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MICROSCOPY IN MICROSTRUCTURAL STUDIES

by John Ferrante, Doneld H. Buckley, Stephen V. Pepper
snd William A, Brainsrd '

Lewis Research Center

" INTRODUCTION -

The past fifteen years have produced great advances in the experi-

‘mental study of solid_surfaces. Vacuum systems that will readily attain

pressures in the 107 to 20719 torr range are commercially.avaiiablev

Thus, once a surface is cleaned the researcher has adequate tine to

'obtain information before a contaminant film can form. Accompanying
- these advances-in-obtaining low pressureS'in clean systems has been the
" development of analytic tools for examining surfaces such as LEED (low

‘energy ‘electron diffraction), AES (Auger emission spectroscopy ), and FIM_

(field ion microscopy).

" The objective of the present paper will be to present a brief

description of these analytical tools and then to show‘how'they'have:

-been used to study adsorption, friction, adhesion, and wear by Buckley

and his co-workers at the NASA Levwis Research Center.
Friction and lubrication are subjects which are of wide practica]

interest. Their importance ranges from design of gears and bearings to

bone transplants In spite of the importance ofsthe field -little

emphasis has been placed upon. & basic understanding of phenomena For
example, the physics of the short rarge interplanar attraction of two

metallic surfaces is not fully understood.( 1) Most of the basic studies,
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(2)

which were pioneered'by_Bowden and Tabor, have concentrated on _d'
mechanical'propertiés of materials'such as hardness, 8lip, yield strength,:
etc}xiThe'advent of ultra-high vacuum systemsnand surface diagnostic'
equipment_enable‘greatsr control of environments and open new possibilities f.
in-examining'the friction and lubrication process. It is nowipossible _
to concentrate on atomic and chenical effects in the friction-process.i

(2, 3)

Basic to the friction process is adhesion i'e;,lthe interplanar
attraction between two surfaces. The quantity referred to as the friction
force refersﬁin general to the force necessary to break this interplanar
.bond in shear for.sliding surfaces and in tension for rolling surfaces.
The most dramatic form of failure with materials -in contact is adhesive
wear where, as a result of adhesion, particles are torn from one of the
contactinsvsurfacee leaving s . greatly disrupted surface_and 8 wear'

» particle which can act as an abrasive This.interplanar adhesive force

is altered markedly by types of . material, surface films (such as oxides),

and lubricants (both s0lid. and fluid) LEED, AES and FIM- are ideal for

.'.such studies where the domain of interest is ‘the top most atomic layers

,.The purpose of these studies 1s to‘gain a fundamentalAunderstsnding
of adhesion and dynamic friction on an atonic or microscopic level and N
,hopefully‘to later_establish material properties based on these observa-
tions which,will'prove to be useful for designiof practical equipnentk

-:such as bearings.

. BACKGROUND
Before describing experiments using LEED, AES and FIM, a ‘brief

introductory background describing each technique will be presented lt;,
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‘ is hoped that although brief this background'will be sufficient to
supply the unfamiliar reader with enough information to understand the o

applications ‘to the experiments which follow.

A. LEED

: Electron diffraction(h)vwas experimentally'demonstrated by Davison
and:Germer,in 1927. . Davison and.Germer,shoted that as a result of the.
vave naturetof an electron, the electrons could be diffracted;by'a
crystal lattice in a manner similar to x-ray diffractionv_ Following this
,early work only H. BE." Farnsworth at Brown University(S) pursued the
- technique as a‘surfaceﬂanalytical tool using_a Faraday cup to detect the
diffracted electrons}' The reason that low energy'electrons;(Oeto 2OOAeV) |
can be used to examine surfaces'is that the penetration of these electrons v
should be limited to the first few atomic layers. 'LEED hecame a'popular:
surface analytic tool in the late 1950's when L. H,iGermer of_the bavison-
‘Germervexperiment suggested that the diffraction pattern could be displayed
on a fluoroscent screen.by postQaccelerating\the-diffracted electrons; |

Figure 1 indicates simply the diffraction process in LEED if the -
crystal vere a two-dimensional lattice. An electron gun ahoots a beam
»of electrons‘of_a_given energjvat the crystali 'The electrons are diffracted»
:by the lattice and the diffraction pattern iaiobserved on'the fluoroscent
: screen. Figure 2 shows the Bwald construction for a given energy (eV) and flf
wavelength ()O of the incident electrons In»LEED as in x-ray diffraction
.you are observing the reciprocal lattice. ‘The.reciprocal 1attice foria |
4two-dimensional array is a'set of rods. It'can be seen that for a two-

dimensional ‘mesh & diffraction spot should always appear, this is not the

' case, however, since three-dimensional effects in a real crystal modulate

. the diffracted beam intenaity.
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- Figure 3 givea the typical structural -arrangement in the post- _

accelerated LEED system. The first grid is grounded giving a field_free -
region; tne second grid (noﬁ generally two grida for better resolution
in- Auger vork) repela'all the scattered electrons but those at the primary
beam energy (i.e., elastically scattered), and the finalv.grid is grounded
in ordervto.shield the retarding grids from the high voltage on the fluo-
rescent,acreen; o | | | | |

As example of a'LEED;pattern figure 4 shows the LEED_pattern of,a
clean (110) tungaten surface. ﬁotevthat the diffraction pattern,hasvthe
’characteristic,aymmetry of albcc (110) aurface in.tnetdirect lattice. The
LEED pattern on the right is the pattern vhich results wheniwhat is

(6)

thoughteto be l/2imonolayer -~/ of oxygen is adsorbed on the eurface..fNote
the additional spots located at (1/2, 1/2) positions.. In the direct'. |

' lattice-theae_represent rowa of atons with double the spacing of the sub-
_ strate. Figure 5 shows the LEED pattern-of the sane surface contaminated
”_with carbon. fhe interpretation of thia pattern in the direct lattice 1s
given in. figure 6 (7) -It can be seen that the complicated multispotted
~diffraction pattern represents ‘a sparaely populated direct lattice struc—(
ture. Sone additional comments are necessary regarding the 1nterpretation
'.of LEED patterna Since the pattern is in the reciprocal lattice you

"~ cannot unambiguously arrive at a direct lattice atructure ‘without examining
apot intensitites as in x-ray diffraction. The interpretation of LEED.

patterns ia preaently a subject of intense study (8 ) In some cases simple

_,interpretationa seem to be valid, in others they are not.



‘B AES
(9)

Auger electron spectroscopy was suggested as a tool for_performing
.surface chemicalvanalysis in 1953 by Lander. However, 1t did not become
a popular'surface analytical»tool until the late l960's’when~L. A. Harris(lo) :
suggested that electronic techniques for extracting small signals from a
large background be. applied to Auger analysis

In order to explain the;application_of AES, a comparisonsis made with
.iphOton emission spectroscopy in figure 7. The»first step.in the‘process
1s excitation of the atom to be detected. Then the.radiation,must:be '

o o A — ,
‘energy analyzed. The resulting spectrum must be detected and then analyzed

for the specles nresent. In‘figure.8(11> we’describe-the]basic Auger -
'process, First an ilnner level is ionized. An electron drops from an upper
.leyel.and.releases a.fixed quantity.of.energy equal toithe difference in’
energyrof the two levels This energy is absorbed by an electron in an
upper level and if the energy of this electron is sufficient it can
eacape from the solid. - In general.the.higner the atomic number of the-v
.material;ithe'more peaks‘available for analysis. However; tne_higher the
atomic number, the lower the probability that an Anger electron will be
emitted £rom the‘material as opnosed to an x-ray. All elements except

‘ hydrogen.can:be detected with AES. 'AES is a surface sensitive_tOOI.since

» -theienergies of the electrons studied areisufficiently.low that‘theygcan'l
-only. originate from a few atomic layers. The sensltivity of AES is of A'
the order of 0.0l monolayers.(l;) o

A typical energy distribution for secondary electrons emitted by a -

solid is shown in figure 9, The high energy peak consists of electrons
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which arevessentia11y7elasticelly scattered and 1t 1is these'electrons
which'are used.in'LEEb.‘ The peaks in the expanded sceleeerise~£rom |
excitations resulting in fixed energy 1osses'fr0m the;incident energy such as
plasmons or interband-transitions. The large low energy peak represents | |
the true'secOndaries. .The principle Auger peaks ere located in-the flat
| region.' An- Auger peak can be:distinguished.from other peaks.bv.varving
'therincident electron energy.- The Auger peak remains et:the same energy
since its position only depends on differences'in energy between energy .
"levels, . Figure 10 shows an oxygen Auger peak extracted from the beckground'
using a background nulling techniques suggested by Musket and Ferrante.( 2)
In_genersl,yhowever, extracting a peak from. the background directly
'is,difficult since‘the amplifier is-overloaded hefore the peak:can bed |
, resolved.3 This is where the technique'suggested by Herris'can most '
effectively ‘be- applied. By taking the derivative of this spectrum the -
3relatively flat beckground can be elimineted and the peak vtere large-
changes are occurring, ¢can be extracted. Figure 11 gives an_exemple,of
a derivative spectrum. | 8
TWO types of AES spparatus are generslly in use. (ll) The first which
uses_LEED optics is shown in figure 12. Either the LEED electron gun or _"
a side'gun ere:used to excite'the.Auger'electrons. The LEED screen:is
.used forzdetectiOn The center~grids have a retarding.voltage apslied
to them which sweeps through the entire energy spectrum A small perturb-
ing potential is superimposed on the retarding voltage at a known frequency.
. This retarding voltage enables differentiation of the signal using phase
sensitive detection techniques.- The perturbing signaleis:&dvinto the

reference channel of a lockein amplifier from the same oscillator to



 permit phase mstching. The first derivative is the coefficientrof_the
-fundamental frequency as;detected‘by the lock-in amplifier and the second
derivatiVe”is the‘coefficient of_second harmonic. The first deriyative

of the detection current is the secondary electron distribution:functiOn
‘shown in figure 9.. Figure l3vgives.an'example of the differentiation7
scheme along with a- Taylor expansion of the perturbed current. Figure 1k
shows,the results of this differentiation on peaks generally.observed in
AES. *Figure_l5,shows'the latest form of Auger analyzer in use, the cyline‘
B drical'uirror analyzer (CMA). .With this analyzer only those electrons
nithﬂan»energykspread‘;AE a?put the retarding voltage are collected,
Therefore theAsignal,in this_case corresponds-to'the derivative of the
current in the LEED apparatus or.thevsecondary electron energy distrihution.

The first derivative.corresponds'to the second derivstive‘for LEED optics

a _or the standard Auger spectrum. The CMA has a higher signal to noise

ratio and sensitivity than the LEED, Auger analyzer.- The improved signal
to noise ratio reduces the need for output filtering and thus allows very
fast sweep speeds (O 1 sec) and display on an oscilloscope. Its main
disadvantages are 1its rather bulky slize and the necessity of being close

( 0.5 cm) to the analyzed specimen.

C. 'FIELD ION MIGROSCOPY

The field ion microscope was invented by Professor Erwin Mueller(l3)
in 1951 many years after his ‘development of the field emission microscope.
Field ion microscopy is a technique for looking at the atomic structure
- of a surface directly with a resolution of 2.5 K It has proven to be |

useful research tool for both metallurgists and surface physicists since

- 4its development in 1951,
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Figure 16 gives a schematic of the field don’ microscope A‘wire
hemispherical tip approximately 500 A in diameter is produced by electro-
etching. In use the tip is biased to a high positive potential relative

o to a phosphor-coated screen ‘Once the vacuum system is evacuated, the -

systenm is filled~with helium to pressures of 10-3:torr._ The surface is
cleaned bv applying'nigh positive electric fields of sufficient-strength
. to tear atoms from the surface (field evaporation). Tnisvcleaning process
alsogcreates a near-perfect hemispherical.surface_by removing.asperities
and other‘imperfections from tne snrface; For the most part refractories
-have been studlied with FIM since refractory tips are most easilv_formed
and.canlwithstand the high fields involved, however, iron, copper,“nickel,
cobalt;;and gold have also been studied. | :
Figure 17 demonstrates the basic principle of operation of the FIM.
. Athelium atom impinging on'the-tip experiences a very_high electric.field
’resulting1from the.curvature of the tip. - Thisvfield polarizesithe atom”"
.and distortsithe atomicvpotential enough soithat there is a reasonable_
'probability.that:an'electron vill tunnelbfrom‘the'atom’to the metal
leaving behind a helium ion vThe atom hops on the surface several times»
until 1t is accommodated at a distance sufficient for the tunneling to
1joccur. If it. gets too close:(dashed line) the.atomic energy level lies
1beloﬁﬁthe Fermi Energv leaving no states to tunnelito; fhis ionization
occurs'directly.above atoms'located'in tne tip where the field is.highest.
-For the most part only 10 to 15 percent of the atoms on the tip located ”
B lat tne zone edgesyand'at the kink sites”are»visiole- These ions are
‘then accelerated to a phosphorescent screen"at a large distancerfrom
‘the tip giving the high magnification. - The FIM glves mnch higner

resolution than the field electron microscope



(2;513 gs’Compared”to 25 K); since the'1a£eral unéeftainty in ﬁoqifion
: 1s_muéh ldwer with ions and the thermai part 6f:this'unceftainty in
.pbsitioh:cén be lowered by cooling the'tip:to iiquid hydrogén or liquid
heliumltemperaﬁures. | . .

| figur¢'18_is_a”typical FIM patternlfor a clean tungsten tip‘priented
in the (110) direction. The'émall'rings ére various crystéllogréphic |
: plahes tpat would,appeaf on the hemispherical surface. Figure l9Ashows

a stereographic projection of the-tip indicating the plane locatione. |

_ | A color supefposition.technique can be used to examine changes in.
‘the tip surface. With this technique the before and after black and white
micrographs are»photogfaphedvoh the-same co1or,p1ate'by superimposing one
on,thevothér; ‘The before black énd white micrograph is photographed with,v
a green filter-and-the after'wifh a red filter; Ad&'spot:which will.
photograph with both'g:een and red will appear as yelloﬁ, a spot appear-
ing oﬁly,ip the first micrograph will appear as gfeen an@ a épot only
appééring in the second as red. Thué green épots indicate the location
ofvsurface atoms which have been lost, red spots whgre new atoms appear;
. §nd'yéi1ow épots'where_thgfe has been no changg, |

As.with LEED the interpretation of field'ioﬁ miérographs requires

conéide;able care: ‘An accurate interpretation'rerires kn§wledge.of ﬁhe
f gedmét:y of ﬁhe.surface, the interaction of a defect withlthe_surfgéeé,:
_éhd the,mechﬁnisonf‘image‘fdrmétion itéelf. AIn-depth diséussions'of'thef_

— interpretation of-field ion micrographs are available in thelliterature.(13)
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A.V-Application of LEED, AES,~and FIM'to‘Friction,-Adhesion and Wear
A schematic diagram of the LEED-AES-Adhesion apparatus is shown in

(lh 15) A single crystal or polycrystalline sample is mounted

figure 20.
at the center of curvature'of the LEED screen. The sample.can be analyzed
by LEED for crystal structure changes and by AES for chemical analysis‘of’"
the surface region. ‘It is also possible tolion-bombardment_clean5the
crystal,.heat the crystal, and to bleed in various contaminant gases..
Oncevthe crystal condition has been predetermined, it is-rotated and

adhesive'contact'is mede with & cylindrical specimen approximately 2 to L

‘mm in diameter mounted on the pivot arm shown in figure 21 The force

ecessary to break the adhesive bond is then determined by a calibrated
magnetic drive system The contacted surface can be analyzed for structural
changes by LEED and chemical changes with AES

The stainless steel vacuum system is bakable to 250 C. It is cvacuated

' by roughing with sorption pumps. The final evacuation is accomplished

" & base pressure 1in the 10~

with & titanium sublimation pump and a 140 1/s ion pump. The system has

-1 torr range and typically operates in the low

-10

107" torr range as measured with & nude Baird-Alpert gage.

B. Pin and Disk AES Apparatus

A configuration widely used in the field of friction and wear is

. that of the’ pin on disk. An apparatus based on this configuration is.

shown in figure_Zl,‘ The stainless steel vacuum chamber is evacuated first

- by cryosorption pumps and then by an ion pump. It is bakesble to 250°C and

_has a'base pressure of 1x10-lo torr. 'A_hemisphericalky tipped rider



contacts a flat'dish.mountod'on a magnetic rotary feedthrough.‘ The dlsk
. ﬁay}be rotated and the friction force Of.the disk onrthe pin:measured by |
a strain'gage assembly connected through a'bellows. Wear ‘can be measured
by remov1ng the pin and dlsk and determlning the amount of materlal

B removed from the pin, while the wear track can be studied with a surface
-profilometer.

The elements present in the wear track of the disk may be identified
by a cylindrical mirror AES analyzer mounted to analyze a spot on the
‘disk 153 avay from the contact spot. This AES analyzer may be operated

vshile the disk rotates and'thus allows'real-time_monitoring”of the’surface
chemistry of the wear track during sliding. The transfer of‘material'from _'
rider to disk, penetration of surface films and adsorbed gases are thus
possible tO'detect The disks may also be sputter cleaned by argon ion

| bombardment | This treatment ‘removes the carbonacious and metal-oxide 7

films normally present and produces atomically‘clean surfaces.

cC. Field Ion Microscope - Adhesion Apparatus
The field ion microscope adhesion apparatus is shown in figure 22.

iThe vacuum'system associated with 1t is similar to those-already mentionedq

'The adheSion'apparatus is a magnetically activated beam similar to‘that uSed-in
the LEED-AES adheS1on experiments However this contacting system is cons1d-

erably more sensitlve _than that in the LEED system due to the fraglleness of the

FIM-tip. AfCahn-microbalance with a sensitivity.of 0.01 milligrams cali-
brates the" loading system. Applied loads as low as O. 05 milligrams are

possible. A photocell sensing system is used to determine beam position



"-; betveen all'of a large number of ‘clean metal surfaces,

12
and serves to damp out vibrations. The system is‘mOunted on & vibration

" isolation table with & natural vibration of 1.1 hertz.

TYPICAL RESULTS OF STUDIES
A. LEED-AES Experiments

pAs was;mentioned in the introduction, an_understanding'of adhesion

18 important to an understanding of friction. The LEED-AES'experimental
equipment shown in figure 20 has the capability of contributing.to an’
-understanding.of_adhesion. It enables characteriZation of the chemical |
composition of all surfaces and.determination of the‘structure of single-crys— .
tal surfaces before .and after contact Starting.with a wellbcharacterized'
surface enables examining adhes1ve bonding forces and determining the effects of
' adsorbates on bonding T
An important result of these studies is that adhesion has occurred ‘
(lh 15) and,_
secondly, that transfer of material occurs from one surface to another.
'(Transfer of material is important since it indicates that the interfacial
.;bonding can be stronger than self-bonding in one of the materials.) This
was an unexpected result since  there are some empirical theories of .
,i adhesion( ) that speculate that it should occur between mutually soluble
metal combinations andrthat the strength of the bonding‘should be related
l to the'solubility. Table I shows the results‘of adhesion studies'performed
‘between .the (Oll) surface of iron and the densest packed planes of a number

(15)

5'of other metals. There is no correlation between .the bonding force

" and solubility,.whereas there is some correlation to'cohesiverenergyland |

"“ " some correlation to chemical activity.



~ face. Subsequent AES studies

Figure‘és'shows some‘results COncerning the effect of.adeorbates on
adhesionl; The.upper:curre shows the increase in breaking force with
applied load, which is probably related to an increase in contact area.
The 1ower curve showa the same system after a monolayer of oxygen has been
adsorbed on the tantalum surface. There is a marked reduction in the
binding_force~on the contaminated surface. An interesting further result
of'theustudies-isrthe fact that'for~the clean metal'couples-iron transferredi-
toltantalum whereas for the oxidized tantalum surface oxygen traneferred:

to iron. . These'resulta indicate on‘anvatomicvscale'whatﬁeffect‘lubricants

have. The lubricant.reduces the interfacial attraction between surfaces.

A number of studies are presently being carried out on adhesion with

'alloys The object of these studies was to-determine whether the chemical

constitution of the alloy surface 18 ‘the’ same as the bulk and if not to

what . extent'does this-departure'from-bulk constitution affect adhesion.

::Figure 24 shows the results of adhesion between & (lll) gold - surface and

(14)

(111) pure copper, pure aluminum and alloys of aluminum in- copper.

The adhesive'force ‘increased to that of pure aluminum-with concentrations

'as low ag 1 nercent,in the bulk, It was assumed that aluminum segregated

‘at the surface. of the alloy presenting essentially a pure aluminum inter-
(17, 18, 19) R

indicated that segregation of
aluminum was occurring at the surface. As an example, flgure 25 shows . the

increase in aluminum surface concentration following sputtering‘then

:annealing for a copper alloy containing lO a/o aluminum. Combined~LEED

and AES studies indicated that aluminum atoms were on top of the alloy '

surface thus giving a surface layer that was entirely aluminum. It vas

speculated that ‘equilibrium segregation of aluminum was occurring similar
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('abl)s

to the process occurring at a grain boundary as described by McLean.

(18, 19) shows the results of an Auger study on the copper 10%

Figure 26
' aluminum alloy‘in-which the aluminum to copper Auger peak height ratio was
'examined as a funCtion'of temperaturef The ratio was revers1ble w1th tempera-
ture 1ndlcat1ng that equilibrlum segregatlon of. alumlnum‘was occurlng. The
results -of these studies suggest several possibilities for the friction

and wear studies, namely it is possible that alloys could be fabricated

with mechanical properties close to the solvent ‘but frictional properties
dominated by the-solute. Another“posmbility arises concerning protective

(21) _that oxides of solutes form on.alloy

coatings. ‘It has been observed
surfaces, It is.conceivable_thattsurface_segregation could be ‘a contribut-
"ing_factor to. the formation of:these oxides. These oxides could provide
~eorrosion resistance-as~well'as altering the frictional behavior of the
surface~'1 |
LEED.represents an interesting tool for examining the effects of
- adhesion on the structure of single crystals. For example,*it'would be‘-
‘ interesting to know if adhesion completely destroys the: surface ordering
" after breaking the bond 1f the order is maintained but some evidence
) of stress is observed, and 1f transfer has occurred does the transfer
uoccur in an.ordered or random manner.' These.structural considerations
‘could shed some light on the nature of’ adhesion. Flgures 27; 28
?and 243’ 15) give some exsmple on the effects of adhesion on surface .
structure.jFigure 27 shows the LEED patterns resulting from the contact B
;iof the (111) surface of the noble metals copper, silver and gold with tron
‘v(llO) surface. it_can be seen that the iron (llO) structure remained the

‘same, that additional spots appeared in the pattern, the additional spots
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were_thelsame'for-the'three metals,.and-strain-or sOme destruCtion of long
.range order‘occurred in-a direction normal to the streaking shown in the
patterns. It is tempting to attribute‘the additional spots observed'to‘

‘transfer of copper, silver, or gold to the iron surface in an ordered

3)

M_fashion., Flgure 28 shows the results of contact of the most densely

packed planes of copper, lead, and platinum to a nickel (111) surface.

" Again order”is'maintained in all cases, additional spots appear in the .
'diffraction pattern for copper and lead and no‘additional spots but
-surface strain appear after contact with- platinum ‘which does not transfer

) as,indicated'by AES.' It is again tempting to assume that the additional .

spots represent transfer'of<material;' Einally,_figure 29.shows the

_ results of contacting of oxidiaed tantalum end nickel to-an iron (llO)!

surface Again additional spots appesr on the iron surface with AES '

‘indicating that oxygen .but no nickel or tantalum has transferred to the

iron. Contacts with the clean tantalum and nickel pin gave no additional

spots in the LEED pattern and showed no evidence of the transfer of nickel |

: or tantalum to the iron

) The combination of LEED, AES, and adhesion can give much interesting

.vinformation about the contact to two metal surfaces Transfer,.relative-
strength of bonding,_effectszof adsorptlon, effects ofialloying and sur-

.'face_structure following fracture of the adhesire-bond can be examined.

B. Pin and Disk Experiments
The main‘use of the pin and disk system with AES'analyzer has been
to examine transfer of materials in sliding contact. Iipure 29 demonstrates

Atransfer from an aluminum rider to a steel disk;(““)a Bobh. surluces had their
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normal-oxide persent. 'Initiall&Athere is-carbon present in the Auger
spectrum, prohably from-carbon'monoxidefon.the anrface. After one paas
of the ‘rider over the disk an inflection occurs at the (70 ev) low
venergy aluminum peak. 'After-twenty pesses ve see @ distinct_aluminum

peak has grown out of the background and the carbon peak 1s reduced by,

being covered with aluminum. : For a silver rider on & tungaten disk,_

a cyelie .change in

e« e e e 4 . o —,

coverage occurs in which silver first coats the surface, 18 back-
transferred and again coats the aurface( 3)
- The study of ‘transfer has been investigated in more detail
‘NASA studies on the tranafer mechanism have been made on dissimilar
monocnyatalline metals in simple touch~contact ( 39 These studiea ‘have .
lled to a correlation for the direction of metal transfer when:the adhesive
;Jnnction is broken.by simple tenaile fracture;n In?all/cases inveetigated,
lthenCOheaively_weaker material transferred‘to’the.cohesively'stronger..
. This indicates that the.interfacial adhesive junction between the |
lidiSSimilar'metalsfis Stronger than-the cohesite bonds in the cohesivelyr
| weaker of the two metals.' Therefore,'thezcritical'physical_prdperty.
‘thatidetermines the direction of transfer is the relativevcohesite energy
-of the two materials.' Since valuea of the cohesive energy of the.elemented.
are well known, ‘a prediction of the direction of metallic transfer is
easily obtained. | |
Ihe metal transfer process for polycrystalline metals in sliding
contact was examined to determine whether the above correlation for the

direction of metallic transfer is valid for polycryatalline metals in

sliding contact The simple correlation vas expected to require
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modification, since the strengths of polycrystalline materials are functions
of their grain structures and degree of work hardening. In addition,
the interfaoial‘adhesive'Junctions are fractured'by'shear-stress,'and not.
tensilerstress. |

‘ Based-on'thevcohesive-energy concepts,.the'disk and rider'materials
were chosen to transfer metal from rider to disk, where it could be
'detected by AES. - Accordingly, the refractory metals, tungsten,'tantalum, -
molyhdenum, and niobium, were selected as disk materials. -They all have |
‘ high,cohesive binding-energies, with'tungsten haiing the highest; .
The riders were iron, nickel, and cobalt These metals haue'abOut the
same cohesive energy, )5 and 1t is considersbly lover then that. ofd
the-refractory disks. Thus, transfer is-expected from rider to disk in_
all cases.ﬁ";ﬂ | |

The‘results-for the 123metal couples are presented in table IT.-
CObalt transferredfto.all four disks, while nickelﬂand‘iron transferred'
vonly-to tungsten.(23)- If the relative cohesive}energy determines the direction
of'transfer, then iron, nickelf'and-cobalt should all'have.transferred”f‘
. to the tungsten, tantalum, niobium, and molybdenum disks, since the-
former arevcohesively weaker than thellatter~. ' Since they aid ’,"
not srelative cohesive'energy alone does not provide a'satisfactory guide
: to the direction of metallic transfer under conditions of sliding |
To understand the overall transfer results the effect of crystal

'structure on the shear properties of materials must be considered
With sliding, the close-packed hexagonal metal cobalt develops a baaal-
texture with basal planes parallel to the sliding 1nterface (24)

'_This 1s the preferred slip plane and the easy shear plane in cobalt and
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vthe:resistance to’shéArfié minimal; ‘Slip plane’dislocations can easily' ‘
mo'\'r_e-unde‘r'the influence of the frictional shear force. With the l‘imit_ed:
number of slip systemsioperating in the hexagonal structure of cobalt,
very little strain’v-hardening 'occurs and the' eas,y. Shear prop‘erty oi‘ the
ridertis maintained ‘The transfer of cobalt to the ‘disks, therefore, _7
- proceeds as expected from simple adhesion concepts

In contrast_to cobalt,_iron and nickelvare,cubié structuresnand ﬁill
strain harden very_readily'because of the large number of‘slip'systems,
| operable_in these metals and_the»corresponding concentration,of slip -
'system.dislocations.(24) aSliding an iron_orrnickel rider on_a disk;]'
will, therefore, result in considerable_strain hardening of the riderv;.
,in the vicinity of the contact

Considering the cases of iron and nickel sliding on tantalum, :

niobium, and molybdenum, evidently the region most resistant to shear in
the adhesive contact zone lies in the iron and nickel riders.a,Thisa
resistance to shear is a consequence of the strain hardening of the
'.riders with sliding to the extent that they offer greater resistance to
shear than do the disks.' The rider strain hardens faster than~does the

disk because the rider is continually worked, whereas the disk is being

'r'worked along the entire circumference of the wear. trsck Shear, therefore,:fj :

‘ occurs in the tantalum, the niobium, and the molybdenum, and some of

) the molybdenum is transferred to the rider, as verified by AES analysis

- of the rider for the case of the nickel/molybdenum specimens.

On the other hand, for iron and_nickel sliding on tungsten,‘the-disk_’
3 material_vith the greatest resistance to shear, angintermediate situation

obtains. It was found that transfer occurred from the disk to the rider s



(as verified by AES analysis of the rider for the case of Fe/W).
This transfer in both directibns’indicates that the shear strengths

of the work-hardened rider and vear track of the disk were about the

o s&m_'e{ :

Therefore, vhile the eohesive energles of iron, nickel, and cooait
are_similar,-the‘strain-hardening characteristics-of the metals under-
going sliding are different. The.consequence‘of this differenoe.is the
'i failnre of relative cohesive energy alone to provide & satisfeotory |
guide to metallic transfer in this geometrically asymmetrical situation. -

. Another application of the pin and disk configuration is the stud& of
polytetrafluoroethylene (PIFE) on various metals,(25) Beoause_of;itsvlow
friction and-wear charaoteristics, it has found epplication in bearing
surfaces with metal parts vhile its chemical inertness has made it
' sttraetive for'corrosire-medie.‘-In order to understand the low friction
vss_wellvss the adbesion (or lack of it) knowledge-of the PIFE metal
interfsceris'necessary.a

;.In tnese'experiments the adhesion;ifriction snd'trsnsfer‘OfAPTFEito_?ari-.:
ous metals was stndied. The objective was to assess the effect of chemieal
-constitution of the msting surfaces and ambient environment on the'
-adhesion and friction of PTFE The metal surfaces were both clean and
'ioxidized as determined by AES. ”

To investigate the adhesion of PTFE to metals, the pin and disk
jiapparatus was used in a static mode. Pins of PIFE were pressed onto the
stationary disk in ultra-high vacuum by the deadweight loading system.
After termination of this static contact the disk was rotated to bring

the eontact spot” under the_electron beam for AES»snelysis,. Adhesion
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between the PTFE and aisk was deduced by the detection of PTFE (by AEB)
;on the disk after ‘the contact,
_ The results of the static contacts were that the transfer, and thus -

adhesion of the PI¥FE to-the:disks'aas.independent’of'the‘Chemical consti-
tutiod‘of the surface of the disk. .The'disks sdrfaces were'aluminum,
iron, niCkel,'copper, silver, gold, tungsten, tantalum and aluminum
L oxide.-'All‘the.experimehts were performed.on surfaces that wexe;atomically

clean. L
. B L
B

The indepeddence of the observed transfer on the chemical activity_i
of the surfaces leads one to believe that the polymer is detached from o
the pin by general physical or van der Waals forces between. the metal -
“and the rider. - " |
 The adhesion'of PIFE. fiims to 'e; eubstrate erid the friction‘_of‘ PTFE .
are. usually considered as separate problems. Hosever,-Makihson and.’ |
Tabor 26) have proposed a model. for the- friction of" PTFE that employs
. adheaiontof*PTFE as one of its components.- The other component is- that‘.
‘tangential mOtioh of the-contact results in the drawing out of lamellae -
- of ﬁolyher from the body of the rider. The frictlon force thus reshlts
from the force_necessary to draw_these_lamellae out and is not due‘to the
traditional:one of-fracture in shear of adhesive Junctions'between the ‘
-contactiné-bodies{ | -
e'Evidence_for'the adhesion necessary to anchor the lamellae, has ub..
"to now received only circumstential support. Makinson and Tabor considered. -_‘ .
the adhesion "very strong" whereas Steijn noted that it needs to bernly__-
strohg enoughvto permit the_drawing of‘lamellae to proceed. Here it has

‘been showh that there 1is strong'edough-adhesion'init;ated by mechanical
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static contact to allow fracture in the PTFE This adhesion would
' then be strong enough to anchor the lamellae. . -
_The adhesive transfer observed by staticvcontact is independent of
~ the chemical constitution of the substrate . .The friction should then be
'independent of the environmental and chemical constitution of the;sub-_
strate..uThe'sliding'experiments performed in this apparatus have .
’confirmed,that_the_lov speed frictionlof”PTFE is, in fact,'independentl
of .the chemical constitution of the substrate. Thus, an important aspect
of'the lamellae-<drawing. model of the friction of PTFE has been confirmed.
| Information on the structure of the £ilm and its interaction vith
fthe substrate'may be ohtained_fron the-time dependence,of the Auger_peaks
._1when the disk isfstationary and the electron beam impinges on one 8pot
of the surface. In flgure 31 two spectra are exhibited taken 60 secondsv
'"apart It is seen” that the fluorine peak has decreased while the ‘carbon -
and tungsten peaks have grown. The: incident 2000 eV electrons have A
severed-the carbon-fluorine honds-in the PTFE and the fluorine has;de-
sorbed ‘from thejsurface. The carbon remains behind on the_surface.'
With.the-departure of the fluorine, Auger electrons from the carbon and
vtungstenvbeneath the fluorine can leave the surface and enter the analyier;
'resulting invgrovth of theae_peaks.. Exnosure-of‘the surface to the.elecQA_‘l’
_tron heag for'about One-minute,resulted in'comnleterdisappearance of ‘the
fluorine'peak u |
However, surface species chemisorbed on. metals are not subject to
:such rapid electron-induced desorption. It has been proposed that the
_islow desorption rate is due to the reformation of the bond initially

broken by theAbombarding electrons by tunneling of electrons from the
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mstal to the excited atom before it can leave the surface (25) Buch
tunneling occurs only if the surface species is in- intimate electronic
"contact with-the'metal, .g., chemically bonded to it.‘ The high desorptibn :
© rate observed here thus indicates that there is no chemical bonding between ‘

the fluorine in the film and the metal substrate.

'_In.contrast‘to the desorption of fluorine by the.electronvbeam, the
carbon_remains on“thebsurface. This behavior is consistent with the v
polymeric.structure‘ofvPTFE, which isvdepicted.in:figure Sznf;Whiledthere
'is one*chémical'bond between fluorine and the carbon, the:carbon‘atomsipﬂl
vhave;four_bonds,vtwo1with other carbons and two with fluorine. ~Since the
two"bonds.retainingathe-carbon in the chain must:both be‘broken for it,to»l
’”_ be desorbed; such;desorption is a highly.unlikelflevent with,the“electron
';fbeam.current densities empIOyed here. It thus appears from observations'

. with‘AES that the transfer film is indeed a:polymeric'chain'and;that‘the.
\ f'fluorine'in‘the?filmThas no chemical interaction with»the metalv
The simple observation of transfer and electron desorption in AES ’

’experiments has provided valuable information about interfacial bonding )

‘-;'p'on both-metals and~insulators. These results emphasize the power of ABS -

“i;":as a surface analytical tool.

S c. Examples of Field Ion Microscope Results

A second method being used in our laboratory for studying adhesion

v__iis Field Ion Microscopy. FIM has.the advantages that one can'view the‘

V"i'direct lattice rather than the reciprocal lattice as. in LEED and it 18

g possible to estimate binding energies of the transferred layer by the .__:

M’fffelectric field required to desorb and the amount of subsurface damage

'Q‘from the number of layers stripped from the tip. In a sense an adhesion

experiment performed with a field ion tip is analogous to a contact vith‘
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a single asperity;' Again in FlMFadhesionveXperiments 1t 18 of interest
to know whether transfer occurs in an ordered or disordered fashion.
' The study of adhesion using field ion microscopy was pioneered by E. Mueller '
“in association with Nishikawa. (27) Most of their contacts were made in

air and then put in the system and imeged. This paper will not present
their work. In this paper the results of experiments performed by

- Brainard and Buckley(es)

will be. presented. In these experiments all.
adhesive contacts were made in the vacuum system. The work will discues
studies:performed concerning gold and platinum in contact with»a tungsten

P (28)'and the contact of PIFE with a tungsten tip,(?9)

: ;Figure~18 shows the FIM pattern from a clean tungsten tip following.-

cleaning oriented with the (110) directiOn parallel to the axis of the tip.'
Figure‘lQJShows a sterographic projection of the tip. Figure 33 shows'the'
same tip.following contact vith platinum imated at lh kV. There are several
- observations that can be-immediately made. First, there issconsiderable ”
disorder characterized:by many random bright spots. Second,tthe.character .
of severa'li planes has changed. For exa.fnple‘,'- on (211) the inner. ring has |
decreased in: diameter and is considerably - disordered on the plane edge..
The (lll) plane shows deviation from normal packing and the higher index
planes are-completely obscured. It is believed that micrographs after con-
‘tact show & platinum layer that is partially ordered after tungsten contact:'
With-changes that represent the transition from an ordered tungsten toa
‘platinum surface- | | | . . ‘
” Contact of the tip with gold was also examined. Figure“34 shows the-'
results of this contact. The only ordering evident is .on the (llO) Planes.

vwhich are. believed to be underlying tungsten atoms. Pigure 35 shows the

~ same tip with the 1mag1ng voltage increased. It can be seen that diffuse

'3pots begin to appear. Further;.field evaporatlon-caused by the increased

jil;imaging.voltage (fig.'34) results in
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thetappeerance'of‘clusters on the tip surface. TheSe,patternsrepresent
a situation vhere the gold trangfers to the tungsteniwith”no crystallinity,
-rather,it is~fairly randomly distributed with soue apparent clustering of
the.gold‘atoms. ‘Similar results were‘obtained-With an iridiumvtip
rorientedeith‘its'axis parallel to the (001) direction.

- The above results seem to agree with vapor deposition studies
performed on tungsten tips although the conditions are radically
different. In_the adhesion_experiments platinum was ordered after contaet
gold was not. -Vapor deposited films of platinum on,tungsten(39> showed
a_highvdegree,of»order atv118 K. Whereaszfor gold.deposited on tungsten at

(31) |

78 K777 1t was necessary to heat to 800 K before ordering occurred.

.'It-cannot.he absoiutely concluded at.presentkthat the changes observed
are deposited films although it is highly plausible. Future inclusion of |
__thé?atbm;prohevinithese experiments will settle'thisvpoint;
| As a final example of‘the FIM studies the_results offcontactsimade*'f
uith PTFE to autungsten tip'oriented in the-(llO)’direction~are shown.
Flgure 36 represents the results of contacting the tungsten with PTFE. It
*can be seen that some of the e spots are suggestive of the |
fend_view of a PTFE chain shownlon the bottom of the figure. p |
‘The bonding isrstrong enough to uithstand_the heliun iuage field
.without desorption Suggestive of chemisorption of PTFEEto the tungsten.
-'Flgure 57 shows the results of applying a heavy load to the tungsten tip
with. PTFE We see the surprising result that extensive deformation of -
.the tungsten,occurred. This pattern was taken after the PTFE was desorbed.
- The deformation prohably is not‘the result of bending theushank of;thevtip

_ since the (110) plane is in the same position on the FIM screen.
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FIM complements other-surface analytic tools in-the study-df com-

'-_ tact between solid surfaces. It can provide information concerning |

ordering, strength of bonding and transfer. FIM has the advantage that

structural,changes can be observed in the direct lattice.

';Concluding-Remarks
QSurfaceﬂresearch tools’such as LEED'(lov energy.electron'diffraction),
Auger emission spectroscopy analysis, and field ion microscopy have been |
'discussed. Examples of their use in studying adhesion,: friction, wear,
and lubrication have been presented - These: tools have provided considerable
,insight into the basic nature of solid surface interactions
hv The transfer of metals from one surface'tovanother atvthe'stomic .
level has been‘observed anddstudied with each of these devices. The
field ion mﬁ:roscope has been used to study polymer-metal interactions
and Auger analysis to study :the mechanism of polymer adhesion to metals.
LEED and Auger analysis’have'identified surface segregation of alloying
_ yelements and indicated the influence of these elements in metallic adhesion._
LEED and Auger analysis have assisted in adsorption studies in determining
the structural arrangement and’ quantity of adsorbed species present making |
an understanding of the influence of these species on adhesion possible.
In short these devices are assisting in the furtherance of our under-
standing of the fundamental mechanisms involved in the adhesion, friction, _*

"wear, and»lubrication processes.-
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METAL COHESIVE ENERGY | ATOMIC {VALENCY | SOLUBILITY|{ADHESION
KCALlg ATOM J/g ATOM SIZE, STATES | IN IRON, |FORCE TO
AT. % IRON,*
(10710 ) DYNES
(1073 N)
IRON 99.4 | 40.5x10% | 2.86 23 | - >400
COBALT 10L7 4.6 2.50 2,3 35 120
NICKEL 1023 | 4.9 2.49 23 9.5 160
COPPER 8.8 | 33.8 2.551 1,2 <25 130
SILVER 68.3 28.6 2.883 1 13 60
GOLD 8.6 | 36.6 2. 877 1 .5 50
PLATINUM 134.8 56. 4 2.769 2,4 20 100
ALUMINUM 76.9 32.3 2.80 3 2 250
LEAD 41.0 19.7 3,494 2,4 INS 140
TANTALUM 186.7 78.1 2.94 5 .20 230

*APPLIED LOAD, 20 DYNES (20x1075 N); TEMP, 20° C; AMBIENT PRESSURE,
10-10 TORR. CS-64395
Table I. - Some properties of various metals and force of adhesion of these

metals to iron. :

FLUORESCENT
DISK RIDER TRANSFER OF METAL
FROM RIDER TO DISK SCREEN
TUNGSTEN IRON YES
NICKEL YES
COBALT YES
TANTALUM IRON NO
NICKEL NO
) COBALT YES
MOLYBDENUM IRON NO
NICKEL NO
COBALT YES
NIOBIUM IRON NO
NICKEL NO
COBALT YES :
Cs-64317 TWO DIMENSIONAL
Table I1. - Metallic transfer for dissimilar metals in CRYSTAL LATTICE
sliding contact. (MAGNIFIED)

Figure 1. - Formation of diffraction pattern.
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EWALD SPHERE CONSTRUCTION FOR LEED
Square Net Crystal
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Reciprocal Net Rods —~ Cs-49458

Figure 2. - Ewald construction for LEED with a square surface lattice.
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Figure 3. - LEED optics.
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Ey = 119 eV

CLEAN 1/2 MONOLAYER OF OXYGEN

Cs-5
Figure 4. - LEED pattern for clean and oxidized W(110).

(R. M. Stern)

CS-49730

Figure 6. - Interpretation of surface structure in
the direct lattice of carbon contaminated W(110),

CS-49733
Figure 5. - LEED pattern of carbon contaminated W(110).
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ELECTRONS LIGHT
ELECTRON PHOTOTUBE,
COLLECTOR DETECTION | pyio70GRAPHIC
PLATE
1 SIGNAL ‘SIGNAL
SPECTROGRAM | I l |
CS-63624
ELECTRON ENERGY —— PHOTON ENERGY —=

Figure 7. - A comparison of photon and Auger emission spectroscopy.
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Figure 10, - Secondary electron enerqgy distribution for 1365-eV electrons incident

on W(110) exposed to 7.5 Langmuirs of oxygen, showing the oxygen Auger peak.
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Figure 9. - Secondary electron energy distribution for 122 eV primary electrons on clean W(110).
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Figure 11, - Derivative of electron energy distribution for ethyiene
adsorbed on an Fe(001) surface,



E-7103

SCHEMATIC OF EXPERIMENTAL ARRANGEMENT
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Figure 12, - Auger spectrometer using LEED optics.
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V{aE): Retarding Potential

Taylor Series:
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Figure 13. - Principle of electronic differentiation for obtaining Auger spectrum.
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ELECTRON GUN

POWER SUPPLY
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AMPLIFIER
SIGNAL
CYLINDRICAL MIRROR . SWEEP
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Figure 14. - Results of differentiation of various

electron distributions. INNER CYUNDER_\}T
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Figure 15, - Block diagram of Auger cylindrical
mirror analyzer.
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Figure 16. - Block diagram of the field ion microscope.
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Figure 17. - The principle of field ion microscope image formation.

CS-64372

CS-64369

Figure 18. - Field ion microscope pattern of a clean tungsten tip oriented
in the [110] direction.

CS-6437¢

Figure 19. - Stereographic projection of a bcc lattice with the
[110] direction normal to the page.
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Figure 20. - LEED adhesion apparatus.
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Figure 21. - Friction pin and disk apparatus equipped with Auger electron spectrometer.
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Figure 23. - Effects of oxygen adsorption on tantalum, on
adhesion to a clean iron (011) surface.
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Figure 24. - Effects of alloying on adhesion of gold to
single crystal copper-aluminum alloys oriented in

the (111) direction.

Figure 25. - Increase in aluminum surface concentration following
sputtering, then annealing in a copper-10 percent aluminum alloy.
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Figure 26. - Effect of temperature on the surface concentration

of aluminum in a copper-10-afo-aluminum alloy,
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Figure 27. - LEED patterns resulting from the adhesion of (111) planes of copper, silver,

or gold with the (110) surface of iron.
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13 Before contact. (b) Contacted by copper.

(c) Contacteda by lead. id) Contacted by platinum.

Figure 28. - LEED patterns resulting from the adhesion of the most densely packed planes of copper, lead, and platinum to a nickel (111)
surface.
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Figure 29. - Adhesion of oxidized tantalum and nickel to an iron (110) surface.
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Figure 30. - Auger analysis of a steel disk before and after contact with an aluminum
. rider.
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DERIVATIVE OF SECONDARY ELECTRON ENERGY DISTRIBUTION, dN/dE->

(a) DISK WITH PTFE FILM GENERATED BY 100-GRAM-LOAD SLIDING
AT VELOCITY OF 1 CENTIMETER PER SECOND.

SECONDARY ELECTRON ENERGY, VOLTS =

(b) SAME SPOT ON DISK AS IN (a) AFTER 1-MINUTE TIME INTERVAL;
70-MICROAMPERE BEAM CURRENT.

Figure 31. - Detection of transfer of PTFE to a tungsten disk using
AES, and detection of electron impact desorption of the fluorine.
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Figure 32. - Chemical structure of a PTFE chain.
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Figure 33. - Results of contact of a tungsten FIM tip with platinum.
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Figure 34. - Results of contact of gold with a tungsten FIM tip.
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Figure 35. - Figure 34 with increased imaging voltage.

FRAGMENT- C5=59701

(a) FIM PATTERN.
Figure 36. - Results of contact of a tungsten FIM tip with PTFE,
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(b) END AND SIDE VIEW OF A PTFE CHAIN.

Figure 36. - Concluded.
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Figure 37. - Deformation of a tungsten tip after contact with PTFE at a
heavy load.
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