (electrons and ions) was achicved using a magnetic
technique in conjunction with the inherent discrimination
characteristics of the charged particle detector.

A specially designed high-resolution spectrometer permitted
surface characterization by employing Auger electron spectro-
sc0py (AES). Encrgy distribution measurcments of tribo-ecmitted
charged particles were carried out with the aid of a high-
seasitivity retarding potential analyser. A gas-dosing system
for chemically stimulated emission, an ion gun for in situ
cleaning of the specimens and internal quartz and LiF optics
(including a uv monochromator) for photostimulated emission
were also incorporated into the system. However, since we
were primarily concerned with tribostimulated phenomena,
these latter itcms were not used in the present work.

After deformation, the specimens were viewed with the aid |

of a scanning clectron microscope which facilitated the study
of the mechanical behaviour of oxide films on strained metal
substrates and their correlation with tribostimulated emission.

in addition to the apparatus, experimental technigues are
described and results presented which demonstrate the
capabilities of the system.

2 Apparrtus

The apparatus for mcasurement of tribostimulated emission
during wi iaxial tensile deformation of high-purity materials
consisted \f the following principal components: an ultrahigh-
vacuum (UHV) system, a uniaxial tensile straining device, a
charged particls discrimination detector, an Auger electron
spectrom ‘ter, a photon emission detector, and an energy
analyser for tribostimulated emission. The UHV system was
originally part of a Leep system. The composition of the
residual g ses in the chamber was determined with the aid of a
quadrunols mass spectrometer. After bake-out at 250 C for
24 b, the | ressure was typically about 133 x 10-3 Pa.

2.1 Uniaxial tensile straining device
The uniaxial tensile straining device is shown in figure 1. Two
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Figwre 1 The tensile straining device.

pull rods were supported in a horizontal position by ball
bushings mounted outside the chamber. The pull rods entered
the vacuum chamber through diametrically opposed flanges.
The specimen was mounted and pinned in sphit grips having
serrated faces. The grips could be externally rotated o0
about the tensile avis to facilitate installation of the specimen.
The specimens were normally kept at ground potential. How-
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ever, with dlumina inserts in the grips, they could be held at
any desired potential.

Linear motion of the movable pull rod was achicved by
rotation of an external drive nut threaded on to the end of the
pull rod and forced against a thrust bearing mounted on the
pull rod. The spced of rotation of the drive nut, and hence the
strain rate, were controlled by a variable-speed pc motor
couplied to the drive nut through a reducing gear.

To obtain load-clongation curves lor the tensile specimens,
the fixed pull rod was rigidly attached to a load cell mounted
externally to the flange. Displacement of the movable pull rod
with respect to the flunge was measured with a lincar variable
differential transformer (LVDT).

The maximum allowed linear displacement of the stainless
steel bellows restricted the lincar motion of the movable pull
rod 10 1:25 em. With a specimen gauge length of approximately
2:5 cm, the maximum tensile strain was 50°;. The displace-
ment sensitivity of the Lvpr was about 0-025S mm, thercby
allowing measurcments of teasile strains to within approxi-
mately 0-1°;. The specimen gauge dimensions (0-S cm wide,
0-05 cm thick) and 227 kgrmaximum capacity for the load ceH
permitted maximum tensife stresses of the order of 10 N m-2
with an accuracy of 0-45 kp.

The straining system wah capable of uniaxially deforming a
specimen in tension at controlled strain rates between 0-5 and
10-4s-!. During this time. the load—-clongation curve was
recorded and tribostimulated emission was detec ed without
significant mechanical or clectrical noise.

2.2 Particle detection and discrimination schemes

Since tribostimulated emission from oxide-cov:red metal
surfaces is a very weak phenomenon with fluxes of 10'-10%
particles s~ m-1, it was nccessary to use single-event charged
particle and photon detectors. A channel electron multiplicr
(CEM) with an input cone was used because of (ostricted spave
(Schmidt 1969). Also, the cem has different detection effi-
ciencies for clectrons and ions which is useful Jor charged
particle discrimination. This detector was shiclded 0 minimize
detection of charged particles from the ion pump as well as to
control the clectrostatic ficld which accelerated \he charged
particles emitted from the specimen into the cone. The shicld
ensured that this ficld was due to the cem’s biasing potential
relative to the specimen and not to the poten ial applied
across the Cem. The cem was attached to a precision x-y-2
manipulator which allowed its precise positioning with respect
to the centre of the specimen (figure 2). Shiclded wire was Wsed
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Figure 2 Arrangement for surface characterization and
charged particle detection and discrimination, RGA,
retarding grid analyser.
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inside the vacuum chamber to prevent stray electrostatic fields
from influencing the charged particke trajectorics. The electro-
static field developed between the emitting surface and the
cone focused and accelerated the emitted charged particles
into the cem.

‘The energy-dcpendent detection etficiency of the cem for
various charged spevies (Adams and Manley 1966) was impor-
tant for our work. For example, with a cone bias of + 75 V with
respect to the specimen, the detection efliciency for electrons
was about 0-25 while that for negative ions was much lower.
On the other hand. a cone bias of + 1000 V results in a near-
unity detection efficiency for ncgative ions and about 025 for
electrons (Frank ¢r a/ 1969, Crandall ¢t al 1975, Borrous et al
1967). For the detection of positive ions with unity efliciency,
the bias shouid be - 1000 V.

For absolute discrimination between electrons and negative
ions, & low biasing potential and a suitable transverse magnetic
fleld were necessary (figure 3, inset). This magnetic particle
discriminator was calibrated with the aid of low-energy photo-
electrons produced by irradiation of an Al specimen with
focused monochromatic uv radiation of 220:0 nm. The Al was
irradiated on the side opposite to the shiclded Cem to prevent
detection of scattered photons. With no magnetic field, photo-
electrons were drawn into the cone of the CEm with a bias field
of about 40kVm-!. For a transverse magnetic field of
approximat-ly 14 mT, the cem signal was reduced to the
backgrounc level shown in figure 3. The relative yields of
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Figure 3 Magnetic discrimination scheme. Photoelectric

current /1 aching the cem is plotted as a function of pc

current passod through the coils. Electrostatic field strength:
m-L, Iuset: positioning of the specimen with respect

to the coils and the shicided cem.

electrons ani negatively charged ions were measured in cach
run by switching back and forth between the electron and
negative ion detection modes.

For measurement of photons, a miniature single-photon
counter tube (Bendix BX754) was used. The retarding poten-
tial analyser (sec §2.3) and coils were removed and the photon
tube was installed fucing the front surfuce of the specimen (sce
figure 2).

Since the $-20 photocathode could not withstand baking
temperatures above 80-100 C, a special stainless steel tube
having a quartz window was devised which permitted insertion
of the photon tube after baking in close proximity (1:5 mm) to
the specimen’s sarface. Photon emission was indeed observed
during deformation. but the photon (lux was 100 low to deter-
mine its spectral distribution.

2.3 Auger electron spectrometer

An analyser was needed also for Auger and photoclectron
spectrometry. A somewhat moditied version of Staib's retard-
ing potential analyser (RPA) (Staib 1972) was built. It consisted
of two scts of two hemispherical concentric grids Gy and G
(retarding section) and Ga and G, (focusing section). These
two parts were separated by a ficld-free region. The charged
particle source was located at the centre of curvature of the
retarding section while an aperture D was located at the centre
of curvature of the focusing section, behind which the charged
particle detector was mounted.

Type 304 stainless steel was used whenever possible. The
four hemispherical grids were made from ctched 304 stainless
steel mesh 0025 mm thick and having 100 lines in=! with mesh
openings of 0-15 mm. The grids were shaped by hot pressing in
an incrt atmosphere between specially designed graphite dies.
After forming, the retarding grid G+ was coated with a thin
film of gold by vacuum deposition. This step was necessary for
precise determination of the grid's work function. The radii of
curvature were 33-S mm for Gy and G and 42:5 mm for G
and Gs. The radius of curvature of cach grid was measured
with the aid of a calibrated shadowgraph and found to be
within 01 mm of the specified value,

Again, a shiclded cext was employed as the charged particle
detector. The entrance aperture was 16 mm in diameter. A
stop S was used to prevent detection of photons generated as a
by-product during Auger electron stimulation with high-energy
electrons. Two scts of fringing rings were added to minimize
the distortion of the equipotential surfaces of the electrostatic
field between G and G (Goto and Ishikawa 1972). The grids
section was shiclded with Mumetal foil and the entire spectro-
meter was shiclded with a thin 304 stainless steel shroud.

The resolution of the RPa, inferred from its ability to reveal
small concentrations of impuritics, was approximately 1°..

The primary-clectron beam (0-Smm diameter, 3 keV,
80 uA) was aimed at the point of intersection of the optical
axis of the spectrometer with the specimen's surface (15 angle
of incidence). ats modulation techniques were employed and
the resulting signal was electronically processed by a lock-in
amplifier (Kcithley 840). Auger electrons were moc ulated in
the ficld-free region at 915 Hz peak-to-peak voltage range
between 3-5 and 10 V.

2.4 Encrgy analyser for Fribostimulated particles

Modulation techniques could not be casily implemented to
measure the cnergy distribution of tribostimulated particles
because of the non-steady-state nature of the measured pheno-
mena: the emission occurred intermittently in bursts which
were time or strain dependent. A modulation technique
involving repeated encrgy distribution measurements and
digital counting data storage in a multichannel analyser was
not feasible since the sweep rate required for an adequate
signal-to-noise ratio was too slow. Also, the rRPA used in AES
was not suitable for encrgy distribution measurements of tribo-
stimulated charged particles because this emission originated
from the entire gauge length (2:5 cm) of the specimen. In addi-
tion, the Rea's low solid angle of detection and losses due to
four grids limited its use to Ars and photoemission spectros
scopy where the emission currents were cclatively high. Thus,
an clectron spectrometer designed  specifically for energy
distribution measurements of tribostimulated particles had o
be devetoped.

The basic requirements for this device were high sensitivity
and a large solid angle ‘'of detection. Resolution of fine strucs
ture in the encrgy distribution was not anticipated. Thus,
resolution could be sacriticed somewhat for sensitivity. A
retarding-ficll-type analyser having two flat grids was suitable
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foc-this application. The first grid G, located 3 mm in front,
of the sample, was biased positively with respect to the
specimen and the second G served as a retarding gnd. The
grid diameters were 3-2 cm, slightly larger than the gauge of the
tensile specimen. They were made from photo-ctehed pure
nickel foif (0:025 mm thick) having 80 lines in~! with square
mesh openings of 0:2 mm and 97°; transmission and mounted
6 mm apart. A fringing ring was used to minimize distortion of
the electrostatic ficld between the grids (Goto and Ishikawa
1972). A post-monochromator selectively focused the electrons
passing through the retarding grid on to the entrance aperture
of a cem (Huchital and Rigden 1972).

Since resolution was of sccondary importance, no attempt
was made to determine it experimentally, whercas overall
performance was determined in the energy range 0-4 ¢V for
tribostimulated clectrons from the energy distribution of
thermionic electrons emitted from a tungsten filament. From
this the resolution was estimated to be at least 0-5 eV.

In measuring the encrgy distribution of negatively charge
tribostimulated particles, the retarding potentials were
applied to G: in | V increments and held constant during a
pulse counting period of 10 s. Since this emission is not a steady
state phenomenon, the count rates were normalized with
respect to the emission peak height.

3 Specimen preparation and measurement techniques
Materials used for the present investigation were high-purity
polycrystalline aluminum, nickel and titanium (Materials
Research Corp.). After formation into strips 25 mm wide and
0-S mm thick by six stages of cold-rolling, the strips were
degreased and cleancd with non-alkaline solvents but not
polished. The metal strips were received on spools in argon-
filled polyethylenc bags. The lengths of these strips varied
from 30 to 150 cm. To avoid contamination, the materials
were handled using clean-rcom techniques.

Tensile specimens were obtained from the strips by carefully
machining without forced cooling using a template and a sharp
end mill. Sn.all cuts wer= taken to prevent excessive deforma-
tion. Aftar rachining, the edges of the tensile specimens were
carefully deourred with 400 grit SiC paper. They were of the
conventionz | flat *dog-bone’ shape with 2:5 cm gauge length
and a parallel width of 0:5Scm. The specimens were then
degreased ir research grade acetone and stored in a desiccator,

To obtain maximum tensile strains, it was necessary to carry
out recrystaiization anncal treatments on the tensile speci-
mens. The recrystallization anncal was carried out in a Vycor
tube furnace. Tests on samples were conducted to determine
the anncal conditions. The average Knoop hardnesses of
unannealed and anncaled test samples were compared and the
average recrystallized grain sizes of the latter were determined.
Results showed that the aluminium specimens did not require
the anneal treatment since they recrystallized at room tem-
perature. The nickel and titanium tensile specimens were
annealed in vacuum (encapsulated in a quartz tube pumped to
about 6:65x 10-7 Pa for one hour at 580 and 635°C respec-
tively.

Surface oxidation wau carried out according to procedures
which produced dense, adherent oxide films with uniform and
known thicknesses. AlO, films were grown by wet anodization
(Tajima 1970), TiO by wet anodization (Tibol [964) and plasma
oxidation (Knorr and Leslic 1974), and nickel oxides by
thermal oxidation (Graham ¢t af 1972).

Prior to strain/emission measurements, the composition of
the residual gases was determined. The partial pressures of
oxygen and water vapour were approximately 260 x 10 ® and
133 x 10~? Pa respectively, as estimated by their relative peak
heights. Subsequent surface characterization was accom-
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plished with the aes. Thereafter, the ion pump was turned off
in order to eliminate background electrons and negative ions
originating in the ion pump. unv condiions were maintained
by the titanium sublimation pump. The procedure resulted ina
constant background count rate of approximately 9 counts s~*.
Positively charged ions were detected in the proper mode with
the ion pump on. At a ckm gain of approximately 10% the
background count rate was again 9 counts s~*.

4 Results of preliminary experiments

Preliminary experiments with anodically oxidized aluminium
covered with a dense oxide film approximately 200-0 nm thick
served to confirm several characteristics of tribostimulated
emission which have been established by previous investi-
gators (Gicroszynski and Sujak 1965, Sujak er al 1965, Sujuk
and Gicroszynski 1970, Arnott and Ramsey 1971), These are
summarized below.

(i) Emission begins within the first 10s after deformation
commenced at a rate of 2:2x 10-4, i.e. at strains of less than
0-2°,. An independent study of the fracture of anodically
grown aluminium oxide deformed in vacuum (Grosskreutz
1967) suggests that the fracture strain of the oxide is of the
order of (2:3+ 1:3) x 10-2. This observation indicates that the
emission is associated with cracking or fracture of the oxide
film.

(ii) As illustrated in figure 4, emission is observed only at
finite or non-zero strain rates, and ces abruptly once
deformation is stopped.

W
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Figurc 4 The dependence of tribo-stimulated emission on
time and strain.

(iii) Emission occurs discontinuously, i.¢. in bursts. Tais was
noted by observing the output pulses of the Cem on the oscillo-
scope and by the spiked nature of the emussion (figur: 4).
(iv) During continuous deformation in total darkness at a
constant strain rate, the clectron emission rate ircreases
rapidly to a maximum, then decreases monotonically as shown
in figure 5, where electron emission rates and the stres -strain
curve for a specimen deformed at a rate of 2:2x 10 45! are
compared. The emission rate plotted in figure S represents the
emission above background and has been corrected for the
detection efliciency of the crm which, for clectrons, was
assumed to be 0:25. For a 200:0 nm thick oxide film and a
straun rate of 2:2x 10-4s-1, the emission peak occurred at
about 4°, strain, in fair agrecment with obscervations by
Gicroszynski and Sujak (Gicroszynshi and Sujak 1968, Sujak
et al 1968, Sujak and Gicroszynski 1970) and Arnott and
Ramscey (1971). The emission showed no apparent correlation
with macroscopic deformation behaviour of the substrate,
again implying that the emission is associated with cracking or
fracture of the oxide filin,

(v) Even under the most favourable conditions, the emission
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Figure § (c) Tribostimulated electron emission as a
function of strain for an aluminium specimen covered with
dense oxide film 200-0 nm thick, deformed at a rate of
2:2x10-45 2, (b) Corresponding stress-strain curve.

yield of trbostimulated clectrons was extremely low. For
example, for electrun emission from aluminium covered with
2260 nm tt ick anodized oxide film deformed in tension at a
rate of 7:34 x 10-2 52, the emission was 400 counts s-!, corre-
sponding t>» a maximum emission rate of approximately
$x10-13 A m~2. The sensitivity of the described apparatus was
sufficient to detect previously unobserved tribo-emission from
naturally (~ 5:0 nm) grown oxide films on aluminium. Thus,
the charged particle detection and coultting technique employ-
ed in the present investigation proved to be sutficiently sensis
tive and yic ded reproducible results to within 102, (tigure 6),

I (counts s-)

.8 8 8 8.
S
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Figere 6 Tribostimulated clectron emission as a function of
tensile strain for aluminium specimens covered with dense
onide fitm 2000 nm thick, detormed at a strain rate of

2:2x 104 s-'. The three curves shown here were obtained
on supposedly identical specimens and illustrate the degree
of reproducibility achicved.
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Using magnetic discrimination, it was established that the
current of negatively charged particles emitted from oxide-
covered aluminium consisted of both electrons and negative
ions (figure 7). The emission of both specics showed the same
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Figure 7 The rates of tribostimulated emission of electrons

and negatively charged ions as a function of tensile strain,

emitted from aluminium covered with anodically grown

dense oxide 200-0 nm thick, deformed at a rate of

22x 10451,

30

behaviour as a function of strain, namcly initiaticn at low
strains (0-2%;) and a rapid increase to a peak at i.bout 4°;
strain, followed by a monotonic decrease in intensit; at higher
strains. The emission rate for clectrons was correct :d for the
0-25 detection efficiency ; negatively charged ions wers detected
with near-unity efficiency. Since the positive-ion emission was
extremely weak, higher strain cates had (0 be used vor this case
(figure 8). The strain dependence of the positive-ion “mission is
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Figure 8 Tribostimulated emission rates of positively
charged ions as a function of strain, cmitted from dense
aluminium oxide film, 200:0 nm thick, on aluminiura
deformed at a rate of $:3x 1045~

essentially the same as that of negatively charged particles:
however, due to the higher strain rate, the peak shifted to
lower strain as expected (Gicroszynshi and Swak 1965, Swjak
et al 1968, Sujak and Gicroszynski 1970).

The spontancous cmission of photons was detected in a
scparate experiment. Figure 9 shows the refative photon yield
above background as a function of strain. Since the yield of
tribostimulated photons was very small, no attempt was made
to determine their spectral distribution. Consequently no
correction could be made to account for the quantum eili-
ciency of the $-20 photocathode.
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Figwe 9 Relative intensity of tribostimulated photon
emission as a function of strain, emitted trom 200-0 nm
thick, dense Al:O3 film on aluminium, deformed at a rate of
22x10-4s"Y,

Auger el ctron spectroscopy revealed a number of impuritics
in the surf ice of the electrolytically grown aluminium oxide,
such as bo'on which was introduced during oxidation in the
ammonium borate electrolyte. In addition, the appedrance of
the ‘metalliz’ aluminium Auger line after deformation was a
clear indication that the oxide layer had indeed ruptured,
exposing frosh aluminium surfaces inside the cracks. Prior to
deformation only the ‘*oxidic® aluminium line was detectable,

Mea..rements of the energy of tribostimulaed emission of
negatively charged particles yielded retardation curves (figure
10). We asiumed that the measured energies corresponded to
the energic. of the emitted electrons and not of negative ions
for the following reasons. (a) Since the input of the cem in the
high-sensitivity RPA was biased at + 300 V with respect to the
specimen, *he detection efficicncy for ions was small compared
to that for electrons; and () it was shown previously that
electrons were the predominant species in the emitted current.

The energy distribution was obtained by graphical dilTerenti-
ation of tye retardation curve and is shown as curve A in
figure 10(b), together with the encrgy distribution (for calibra-

“"m'w ion purp: ses) of thermionic clectrons emitted from a tungsten
nee 'm lament. Vhe energy distribution of the tribostimulated
irons .s electrons is broad: (the full width at half-maximum (FwHM) 15
g}vpro:umalaly JeV). The Fwnm of the energy distribution of the
1 eVand is artributed to the potential drop across the filament,
The enerpy values indicated on the abscissa of figure 10(4)
are relative ‘o the Fermi leve! of the retarding grid. In measur-
ing energy Jistributions of charged particles with retarding.
potential-typ.e analysers, we obtain the absolute energy from
the measured value, i.e. the value of the retarding potential, by
correcting the latter for the work function of the retarding
grid. Since the thermionic emission of ¢lectrons from metals
originates at the Fermi level, the true clectron encrgy i
obtained by adding the contact potential difference (i.e. the
difference betwcen the work functions of the retarding grid and
emitter) to the measured energy (Parker and Wilson 1971,
In the case of tribostimulated emission from oxide-covered
metals, the origin of the enitted clectrons and the precise value
of the work function of the onide are not known. The electrons
may originate from within the oxide or, as pointed out by
.Arnott and Ramsey (1971), from dangling bonds created dur-
ing fracturing of the ovide. Consequently, the truc energy of the
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Figure 10 (@) A retardation curve for tribostimulated
electrons emitted from an aluminium specimen covered with
dense oxide film 200-0 nm thick, deformed at a rate of

2:2x 10-45-1, (b) Energy distribution of tribostim:nated
electrons emitted under the above conditions showt in
curve A, and energy distribution of thermionic elec rons
shown in curve B.

tribo-emitted electrons could not be determined since no
correction factor could be established. Therefore, we present
the encrgy of the emitted electrons with respect to the Fermi
level of the retarding grid made from pure polycrystalline
nickel. Its average work function was taken as § eV, this valus
was added to the measured value of the encrgy, i1.€. to the
negative of the value given on the abscissa of figure 10a).

§ Conclusion

Results obtained with the tribostimulated emission apparatus
described in this paper underscore tts versatility and sensitivity,
An important aspect of this apparatus lies 1n the abiluy o
perform tribo-eMisaica studies under well detined surface and
environmental conditions as well as the atality to charactenze
the emission products in terms of their narticle wientity and
encrgy. These steps are important for obtaimng reliable
quantitative data necessary to develop an understanding of the
types of emission phenomena discussed in this paper.

With this apparatus, previously established characteristics
of the tnibostimulated emission were contirmed and important
new insights into the mechamism responsible for it were
developed.

Results of more detailed experiments with ovide<covered

aluminium, nickel, and titanium will be reported ¢lsewhere

together with a detailed discussion of the correlations between
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“Measurement of tribo-emission from oxide-covered metals

the fracture dynamics of the oxide layer and features of associ-
ated tribo-emission.
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Spontaneous emission of charged particles and photons
during tensile deformation of oxide-covered metals under
ultrahigh-vacuum conditions®

B. Rosenblum,” P. Braunlich,” and L. Himmel
College of Engineering, Wayne State University, Detroit, Michigan 48202

and
The Bendix Corporation, Southfield, Michigan 48076

(Received 16 June 1977; accepted for publication 9 August 1977)

Using Channeltron-type detectors and magnetic discrimination techniques, it has been shown that
electrons, positive and negative ions, and photons are all emitted spontaneously while oxide-covered metals
such as Al and Ni are being deformed in a tensile mode in a vacuum of approximately 10~'° Torr in total
darkness. For dense anodically grown Al,O; films of a given thickness on high-purity Al substrates, the
emission yields of all charged particles and photons are found to exhibit identically the same strain
dependence. The same applies to compact thermally grown NiO films on Ni. It is concluded from these
and other observations that the entire emission spectrum is generated simultaneously as a result of the
formation and propagation of cracks in the oxide film during the deformation process. The shortcomings of
previously proposed models for this type of triboinduced emission are pointed out, and some alternative

suggestions regarding the emission mechanism are offered.
PACS numbers: 79.75.+g
I. INTRODUCTION

Tribostimulated exoemission of charged particles is
a weak transient phenomenon that is observed from a
variety of oxide-covered metals during
mechanical deformation or abrasion.!~® It has to be
- distinguished from a number of other so-called exo-
emission processes that occur when dielectric or semi-
conducting materials are subjected to external stimula-
tion in the form of photons (photostimulated exoemis-
sion)®” or temperature increase (thermally stimulated
exoemission).® Freshly prepared metal surfaces may
give rise to chemistimulated exoemission when they are
allowed to react with certain chemical active gases.®

In order to study one of these emission processes,
the experiments have to be performed such that all other
sources of stimulation are eliminated. Tribostimulated
exoemission from oxide-covered metals must therefore
be investigated under conditions which preclude the
occurrence of chemical and thermal stimulation as well
as photostimulation. This can be done in ultrahigh
vacuum in total darkness at a fixed temperature, e.g.,
room temperature.

In the past 10 years, a number of experiments on
tribostimulated emission from oxide-covered metals
have been carried out under fairly well-controlled en-
vironmental conditions. Basically, two modes of sur-
face deformation were employed: (a) scratching the
specimen with a scriber or abrading it with a steel
brush and (b) tensile deformation. The emission from
oxide-covered aluminum,'=*% magnesium,? and nickel*®
was studied at various oxide thicknesses and strain
. rates. During tensile deformation, the emission was
found to occur in bursts after initiation at a rather low
strain (=0.2%). Its intensity depends on oxide thickness
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and on the rate at which the sample strain increases
with time. Emission is observed only during ongoing
deformation or abrasion and ceases abruptly when these
forms of mechanical stimulation are interrupted.

The mechanism responsible for tribostimulated exo-
emission is not known in detail. Clearly, emission
occurs only during the propagation of cracks or during
the disruption of the continuity of the oxide film during
abrasion. Gieroszynski et al''*'® have suggested the so-
called electrified fissure mechanism, according to
which the walls of propagating cracks are assumed to be
oppositely charged and the resulting intense electric
fields to be sufficient to cause field emission of elec-
trons. On the other hand, Arnott and Ramsey® proposed
that the strain energy released at the tip of the prop-
agating crack may lead in some unspecified way to the
emission of electrons. All previous authors observed
only negatively charged particles and assumed these to
be electrons.

The present investigation was carried out with the
goal to contribute toward a better understanding of
of tribostimulated exoemission by measuring the prop-
erties of the emitted particles and by correlating the ob-
tained experimental results with known properties of
the fracture of oxide layers on metals.

Il. EXPERIMENTAL PROCEDURES

The apparatus assembled for these studies consisted
of an ultrahigh-vacuum system which incorporated a
fully instrumented tensile straining device, an Auger
electron spectrometer, a residual gas analyzer, and
a special high-sensitivity low-resolution electron en-
ergy analyzer. Single-event Channeltron electron
multipliers (CEM) were employed for the detection of
charged particles and a single photon counter with a
S-20 photocathode (Bendix BX754) for the measurement
of photons in the visible region of the electromagnetic
spectrum. This system is described in detail
elsewhere.5'1°
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11). RESULTS
4001 Several characteristics of tribostimulated emission
from dense oxides on nominally pure aluminum and
300} nickel which had been established by previous investi-
2 gators!'*'* were confirmed by our experiments:
Q
- 200t (i) It commences at strains less than 0.2%, correspond-
ing to the fracture strain (0.23+0.3%) of anodically
grown oxide on Al. !¢
i (ii) It is observed only at finite or nonzero strain
rates and ceases abruptly once deformation is stopped.
@ o 5 =5 : 5 . ; (iii) On continuous deformation in total darkness at a
constant strain rate, the electron emission rate in-
16000 creases rapidly to a maximum, then decreases mono-
tonically as shown in Fig. 1, where a comparison is
12000 k given between electron emission rates and the stress-
% strain curve for a specimen deformed at a rate of 2.2
2 %10 sec™. In aluminum covered with 2000 A aluminum
& 8000 oxide, the peak occurs at approximately 4% strain in
& agreement with the observations made by Gieroszynski
L~ oL and Sujak! and Arnott and Ramsey.®
(iv) The emission yield of tribostimulated electrons
is extremely low. At the peak, the emission flux is
U] °° s fo ,'5 2'0 2'_,, 3'0 typically 5X10°'7 A/cm? of specimen surface area at a
STRAIN [%] strain rate of 2.2X10"* sec™. This is of the same order
of magnitude as found by Arnott and Ramsey.?>
4 FIG. 1, Tribostimulated electron emission rate§ versus strain (v) Upon deformation, a system of more or less
3‘:‘;“"“;":lru‘::‘m?mai‘;?di:“%:fﬁ:ﬁ::‘;:ncf:;ri g';hx‘i%?‘s‘;:g??' equally spaced cracks develops in thick (>500 A) alu-
(b) Stress-strain curve. i minium oxide, running normal to the tensile direction.
Our experiments with oxide-covered aluminum,
nickel, and titanium have revealed new features, the
most important being that electron emission from ox-
idated Al and Ni is accompanied by the simultaneous
All experiments were carried out at room tempera- emission of low-energy positive and negative ions as
ture in total darkness at a pressure of 10°'° Torr. This well as photons. These results are described in Secs.
reduced the background count rate to approximately 5 IIA-IIC.
cps. These experimental conditions also eliminated any A : 5
possibility o¢ chemistimulated, photostimulated or A. Emission from dense-oxide-covered aluminum
thermally stimulated emission. All Samples were hlgh- Aluminum covered with oxide films between approxi-
purity polycrystalline metals obtained from MRC in the
form of cold-rolled 0.5-mm-thick sheets. Tensile
specimens were machined from the “as-received” strips
and then recrystallized in vacuum to obtain an average L
grain size of approximately 0.1 mm. Dense adherent oy
AlLO, films were grown on Al by anodic oxidation using
ammonium pentaborate in water as the electrolyte.'!
Dense adherent NiO films were formed on Ni by thermal __3°°r
oxidation in high-purity oxygen.'? TiO, films between a
1500 and 2000 A thick were grown on Ti electrolytical- f
1y*® and by plasma oxidation.'* In all anodic oxidation zoor
procedures, the voltage across the cell was increased
linearly with time over several min until it reached the
specified value necessary to produce the desired oxide 100}
film thickness. Threafter, it was held constant for 1 h,
This precaution was taken in order to minimize the NATURAL GROWN
stresses induced in the oxide during growth and to 0 2] -
achieve nearly stoichiometric oxides.!® During speci- 0 5 10 15 20 25 30 3
men installation, extreme care was taken to avoid con- STRAIN [%]
tamination of the surfaces and to prevent cracking or FIG. 2. Tribostimulated emission rates versus strain ob-
rupture of the film. After installation, the system was tained from dense aluminum oxide of various thicknesses on
baked at *150°C for 24 h. aluminum, Deformation rate ¢ - 2,2 x10"! sec™,
5263 J. Appl. Phys., Vol. 48, No. 12, December 1977 Rosenblum, Braunlich, and Himmel 5263
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FIG. 3. Tribostimulated emission rates of electrons and nega-
tive ions versus strain obtained from aluminum covered with
2000-A-thick dense aluminum oxide. Deformation rate €=2,2
x10™ gec™.

mately 50 (naturally grown) and 2000 A thick were
studied.

The dependence of the electron emission intensity on
strain at a constant strain rate of 2.2X10"* sec™ is
illustrated in Fig. 2 for dense-oxide films on Al of
various thicknesses. The peak position shifts to a
higher strain as the thickness of the oxide decreases.

Similar observations were made by Gieroszynski and
Sujak® and Arnott and Ramsey.® However, the former
authors! have reported a limiting oxide thickness of
approximately 500 A below which no emission was de-
tected. Arnott and Ramsey® also failed to observe any
tribostimulated emission from oxide thickness below
450 A, attributing this to the limitations of their detec-
tion and recording technique. In the present investiga-
tion, emission was detected even from natural air-
formed oxide films approximately 50 A thick.

By employing a magnetic discrimination technique,!°
it was established that the current of negatively charged
particles emitted from oxide-covered aluminum con-
sists of both electrons and negative ions (Fig. 3). The
emission rate for electrons was corrected for the esti-
mated detection efficiency of 0.25.'° Negatively charged
ions were detected with an efficiency of approximate-
ly unity.!® Since electrons and negatively charged
ions are emitted simultaneously, one common mech-
anism appears to be responsible for both emission
phenomena.

Emission of positive ions and photons was detected
for the first time. However, at the low strain rate of
2.2%X10"* sec™, the emitted particle flux was weak and
almost buried in the background. In order to obtain
higher emission currents, the specimen was deformed
at the higher rate of 5.3 X10™ sec™ [Fig. 4(a)]. The
strain dependence of the positive ion emission is es-
sentially the same as that of negatively charged parti-

5264 J. Appl. Phys., Vol. 48, No. 12, December 1977

cles; however, due to the higher strain rate, the peak
is shifted to a lower strain, Similar shifts were ob-
served by Sujak and Gieroszynski for tribostimulated
electron emission.?

The spontaneous emission of photons was detected in
separate experiments [Fig. 4(b)]. Since the yield of
tribostimulated photons is very small, no attempt was
made to determine their spectral distribution. Con-
sequently, no correction could be made to account for
the quantum efficiency of the employed S-20
photocathode.

In order to better understand the mechanism of tribo-
stimulated particle emission, an attempt was made to
measure the energy of negatively charged particles.
Due to the low emission currents, the measurements
of only retardation curves was possible without magnetic
particle discrimination. We assumed, however, that the
measured energies correspond to the energy of the
emitted electrons since (a) the input of the charged-
particle detector (CEM) in the high-sensitivity electron
energy analyzer biased at + 300 V with respect to the
specimen, for which the detection efficiency for ions is

30t

20+
®
S

10

o A A A ¥ s A il A
o S 10 15 20 25 30 35
STRAIN [%]

1 [cps]

T, AL L
" S

0 (L}
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FIG, 4. Tribostimulated emission rates of positive ions versus
strain obtained from aluminum covered with 2000-A -thick
dense oxide, Deformation rate ¢ =5,3 x10™ gec™. (b) Relative
intensity of tribostimulated photon emission versus strain ob-
tained from aluminum covered with dense aluminum oxide.
Deformation rate ¢ =2, 2 x10™ gec™,
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FIG. 5. SEM micrograph of crack pattern in a 2000- A -thick
dense-oxide layer on aluminum after 40% strain, Magnification
500 v, Arrows indicate tensil direction,

small compared to the one for electrons, and (b) it was
shown before (Fig. 3) that electrons are the predominant
species in the emitted current,

The energy distribution of tribostimulated exoelec-
trons emitted from dense 2000-A -thick oxide on Al was
obtained by graphical differentiation. ' Its full width at
half-maximum (FWHM) is approximately 3 eV, and the
mean energy is 3.5 eV. The exact value of the mean
kinetic energy could not be determined for the following
reason: In measuring energy distributions of charge
particles with retarding-potential—type analyzers, the
absolute energy is obtained from the measured retard-
ing potential by adding the contact potential (difference
between the work function of the retarding grid and
that of the emitter). In the case of tribostimulated
emtission from oxide-covered metals, the origin of the
emitted electrons and the precise value of the work
function of the oxide are not known. The above value of
the mean energy was obtained by adding the work func-
tion (~5 eV)'" of the retarding grid (pure polycrystalline
nickel) to the measured value of -=1.5 eV."®

Impurity species incorporated into the oxide were
monitored by Auger electron spectroscopy. Prior to
deformation of dense natural air-formed oxide, the
detectable chemical species are aluminum and oxygen.
The aluminum peak appeared at 46 V, corresponding
to the L L, M, transition of Al in oxide form, After
deformation, an additional Al peak at 64 V was mea-
sured which is characteristic of metallic aluminum,'®
This provides clear evidence that aluminum surfaces
were exposed due to eracking of the oxide during ten-
sile deformation.

Auger spectra taken prior to deformation of an alu-
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minum specimen covered with =2000-A -thick anodic
oxide revealed phosphorus, boron, potassium, and cal-
cium impurities. Apparently, these impurities have
their origin in the ammonium pentaborate electrolyte
used to form the oxide. An Auger spectrum taken from
the same specimen after it was strained 40% revealed
no measurable changes in impurity content,

The cracks, generated in the oxide during deforma-
tion, were investigated with scanning electron mic-
roscopy (SEM). Figure 5 illustrates the cracking pat-
tern in a dense aluminum oxide film =2000 A thick on
aluminum after 40%, tensile deformation. The cracks
run more or less normal to the tensile direction and,
with few exceptions, penetrate clear across the gauge
width,

Average crack densities for different specimens are
summarized in Table |, The densities measured for
aluminum specimens covered with dense-oxide films
approximately 1000—2000 A thick are only about one-
third of the values reported by Arnott and Ramsey.?
This discrepancy may be due to the fact that they de-
formed the specimens for crack density measurements
in air, while the values reported in Table [ were ob-
tained by deformation in an ultrahigh vacuum,
Grosskreutz'® pointed out that the mechanical properties
of oxide films depend strongly on environmental condi-
tions, especially the humidity of the surrounding
atmosphere.

B. Emission from thermally oxidized nickel

Tribostimulated emission from thermally oxidized
nickel shows characteristics similar to those observed
in dense anodically grown aluminum oxide. The emitted
particles are electrons and ions, as well as photons,
Emission commences at low strains (<0.2% ) and is
observed only during ongoing deformation, Figure 6(a)

TABLE I, Average crack spacings and crack densities for

oxide~covered specimens,
= - o= L S ssSaa  —————

Average Average

Substrate  Oxide Tensile orack erack
and thickness strain spacing density
oxide A) (%) (mm) (mm!)
Aluminum
Dense

oxide 1000 42,5 Ldx10® 7.4
Aluminum
Dense

oxide 2000 40,6 1.ox10% 62,4
Aluminum
Dense

oxide 2000 4.6 L Tx10% 58,8
Aluminum
Dense

oxide 2000 2.5 2,0x 107 50
Aluminum
Dense

oxide 2000 28,2 2, 1x10% 47.6
Nickel
Dense

oxide 2000 40 3. 7x 10 270, 2
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FIG. 6, (@) Relative rates of tribostimulated emission of elec-
trons and negative tons versus strain obtained from 2000-\ -
thick nickel oxide on nickel, Deformation rate: ¢ - 3,3 x10
x10™ sec™!, () Stress-strain curve,

shows the relative emission rates of electrons and neg-
ative ions as a function of strain from a nickel speci-
ment covered with =2000-A -thick oxide film. The
stress-strain curve is given for comparison in Fig.

6(). The electron emission rates are about three times
smaller as compared with those from dense aluminum
oxide of comparable thickness. The FWHM of the
emission curves is about 5% for NiO and 4% for Al,0,,
suggesting that the rate of crack formation at low strains
is faster in nickel oxide than in aluminum oxide.

Due to the rather low emission rates observed even
from rather thick nickel oxides, no attempt was made
to determine the dependence of the particle flux on
oxide thickness.

With the aid of a low-resolution spectrometer,®*'®
retardation curves were obtained for negative particles
emitted from a nickel specimen covered with oxide
film =2000 A thick [Fig. T(a)]. The energy was mea-
sured for two strain intervals, one between 0 and 5%
and the other between 7 and 149, . The energy distribu-
tion (FWHM =3.5 eV) was found to be independent of
strain induced in the substrate, The energies are again
reported with respect to the Fermi level of the retard-
ing grid [Fig. 70)].

Spontaneous photon emission was detected in a sep-
arate experiment (Fig. 8). The photon emission shows
basically the same characteristics as the emission
of negatively charged particles. It is noted, however,
that the photon peak appears at a higher strain (> 5%).
This relative shift in peak position is believed to be the
result of misalignment of the photon counter tube with
respect to the center of the specimen’s gauge. Due to
the somewhat nonuniform strain distribution along the
gauge, oxide failure will occur at somewhat higher
apparent substrate strains at locations away from the
center.,

Cracks developed in nickel oxide after deformation
generally run normal to the tensile direction. They are
of variable lengths and widths and do not extend clear
across the gauge (Fig. 9). The measured crack densi-
ty given in Table I is at least a factor of 5 greater than
crack density in aluminum oxide of comparable thick-
ness. The rather high crack density and the rough ap-
pearance of the oxide surface may be attributed to the
high porosity of the thermally grown NiO film which can
affect its mechanical behavior *

C. Emission from anodized and plasma-oxidized
titanium

Tribostimulated particle emission from oxide-cov-

FIG. 7, (@) Retardation curve for
tribostimulated eleotrons emitted
from thermally grown 2000-A ~thick
NiO on nickel, Deformation rate ¢
» 8,3 %x10 goe, () Energy distri-
bution of electrons emitted under
conditions stated in Fig, 7).
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FIG,. 8, Tribostimulated photon emission versus strain ob-
tained from thermally grown 2000-A ~thick NiO on nickel, De-
formation rate €= 3,3x10™ gec™,

ered titanium consists of electrons only. Figure 10
shows the electron emission rates as a function of strain
emitted from anodized and plasma-oxidized titanium
specimens with oxide coatings approximately 2000 and
1600 A thick, respectively. The electron emission ex-
hibits a behavior similar to those observed from dense
aluminum oxides and nickel oxide of comparable thick-
ness; however, the intensity is much lower. Since elec-

10 1

FIG. 9, SEM micrograph of crack pattern obtained from the
sample described in Fig. 8 after 40% strain, Magnification
5400 X, Arrows indicate tensil direction,

6267 J. Appl. Phys,, Vol. 48, No. 12, December 1977

tron emission rates from oxide-covered titanium are
very low, no attempt was made to determine the de-
pendence of the particle flux on oxide thickness or to
measure the energy distribution of the emitted
electrons.

No photon emission was detected with the highly
sensitive 8-20 photon detector.

The crack morphology of titanium oxide on titanium
is shown in Fig. 11, At 38% strain, the oxide had
peeled off the metal surface at various locations as
indicated by the exposed slip steps in the metal. This
behavior is somewhat surprising. The high oxygen
solubility in titanium was expected to result in the for-
mation of a diffuse coherent metal-oxide interface and,
thus, a strong adhesion between the oxide and the metal,
The cracks in the oxide again run more or tess normatl
to the tensile direction, while slip steps in the sub-
strate at different angles to the cracks are clearly
visible,

For comparison, the final crack densities and the
total number of emitted particles observed from ox-
ide-covered Al, Ni, and Ti are listed in Tables I and
II. Average crack spacings were measured on a number
of specimens covered with relatively thick (1000-2000
A) oxide films uniaxially deformed under UHV condi-
tions. In all cases examined, cracks in the oxide were
more or less equispaced and ran normal to the tensile
direction,

10}
ANODICALLY GROWN
OXIDE (2000 k)
§ 10}
PLASMA OXIDIZED
11600 &)
\\'
(@) 0 I Ly A\x\.‘\ 1
30000}
= 37800}
'3
2
% 23000}
v
» mbooL
™ o A A A - e
0 F] 4 [ 8 10
STRAIN [%)

FiG. 10, (a) Tribostimulated electron emiasion rates versus
strain obtained from oxide-covered titanium, Deformation rate
=4 %10 gec™!, (b) Stress-strain curve,
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FIG. 11, SEM micrograph of crack pattern obtained from tita-
nium coverc! with dense anodically grown 2000-A -thick tita-
nium oxide after 38% deformation. Magnification 1879 x, Ar-
rows indicate tensil direction,

The total emission of charged particles as well as
photons was determined by graphical integration of the
independent /(¢)-vs-¢ curves. In the case of electrons,
the emission was corrected to account for the 25% de-
tection efficiency of the CEM, while no correction was
necessary for ions. Furthermore, it was assumed that
all charged particles emitted were collected by the
detector. We believe that the electrostatic field applied
between the input cone of the CEM and the specimen
was strong enough to alter the trajectories of the low-
energy charged particles such that they were focused
into the detector. Since no focusing means were em-
ployed, we assumed that the detected photons originated
from an area geometrically opposite to the photocathede.
The close proximity between the specimen and the
photocathode made it almost impossible for any other

photons to reach the photocathode and be detected. Thus,
in calculating the total emission of photons, an area
with a diameter of 6 mm was taken as the emitting
region,

IV. DISCUSSION

The results obtained in the present investigation in-
dicate that tribostimulated emission of charged particles
and photons from oxide films on metal substrates de-
pends strongly on the mechanical properties of the ox-
ide, its thickness, and mode of fracture. In Sec. IVA,
tribostimulated emission from dense oxides will be
discussed first from a purely kinetic point of view; in
Secs. IVB and IVC, various possible processes that
may contribute to the spontaneous release of particles
from the oxide film will be examined, and an attempt
will be made to explain the physical nature of the emis-
sion process.

A. Tribo-stimulated emission from dense-oxide #ilms

Tribostimulated electron emission from apparently
dense-oxide films on aluminum subjected to tensile de-
formation under UHV conditions was first systematically
investigated by Arnott and Ramsey.® They showed that
the emission is associated with rupture or fracture of
the oxide layer and that the emission intensity at a given
strain is proportional to the rate of crack formation,
i.e,,

He)x g (1)

aN(©)
dt

where /(€) is the emission current of charged particles,

€ is the tensile strain induced in the substrate, and

N(e) is the total number of cracks traversing the gauge.

Equation (1) is consistent with the experimental ob-

servation that triboemission occurs only while deforma-

tion is taking place and ceases abruptly one the defor-
mation stopped.

The fracture of brittle surface coatings on strained
substrates was investigated, among others,® by
Grosskreutz and McNeil®® who analyzed the process of

TABLE II. Total emission of tribostimulated charged particles and photons and average emission per crack,

Oxide Maximum Strain Total emission Average emission per crack
thickness strain rate Negative  Positive Negative Positive
oxide () %) (sec™) Electrons ions ions Photons  Electrons ions ions Photons
Dense Natural 38 2,2x10M  1,8x10¢  2,5%X108 ... e
ALOy grown =~ 50
Dense 250 38 2,2x104 6,5%100  9,3%x10% ..
ALOy
Dense 2000 38 2,2x10  1,7x10° 1.8x10¢ 1,2x10¢ 95 10 6 40
ALO,
NIO 2000 38 3.3x104  4.2x10' 1L, 3x100 .. 4.2x10° 4 1 2
Plasma
oxidized 38 4 104 2,6%x10' None None None
1600
TIO,
Anodically 38 4x10%  4,1%x10'  None None None
grown
2000
B ——————— e T =T
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FIG. 12, Peak position of electron emission curves from dense
ALO, on aluminum versus oxide thickness,

crack formation in the oxide layer in terms of its
elastic properties, thickness, and the strain imposed
on the substrate. They found that thin oxide films (up to
about 500 A thick) may fracture only at slip steps de-
veloped in the substrate. In polycrystalline metals, slip
steps are confined to individual grains. The cracks
which develop in their oxide films will, therefore,
normally not run perpendicular to the tensile strain
direction. This behavior was clearly demonstrated by
Arnott and Ramsey.* On the other hand, oxide films
greater than about 500 A thick on pure aluminum ex-
hibit a system of regularly spaced cracks running nor-
mal to the tensile direction (see, e.g., Fig. 5). Ac-
cording to Grosskreutz, * the first few cracks nucleate
at microimperfections or defects in the oxide film.
They are randomly spaced at rather wide intervals
and, upon further straining of the substrate, they in-
crease in number until most of the “available” micro-
imperfections have developed into cracks at € =€,
resulting in a fairly regular average spacing d, be-
tween cracks. Thereafter, further straining will pre-
dominately result in crack formation according to the
Grosskreutz mechanism.?®*® The crack density pfe) per
unit gauge length is then given by

pE) =py + (1/42) Ink /e ), €>¢,, )

where p, =1/d, and g is related to the oxide thickness
D via g=KD'/?, K being a constant.® During the de-
formation, the gauge length L k) =L, (0)(1 +¢), and we
have N() =p()L,(0)(1 +€). Thus, for p>p, (or € >¢y),
one obtains with Eq. (2)

1= L0} py + (1/42)1 +e7 + Infe /e)]}. 8)

The paramete { does not depend on ¢ and will be dis-
cussed in Sec. IVB. At a constant strain rate ¢, the
emission intensity / is, according to Eq. (3), a mono-
tonically decreasing function of ¢ which describes the
tail of the emission curve (¢ > 5% or so). However, it
does not account for the occurrence of the peak. This
is to be expected since Eq. (3) is restricted to € >¢,.
At the present time, the rate of crack formation in the
strain region for 0 <€ =€, is not known, and, thus, a
complete description of the exoemission curve as a
function of strain is still unavailable.

Thin dense-oxide films in which cracks develop at
slip steps exhibit much broader emission peaks, and,
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in addition, the peak position is a function of oxide
thickness (Fig. 12). Above 500 A, the peak position
remains unaffected by the oxide thickness. This may be
interpreted as an indication of the different {racture
modes observed for thin and thicker oxide layers on
aluminum.

The above analysis is additional evidence that tribo-
stimulated emission from dense oxides is correlated
with the rate of crack formation in oxide films. It does
not account, of course, for the nature of the emission
or the mechanism by which the emitted particles ac-
quire their kinetic energy. These questions will be
addressed in Secs. IVB and IVC,

B. Possible mechanisms for the emission

Basically, two different mechanisms have been pro-
posed to account for the energy required for tribo-
stimulated emission of electrons from solid surfaces.
Sujak and co-workers''® presented a model in which
cracking of the oxide films during plastic deformation
of the substrate is accompanied by charge separation
across opposing crack surfaces, thus resulting in the
creation of strong local fields within the fissures. These
intense fields were assumed to give rise to field emis-
sion of electrons from the crack walls.

Thiessen ¢t al.* proposed that the emission originates
from a very-short-lived microplasma created during
mechanical abrasion of dielectrics at the contact point
between the abrading tool and the surface. Arnott and
Ramsey® suggested that the release of elastic strain en-
ergy at the tips of rapidly propagating cracks in the
brittle oxide is responsible for the emission. Whether or
not this release of strain energy leads to the formation
of a microplasma of the kind proposed by Thiessen, or
simply to thermionic emission of electrons and ions,
was not discussed by these authors.

It is difficult to design an experiment which will make
possible a clear distinction between these different
mechanisms. However, the experimental results ob-
tained in this work can be analyzed and compared with
analytical predictions based on the electrified fissure
model or the strain-energy-release model. This will be
carried out in this section and in Sec. IVC.

The electrified fissure model has apparently received
some independent support from Linke? who observed
relatively strong tribostimulated electron emission from
insulators such as Al;0y and MgO. He failed to detect
emission from semiconducting ZnO and concluded that
due to the relatively high conductivity of this oxide the
generation of high electric field in the fissure is im-
paired. However, he apparently was unaware that
Gieroszynski and Sujak! have detected relatively strong
tribostimulated emission from NiO, generally a good
semiconductor. In the present investigation, tribo-
stimulated emission from nickel oxide, as well as from
semiconducting titanium oxide, was detected. It is con-
ceivable that Linke’s failure to observe emission from
oxide-covered Zn may simply have been due to the fact
that his detection and recording apparatus lacked the
required sensitivity,

One of the major results of the present investigation
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is the discovery that the emitted current consists of
low-energy positive and negative ions and electrons as
well as photons, All are emitted simultaneously when
oxtde-~covered aluminum and nickel are deformed. Un-
fortunately, this observation does not provide sufficient
evidence to discriminate between the electrified fissure
model or the strain-energy-release model. Energy
analysis of the negatively charged particles emitted
from aluminum and nickel oxides revealed rather broad
energy distributions, having low mean energies (a few
eV), consistent with both models.

The strain energy per unit volume stored in an elastic
medium subjected to tensile deformatton ts ) &e* ™
where E is Young's modulus and ¢ is the strain, If at
fracture all the strain energy could be converted into
heat, the temperature of the specimen would be raised
by

Al = M'; 2;)'(‘,. )

where p* and ¢, are the density and specific heat of the
medium. In the case of anodically grown aluminum ox-
ide deformed in tension in vacuum, E=2,1x10%
dynem™, ¢, =1.5%X10°,1¢ p* = 3.3 gem™, " and ¢, (at
300 °K) = 19.9 cal mole™ °K™', ™ presulting in a tempera-
ture increase AT =0.3°C. This is, of course, insuffi-
clent for thermionic emission. A temperature increase
of this order of magnitude was actually observed by
Beauchamp®’ for glasses with average elastic strain
energy density of 5§ X10* kg cm*? which is comparable to
that for alumina. The above calculations indicate that
the emission cannot originate from the entire surface of
the sample, but must be associated with the propagating
cracks. A careful examination is therefore required
regarding strain energy dissipation at the tip of a prop-
agating crack where local stresses can be much higher
than the average stresses in the strained oxide.

In an elastic medium, where the amount of plastic
deformation prior to fracture is negligible, crack tips
tend to be sharp, and the stress at the crack tip ap-
proaches infinity and decreases with distance » from the
tip as r='/* ™ For cracks with semicylindrical onds,*
the maximum stress around a crack tip of radius R is

0, = 20(C /R, ®)
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where C is half of the crack length and 0 is the tensile
stress normal to the tensile direction. For brittel sol-
ids, the crack-tip radius is on the order of one inter-
atomic distance,™ resulting in extremely high tensile
stresses around the tip which will force the ions in the
immediate vicinity of the crack tip to move far away
from their equilibrium positions, thus raising their
potential energy. When a crack is formed, the displaced
atoms on either side of the crack will experience a
restoring force which will allow them to return to their
equilibrium positions, thus decreasing their potential
energy.

According to Pugh,® atoms at the tip of a crack may
acquire an excess energy of about | eV per atom. If all
that energy would be converted into heat, the local tom-
perature at the crack tip would increase by about
3000 °K.,

Since the FWHM of the energy distribution of the
emitted negatively charged particles is considerably
larger than the expected | eV, the emission is apparent-
Iy not purely thermioniec and may possibly be influenced
by electric fields within the crack. Such fields may not
be intense enough to cause field emission, but may be
sufficient to influence the kinetic energy of the emitted
charged particles.

Additional informaticn concerning the mechanism and
origin of the emission from dense oxides on aluminum
can be extracted from an analysis of the dependence of
the emission intensity on oxide thickness. According to
the electrified fissure model of Sujak and co-workers '
the emission intensity at its peak is proportional to
DV? for D = 2000 A, where D is the oxide thickness,
and, furthermore, saturation occurs above L > 2000 A.
In contrast to this, Arnott and Ramsey® noted that sat-
uration occurs above an oxide thickness of about 1130
A and concluded that the escape of electrons originating
in the deeper fissures may be inhibited. These observa-
tions lead to a very important conclusion: Emission
does not originate from the metal substrate because,
otherwise, its intensity is expected to decrease with in-
creasing oxide thickness, contrary to independent ex-
perimental observations. Thus, it is reasonable to as-
sume that the emission originates from the walls of
newly created cracks in the oxide. This knowledge then
permits one to establish a simple phenomenological
model to account for the dependence of tribostimulated
emission intensity on oxide thickness.

A crack in a thick oxide film may be visualized as
shown in Fig. 13. Tensile deformation occurs along the
z axis. The emission per crack is

I,=(1/2m)it, .l;. _(;D Po(v, v dvdy, (6)

where i is the intrinsic emission flux, in units of parti-
cles per em® of wall area per sec, f, is the time period
during which emission from the newly created area
dydy is actually taking place, O is the oxide thickness
(erack depth), and / is the gauge width of the specimen,
Only particles within a certain solid angle can escape
from the crack, while the others will collide with the
walls and either be neutralized or absorbed. A condi-
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FIG. 14, Peak intensity of tribostimulated electron emission
from dense Al,O, tﬂma on aluminum versus oxide thickness,
Deformation rate ¢ - 2,2 %10 sec™!, The solid line is calou-
lated from Eq. (11) with W=1000 A,

tion is, of course, that the mean free path of the parti-
cle must be larger than the crack dimensions, which
will be discussed in more detail below. P,(x,y) is the
probability that a particte will escape from the crack.
In first approximation, P; may be taken as

W@
o= FOWR: m

where W(t) and {(t) are the crack width and crack length,
respectively. Thus, the exoemission intensity becomes

1=, % =12 & oL, @®

In general, ¢ will depend on time; however, the experi-
ment may be carried out with a constant strain rate.
The crack density p may be measured independently or
derived from a model calculation. As an example, we
discuss which form the emission intensity takes when
Eq. (2) is valid. For simplicity, we assume W(¢) and
1(#) take their average values. W(t)=} W and l€)=4l.
This permits us to determine the parameter { in Eq.
3):

In ‘—‘:‘:—F(fo ;'TlW' dx)e
<o s w5} 1)
it,IN L, (0) tan-t (’;,’)

"[Po*‘-ﬁ")rn(l +¢“+ln'i° )] ®

A comparison with Eq. (3) yields ¢.

As mentioned before, this function decreases with e
in the region ¢ >¢,, and it is easy to show that the tail
of a curve /() measured for thick dense oxide on pure

?I—-
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Al can be described by such a function. In addition,
Eqs. (6)—(9) describe the dependence of the exoemis-
sion intensity at a given strain or the total number of
emitted particles I, on the oxide thickness:

« . d
Ip=IN= f 18 5 (L) (10)
o
i (20
= -27 é t.l'pL,!an ‘(W) .

Experimental determination of L, and p after straining
the samples to a fixed value ¢ permits us to plot the
measured total number of emitted particles as a func-
tion of oxide thickness. This provides a test of the
validity of crack model shown in Fig. 13. A similar
test may be had by plotting /) for samples of various
oxide thickness at a given strain. For example, one
might choose the peak of the /(¢) curve. Dense oxide of
a thickness larger than 500 A results in an I(€) curve
which peaks at about € ., =0.04 (see Fig. 12). Ramsey
and Arnott have measured pf) and showed that at that
point the crack density of all samples is virtually in-
dependent of oxide thickness.®

Thus, in the approximation of Eq. (9), which of
course is not exactly applicable at the emisgion peak,
we find with the additional assumption pé,,,.) 0,

ey =itant (32 )[MW (A +ep ')]

.em-l(“’) [m P -".—“] (112)

Since, according to Arnott and Ramsey, p,~7.5%10*
cm™! and with®® K=0.13 cm'/?, p, « 1/4KD'/* for
500 < D <5000 A, we have

T, ) =D/ tan*'(2D/W). (11b)

Figure 14 shows a plot of measured peak emission
intensities versus oxide thickness and, in comparison,
a normalized plot of the thickness dependence as given
by Eq. (11). The best fit was obtained by choosing

=1000 A. The agreement is remarkable. The good
fit in the region D <500 A must be considered fortuitous.
Of interest is that the emission saturates above
D=1000 A, apparently the depth below which the escape
of the charged particles is inhibited. Incidentally, Eq.
(11) indicates a linear dependence of /() on the strain
rate ¢ in agreement with experimental observations
by Gieroszynski and Sujak.’

It is instructive to discuss Eq. (9) in same further
detail. The unknown parameters are W, ¢,, and ¢; all
others can be measured. Assuming the emission is
thermionic in origin and results from local heating due
to the release of elastic strain energy at the tip of
rapidly propagating crack in brittle oxide, the time, ¢,
for an emission burst from local hot spots is estimated
to be of the order of several times the reciprocal photon
frequency, i.e., about 10°!! sec. This is the time in-
terval during which the local temperature is expected
to decay to a value below which thermionic emission is
no longer significant. The total measured electron
yield from a 2000-A -thick dense aluminum oxide film
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18 1, #1.TX10" (see Table 11). The total number of
cracks formed in the oxide film was calculated, with
the aid of the measured average crack density, to be

= 4000 (on both sides of the sample). Inserting these
figures into Eq. (10) gives with W =1000 A and emission
flux § 10 —~10" electrons cm™ sec™', It is easy to
verify, with the aid of the Richardson equation, that
210" em™ sec™! is consistent with values around

3000 °K for the local surface temperature in the vicinity
of a propagating crack as estimated by Pugh, ™

These calculations lend strong support to the idea that
the emission is of thermionic origin, Thus, the release
of strain energy in the vicinity of a propagating crack
results in local heating to a temperature sufficient to
cause thermionic emission from the walls. It {8 con-
ceivable that some charging occurs at local hot spots,
due to the emission of charged particles as suggested
by Henry.™ This type of charging may be responsible
for the generation of electric fields which may not
necessarily be intense enough to cause field emission,
but may participate in the emission process mainly by
increasing the Kinetic energy of charged particles and,
thus, influence their escape from the cracks,

The phenomenological model presented above led to
the derivation of expressions relating the measured
emission yield to the intrinsic strain rate, the rate of
crack formation, the duration of the emission burst, and
the axide thickness. An important parameter is the
width of the crack, W, since this determines the prob-
ability of escape of triboemitted particles from the
crack walls, If one assumes that stress relaxation in
elastic solids occurs with about the same velocity as
that of a propagating crack, especially at the uncon-
strained oxide-environment interface, then the ¢rack
opens to a width W during the emission time f,, given by

WaV 1t (12)

pe
where V, is the rate of crack propagation. The velocity
of brittle cracks was derived by Peteh® and found to be

Vima 0. 6C,, (as)
where ( is the shear wave velocity
c‘ = (Gp*0e, (14)

where p* is the density of the elastic medium and G is
the shear wave modulus. Since

K

[0 iﬁ“ > (lS)
(K is Young's modulus and » Poisson’s ratio), we obtain
; e R b R (168)

W 0.0(-'——“ ."&;.) .

With the appropriate values for AlL,0,, namely, &= 2.1
X10" dynem™, p* =3 . Sgem™ M p 0,88, and £, = 10"
fec, one finds W to be in the order of several hundred

A which is in reasonable agreement with the value of
1000 A required to fit Eq. (11) to the measured thick-
ness dependence of the peak electron emtssion intensity,

The above discussion was exclusively concerned with
electrons. It is conceivable that the observed ion emis-
sion may be of thermionic origin as well.

san J. Appl. Phys., Vol. 48, No. 12, December 1977

Many metals are known to emit positive ions at tem-
peratures below their melting points, The emitted ions
frequently stem from impurities which are not tightly
bourd to the lattice. Usually, a relatively much larger
number of neutrals is emitted simultaneously. We ex-
pect a similar emission phenomenon to occur from the
oxides investigated here. The “ionic” work function is
unknown, but it certainly is appreciably higher than
the electron work function. It therefore appears un-
likely that at a local temperature in the vicinity of the
crack tip of only about 3000 °K there will be any mea-
surable emission of axygen or aluminum tons from
AlLO,. The observed ion emission is most likely the
result of emission of impurity species; some of these
are fonized, and in the case of anodically grown alu-
minum oxide films, the detected impurities are P, K,
B, and Ca, Unfortunately, positive identification of the
emitted tons with a mass spectrometer was not possible
with the present experimental arrangement, This
should be attempted in future work,

Photons are emitted from aluminum and nickel oxides
simultaneously with ions and were absent, for example,
from titanium oxide which does not emit ions as well.
This, then, points to a mechanism of photon emission
that is not exclusively blackbody radiation, but is also
closely linked to the observed emission of ions. The
most likely process appears to be that photons are
emitted during relaxation of excited neutrals and ionized
impurity species that evaporate from the freshly formed
surfaces in the oxide created during crack propagatior,

C. Tribostimulated emission from oxides of nickel
and titanium

The discussion in Sec. IV B was based solely upon
results obtained from dense-oxide films on aluminum,
As will be discussed below, it is probable that tribo-
stimulated emission from oxide-covered nickel and
titanium is also basically of thermionic origin.

The mechanical behavior of NiO films on Ni sub-
strates was not studied as systematically as that for
ALO, on aluminum. The erack morphology and the
characteristics of tribostimulated emission from thick
(*2000 A) NiO films are very similar to those of Al,0,,
and, therefore, similar conclusions may be drawn con-
cerning the mechanical behavior of NiO films on
strained Ni substrates. In both cases, the cracks, after
about 40%, strain, are nearly equispaced and run nor-
mal to tensile direction. This observation suggests that
both oxides fracture by the same mode, i.e., by
cleavage. The higher crack density in NiO and the fact
that the peak emission intensity occurs at lower strains
in NiO than in ALO, is evidence that thermally grown
NiO films on nickel when deformed in vacuum f{racture
at lower strains than do anodically grown Al,O, films
on aluminum. The rather low emission yield per crack
from NiO (see Table 11) may be a result of smaller
crack openings or be due to intrinsically lower values
of W, ¢, or {, or a combination of the above.

Another parameter that influences the emission
mechanism is Young's modulus of the oxide film, As
pointed out by Pugh,®* all ceramic materials fracture
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in an essentially brittle manner with various degrees of
plasticity. The maximum stress developed at the tip of
a crack prior to crack propagation determines the
strength of the material and the displacement of the
atoms around the crack tip. These stresses are pro-
portional to Young’s modulus. The larger the atomic
displacement, the higher is the potential energy of the
atoms and the greater the amount of strain energy re-
leased, part o' which may be converted into heat.
Since Young’s modulus of NiO (8 x10* dyn cm™?)* is of
t»e same order of magnitude as that for alumina, it is
conceivable that enough heat is locally generated at a
tip of a crack to cause thermionic emission. The broad
energy distribation of the negatively ¢harged particles
emitted from NiO [Fig. 7(b)] suggests that again some
charging may occur on opposite crack walls.

Tribostimulated emission from titanium oxide can
also be correlated with the crack morphology and with
the mechanical behavior of the oxide on the strained
metal substrate. The electron emission as a function of
strain (refer to Fig. 10) shows the following:

(1) The electron emission is very weak compared to
the emission from dense Al,0, and NiO films of com-
parable thickness. The peak occurs at strains com-
parable to those for ‘t.hlck aluminum and nickel oxides.

(2) Emission is only observed in the strain interval
from 0 to about 10%.

The above observations suggest that the fracture of
relatively thick oxide films on titanium, aluminum, and
nickel oxides on the respective substrates occurs by a
common mode and that straining the titanium substrate
beyond 10% produces very few additional cracks, if
any.

Studies of the crack morphology and mechanical be-
havior of titanium oxide films on strained substrates
confirm the above hypothesis. Figure (11) shows that
extensive exfoliation of the TiO, film had taken place
at 38% tensile deformation of the substrate. It is con-
ceivable that exfoliation took place at about 10% strain
as suggested by the termination of tribostimulated elec-
tron emission at that point.

We conclude that tribostimulated emission from
titanium oxide and from oxides of aluminum and nickel
occurs by the same mechanism, i.e., field-influenced
thermionic emission, despite the fact that no ionic or
photon emission was detected from TiO,. It is quite
possible that ions as well as photons were emitted
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simultaneously with electrons, but that the emission
current was below the sensitivity of the detectors.
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1. INTRODUCTION

Tribostimulated exoemission is a temm which refers to the emission
of electrons, ions, photons or neutral particles during the mechanical
deformation of a material. This effect has been shown for oxide layers on
metals such as Al, Ti, Mg and Ni (17®)  A1though the mechanism of exo-
emission is not clearly understood, it has been established that the
emission is closely associated with the propogation of cracks in the oxide
(110) s implies that exoemission may be useful in discriminating
between variations in the oxide, since crack propogation is strongly
dependant on the oxide properties.

Recently, we have shown examples of characteristic exoemission
during tensile deformation from anodic oxide coated aluminum alloys (3)
The rate of negative charged particle emission vs. strain at a constant
rate is defined as the characteristic exoemission curve or CEC. The CEC,
as we shall see, is very sensitive to oxide thickness and structure. For
a variety of examples of CECs, the reader is refered to references 1-3.

In this paper, we extend our investigation to a carefully controlled
variation of parameters affecting oxide formation, studies of the effect
of oxide age (time between anodization and testing), and the sealing of
porous oxides in boiling water. A number of the anodization parameter
variations were chosen to bracket values used in the preparation of
aluminum surfaces for adhesive bonding. We suggest that exoemission could
provide a means of detecting deviations from a desirable anodic oxide layer,
perhaps due to improper pretreatment, anodization, or post anodization
treatment. We, also, concentrate our attention on alumimum clad Al 2024

(T3 annealed) samples due to its wide range of commercial uses.




2. EXPERIMENTAL STUDIES

2.1 Apparatus

For the detection of exoemission, a high vacuum system equipped
with a fully instrumented tensile straining device and a single event
channeltron electron multiplier (CEM) for the detection of negatively
charged particles was used. The CEM used was essentially noise free,
exhibiting a background count rate of less than 2 counts per minute.

The use of high vacuum allowed a high rate of sample testing and
the comparison of similar samples tested in both HV (1.4 x 10-4 Pa) and
UHV ( 1.4 x 10"/ Pa) showed no significant difference in the CEC. To
aid in the characterization of the oxides, an optical microscope and a
high resolution scanning electron microscope (SEM) were used. To complete
the facilities, an electrolytic cell was set up to anodically grow the

oxide layers under well controlled conditions.

2.2 Data Acquisition and Treatment

Although the details of the acquisition and treatment of data that
we use have already been reported (3) , it would be worthwhile to highlight
a few of the major items of interest here.

For each sample, the most important information obtained during
elongation is the stress-strain curve, the characteristic exoemission curve
(CEC) and the total emission. To generate the CEC, the pulses from the
electron multiplier are amplified and then either integrated with a count
rate meter or stored in a multichannel scaler which accumulates counts for
0.8 sec per channel. The rate meter output is recorded on a strip chart

recorder to give the count rate vs. time. The multichannel scaler provides




a digital output which may later be treated by statistical methods.
The following parameters of the emission seem to be the most
sensitive to variations in the oxide layer:

1. Total Emission. This indicates the total amount of negative

charged particle emission observed from the beginning of strain
until sample rupture.

2. Onset of Emission. After some particular minimum strain, the

sample begins exoemission. The onset is given in percent strain.

3. Peak Height(s), Position(s) and Width(s). Many samples emit with

more than one peak and all are considered potentially important.

Most samples show a major peak following th onset (see ref. 3).

2.3 Samples and Sample Preparation

In order to produce a uniform stress distribution, the aluminum clad
Al 2024 samples were machined into a traditional dogbone shape from 20 mil
(0.013 cm) thick production stock. A slow milling process was used to
avoid unnecessary stresses and temperature increases. Just prior to
anodization, the samples were cleaned and then acid etched to provide a
fresh aluminum surface for the oxide to grow evenly.

For anodization, the sample is placed in an electrolyting cell as the
anode and voltage is applied to cause the conduction of oxygen ions toward
it. Because aluminum oxide is an insulator, the process slows as the layer
becomes thicker. If this were the only reaction occuring, the oxide would
grow indefinitely with the square root of time. However, most electrolytes
are acidic solutions which act to etch the oxide as it is forming. This
slows the growth to a nearly linear relation with time initially. Later,
it forces the oxide to come to an equilibrium thickness which is dependant

on the voltage applied. This voltage can be continually increased up to
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the breakdown voltage of the electrolyte.

For our studies, three electrolytes were used. The first solution
was one of 0.05 M ammonium tartrate (later abbreviated AT). The solution
is weakly acidic, thus, the resultant oxide is very dense (barrier type).
In general, higher voltages are required to produce a given thickness of
an oxide of this type. Second, solutions of phosphoric acid (H3P04) were
used. The rapid etching of the acid leaves a very porous (duplex) oxide.
When viewed on edge with the SEM, one observes numerous vertical pores
which traverse the majority of the thickness. In order to study the effect
of sealing the oxide pores in boiling water, a third solution of sulphuric
acid was chosen because the sealing of sulphuric acid prepared oxides has
been studied in detail (11) and provides us with a basis for comparison.

The oxides studied here were prepared with the conditions and variations
given in Table I.

The most obvious changes due to variations of the anodization para-
meters were observed to be the thickness and the porosity. The latter
being seen by changes in the pore diameter and profile. As seen with the
SEM, changes in porosity are revealed by variation in surface texture and
roughness of the crack wall (see Fig. 3). Optical microscopy also revealed
changes in the crack pattems.

Following anodization, the samples were stored in a desiccator for
at least a week (except sets g and h) to avoid the effects of aging, discussed
in section 2.4.5 Also, we have found that sémplcs rinsed in reagent grade
acetone yielded more reproducible results as well as twice the exoemission
when compared to unrinsed samples. This implies a dependence of the exo-
emission process on the surface condition, an effect we are further invest-

igating. For the sake of consistancy, the acetone rinse was used on all
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samples before mounting in the vacuum system. The samples were tested at a
pressure of 1 to 5 x 10'4 Pa (less than 15 minute pump-down time). The

sample was pulled until rupture with a constant strain rate of 0.104 § sec-l.

2.4 Results

2.4.1 Effect of Oxide Thickness on Exoemission - Ammonium Tartrate Anodization

Samples were prepared with the standard anmonium tartrate solution
to thicknesses ranging from 500 R to 4000 R. A graph of the total emission
as a function of thickness (Fig. 1) reveals that the emission rises rapidly
far lower thicknesses, levels off for intermediate values and then rises
exponentially for larger thicknesses. Although the reason for this shape
is not known, several models are being considered and further tests should
distinguish between them. The onset of emission is also found to vary,
decreasing monotonically with increasing thickness. It is interesting
to correlate the onset with the total emission by plotting the two parameters
together. Figure 2, curve a,shows the result which is interestingly a

straight line. Discussion of this will be resumed later.

2.4.2 Effect of Oxide Thickness on Exoemission - H.PO, Anodization

To vary the thickness for porous oxides, two methods were employed.
The first takes advantage of the linear portion of the growth curve.
Thickness can be varied by stopping the anodization at different times.
Figure 3a shows an SEM photograph at 20,000 x for such an oxide stopped
at 600 sec, resulting in a 5500 R oxide layer. The second method allows

the oxide enough time to come to equilibrium between the growth and the
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etching. Thickness is, in this case, varied by changing the applied
voltage. Such an oxide layer is shown in Fig. 3b for an anodization voltage
of 15 volts, resulting in a 6400 R film. The oxide formed by this second
method has a more open pore stucture which is best seen by examining the
roughness of the crack wall.

When thickness is varied by the anodization time, the total counts vs.
thickness curve (Fig. 4) reveals two distinct regions. For low thicknesses,
the emjssion is very weak and almost linear with thickness. At approx-
imately 2000 8, a sudden change occurs. The emission is much stronger and
the rise becomes exponential, similar to the dense oxide. Optical micro-
graphs of these oxides show that the thin oxides have short closely spaced
cracks that appear to be confined to grains in the substrate. Above 2000 R,
cracks become longer, more widely spaced and tend to be transverse to the
direction of strain. It should also be noted that the onset of crack
formation of the thin oxides is considerably later than for thick oxides.
These features indicate different modes of crack propogation for the two
regimes, substantially influencing exoemission.

For samples where the thickness was varied by changes in the anod-
ization voltage, the total counts vs. thickness curve shows only the strong
exponential dependance (see Fig. 5), similar to the thick anodization-time
varied samples. This is because the minimum thickness obtained with this
anodization method was greater than 2000 R, so that the thinner oxide
emission mode was not observed. It is interesting to note that for a given
thickness, the emission for a voltage-varied sample is less than that of a

time-varied one by a factor of approximately ten. Presumably, this can be

explained by the fact that the pores are larger in the voltage varied samples.

This would reduce the amount of oxide which is actually cracked and thus
raduce emission.

In Figure 2, curves b and ¢, we have again correlated the onset of

e
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emission with total emission. Similar to the dense oxide, we again see

a linear relationship, except for the case of high emission where a minimum
value of onset is reached. Differences in the slope and position of these
curves reflect the differences in the porosity of the two sets of samples.

At this point, the value of the graph of onset of emission vs. total
emission becomes apparent. Conceivably, a family of curves could be produced
where each curve represents the dependence of onset and total emission on
thickness for a given porosity. This would allow one to rapidly determine
an approximate value for the thickness and the relative porosity of a sample

from its CEC.

2.4.3 Effect of Electrolyte Concentration on Exoemission

By increasing the concentration of our H3PO4 solution, we expect a
two fold effect. The conductivity of the electrolyte should increase,
allowing us to grow a thicker oxide. However, the activity of the acid
will increase and tend to etch more open pores. Comparing the SEM photos
for an 8% (Fig.3c) and a 12% (Fig. 3d) concentration samples, we can see
both of these effects occuring. Figure 6 shows that for both sets of
samples tested (the 30 V samples are roughly three times the thickness of
in 10 V set) the emission is found to decrease with increases in concentration.
This implies that for the range of concentration chosen the changes in
porosity have the dominant effect. However, it should be noted that for
some value of concentration lower than 8% the emission must achieve a
maximm, since for zero concentration (pure HZO) , Wwe obtain no emission.

To be consistant with our assumptions about the effects of porosity

and thickness on a plot on onset vs. total counts, we would expect that

such a plot for our concentration-varied samples would have a positive




slope with the highest value of concentration at the low emission end.

Figure 2, curve d,gives an example of this for the 10 V set.

2.4.4 Effect of Electrolyte Temperature on Exoemission

As the temperature of an acid is increased, its activity is known
to increase rapidly. In the case of our electrolyte, this will promote
an increasing amount of oxide porosity. In addition, the number of oxygen
ions and thier mobility will also increase with higher temperature. Thus,
we again have competing processes. With all other parameters held constant,
we see in Figure 7 a plot of total counts vs. temperature. For low temp-
eratures little emission occurs. SEM photos of these oxides show a very
thin, nearly dense layer. The thickness is then seen to rise rapidly to
a peak value which corresponds to the maximum in thq(otal emission. Above
this point, the porosity is seen to undergo the most dramatic changes and
the thickness is reduced slightly. This can be seen in Figures 3e and 3f,
which show oxides grown at 19.5 C and 29.5 C. The increases in porosity
again are the dominating effect causing the reduction of total emission

above 19 C.

2.4.5 Effect of Oxide Age on Exoemission

It is known that freshly formed anodic oxide coatings on aluminum
and its alloys change their mechanical properties during a time lasting
up to several days. The oxide is thought to change from a relatively
soft to a stabilized brittle coating. Since the mechanical properties
strongly affect the formation of cracks, we expect to observe changes in
the CEC as a function of oxide age. To test this, two sets of samples

were prepared. On the first set, a 2000 R dense oxide was grown. The
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second set was prepared in 10% llsi’oaat 30 V for 10 minutes (approx. a 6000 ]
porous oxide). Both sets were known to emit well, so changes in the CEC
would be easily noticed.

Figures 8a and 9 show that for both sets the emission rises rapidly
with increasing age to a stable value. At the same time, the onset of
emission decreases to a stable value with increasing age. Figure 8b shows
this for the dense oxide. This is consistant with the idea that the oxide
is becoming more brittle. We can also see from Figures 8 and 9 that the
density of cracks does not significantly vary with age. Thus, the increase
in emission cannot be explained by changes in the number of cracks. For
both sets of samples the emission appears to level off after about 100 hours.
However, this does not necessarily imply that this time is universal for

all oxide layers.

By plotting the onset of emission vs. total counts (Fig. 2, curves
g and h), we again find linear relationships for both sets. In fact,
there is a high degree of correspondence between these curves and those
of the sets of samples where the thickness was varied. This would tend
to indicate that there is a layering effect in the axide. A brittle
layer, presumably at the surface, is most likely responsible for exoemis-
sion. A softer layer below it would still be able to affect the crack
density but the energy released would not be sufficient for exoemission.
The growth of this brittle layer with time would seem indicative of a
dehydration taking place in the oxide. This type of exponentially decrea-
sing growth rate is found to lead to the curves shown in Figures 8 and 9.
This model would also indicate that the similarity in the age at which
the emission levels off for the two sets is not universal but varies with

thickness.
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2.4.6 Effect of Sealing the Oxide Pores

A1203 is themodynamically unstable at elevated temperatures in the
presence of water. Thus immersion of porous oxides in boiling water
produces profound changes in its structure and chemical composition (11).
We have investigated the effects of this sealing procedure on the CEC of
porous oxides anodized in a sulphuric acid solution.

For details of the reactions that occur during the sealing process,
the reader is refered to reference 11. However, a brief description here
would be enlightening as well.

Boiling water is found to readily dissolve A1203 to form aluminum
hydroxide ( Al(HZO)g*). In this process, SO“ ions*become mobilized in the
liquid/solid interface inside the pores. This facilitates the precipitation
of a gel composed of aqua-hydroxo complexes ( H?_QM (01)2#) as soon as the
pH value has been lowered to a critical value. This quickly fills the pores
and reduces the pore volume in the first two minutes of sealing. Afterwands,
the reaction rate is controlled by HZO diffusion into and 50; diffusion out
of the film. Gradual polymerization of the aqua-hydroxo gel also occurs
to form pseudo-bochmite and bochmite. The reaction rates are reflected in
a rapid weight gain in the first two minutes which slows by a factor of
five in the next five to eight minutes. The lowcstfaverago value reached
is about 1/40th of the initial rate after 10 minutes of sealing.

To study exoemission from these samples, they were all aged for one
week. The precipitates in the pores are known to contain large amounts of
water and sulfate radicals which are released during the aging process. The

end products are aluninum trioxides which may be responsible for the change

.in the surface texture observed with the SEM.

g : ; y a3 1
*the sulphate concentration in these anodic oxide films reaches 143 (1)




In Figure 10, we see the total emission as a function of sealing
time for three different anodizing times. Initially, a large drop is seen
with increased sealing. In spite of the week of aging of the samples, the
abundance of water in the oxide is still presumed to be quite high. Thus,
the drop in emission may be directly related to the rapid weight gain that i
occurs for low sealing times. Once this reaction rate slows, the exoemission

is seen to level off. With increased sealing times beyond 400 minutes, the

emission is again seen to rise. This can be interpreted as resulting from
the crystalization of the precipitates which were formed during the reaction.
This would allow the oxide to become slightly more brittle and thus

facilitate exoemission.
3. CONCLUSION

The results of this study indicate that exoemission is, as expected,
strongly dependant on the preparidtion of the oxide. This may eventually
lead to the use of this technique as a quantitative measure of the commer-
cial quality of an oxide. This would be especially valuble in the case of
adhesive bonding where the control of the oxidation process is critical to
the strength of the bond. The data parameters that appear to be most
useful for this purpose are the total emission and the onset of emission.
In many cases, the thickness and relative porosity can be approximated
from the CEC by the use of a graph such as is shown in Figure 2. However,

; for thick porous oxides, the ambiguity resuiting from the minimm value of
emission onset may require a more critical evaluation of the other data
parameters revealed in the CEC.

It is clear from our results here and from earlier work that the
propogation of cracks is necessary for emission. It seems reasonable that
the breaking of molecular bonds at the crack tip is the source of the

energy for particle emission. Thus, an increase in the total number of bonds
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should cause an increase in emission. Since the crack density is seen

to be constant with thickness for films greater than 2000 R, we can say
that the number of braken bonds is proportional to thickness. Observations
of Figures 1, 4 and 5 show that the total emission is, indeed, rising

with thickness. The fact that this dependance takes on an exponential
form provides at least one important key toward the isolation of the
mechanism for exoemission. We can say from this that the total amount

of energy released is not the rate limiting factor for the emission. If
it were, one would expect to see a linear velationship between emission
and thickness. Our evidence here also does not behave as though the
electrons are limited by a maximum escape depth which would limit the
amount of detectable emission originating from deep within the crack.(z)
This would imply that either most of the negative charged particle
emission originates at or near the surface or the mechanism is such that
emission from deep within the crack is directed toward escape from the
crack. However, it is obvious that further experimentation is needed in

order to resolve the actual mechanism or mechanism involved.
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FIGURE CAPTIONS

Total exoemission as a function of thickness for dense oxides.
Correlation of emission onset (in percent strain) and total emission

for several sample sets. The letters correspond to the descriptions
in Table I.

SEM photos of porous oxides with various preparations. Descriptions
are given in the text.

Total Fmission vs. Thickness for a time-varied porous oxide.

Total BEmission vs. Thickness for a voltage-varied porous oxide.

Total Fmission vs. Electrolyte Concentration for two porous oxides.

The upper curve was grown at 30V, the lower curve at 10V. This

results in a considerably thicker oxide for the 30V samples.

Total Bnission vs. Temperature for a porous oxide.

a. Total Pmission and Crack Density plotted vs. Oxide Age (time o
between anodization and measurement of exoemission) for a 2000 k
dense oxide.

b. Onset of Pmission vs. Oxide Age for a dense oxide.

Total Pmission and Crack Density vs. Oxide Age for a 6000 8 porous
oxide.

Total Emission vs. Sealing Time (time in boiling water) for 112'304
prepared porous oxides.

TABLE CAPTION

Summary of sample preparations, parameters varied and changes in
oxides observed.
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