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I,. SUMMARY

The chemical action of o0ils on large single crystals of
metals-in the presence of various gases has been studied,
with,special emphasis.placed on the influence of crystal
plane; - The studies primarily have been concerned with four
metals: silver, copper, lead, and iron; . and four types of
oil+ pure hydrocarbors with mineral 0il as representative,
oiliness agents with stearic acid as representative, chemical
polishing agents with tricresyl phosphate as representative,

. and commercial oils with new and used aviation oils as rep-

resentatives.

It was found that the rates of all surface reactions,
which-have been tested, vary with crystal plane,:although
this, variation may be:- obscured at high rates by the influence
of other factors suech as diffusion. - The reactions tested
includeér bxidation, etching and.consequent roughening, carbon

. formation, rearrangements due to gaseous catalysis, crystal

growth, Aelectrolytic reactions such as eleetrodeposition and
galvan1c actlon.- Nettlng in a- few cases: varies with plane.

The nethods used. ip preparing large s1nale crystals of
various metals are briefly discussed. .

11,..INTRODUGTION

The beneficial effect of some o0ils is due to their abil-
ity under certain conditions to attack metals in warying de=
grees, while under other conditions themical ot tack, - 1" can=
ried to extremes, can lead to corrosion, roughening of the
surface,‘and ultlmately to 1nnreaseu frlctlon and wear. The
011 also may be unneceSSarlly chomposed The chemlcal
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action between ‘metal ‘and oil, therefore, is one of the cru- ~
| cially important factors in the subjeet of :lubrication. It

may mean success or failure to lubrication and the machinery

whideh 5t t 'serves:, : §

An ordinary metal surface consists of many different
types ‘of dtructure, :such as crystal faces, edges, corners,

. and boundaries, and amorphous layers. The properties of a
surface are a composite of the properties of these individual
parts, and, in order to understand the behavior of a surface,
the properties of these parts must be determined.

Since the number of atoms per unit area in a crystal
varies with face, many of the surface properties of a metal
would be expected to vary with face. In experiments carried
out preliminary to this investigation, it was found that oils
i the presenceé of air etched a single crystal of copper pref-
exﬁntlallv with crystal plane. Both the rate of etching and
the degree of roughening varled with plane. It was signifi- "~

_cant that chemical attack by the same reagent could render

" one face smooth: and another rough., The striking appearance
of these etch patterns, due t0 the directional reactivity of

" the crystal, seemed to offer a sensitive and relatively sim- -
ple method of following the course of a reaction between a
liquid and a metal,

‘Therefore the chemical attack of 0il on a metal surface
has been studied with the aid'of large single crystals, spe-
cial emphasis being placed on the influence of the crystal

. "plane. A single crystal represents the unit of which all
"metals are. composed and serves as an excellent meeting ground
for the correlation of the many apparently unrelated but im-

portant processes taking place on the surface of a metal.

It is believed that many of the processes which are commonly
attributed to mechanical or phy31cal causes have their origin
in chemical attack. :

This investigation, conducted at the School of Chemistry,
University of Virginia, was sponsored by and conducted with
the financial assistance of the National Advisory Committee
for'Aeronautics.

T8I, CRIITION OF APPA ATUS AND METHOD OF EXPERIMENT

The metnod 1n'genera1 ’conéfsts of studylng'the reac-
tion between 011 and large 'single crystals of metals in the
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form of spheres and polyhedra, the surfaces of which are pre-
pared parallel to. known crystal planes.,, The use of spheres
has- . the advantage in the case of face-centered cubic metals
of having every possible crystal plane appear parallel to the
surface in at least six points on the sphere, the (100) faces
appearing at six different points.,

Since the single-crystal method of studying surface re-
actions is a rather new one, some aspects of which have been
developed in:this investigation, the possible uses of this
method should.be briefly described. Processes which may be
studied by this method are of importance directly or indi-
rectly to frictionprand wear,

v1.:.70ne;of itheivery great diffieunlties in studying sur-
faces is.the inability~-to obtain surfaces of known configura-
tions: An electrolytically polished surface along a known
crystal plane is one of the nearest approaches to a known
surface:. Of course, no surface is completely smooth, and
impurities can never be completely removed; but it is an ap-
proach to a surface of known configuration.

2y The: formation: of faint .etch patterns,; which may:be
easily seen, offers a surprisingly sensitive method of vis-
ually detecting very slight reactions., For example, by using
a highly polished crystal sphere, reactions may easily be
detected -when the:-weight loss is considerably less than 1
milligram. - In making rapid exploratory tests, especially
with odils, to determine whether reactlon takeg place, time
and effort may be saved¢ b

: 3. Since most all surface reactlons have been found to
take place with rates which vary with the crystal plane,
probably the chief use of this method is the study of reac-
tions on different. crystal planes.. It is most impressive to
eXxamine a -copper. sphere-which has been given a particular
treatment and to find one face unaffected and another greatly
acted upon just as if the two faces belong to different metals.

In exveriments involving etching, growth as in electro-
deposition, and rearrangements at high temperatures, the na-
ture and degree of the reaction can be obtained by micro-
scopic examination. Also, in many cases where definite
facets are-formed, specular reflectlons may be obtained and
identified by a beam of light directed on the sphere, Owing
to the symmetry of the crystals the patterns repeat themselves
a number of times on the surface of the sphere, For example,
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‘there are e1 >ht octants in a sphere, and elght 31m11ar pat-‘
terne are: obtalned Th'ese patterns net only serve to iden-
twfy the particular crystal faces but alse serve as a check
_omne.. agalnst the . other, g

4, Since interference colors .areg.obtained:.from thin_
films of .the order of 400 to 1300 angstrom.units,; thesé col-
ors may be used to study the varfatlon in. rate 0f formatlon‘
and the nature of  films, especially ox1de, formed' .on dlfferf
ent. crystal faces. The thickness of. these films' also may be
checked by measurement of the quantity of electricity re- -
quired for the reduction of the okide, u31ng small drOps of
electrolyte on a partlcular crystal face., STk TG, SR

5 morphous layers may be’ identlfied by the fallure off
preferen+1a1 reactions to take place, and .the -thickness of g
the layer may be determined by the quantlty of . electrloity
required in electrolytic’ etching to .remove this . layer, ‘The
p01nt at which the layer “i's removed may ‘be determined by the' -
appearance of preferential patterns,

6. Slip lines; the' n@tur eiand dlrectlon ef whlch vary-
with crystal face, may ba” used not, onIy to identify crystal
dlrectlon but to determine roughly the amount of :strain to
which a small sectlon of metal is subJected in. rubblng.

} o BB R ;

7v The formatiOn ‘and* arowth “of. crystal grazns may'be_'”
studied by following 'tHe behav1or of one .or.:more crystals
formed on a large single crystal which serves as a reference
background, In electrodep051t10n the growth of. nudle i vary
with plane, The: wear on" metal surfaces likewise may be - it
studled by examining the’ scratch formed by rubblng One metal,'_
abalnst a 31ngle crystal of anothey Py HeaTal i

Flnallv var1ous cemblngtions of the foreg01ng methods”
may (be adopted flor "the: study of most surface phenomena, *
physlcal .and chemiedl, " &° ‘complete reference map may be

marked on the spherlcal surface for the 1dentrty\of‘any re- o

glon' By e el e 5 ] s b R R U

“ S
0% G

GrOwth of urvstals andrPreparatlon bf the Surface S v7 4y

Large single crystale of s11ver ‘and c0pper, 5/8 inch dn:
diametéer and 6 1nches long, were grown by lowerlng slowly
a KAYE o‘"wetql from.an electrically 'héated molybdenun—
wound “vacuun furnace. (See reference 1, pp. 35-02.)

4 copper ecrystal, 1% inches in diametér, also was
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zrown.” 8ilver and’copper were held in graphite crucibles
pointéd st the’'lower end. Nickel crystals were similarly
grown’ in the’ form 6f % rod, about 5/8 inch in diameter and:
4 iﬁéhes long, and -were held in- a graphite crucible lined-!

_w1th magn931a cement to prevent the solution of carbon in’
"4 metal - Se¥etral 1arge crystals were obtained in this- rod.

Lead and zinc¢ ctystals were grown by lowering from a chromel
resistance furnace a melt sealed under a vacuum in a pyrex-
glass tube. “Since-lead could not be machined without re+
crystallization into a polycrystalline mass, it was necessary
t0" grow the ' lead ctystal in a small glass bulb with a small
tube attached: to’ furnish a handle for the crystal. In order
B0 prevent 1eed from“sticking to the glass vessel, it was '

v_necessary to*coat the glass with a thin film of carbon by’
»fflushlng with mineral 0il and heating until the o0il decom~"
“ihposed. " Iron crystals cannot be grown by the usual method of

cooling slowly from the melt since it undergoes a phase!
change in the neighborhood of 900° ¢. Irregular-shaped crys-
%218,51/4 ®y“1/2 Dy 1 inch, were grown in rods of cold-rolled
steel” by ' decarburizing with hydrogen and then stretching and
annealing’ at about 8800 C.: Growth o¢f iron crystals will' be
descrlbed in Results sinee & special study was required i
which haS not yet been comp*e ted. ) EAR TN S 5

Spheres, m/8 1nch in diameter with a shaft 3/16 inach in
diameter” by 1/2 inch” long, were machined from the rods: of
gilver, ¢opper, 11ckel ‘and zinc, °“Great care was. required in

4mach1n1ngf21nc 1n order to prevent shearing along the slip

planes whith dre’ especlally pronounced in thls metal.,
Sphe;es,'about 5/16  inch in diameter, were machined’ from- the
1rbh rods:”‘ Spheres of-the metals, except leadd and gine,’
were’'then’ mechanlcally polished by pressing emery- papers,:

"Nos.'l through 0000 ;" azainst opposite sides of the rapidly
“revolving Sphere,the shaft of which was held in a drill : :
‘chuck attached to'an electric motor. The spheres were elec-
'trolytwcallv pollshed in various solutions described in

<¥*Regults. “They weré rinsed in running water and dried with

clean tissue paper. Electrolytic polishing has thé"advantage

"*bf'remOVihé“the strained layers of metal at the same time
“that®1t pdlishes, leaving the true structure of the-metal ex-

posed at  the surface. Attempts to remove 1npurit1es on the
surface are dlscussed later.

| A

‘Method of Heating Crystals in 0il"

"“The spheres with shafts downward were alternately ex-o
posed to 0il and air by raising and lowering about an inch
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above ard 'below the level of 'the ligquid at the rate of 15
times a-minute, A wire attached to the shaft of the sphere
extended ‘to a revolving mechanism above,which raised and
lowered the sphere., The 0il was placed in an Erlenmeyer
flask, usually 125 cubic centimeters capacity, with a neck

6 .inches long, which served as an air condenser, For experi-
ments conducted in an atmosphere of hydrogen or nitregen,

the inlet gas tube passed through a rubber stopper at the ’
top of the flask down into the liquid. The gas passed out

through o capillary tube in the rubber stopper. The wire

attdched to the crystal moved up and down through this cap-

illary., The flasks were heated by hot plates, the tempera-

ture being controlled in most experiments to *5 percent by

placing a variabie number of thin asbestos pads under the

flask. Zxperiments were conducted at 100°, 200°, and 300° C.

The crystals were removed from the flasks at definite periods

of time and examined by several different methods,

When a crystal oxidizes, a very striking color pattern
is produced, due to the interference colors from the oxide
films of various thickness on ‘the different crystal faces.
These patterns may be seen best when a tube of white paper
is placed over the crystal in order to cut out reflections g
from the various objects in the room, When the crystal is
reacting in the EBrlenmeyer flask, these colors may be seen
fairly well by placing a piece of white tissue paper around
the flask. A second type of pattern is formed when the re-
acting liquid etches the different faces of a copper crystal
at different rates. - Some faces will remain smooth and others .
will become rough at various depths of etching. These etch
patterns are examined by two methods, When a beam of light
is directed on the crystal in a dark room, not only may al-
ternate smooth and rough regions be seen, but often striking
light reflections will flash into view from small facets de-
veloped parallel ‘to-special crystal planes. From the direc-
tions of these specular reflections and from the orientation
of the crystal as- shown by the symmetry of the etch patterns,
the crystal plane along which these -facets have formed can
be determined,. ‘Finally, the various areas are examined under
a microscope,. In some experiments the crystals were weighed
before and after etching in order to obtain an approximate
measure of the rate of etching, but.such measurements: are -
limited in meaning due to the fact that all crystal planes .
are exnosed and the rate of etching along these planes varies
greatly. Even in the case of polyhedra prepared parallel to '
special crystal planes, these weight measurements have only
a very limited ‘meamning, as will be described in Discussion,
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From these types of measurements a picture of the manner
in which the reaction takes place may be obtained. For ex-
ample, the formation of ‘the ‘okide pattern gives a picture of
the reaction between metal and oxygen. The removal of this
oxide pattern shows the manner in which the acid constituents
of the o0il attack the oxide. - The etch pattern and the spec-
ular reflections indicate thé manner in which the three ma-
terials, metal, oxygen, and o0il,react simultaneously.

The crystals weére generally heated In "odiTiel St MbiosEn Ieigm =
centrated form- 'and 5 percent in mineral o0il, The experi-
ments with the concentrated réagents were carried out in
order to determine the effect of one reagent at a time and
the differences in behavior between the various types. The
experiments with 5-percent reagent in mineral oil were car-
ried out to determine the effect of these materials when
used in small amounts as addition agents. A few experiments
were conducted with l-percent addition agent in mineral oil.
A few also were carried out with several types added together
in mineral oil, ;

The mineral o0il was obtained from L, Sonneborn Sons, New
York City. The stearic acid was obtained from Armour and
Company, The tricresyl phosphate was technical grade obtained
from EZastman & Co., A flew experiments weré conducted with the
pure grade phosphate hut this was not used generally due to
prohibitive cost, Tristearin, triphenyl. arsine, triphenyl
stibine, triphenyl phosphine were pure grades. Methyl stea-
rate was technical grade. The used and unused aviation oils
were supplied by the NACA Alrcraft ‘Engine Research Laboratory.
Thie tgilmer,, 9949 percent: flne was obtained from Handy and
Harmon, The copper was elpctrolytlc metal 99, 9. percent pure,
obtained from the American Brass Co, Lead was obtained from
The National Lead Co.'and was described as having a very
small percentage of impuritieés, probably not more than 0,06
percent copper. Iron was prepared by decarburizing with
hydrogen cold-rolled steel havirng a composition of 0,08 to
0.16:percent C, 0,60 to 0.90-percent Mn, 0,09 to 0,13 percent

P, and 0.10:to 0,20 percent S5:7 The zinc was reagent metal
obtained from Merck & Co., 999 ‘percent pure., The nickel,

99.4 percent pure, was obtained from Whitehead Metal Products
Co., : :

Since the oxidation patterns”obtained with copper are
important in wcontrolling surface reactions, various treat-
ments were given ‘the metal surfacde in order to remove possi-
ble contaminations obtained from° electrolytlc polishlng and .
other causes., ' After electrolytic pollshlng,crystals were
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q'1ven V“rlOuS tr 1tments such as b0111ng in dlstllled iso-.
propyl alcohol, heating in hvoroﬁen ab about 2480% .G, washlng

'wwth ether, and cleaning with electrolytic hvdrogen by oper-

Ntame tyne of ovldatlon pattern was. obtained after each treat-
_ment.“' Bven grease from the fingers by deliberate handllng
AQicsn ot 1nfluence the etch pattern obtained with stearlc

tlng as a cathode in' caustic solutlon. ‘In general the

acid.,
oo jf"or comparatlve purposes the photographs of the s1ng1e
erystals given on figures 1 to 8 are oriented in the same.
d;lectlop.” Vlews are normal to surface at  (100) pole.

IV, RESULTS

SILVER "

Blectrolytic Polishing of Silver

Mechanically bOllShed sxngle crystal spheres’ served as
anOde in an elec rolvtic cell consisting" of a 400-milliliter
“beaker and a cyllrdrlcal conper cathode, The ephere was_
supported with shift’ &oanqrd by means of No., 18 Brown. and
oharpe gage:' 311ver W1re. lhe pOllShln medium was a 5- perf
cent-XON solutlon to Wthh was added just prior to use 2

’mllllllters of 'a 10- percent -NaCl solution per 200 m111111ters

“0f the cyanide solution. Pollsh1np c0nd1t10ns were 7 amperes
PeEr square centlmeter at a potentlal of 2.0 1o 2.5 molts. .4t

vsllghtly higher current den51t1es silver oxide formed on.the

surface, 'at 1ncreased current dens1t1ee oxygen evolution with
subseqient rougaenlnq occurred while at low current densi—
tlés an electrolytic ‘etch pattern appeared.

! The smoothest surface was always obtained in freshly
prenared polishing éoluthns, the efficiency of the solution
déé¢reasing with usage. . After admission to the electrolytlc

,cell the current den31ty was 1ncreased graduallv until the A
“first voltage and current fluctuatlone were noted, The cur—
rent density was maintained at this point until a fair pollsh -
was obtained. .It was graduallv decreased until .the. voltage §
fluctuatlonq achneved .2 maximum frequency and .a mlnimum .am-
plltude and malntalned at thls p01nt until the deslred degree v

of polrsh was obta1ned At the polishlng point an orangeq
yellow fllm alternatelv flashed on and off the anode . surface
in step W1th the: voltage fluctuatlons. Proof of the single-
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.crystalcharacter: of the surface was obtained by lowering:
the,current density:to the p01nt where the: electrolytic etch
pattern appeared :

Oxidation

{No“interference color films were obtained on silver
¢rystalstheated in dry air, moist air, dry -oxygen, Or moist
oxygen at 100° to 550° C for periods of time ranging.up+to
48 hours. At 500° C in 18 to 48 hours excellent specular

~réflections werée. obtained from the {(111) regions and weaker
.-peflections from the (100) in atmospheres of oxygen, air,
hydrogen; iand  in:vacuum, :Preferential evaporation -0f silver
rappéated to be-the predominating ‘cause, ~The fact that:the
patterns were more intense:rin air and -oxygen suggests-that
the presence of silver oxide enhanced the preferential evap-
oration,

Mine rﬂl 011
In an atmosphere of hmdro?en “hen a. 51lver crystal
was alternately immersed in o0il at 2000 C and exposed to
hydrogen at the-rate of l5-times a minute, theucrystal was
not attacked .and the o0il .remained undecomposed over :a-period
of .24 hours.i Na sign oL,alsllver film was_vlslble‘on the
flask.LvH_.___ PPy y BTUITITE o r e ) S (e

S f e 'In an atmosohere (of alr.‘ Ezperyments w.ere oqniucted~at
100o .200°, ‘and -300°% C.with . .the ‘crystal alternately immersed
2im the liauld and: exposed ito the:air at :the rate -of 15 :times
& minute. 4t 1.00°% C a .cokor pattern forméd in .5 hours, the
(100) regions -appearing.to Ye the most active., . -After -10
.hours the coloer .pattern disgppeared and a faint roughness
pattern took:its place.’ After .LO shours: a trandlucent :gelatin-
like -material appeared on the .crystal jand; on ‘the -sides of the
flask. Thig material: was glightly -soluble iin ialcohol and
very .soluble in ;ether. - It was nott.motied ‘in experiments :conw
ducted: at «200°% and ‘300%.C, . The weight' Lkosse in 24 ‘hours at:

. -L00Q°% ¢ was 00081 .g, ' The weight loss was readily verified

by notiing that g thin:- film of silwver had formed:.on! the - base
tand sddes 0of the flask, -4t 2000 C g :bright: color .pattern
formed in 3 hours:,: the .color being wery readily remowved by
rubbing with’ tissue. - Prefierential, rougheninig 'started to: oc-
cur in 6 hours but this again was followed! by: a preferential
color Tilm pattern, The final pattern after 30 hours con-
sisted of: a brilliant purple square at the (100) regions
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surrounded by square silver bands, of small faint red (110)
regions, and large circular dark red-brown (111) areas. As

in thd “case of 100° ¢ a large film of silver became visible
of 'thé - -surfacé :0f the flaslk several hours after the experi-
ment was initiated. The weight loss in 24 hours was 0,0014 g,
At 300° C a color film formed in 5 minutes but immediately
gave way to a preferential roughness pattern, The roughness
pattern disappeared after 2 hours and the entire crystal took
on a foggy appearance. The welght loss in 24 hours at 300o c
vas O 0069 e s o .

Experiments were conducted at 200° gnd 300° C with the
silver crystal rapidly rotating.below the level of the mineral
0il,  In both cases no signs 'of color or roughening were ap-
parent; however, ‘at the end of 24 hours a very thin film of.
§ilver was 'noticeable on the base of the-flask,

Oiliness Agents £ v A a0

All experiments were conducted by alternately ihmersing
the sphere in the liquid and the atmosphere above the liquid
at the rate of 15 times a minute. g

‘Stearic¢ :dcid in an atmosphere of air.,~- A very faint
superficial - etch pattern formed on the surface -within 12
hoiurs at 100° ¢,  The pattern after 24 hours consisted of
very smoothH (111) and’ small (311) areas, the remainder of
the surface appearing slightly misty when viewed.with a
flashlight in a darkened room, The liquid was only slightly
discolored and the weight losses were negligible after 24
hours. At 200° C a 'very faint eteh pattern started to-form
in 70 minutes, Thé final etch pattern was similar to that
described at 100° C:and slightly deeper. Very, very faint
specular reflectiens fromithe- (111) regions were noted nor-:
mal to (111). .Thé‘weight loss in 24 hodrs was negligible.
At 300°C an-etchipattern consisting of specular.reflection
+ from the (111) formed ‘in several minutes,: Within 1 hour the
pattern became indistinet and the entire surface became
roughened. After 3 hours a yellow=tan film formed on the
sphere and the acid started to'deposit decomposition products.
No weight measurements could be obtained due to the irremov-
able film . on the *surface.. That etching did.occur is proved [
by the ‘immediate formation~of an etch pattérn and also by the
fact that a film of silver was visible on the base of the
flask when the liquid was removed.
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Stearic acid in an atmosphere of oxygen.- The etch pat-
tern which formed in oxygen at 1000 C was about equal in in-
tensitv to that noted previously in the presence of air at
200° C, ©No variation in the weight losses or intensity of
the pattern was noted in the comparison of the action of air
and -oxygen at 200° C,.

Flve percent stearic acid in mineral oil in- an atmos-
phere of " alr.— Not the slightest signs of color films or

e+ching were visible after 24 hours exposure to the action
‘of 5 percent stearic acid in mineral oil at 2000 C,

) Oleic acid in an atmosphere of air.- ' The surface of the
Hsnhere remained perfectly polished during 24 hours exposure
to the action of oleic acid at 100° C, A well-developed
pattern appeared after several hours exposure at 2009 ©.

The final .etch pattern consisted of a strong specular re-
flection from the (111) regions, a cross at the (100)'s ter-
minating in a small diamond at the (?10) fss > 208 (110) re-
glons rcmalnﬂd very smooth and appeared so, under a magnlfica—
tion of 600X, while the (100) and (111)'s. appeared compara-
tively, rough. Llectrolytlc etehing. in. the silver polishing
solution caused a tan’ translucent skin, to peei off the
snhere. This fac t perhaps indicates the reason for only,
sunerflc’al development of the etckh pattern.

Methyl stearate in an atmosphere of air.~ At 1000 C the
silver sphere had a very faint pink-green color. ¥hen viewed
in a cone of paper, a very faint color pattern similar to
that noted in the case of mineral oil was Observed. At
200° C very superficial etching took place in the course of
24 hours. When the crystal was viewed with the aid oute. 2
\flashlleht in a darkened room, four blue dots at the (210)
poles were, v1sible when viewed normal to (100) planes; and
_three green dots at the (311) poles were visible when viewed
normal to (111) planes. Although these colored dots were
extremely strlkln "in the beam of the flashllght no. prefer~
ential surface structure was visible under the microscope to
account for this phenomenon.

‘Chemical FPolishing Agents

TricresvE phoonhate in‘an atmosphere of air.- Mo etch

pattern or color films werée visible at 1000, 2000, or 3000 C,
The welght changes in 24 hours were negllglble 1n all cases.
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A protective film was formed: on the surface in all cases as
indicated by surface .film scaling when electrolytlcally
etched din ‘the..silver polishing solution.

Commercial Oils

Aviation lubricating oil in .an .atmosphere of air.- Per-
fect color patterns presumabdbly due to sulfun in the oil
formed .in 30 to 60 minutes at 100° and 200° C. The colors .
went +hrou*n .the series, rose, copper, brown, purple-black,
and dark black. The (311) regions appeared to be by far the
most active. An atmosphere of hydrogen did not prevent the

pattern formetlon or appreciably. reduce the rate. The colors
ranlil" disappeared when the sphere was dlbped in XCN solu-
tion "or placed in iodine vapor.

" Used aviation 1ubrlcat1ng 0il in an atmosphere of air.
At 1Q0% ¢ a very feint dull gray color pattern similar to .
that. in new aviation o0il became apparent in 24 hours. . The
weight loss.was nil. At 200° 0 a faint color pattern ap-
veared raoldly and a.lustrous lacquer formed on the surface
in 48 hours,. The weight loss was .nil.. At 3002 C g faint
etch pattern formed. in 2 hours and a black tarlike depOSit
formed in 5 hours,., When. the tar was removed by rubdbing, any
faint color pattern was apparent.

Amines

In an’ tmOSphere of air, etch patterns were formeu on

single cryetals of silver at 2009 C by dodecylamine, tetra-
decylamine, and octadecylamine. In all cases (111) planes
were wrentlv developed, and (100) planes were developed to a
lesser éxtent. The weight losses in 24 hours for a 15-gram
sphere of approximately 7 square centimeters were, 0,009 g in
dodecylamine, 0,007 g in tetradecylamine, and 0,002 g in.]
octadecylamlne.j Yo apparent reaction as judged. by weight’
change and surface appearance occurred in dodecylamlne and
alr at 1009 g,

Other Evidence .of :Preferential ' Etching

Preferential etching of silver-crystal spheres was ob-
tained.in the following reagents: 1, Electrolytic etching - -
at low current densities-in KCN-NaCl solution; 2.  KCN-' .
(NH4)28,0g; 3. Witric acid; 4. KCN-air; 5., KI-I,,
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Iodination

A very beauntiful and perfect pattern of colors was ob-
tained when an annealed polished crystal sphere was placed
in iodine vapor or in a solution of iodine in a solvent such
as hexane, ether,. chloroform, carbon tetrachloride, or ben-
zene, The variations in rate increased as the color film
increasged in thickness. - The (100) and (811) regions had a
high rate of reaction, while the (210) and (111) were re-
gions of liow rate.

Rearrangement Due to the Action of Hot Gases

Faint patterns of specular reflection from the (111)
regions were visible when 5:1 mixtures of hydrogen and oxy-
gen at a total pressure of 1 atmosphere were passed over a
polished crystal at .440° C. The results were attributed to
preferential evapnnatlon as noted under Oxidation.

A .rearrangement pattern which roughened the (111) re-
gion ‘to the - greatest extent formed when a 4:3 mixture of
oxygen ‘and ‘hydrogen sulfide at a total prpsqure of 1 atmos-~-
vphere was passed: over the cryatal sphere at ?CO C.

A m1xture of BO volumes of hyarogen t o A of ehlorine
preferentially roughened the (100) regions of a crystal
sphere when .the gases were passed over the sphere at 250° ©
and a total pressure of 1 atmosphere.

Although the important result about silver for this in-
vestigation is that it is largely unreactive, the films and
faint etch patterns formed have been described in some detail
in case: further studies: should be made on silver surfaces.

' _COPPER
. . Blectrolytic Péliéhing

Copper single-crystal spheres were electrolytically
polished in 42,F5-percent-phosphoric acid solution at a cur-
rent density. of 12 ‘amperes/sq.dem and a voltage of 5 volts,
The polishing cell consisted of & large vertical glass cyl-
inder to which were attached 2 vertlﬁa] ¢ylindrical sidearms
containing copper rod cathodes. 4 dlscuSSIOH of the prepara-
tion of the surface of copper crvstals has been given in ref-
erence 1, page 35.
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‘ . "Orhdntiqn

Ihen o p011shed crystal -sphere was heated in air at tem-
coratures ‘ahove ,100° ‘¢, brillient ‘col'or films. formed indicat-
ing thit the rateq ‘of - eﬁldatlon varled with. plane.u The rela-
tiveé'rates/of oxiddtion in-air at 200° C.and atmospheric '’
preéssure-were, in, the ‘order- of decreasing rates:, (100) and
{210)7 regions; boundarJ lines between two (811) regions;
boundary lines between (311) and ,110) regionsg; (111) re-'
gions; (110) regions; and (311) regions. (See fig., 1,)
the neighborhood of 500° C there was some «change.in the order
of relatiwe rates. but, Jjudging from the color and relative
roughness of the oxide film, the (100) and (210) regions con-
tinued to. be:-the most reactive. dudged by the continued
smootithess -of the surface and by the development of definite
crystal facets, the (31l) regions remained the least reactive.
Oxidation of single ¢rystals of copper has been considered
previously. (qee reference 2.) Further verification was ob-
tained of the fact that the -(100) regions were the most ac-
tive toward oxidation at temperatures of 200° to 300° C. ‘A
polishad: sphérg was oxidized. in. air at 300° C for 3 hours,

At the end of this ihterval the sphere had an adherent black
coating ‘over :the entire 'surface. After slowly cooling to
room temperature, the sphere was rubbed with tissue, Prefer-
ential ‘scaling, frnm a small circular region around the (100)
regions ocuurred “indicating that the deposit was thickest

in this region of the surface. Ipdiv1dual grains of a poly-
c*vstalllne agarwgate showed varying rates of oxidation in
,.alr a+ BOO C. B ’ i

'~::5"
Mineral 0il
In én‘éﬁmOSphere of hydrOgen.- When a copper crystal was
alternately immersed in oil at 300° C and exposed to hydrogen
at the rate of about 75 times a minute, the crystal was not
attacked and the 0il remaingd clear and undecomposed over a
period of 48 hours. No reaﬂtion took place at 100° or 200° ¢
_over a period of 28 hours.+. A small trace of oxygen in the
“hydrégen (less than 1 percent) will produce an oxide pattern
on the ;erystal as described in the follow1ng

an'an 4$mosnhere of. nltrOgen.— At 300° c over a period
"of 48, heurbﬂ the 011 ghowed no dlscoloratlon and the crystal
showed a sl;ght oxidatlon pattern, which was attributed to
the ‘diffusion of a small "amount . of air through the exit tubde
as judged by a s1m11ar'experience with hydrogen.
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“In an atmosnbere of air.- When a copper crystal was al-

ternately'lmmersed in 011 at %000 C, and exposed to air 75
times per minute, a regular oxide pattern of interference
colors appeared in 30 minutes and increased in intensity for
8 hours., This oxide pattern is similar to that obtained in
pure air with no o0il present. (See fig., 1.) At the end of
20 hours' the crystal was completely covered with a black
tarry materlal At 2009 C an oxidatior pattern appeared in
about Evhou_s and continued for about 19 hours at which time
the pattern of interference colors gave way %0 one of dark
red and black deposits. When this crystal was heated in
hydrogen ‘at 4500 C, black deposits remained 'in certain re-
gions, indlcatlne that the formation of carbonaceous materi-
als varled with crystal plane, When air was bubbled through
mimeral 0il at 200° C, in order to accelerate the oxidation
of the oil an ox1oat10n pattern first formed:.on the crystal
but. thle soon gave way to a striking etch, pattern within 24
hours, :ndlcatlng that the etching varied with crystal plane.

Cilihess.Aaentsv

Stearlc a01d in an_ atmosphere of hydrogen or n1trogen.

When a, ve*y ranld strean of hvdrogen or nitrogen was passed
through the llquid in. order to prevent diffusion of even a
small gmount of air- turouvn the exit tube, the crystal re-
mained .unattacked, and the oil, clear after heating at 300° C
for 48 hours, .A.crystal also was unattacked at ?OO° C

Sfearic'ao1d in an atmOSphere of air,- Photographs were

taken . and -logses in weight were determined at 3, 24, and 48
hours. . -When-a crystal .was heated ‘in stearic acld at 1.00° B
the surface showed a very slight etching in 3 hour and ‘a dei—
inite pattern in about 6 hours., At 200° C & definite etch
pattern began to form in about 1/2 hour,” and at the end of

10 hours: a - pattern typical of stearic acld was obtained., A
photograph of 'such a pattern is shown in figure 2, The (110)
regions were very rough :and the rest of the surface was rela-
tively smooth, Photomicrograpas of (110) and (111) regions
are shown in:'figure! 3;7: At the end of 48 hours the loss in
weight; of a crystal-of'about 15 g was 490 mg, At 300°:C the
typical-etch pattern:-was fully developed within 2 hours, when
a black deposit soon began to form on the crystal. This
greatly reduced the rate of'etching and within 24 hours the
crystal was covered with a thick, tarry deposit which c0uld
be eas1ly wiped: off. When a erystal was heated at 200% and’
gO06” Q in a8s -percent golution of stearic acid in mlneral
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0il, the .results obtained were similar to those . with pure-
stearic acid. The rate.of pattern -formation was: slower and -
the loss in weight less, ‘but the differences were not v
so great as would be egxpected, : Gy :

In_all etehing.experiments with stearic acid it ‘was
found that the pattern changed with time until a constant
type, having a rough striated surface at the (110) regions
and smooth surfaces at the (1:00) and (111) regions, finally
was obtained. . In order to0 determine whether this change in
etching with time was a result of ‘the changing composition .
of the liguid as oxidation proceeded the' acid was renewed
every 3 hours using .the same c¢rystal continuously for 12
hours, It was found .that the typical pattern was obtained
in about 6 hours. and continued until the end of the experi-
ment in 12 hours,. indicating that the change which took .
place in the composition of the liguid over a period of 3
hours did not change appreciably the etchlng characteristics
of the acid, e %

In order to investigate the method of attack of stearic
acid on films of copper oxide, a crystal with three flat. sur-
faces, about 3/16 inch in diameter, parallel to the (100), | :
(L3, “HEnd (110) planes va"‘oxidlzed in air.at 200° .C and . 8
then heated at 200° © in gy percent stearic acid in mineral
0il in an atmosphere oi nltrOgen. At the beginning, each’
surface-exhibited the color of the oxide film characteristic
of that crystal plane, .the (100) having the thickest - -film,

As the reaction proeeeded the change in colors ‘on the vari-
ous faces could be observed, the rate of change being a meas-
ure of the rate of etchlng of the ox1de. Pinally, all colors .
disappeared, and the varylng degrees of roughness produced -

by the etching of films of different thickness could be ob—.
served, The nitrogen was’ then renlaced by air, and other
crystal planes became roughened Ythe etch pattern shifting
over t0 that of a different type. Thls suggests that the,
positions of greatest oxidation in air_aloneg are not the po-v
sitions of the greatest rate of etch*ng by stearic acid o
This experiment is primarily deecribed in’ order to indlcate "
how the single crystal method of 33udy can be used to, study,_”a
intermediate reactions with’ speciai emphasle on the dlrec-.
tional properties” of: crvetals.f % has been 1mp0581ble"1n : "
these st udles to take full advantége of such possibilities,. --.

Three polyhedra, a cube with faces parallel to the (100)
planes, an octahedron with faces parallel to the (111) planes,
and a dodecahedron with faces parallel to the (110) planes
were alternately immersed in stearic acid at 200° C and
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exposed to air at the rate of 15 times per minute. The poly—
hedra were removed and weighed at the end of 1/2, 8%, 63,
and ‘24 hours, Four similar experiments were carried out
‘'with these’ polyhedra, but the results were not consistent.
Possible reasons will be discussed later,

"AS has been stated, no etching occurs in atmospheres of
pure hydrogen or nitrogen, If the hydrogen contains a small
amount of oxygen (less than 1 percent), however, the etch
pattern obtained is quite different from that obtained in
air when thfuexneriments are run for periods of time ‘giving
appr011mately equal welght losses. The weight loss in an
atmosphere of air after 1 ‘hours was equal to the lose 0b-
tained in hydrogen contalnlng a small amount of oxygen after
24 hours, The etched crystal, with an atmosphere of air
above the stearic acid showed rough (100), striated (110),
“and smooth (111) regions. With a small amount of air in hy-
drogen, smooth (100) regions, extremely smooth and bright
(110)ireg1ons,and slightly rough (111) regions were obtained,

Very, ‘very faint- spe*ular reflections were apparent
when a copper single-crystal reacted with stearic acid in an
atmospliere o"anpurlfled tank carbon dioxide, The welght
loss in 24 hours was negligible,

S8light but detectable currents were found with pure
stearic ‘acid 'when a potential was applied between a copper
single~crystal ‘anode and a cylindrical copper or lead cath-
ode. ' 'Thé magnitude of ‘the currents was as follows: At
3009 'C ‘and &an ‘anode~cathdéde distance of 1 centimeter, the
currents were 30 microamperes at 115 volts and 1 microampere
at 4 volts. The current increased to 2.2 microamperes -at a
potential of 4 volts when the anode-cathode distance was re-
duced to 2 to 3 millimeters, At 200° C the magnitude of the
current varied between 18 to 20 microamperes at a potential
of 115 volts and an anode-cathode distance of 1 centimeter.
The amount of current doubled in value as the anode-cathode
distance was decreased to 2 millimeters, No.noticeable dif-
ference was. apparent in the etch .pattern or in the wetting
characteristics develODed by ‘the stearic acid at 200° C when
a current of 18 microamperes at a potential of 115 volts was
allowed to flow to a copper sheet cathode for 6 hours as .the
copper single-crystal sphere was alternately immersed and
ralksed.in the air above the liguid,

. | Rubbiﬁg an électrolytiéally poiiéhed cépper single crys-
tal, prior to etching, with metal foils such as aluminum,
tin, copper, nickel, or lead did not alter the final etch
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pattern developed in' 24 hours. The ‘customary pattern devel-
oped very rauldlv ‘when the surface was rubbed with tin or
lead, foil, in 4~>to 5 hours when rubbed with copper -foil,

and 10 to 15 hours when rubbed with n1ckel or aluminum foils.

The size and degree of roughness of the (100) (110)
and (111) areas, obtained by etching with ‘stearic .acid at
200° ¢, dlffered from the customary pattern if the surface
of thef copper crystal was ¢toated with a film .of silver by
rapidly dipping the crystdl in a 0,01 N solution of silver
nitrate. Observqtlon indicated that the major reason for.
the dlfferdnce in pattern was due to the preferential abil-
ity. of the silver to adhere to the copper surface in the
presence of the acid. : .

) A very well developed hydro en-oxygen catalytlc pattern
wns obtalned on ‘a copper crystal by exposing it to a 5:1 mix-
ture of hydrogen and oxygen at 400° C for 16 hours, The
'spherp was then alternately immersed in stearic acid at
2009 C and exposed to the air above the liquid. The cata-
lvtlc nattern entlrelv disapteared in 1 hour and the well-
defined etearic acid’ patte&n first appeared in 4 hours. _..JThe
pattern resultlnv in 24 hours was identical w1th the custom-

ary stearic acid pattern.

,  Qleic medid in &t atmOSphere‘of air,- -When a copper crys-
tal was heated at 100% C, a faint pattern ,appeared within 24
hours. and continued for 24 hours. - &t 200%0 strong:. specular
reflections were obtained from the (110) regions and the.
(311) regions, 1nd1Cat1ng that erystal facets parallel to
these planes had been develOped The ‘crystal remained -en- -
tirely Wetted SR : 5 :

Methyl stearate in an atmosphere of hvdrOgen. No ap—7
pre~1~ble reactlon took place over a period of 12 hours.- &

Methl stearate in an atmOSphere of air.~ ‘A very defl—
nite ‘etch .pattern appeared in about 1 .hour and continued un-
til the end ‘of the experiment .in 12 hours, The weight luss
over 12 hours was 34 milligrams. ,A 5-percent solution of
methyl stearate in stearic.acid produced a falnt etch pautern
1 nE2 Shlourists

Tristearin in an atmosphere of air.- With a 5—percent'

solution-in mineral o0il at 2000 C .g definite oxidation pat-
tern’ fOrmod in about 15 minutes and. continued for. .48 hours,
No etch ‘pattern formed, and the loss: in weight was negliglble
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over a :period of ,%28 thours, When a polished crystal was
heated in this used liquid for 17 hours, it was completely
covered with a-tar which, when wiped off, revealed a definite
pattern of carbon formation at the (110) regions.

Chemical Polishing Agents

Tricresyl phosphate in an atmosphere of hydrogen or
nitrogen.~ When a rapid stream of hydrogen was passed through

the liquid at 300° G, no appreciable reaction took place
within 24 °hours. The liquid ‘decomposed slightly as indicated
by a change in'color to a light orange and by the formation
of a few large black flikes on tle bottom 6f the flask.  The

crystal remained smooth:and shiny.

Tricresyl phosphate in an atmosphere of ‘gir.< Experi-
ments were conducted at ULV, 280 arn 300°-C, with the
crystal alternately immersed in liguid . ana exposed to air at
a rate of 15 times per minute., ‘In general, an oxidation pat~
tern first formed, followed by very faint etching, and 'a
brown insoludle film which is not preferential with crystal
Plane as far as could be judged. Finally, at 200° gnd 3000 ¢
the crystal was complstely coverad with a ‘heavy black deposit
at the end of 24 hours. At 200° O the dull brown film began
,.to form in about 5 hours and continued to the end of 24 hours

‘when the heavy black 'deposit formed appreciably. When this
deposit was removed by rubbing with tissue paper, the used
tricresyl phosphate étched the crystal preferentially and
deeply, the 'thin, ¥rown, protective film failing to form.
When a new c¢rystal was heated in tricresyl phosphate which
had been heated previously with copper in contact with air,
no film was formed; dbut’a very striking etch pattern formed
in about 10 minuteés., At the end:of 15 hours the pattern was
very distinef] ‘the (110) regions being smooth and shiny ag
shown in figure 5., Small shiny spots 'were located at the
(100) and the (111) poles, and the'rest of the surface ap-
peared frosted, Five percent tricresyl phosphate in .mineral
0oil ‘at 200° an4 '300° ¢ formed films similar to those obtained
with the concentrated matérial, The rates were slower. At
200° ¢ tHe oxidation pattern formed in 20 minutes and the
brown film in abdouf 5 hoursy At 300° ¢ the bxidation pattern
formed almost immediately and the brown film in about 20 min-
utes, Five 'crystals heated successively at 200° ¢ in the used

“"b-percént phosphats whieh had been heated at 200° ¢, formed

protective films, A sixth was etched slightly.
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Triphenyl phosphine, triphenyl stibine, and triphenyl
arsine in mineral o0il behaved similarly to trlcresyl phos -
phate. 4n.oxidation pabtern first .forimhed and- ‘this was fol-
lowed by the formatiion .of a  brown proteéctive* ¥$1lm, No 'ap-
preciable etching took place.’ With .5'peércént triphenyl i
arsine in mineral. oil:ianm oxidation pattéern formed, but no
appreciable film formed in 42 hours.

uomme101a1 OllS

v. ... %hen a crystal. was heated in unused av1ation oil a b
‘90“0‘0, an oxidation pattern formed but no appreciable etch-
ing of carboh deposition tHok place watﬁin 48 hours, If aip.
was dlown tnrough unigsed 0il, = faint etch gattern formed.
within" 48" honrs.-‘mhis should be compared with a definite
etch oattern formed with mlneral 0il. heeted under similar
conditiong for 24 hours. Used’ ev1at10n 0il in air prefer-
entially etches a copper erystal with the development of

(3. 19 planed at '1009,. 200%, gna 300° C, and forms preferen-, .
tial carbon. aepoelts as descrlbed in the pqrngraph on & e
czrbontzatlon PSP

Amines in an Atmosphere of Alr
uoneentrcted ethanolamlne at 1000 C produced an etch
pqttern &lmost inmeulately. Concentrated cvclohexylamlne at .
10090 pricduced ‘a faint etch pattern. Concentrated dlphenyl—
amine &t 2009 ¢ d1d not etch the crystal appreciably ovier a
period d¢f 24 hours, “but an ox1dation ‘pattern formed. . Conx -
centrated hewadecylamlne at 2000 C produced a definite -ebqh -
pattern, ¢ Wen a beam ot ! ligh ;wae normal .to the surface;lat.
the (110) pole, definite ‘specular | refllections. were obtained
over ‘an entire: hemlspnere.'indlcatlng that facets parallel
to the' (110) planes were developed.. Faint reflections were .
obtained’ when a llght beam was, normal at the {111) pole.
Total 1083’ ‘in welg?t overla perlod of 24 hours was 16 milll- -
grams. With c¢oncintrated octadecylamlne at 200° C definite
specular re’lectibhs were obtained over: a hemisphere when
the 1ight"bean’ was nOrmel ‘at. a, (100) pole. -Total logs in - - -
weight over a” period of ?4 hours was. 10 milllgrems. Ine &
percénit hexadécylamine in mineral 93l at 200°.C, a definite:
oxidatien: pattern appeared which continued untll ‘the end of
the eibériment in- 40 hours.f.No appreciable etching took oy
placeé, ‘and the crystal became cqmpletely covered with a blaek"
deﬂOelt L e % e A o £ s :

cap P omom oot rl pat
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N -Abilityitofwetf'

A GOPper chstal was immersed in"stearic acid and ex-
posed to air at a rate of ‘25 times a winute at 200° C, The
customary etch pattern soon formed and, after the etching
had taken plage for periods of time ‘rangihg ;rom's'to 6
hours,. the -liguid rearranged itself into deflnlte ‘drops on
the (lLO) poles when the crystal was raiged above the liguid.
If hydrogen: replaced the:air, the: liquid ‘wet the entire sur-
face of::tire :orystalis . If airr replaced the hydrogen, the
drops: again formed at the (110) regions. -'Only 2 small amount
of air in the hyArogen was sufficient to produce this forma-
tion of- drops.ﬁ Thdisg: formation of" definlte drops was obtained
above: 1600:€1ahd up to at least. 270° C' where the film imme-
diaﬁely»broke into small arops: If the" prpferred weutlng had
occurred,- add:@13nd'o¢ ninéral” oil up to0 50 pe;cent did not
affecti the  resultsyi” If o fresnly poxished crystal was im-
mersed[in:9ld-steéaric acid which had been heated ‘previously,
as:described; the drops immediately formed on’ the highly
polished.- c"ystal at:theé (211) regions, After 'the etching
had proceeded for perlods from 3 to 6 hours and the regular
stearic acid pattern had been developed, the drops. collected
at the:(x%0). reégions, If‘a freshly pollshed c;ybtal was im-
mersed im new dtearic acéid and exposed fo pure oxygen at a |
rate of:18:times-a. mlnute, the ‘drops forméd “in a’short time
(several -minutes to-an hdur) ‘4t the (¥11) “regions.  Palmitic
and .myristic aeidg: under the "first condxtlons described pre-
viously ,showed ‘o 'simiilar preferential collection of drops at
the (llO) regions. ‘The unsaturdted acid, “é6leic acid, did
not show .the .formation of dr0ps under the ‘same conditlons.
Five- ~-percent solutions of calciwm: stearate,ialumlnum stearate,
and zinc stearate inistearic acid ‘exhivited preferential wet-
ting of the (110) regions in 8 to 10 hours.

A copper single crystali containing a perfect stearic
acid etch pattern which had developed in 12 hours at 200° C.
was. transferred. to.freshostearie: acidAu The" crystal showed
preferential wettabll;tj of: ther (‘lO) regions after 6 hours,
a time interwval:comparable to>that néecessary to develop pref-
erential wettang on a: freshly poliehed crystal

A,palycrystailine sphere of ooﬁper exhibited wetting re-
sults .similar to-<the single! crystal spﬁére at’ 1200°:€,  In
fresh agkd the liquid firet ‘begas -to exhibit’ nonwetting of
the surface-in 5 to 6 hourd, -Stearic a01d prev1ously heated

in contact with ccpper for *I8" hOurq showed no- 31gns of wetting.

the ;copper 1surface -for ‘the tOtal runnlng time of 3 hours, . An .
etched surface reacted ‘in 'the damé ‘manner as an unetched
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surface, the stearic acid wetting the sphere for' 5 to 6
hours, then no longer wetting it. The surface remained com-
pletelv wet in atmospheres of hydrogen and nitrogen after 24
hours when the experlment was conéluded.

An attemot Was made to correlate the Wetting of ‘a cop-
per single crystal by stearlc aﬂid with the wettlng of a
pPlatinum spade dipper at 200°'C, THé platintm dipber was
cleaned by heating to redness in a Bunsen fiame, 1% eyt 355
cooled; in air and dipped in the stearic gcid,’ e fir&t “ﬂw‘
signs . of preferential ability to wét with conperLMeré ndtédf
after 5% hours of heating and cOntlnued for ‘Tl ‘hours,” The 2k
first signs of ..8.%inite coutact .angle of ~gtearid acid ‘on B
platinum were.noted in 7 hours, ‘the magnftude” of thé’angle
increasing wlth time until a total of YI: hOurs. WL tH a @ame
ple of stearic acid heated out of contact’ with ‘coppeér,the -’
first signs of a finite contact aﬁgie 6f the-§teariciacid on
the platinum . dipper were noted in' 28 hburs. “These:results
appear to 1ndicate that an‘oxidation broduct ‘o0figtearicracid
is responsible. for the preferential wetting of the copper sur-
face. redd :

Monomolecular layers of oleic acid were put on freshly
polished slices of a (100) plane and polycrystalline copper
and the contact angle of water measured by the method of
Langmuir, (See reference 3,) Consistent results were ob-
tained with the (100) slice, the contact angle of the water
drop varying from 81° to 840, The results with the poly-
crystalline slice were not so con51stent the magnitude of
the contact angle varying from 48%° to 71° apparently with
the degree of polish, The possible significance of these
results will be considered under Discussion.

Carbonization?j

When a single crystal of copper was alternately immersed
in used aviation 0il at 200° C and exposed to air at the rate
of 15 times per minute, carbOnaceous residues ‘of varying:
kinds deposited on the,crystal, The nqture of “the deﬁosits
varied with the atmosphere above the" Ifgquid, “dnd with *the~
time and temperature Qf heating._ In atmosnheres of ¢ hydrogen
and nitrogen, neither carbon férmation nor etciing dccurred.
In atmospheres of oxygen or. .circulating air, colored lacquers
rapidly: fOrmed preferentially with plane afd ‘renained . for
periodsg:of, tlme yp,to 207 hOurs before prefe?ential ‘étching
started;? In atmogpheres of still air the' reeults varied with
time ag dqscrlbed in the following paragraphs. Ry
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‘icTHérefseems to be four distinct: n0531b111ties-
119 Formation of a.colored lacquér ‘which‘'is completely
irremovable
2. ‘Fdrmatidn '0of 'a heavy dark bdrown lacaouér which can
be removed Dreferentlally with plane
Bormation of a heavy black depOSit whlch can be
nrefernntlally removed

4, btrong Dreferentlal etchlng w1thout strong adher-
: ! omnice of the carbon’ deposits to the metal

i Cdlored lacquer. This formation dcecurs 1n short inter-

vals of" tlme,generallj in & %6 8 hOLTS. vmhe cryst 1 annrared
very brlght drid -lustrous ‘and exhivited a rather 111- ‘defin'ed
interference color pattern. In moving air and movir 1E. Qxygen,
lacquer formation predominates for long intervals ¢f time,
occasionally ol 20 hours. In the latter case severe rubbing
with' tl%sue w111 inaiice 'a patte*n ~due to tne pref?rvntlal
scEling ‘off ‘of the deposit in ciarTtalin areas. The fact that'
the areas  which §cale off in Lhe (100)," (210), (123\ gl "
(110)- regions: ‘are small SUgEOSTS tnat the lacnuer is predOmﬂ
inantly oxide’, since these arccs are the most active toward
oxidation at 5000 C."” Oxygen and moving air mey prolong the
life of thé’ coldored lacquer, since 0il is a dilute solution
of acid and the excess oxygen may inhibit the looséning ac-
tion of the acid, The initial rapid rate in oxygen may form
a - more- cﬂnpact bxide surface whlch resists tne attack of re-
aCtiVE)aCId molecules.w" b 2 0 g e ; 5

R 'zHeavyfbrown laCQuer.- This- formatioh' occurs in 6 to 7°°
hours,-and-the-deposit is very definitely preferéntial in’
its adility to be removed by rudbing. ~Prior to rubbing, the-
surfaceé has'a-dark:brown, #lightly lastrous abpnaranCe. it
doesr hot:resemble any color or texture of oxidation in air
previdously encountered, The prefeTAntlal Lunrvaoﬂllty o F
this:.lagquer has  been: encounte red in all‘steagzés’ of develop="
ments: The /various.patterns developed with incteassing time
are: Zaipant i Sl 2 ” oo 2. ¥ S S e s bl S

t#1¢-A-thin'ring around all (111) polés;, passing through"
the six (123) poles, is first removed., ‘The re>- -
moved ring widens in time, occasionally most
crapidly-toward:(111), or most rapidly ‘toward (100)
cand (110) poles. .
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2. The ring ;hag widened tic such: dn &xtent that all the
deposit is removed except a large square at (100)
and a small, circle fat - €LY ) pOIes.‘ '_A

3. The only deposit removed is a wide circular area.
svrrounding and«including the (111) region.

4, All the deDOslu is removed except a small triangular
area at the (111) pol#é, - The batterns described
in (2), (3), and (4) apparently oc¢cur depending
on the rate of the rinv widenlng described. 1n_(1).

In all cases of heavy brown 1acouer formation the traces
of the used aviation lubricating oil etch pattern were becom-
ing apparent. This .fact:.indicates "that the method of - depositA,
loosening is a direct.attack upon -the copper- deposit inter-
face.. It appears that diffusion through the deposit ‘and AT
tack .at the interface always oceurs most rapidly at the, (123)
pole p0s1t10ns.

« The’ phenomenOn of heavy brown lacquer depos1t10n defi-
nitely is not due to expansion-contraction effectsi- Slmllar
results were obtained if the crystal were wiped while ‘hot,

agitated in a sand-oil mlxture below the level of ‘the oil,
wiped after cooling in air, wiped after ccoling below the
level of the o0il, rapidly cooled in tap water before wiping,
and rapidly- cooled .in aviation o0il at room temperéture be-~
fore wiping. i : :

Heavy black depQSit.- This type of deposit only occurred
if etching had not occurred to an appreciabléﬁéitént. It is
noted in time intervals of the order of 12 to 24 hours. The
ease 0of removal, in order of decreasing €sse, is (12005 '{(100),
and W1 TN Generally,. only a large . area’ ‘surrounding the
(111) pole retains its, dep0s1t after vigorous rubbing w1th‘
tissue. (See fig., 6. ). It appears: that this effect is largely

an expansion-contraction effect since the heavy deposit is ... . .,

only encountered after rapid cooling, -the deposit appearlng,'
like a frozen mass, If the crystal is wiped while hot,  the
deposit, whlch .would have been rigid if rapidly cooled. has
the texture and appearance of thick grease. Beneath this
readily removed grease layer the crystal has a dull gray
lacguerlike appearance, the lacquer being much darker at the
(111) areas. R4 .

Etching.- When strong etching occurs no lacquer or
heavy black dep0sit igs encountered. ZEtching will always oc-
cur in time intervals greater than 24 hours, but will quite
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often; ocecur: in-shorter intervals:of.time., .The.(111) planes
are developed, - Apparently the oeccurrence of-the preceding
four phenomena is:dependent updn:the correct acid-oxygen
ratio, the time inconsistencies being explained on this basis.

\Mear Experlments

A polished copper slngle*crystal sphere was clamped in
a chuck attached to a: motor, rotated at 1725 rpm, and rubbed
with a strip of lead foil. A pattern of; triangular dark gray
arcas in the (111) regions resulted. This was attributed to
lead which had scaled  off .the foil sand. preferentianlly adhered
to the (111) areas due to the predominance of slip lines in
these areas, Slip lines were readily visible under a magni-
fication of- 135X, and in. the majoriiy of.instances lead.eould
be seen to have piled up like snowdrifts along these lines.
Similar preferential adherence to the (111) areas was noted
in the presence of used«wV¢at10n_lubricating 0il as indicated
below, A polished copper single~crystal sphere was attached
to a rotating mechanism and pressed against a lead sheet im-
mersed in used aviation lubricating. o0il heated to 200° C,
The contact pressure was:regulated by means of a guide wire
which ran:over a pulley to0-a balance pan on which weights
were placed.’ The sphere served.as, anode and the lead sheet
as cathode, and a current:was .passed through the circuit,
When a load of 200 grams was applied and. current of 2,25 am-
peres at an applied potential of 50 volts, the potential
drop across the lead=«copper eontsct was 0.3 to Q,4:volt. A
negligible-amount of scratching and no lead:adherence oc~ .
curred., However, when the load was reduced to.50 gramsj-
sparking occurred which apparently melted the lead and.gcaused
it to adhere preferentially to. the (111) regions-along: the
band of rubbing. A preponderance of slip lines was visible
in the (111) reglons.
Several 1nterest1nv facts were noted when the apparatus
desgr;bed was used - in- the presence of steariec aecid at 2000
46 BO0Y ¢, The results may be briefly summarlzed

l. Tne sphere became badly scored and scratched in time
~due-t0 the depesition of copper on.the-lead, the
.seratching:.then: bezng due to,the: rubblng of ‘cop=-
per on copper.gygm e
ye 8 bnarklng readlly O?Uaed the lead to melt and to ad-
_here . to the .copper sphere. : :
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tions chosen, the stearic ac1d ‘decomposged :and
formed ‘8 -Very . thick adherent layer of carbona— oo
ceous‘material :

'1$.'%hen -a copper. cathode was used and sparking condi-

4, Under nonsparking conditions the lead rubbed off>and
adhered preferentially to the roughest areas of
the rubbing surface.

*:vlixtures of an. Oilihess Agent and &

P &5»f*~,¢;v Ghemical Polishing Agenb
Three experiments were carried Out “at” 200° o} with a’
mlxtu“e of 10 percient- stearic. acid and 90 percent tricresyl
hosphab yand. three,; with 90 percent stearic ‘acid and 10 .
nercent ‘tricresyl phosphate.. With the 10 percent steardie -«
acid, ‘an “etcH pattern cha aracteristic of the 'acid formed /im'.
*abdut ‘20 ‘minutes, and -an.insqluble film formed in about 1}y
hours. Welgh't measurements .indicated that appreclable eteh—
ing: took ‘place~until the. film began to form “but ‘that etch
ing’ ' wad lappreciably reduced Dby this fllm. The ‘10 percent :
phosphate mixture: showe@ a greatér film=- forming téndency
tHan“the 90 percent ‘In general, tricreqyl ‘phogphate ap+
peared totreduce the . preferentlal etching bv the acid and
”produee e smoother sRgTapesdgn s RS ERENE 8 FAPLE | Y e
. P . ! LY
*’nitn 5 nercent stearic acid and 5 percant tricresvl~“
phosphate in mineral o0il: at ZOU° G the custOmaryWstear1c~=
acid p&ttern appeared in 1 hour and the customary phosphate
f4lm in: about .22 hours. .In, 24 hours no appreciable pre@en~
Pntlal etcblng wesknoticeable. 1

5 rercent Salicylic Acid in mricresyl fhosphate.

& rercent Phosphoric ac1d in mricresyl Ph0sphate.

H

and 5 Percent Ben201c Acid in Tricresyl }hesphate

An attempt was made to identify the etching eompound
“present in dsed tvicresyl phosphate by~ coméaring the pattern
obtained from used phosphate with the pattern produced by a
known compound. Salicylic acid sblution reacted like undi-

"luted tricresyl.phosphate. The phosphoric acid solution
pitted the crystal but .gave no. definite patterh *“ The solu-
tion of benzoic acid produced a very definite pattern within
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2 minutes which was similar to that obtained with used tri-
cresyl phosphate. This latter exnerlment suggests. but does
not.prove,. that one of the ox1dation products, of tricresyl

hosphate 118 benZOIC acid.

TR

A Ceppef CrYstal Plus 5 ﬁercent Calcium Stearate and
5 Percent TricreSJl Phosphate in Mineral 0il at 200° ¢

Two experiments were conducted us1ng the alternate—
immersion~- and-exposure~to-air method and one,‘allowing the
crystal to.Temain in the liquid which was stirred vigorously
and through Wwhich air. was bubbled Blanks of 5 percent tri-
cresyl phosphate in mlneral 0il were run at the same time for
comparative purposes., In ‘the two alternate immersion experi-
ments the crystal first became oxidlzed and then etched pref-
erentially. ko trace of any film was found on the crystal,
the calcium stearete apnearlng to function as a detergent,
At Yeash, 1% prevented the Ioimation of the usual film, In
the experlment in whlcn the crystel ‘was continually immersed
in the liguid, at the ‘end of 24 'hours it was covered with a
very heavy tar which was easily removed by rubbing. When
the tar was removed, a definite etcn.Pattern was seen and no
film underneath was noticeable as was the case when calcium
stearate was absent.

S B
3 : R O L

Etchihgffyrafseries of.?eféffin;Aeiae

'In order to determine tne effect of increasing complex-
ity of molecule on etcnlng cnaracterlstlcs the first experl-
ments carried. out 1n tnis project were those on ‘the etching
o copper by a.. series oi paraffin acids. , Acetic, propionic,
n-butyric, n- valeric, and myristic acigs were studied. The
crystals were alternately immersed in acid and exposed to
air at the rate of 75 times per minute. Since the lower mem—
bers of the series boil at temperatures slightly above 100° ¢,
all experiments were conducted at To0Y ¢, MlcrOgraphs of the
major planes of the first four acids were taken at the end of
3, 24, and 48 hours, micrographs of planes of the last two,
24, 98 -and 72 hours. Fach acid gave a distinct pattern, but
there apneared to be no systematic change in the pattern in
passing from one acia to the next higher member in the series.
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-Iﬁéarfangemént Due “t'o "Ao't ion of Hot. Gases . .

Very striking surface rearrangements were.obtained on a
highly polishcd copper crystal due to the catalytic reaction
of gases at temperatures considerably below the melting point
of the métal., The réactions were highly ‘specific with the
gas, In some reglons very striking facets were developed,
in otherq, irregular roughness was obtained, while other re-
gions seemed to be completely unaffected, Such rearrange-
rents may be of considerable importance to those parts of an
enging wh;ch are suhgected to the action of hot gases. ' Not
only ig_ the éurface roughened in some regions, which would
1ncreaee wear, but a considerable amount’ of metal is evapo-
ratpd durlng these reactions. Very striking rearrangements
were DvoduCed on copper by the reaction between hydrogen and
oxygen at a gas temperature of '400°% C, by ammonia and oxygen
at QOO C, ‘and by the action of ammonia alone at 5000 C, The
sinigle-crystal method of study is especially suited for de-
tecting and following the course of such reactions. . Photo~.
graphs of a copper surface, on which the hydrogen oxygen reac-
tion has taken place, are shown on figures 9 to 1b.

Blectrochemical Reactions

The electrodeposition of copper on a single crystal of
copper has been found to vary greatly with crystal plane.
With an electrolyte containing copper sulfate and sulfuric
acid at a low current density of 2 milliamperes per square
.cpntimeter for 450 hours, a single crystal in the form of a
‘sphere was converted into a polyhedron, exposing largely the
(111) ‘planes. At a current density of about 20 ma/cm? the
deposit followed the orientation of the underlying crystal °
in sowe regions, but in others, new randdmly orliented nuclel
were formed. Thus, after about & hours of deposition, part.
of the sphere was' covered with a 91ng1e crystal deposit and
part of it was a polycrystalline deposit,. "If the currenti
.density was increased to about 80 ma/cma* ithe 'entire - suffdde
‘became covered with a Dolycrystalline deposit in g short
wnxle. . : . v S

y e 81

‘Galvani action between two - metals in aqueous’ solutions
*‘varied with‘plane., When a singlé<crystal ‘sphere-of ‘copper
in a solution of copper sulfate was connected electrically
to a crystal of zinc in zinc sulfate and the two solutions
connected by a bridge of potassium sulfate, copper was de-
posited preferentially with plane on the copper crystal and
zinc was etched preferentially from the zinc crystal. This
effect has not yet been tested in oils,
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. LEAD

o 3 ELeotrolytic Polish1ng of Lead

“f w35

e
o

Lead spheres we:e electrolytically pol1shed as anodes
in a.‘cell; oonslst*ng of a cyllndrical lead cathode in a 150-
milliliter beaker.. The solution was stlrred vigorously, and
the current density was 20 to 25 amperes/sq decm ‘at a poten-
tlal of b to 8 volts., Fluctuations 'of ‘the voltage -occurred
at the polishing pcint. This treatment gave a fine finish
if the initial surface had been made smco‘h by mechanical
pelsishdines. Dot 16 wals 1mpossible to rudb lead with emnery pa-
pers due to recrystallization., “Small indentations that
formed:in the.surface during growth due to air bubblies were,
thereiore, oreserved during- electrolytic polishing,

The pollshlng liquid had to be renewed frequently to
vrpvent tne fo*mat;on of lead dioxide on the anode., Tarnish-
ing: o*,the ,surface was reduced by- removing the sphere from
the. llqu1d befcre cutting - 0ff the current, and the sphere
was 1mmedlatoly placed in'distilled water, washed with alco-
hol, and_dried in a current of warm air. A clean, bright
surface was maintalned for several hours. ;

Gy 4
- R ’
P A 5

Oxidatlon

.;3-»J ;" 2

Falnt oxidation color oatterms as.,hown .on: figure 23
were formed in §everal minutes by ‘heabing lead crystals, 1
in air, and oxygen'at 150° o 250° .Cy: The patterns did not
consist of ‘well- deflned bright. 'colorsl like those obtained
with cqpper but “in general Yead ‘was roxidi zed only. sllghtly
preferentlally with plane. ‘This ‘may be: due t.0 the .tarnish
layer whlch forms so readlly on tbe surface prion to heating
in alr. 10 i 3 i )

S DI S B i_m'j

.:"",u - ‘ .. " .
Mlneral 011

& . ~\ ’ 2
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AT

‘Mine#8T 041 85 an’ atmOsohene o ain-— A color pattern

consisting of circular (100) grésgs started to form at 100° ¢
in 2 hours, ang was very striking at the end of 5 hours,
After 14 hours.: yellow-orange fla&es Begen to scale preferen-—~
tially from the (100) regions afii'in time the entire surface
‘of the' sphefe showe& this scaling phenomenon, The weight
loss in 5 hours was“ 0,004 gz and in- 24 hoursj; 0,024 ¢g. Re-
sults at 200° C'were similar to'those obtained at 1000 C. 4
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color pattern of active (100) areas formed within a few min-
utes, and preferential scaling in these areas occurred in 90
minutes. In 3 hours the entire sphere exhibited this scaling
property. ZElectrolytic etching in the lead-polishing liquid
after 5 hours heating in mineral oil at 200° C developed a
yellow circular area around the (100) region. The facts that
scaling started preferentially at the (100) and etching de-
veloped the (100) regions indicated that the oxide, or the
mineral oil-oxide complex, was thickest at these regions.

The loss in weight - in 24 hours was 0,028 g,

Oiliness Agents

Stearic acid in an atmosphere of hydrogen.- At 200° ¢

in unpurified tank hydrogen a crystal, sphere lost 0,015 g in
‘6 hours., ‘In a comparable length of time in hydrogen purified
by passing over heated copper wire, the lead crystal lost
0.003 g. These values should be compared with 1,047 g lost
- in "5 hours in an atmosphere of air, 1In spite of the small
weight logd in hydrogen, an etch pattern consistlng of strong
specular reflection from a large area surrounding the (111)
regions was noted. Since this pattern was similar to that
‘obtained in pure air, it suggests that the small weight losses
in hydrogen were due to traces of oxygen,

Stearic acid in an atmosphere of alr,- Lead was greatly
attacked by stearic acid, but the reaction was only slightly
preferential with plane.,  COrystals reacted very similarly at
100° and 200° C, The weight loss in 5 hours at 100° C was
0.3467 g and at 200°C, 1,047 g. 1In both instances weak
specular reflections from the (111) areas became apparent
soon after the experiment was initiated, Six narrow bands
radiating from the (111) pole had the power of diffracting a
beam into colors depending upon the angle at which the sur-
face was viewed, The entire surface of the sphere appeared
very smooth and only under inspection at the highest magni~
fications could minute facets parallel to the (111) plane be
noted. When the crystal was raised above the level of the
liquid, the film of liquid broke rapidly and formed into
drops which rolled off the.crystal,

Five percent stearic acid:in mineral oil in an atmos-
phere of - air.- The weight loss in 5 hours at 20070 C was
. 0,408 g," and 'a pattern of specular reflections from the (111)
regiong developed in 5 minutes, remaining until the end of
the experimént.‘ Drop formation occurred when the. lead sphere
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was suspended ;jabpve the level of the 1iqu1d the drops appear-
ing:to;be preferentially wettlng the (111)’regionss This re-
sult was uncertain since all drops rolled rapidly from the:
sphere. o

Oleic acid in an atmosphere of air,- Similar results

were obtained at 100° and 200° C, During the entire experi-
mentithe lead erystals remained wet when suspended above the
level.of . the:lignid and the gurface appeared very bright and
SmOOoth, . « When . viewed w1th a flashlight in a darkened room,:
very weak reflections frOm isolated’ mindte gpots appeared
normal to the (111) poles, and diffraction patterns of &ix
bands radiating from the (111) poles, as described in the case
of stearic acid, app@ared.” The weignt 1oss 1n 5 hours at

2000 C was 1,8953 g, ' L

'”‘Methyl stearate in an atmoaphere A air.'"Tne weight

loss in 5. hhours at 200° C was O, 852 g. pattern ‘of specular
reflections. from an entire hemisphere normal %o ‘the (111)
planes developed in several minutes and ‘contimied until the
end of the experiment. In one case when a copper supporting
wire was used, a thin film of copper deposited on the lead
sphere,

frats v S

Polishing Agents

Tnxcnesyl phosph&te in an atm0sphere of “afr,= Tricresyl
phosgphate: preferentlally etched a lead 31ng1e crystal sphere
at 100°/an@~300°..C,; No heavy lacquer 0T, ‘gurface film codld
be detected with the. eye. The we1ght\%oas at 1060 C'was = 7
00067 pin+5 hours and Q.024 g in 24 hours. At 2009 G the "
weight Losa Was . 0. OQSZ ) 1n 5 hours an& A 0035 & in R4 hours.

i i.':‘}QT ."1‘} ‘;;' . |n‘ :v) ; ) b ‘

G a8 b GG TR
Commercial Oils . | .
A

Lo B A I

:New-aviation lubricating.oil. in an a;mosphere of air.
Negligiblé weight lossés: were! detectable at 1006 and 200° Co

The surface rapidly became’ dark and remalned 80, until the
end ef the 24~ houf perlod G : z .

rof
PR e &.‘.,.,‘

Uged aviation lubricatlng oil 1n an atmosphere of air.,.

31ngle~crystal sphere at lOO° e, the welght loss belng ._L
0,0008" g in“24 hoursi = No signs- of etehing, or: carbon: deposi-
tion were apparent. .The weight:loss in: g4 hours at 2000 C.
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e;“6:0ﬁ4-g “No carbon deposition; was. v1sib1e,,but strong
proferential’etchlrg OCCurred with: the development of (111)
planes, o ;

Amines.

Dodeéylémine dn::an atmosphere of air.« No signs of pref- .
erential etcblng ‘appeéared when ‘a 1ead single~- crystal sphere -
was subqected to thé action of dodecylamine for 5 hours at
2007 Ee e The weight lose in this interval was 0O, 008 g.‘f

Other’Evidehcexof-Preferential Etbhi@é;?;”'”

Striking preferential etching occurred in the following
reagents., - (1) ElectrOIthc etching at low current densities
in the lead- pollshlng solution, (2) Acetic acid-hydrogen
oerox;de mlxture.: (8) Acetic acxd-nitric acid-water mlxture.

(-

IRONf

Growth of Single Crystals o=

i Ow1ng to the 1nab511tJ to grow large crystals of iron
by the conventianal mebhod of slowly cooling, it has been
neCessary ifnvthis’ study to make a. special investlgation on
the- nreparatloh 6f. iron,.: At the .present time, irregular-
shaped crvstals about~1/4.by 1/2 by 1 inch have been ob-- i ‘-
tained. * Since larger crystals have. not yet been grown" elee-:
where as fAr as.¢an, be' determined and since the subject 1is-
of interest to the science of metels, a brief review' bf’ the
present state of this subject is included along with this
description of results. s 4080, :

1t was originally, thought that large single crystals of
iron could not be -grown by’ slowly cooling the melt due ‘to the
fact that ‘iron changes its crystalline structure at about
900° C, thereby converting any large crystals of one 'kind .
which mlght have existed above this temperature into small .
crystals of .another kind. (It has been shown that such a
change -dges. take place when the metal ‘is cooled without spe-
cial treagment, Furthermore. etngle crystals - of 3-percent
silicon-irgn alloy, which doés not ‘undergo a phase change.
have been:-grown by slowly cooling a melt,
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" Prior to 1924 it had' been found that if carbon was re-
moved from iron or steel and the metal deformed in some man-
ner, such as by stretching or rolling or even stamping, and
"then heated for at least several hours at a temperature close
to but below 900° C, abnormally large grains grew in the de-
formed region. In the middle twenties, Edwards and Pfeil
(reference 4) and Gries and Esser (reference 5) made exten-
sive studies of the formation of these large grains. They
“attémpted to remove the carbon from the iron by heating for
long periods-in hydrogen at temperatures from 950° to 1050° ¢
and found it very difficult to remove the carbon from the
interior of thick pieces of the metal, Thin strips, about
'I/8”inch‘thick, fiﬁally were adopted. After removing the
carbon the bars were-deformed by pulling or rolling and final-
ly annealed in hydrogen at temperatures a little below 880° C,
Both "gréups weré able t6 produce fairly large grains some of
which extended several inches along 1/8- by 1/2-inch bars and
‘-o¢cupied the entire ‘cross section. There were always a few
‘tiny crystal grains imbedded in the large ones. The two groups
were not in complete ‘accord ds to the details of procedure,
especially the exact ‘amount of deformation., Gensamer has
recently attempted to repeat the work of Edwards and Pfeil
‘and found that, "The preparation of large c¢rystals of iron
by ‘this method is much more difficult than it appears to be"
freference 6). He wds unsuccessful in applying this method
“t'0 the purest available iron and found it necessary to de-
-carburize mild steel in hydrogen for over 2 weeks, The pro-
“duction of the crystals was found to be somewhat sensitive
to the manner in which the metal was cooled. ‘The best crys-
‘tals were only 3/4 inch long and not quite 1/2 inch in diam-
‘eter.  In accord with the other experiments it was impossible
to av01d a number of minute crystallites asne the large crystals.

'Ip 1934, Tangerding (reference 7). showed that, if one 1s
working with sufficiently pure iron, the strain in the dis-
torted crystal’ lattlce at the grain boundaries may be suffi-
cient to promote grain growth to a marked degree. The re-
sults also'indicated” that impuritles other than carbon may
have a mar*ked influence upon single-crystal formation, More-
over, Cioffi ' of the Bell Telephone Laboratories in a private
communication describes exnerlments which show that by employ-
ing the propeéer method and the proper kind of iron the strain
produced in going from' the gamma’ to the alpha phase is suffi-
cient to produce enhanced grain growth.

In all the foregbing studies ‘the purpose has been either
to find what measures”might be taken to prevent grain growth
or to produce grains satigfactory for studying the magnetic
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properties of single .iron crystals. In no cases have crys- . .- .
tals been produced which would be satisfactory for machining .

into “‘spheres for chemical study, and all crystals produced
have contalned Aimperfections in the form of tiny crystallites. ' )
The cono1t1ons under which any particular piece of iron will-‘

yield large crystals have not been established nor is there

aqy satlsfactory explanation- for the observed grain growth

In mOSt 0f the experiments conducted in this laboratory,“'

the method of Edwards and Pfeil has been used. The metal - '
employed was a,cold rolled steel, containlng 0508t 0 8036
percent carboﬁ. 1t was decarburized in moist hydrogen for:
periods varylng from 18 to 72 hours at temperatures varying

from 9509 to 1050° C, elongated from 1 to 4 percent by in-

crements of Q,S percent and annealed 1n moist hydrogen for
periods varylng from 18 to0 48 hours. All combinations of

the Dreceding factors have by no means been tried.  The.

reatfst irouble has been encountered in removing the carbon

fare, the ‘thick 1/2- to 3/4-in.) rods. If the steel had nof
teen decarburlzed long enough, the carbon on the interior
prohlbited grain growth, thereby producing a rind of very
large grains about a. core of minute ones, Grain growth

starts at the surface of the bar, and the grains proceed to 'y r
gTow radlally toward the center. The trace of carbon. and.

other impurities in the grain- boundaries is apparently pushed- _
ahead of the growing grain and 1is concentrated in the decreas- i %
ing boundaries until sufficiently concentrated .to stop grain- '
growth, Fuarther heatingxhas been found to have no effect on
grain growtn. This method, :whiéh at present has produced
grains Ij inches dong and extend1ng to the center.of a 5/8-
inch rod, ‘should be studied further fto determ1ne more‘-exact~
ly the optimum strain in rods which have been drastically
decarburized, A few experiments have been conducted with :
Armco iron using this same method without success.: - This posa- "
sibly may be attributed to a poor initial grain. size, Other
experimenters nhave found that gZood- results can be obtained ;
only with an initial grain size' of’ 120 to .140 grains - per

square wllllmeter, and the ‘Armco speélmens studied had an
initial graln size 0f about 90 gralns per square millimeter.-v i
It may bé possible to produce smaller grains by suitable de-  °
formation ‘and neat treatment., Preliminary tests have been ' -
made on Cioffi's "gamma- alpha strain“ method, and.a decided ~°' ' .
grain growth had been obtained.ih large bars of.Armeco 4iron - - :
without any méchanical strain.. The" grains produced were not,
however, larger than 1 square millimeter. To determinse :
whether or not this result couldbe attributed to. anremoved -
carbon, 1/8-inch slices 0f.3/4-inch Armco rod .were -heated
for several days An ‘moist hydrogén at 1000° C and after
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annealing at 880° C for about a day yielded grains which had
grown through the slice and occupied as much as one-fourth
its area., Cioffi found it necessary to heat the bars to
14800 C in order to remove satisfactorily the carbon from
thicker specimens. A molybdenum-wound furnace is now under
construction in order to use this method.

Carbonyl and electrolytic iron have been obtained in
order to study further the gamma-alpha strain method and
also Tangerling's method of employing the strain normally
found at a grain boundary.

To determine further what recent work has been done in
this country on the growth of iron crystals, correspondence
has been carried on with the research laboratories of United
States Steel and Westinghouse Electric & Manufacturing Com~
pany, neither of which has done much work in this field;
also with the laboratories of the Bell Telephone Co., and the
Carnegie Institute of Technology, whose work was described
in this diseussion.

Electrolytic Polishing

Very bright and smooth surfaces of iron were obtained
by the electrolytic polishing method of Jacquet and Rocquet
(reference 8), Mechanically polished iron spheres served as
anode in a cell consisting of 100 to 125 milliliters of the
polishing liquid in a 250-milliliter beaker. The cathode
was a cylinder of aluminum sheet fitted inside of the beaker.
The cell was immersed in a bath of ice water for maintaining
the temperature below 25° C, and the solution was stirred
vigorously. The polishing medium consisted of: acetic anhy-
dride - 76,5 percent, 70-percent perchloric acid - 18.5 per-
cent, and distilled water - 5 percent by volume. The current
density was 4 to 6 amperes/sq dcm at a potential of 25 to 30
volts,

Oxidation

An electrolytically polished polycrystalline disk of
Armco iron was annealed in hydrogen at 550° C and oxidized
in air for several minutes at 250° C, Microscopic examina-~
tion indicated that definite colors were associated with
each crystal grain, the color depending upon the orientation
of the grain. A sphere consisting of several large single
crystals was treated similarly and oxidized for 3 minutes at
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300° C,"-Définite patterns were visible on the three larger:
erains, but it was impossible to identify the most active
regions, "1% .may be concluded, however. that the rate of
oxidation'of iron is highly preferential with plane.

Iad

o Mineral 0il
When a’ sphere containing several large grains was al-
ternately immersed in the liquid at 200° and 300° C and ex-
posed to the air above, color films were obtained similar to
thosge obtained 1n pure air, No etching occurred within 48
hours.

ey ™

Oiliness Agents

Stearic acid in an atmosphere of hydrogen.~ Preferen-
tial etching occurred in 3 hours at 2000 C, although it was
impossible to identify the planes developed due to the small
size of the grains. The sphere remained entirely wet in an
atmosphere of hydrogen,. . and the loss in weight in 24 hours
for a 9-gram erystal was 0,019 g. ©¥No pitting occurred.

Stearic acid in'anlatmosghere of air.~ At 200° G in 24

hours the weight loss in g 10-gram crystal was 0,266 g.

Thus the loss in air was approximately 14 times that in an
atmosphere of hydrogen. .(EBtching along certain planes was
obtained, but the most striking .fact about the experiment
was the predominance of a.dlarge number of uniformly distrib-
uted pits over the entire surface. Btching within the pits
was also preferential as shown. by parallel ridges visible
under the microscope. Color films .could be seen in the re-
gions immediately adjacent to the pits;dindicating the pres-
ence of an oxide film. This fact swggests: that etching in
air depends in part upon electrolytic action between the ox-
ide-covered region acting as cathode and the pit acting as
anode. The nature of these pits ghould be studied further.

fv‘

Polishing Agents ..

Tricresyl phosphate.~ A preferential oxide color film
formed on:the surface in several hours at 200° C, and within
20 hours a heavy black sludge formed whiech was readily re-
moved by agitating below the level of the" liquid. A slight
gain in weight in 24 hours was noted, 7
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Commereial Oils |

Unused aviation o0il.- When the sphere was alternately
immersed in ligquid and exposed to-air, & preferential oxide
color film formed in several hours at 200° C and remained
until the end of the experiment in 24 hours. No etching was
visible on the surface, and the weight change was negligible.

:USed.aviation oil»in.atmééphenesuéf.carbon,diéxide and . .
hydrogen.- No etching or color films ocecurred-at 2000 C.:-.The
sphere,rémaiqéd_Brigﬁf'gﬁd'ghiny and the weight lo0ss was neg-
ligible. Sl ‘ 6 Lo o 2 igrdin Y s - R ke * “ . LB

Used aviation oil in an atmosphere of air.~- No sign of
etching or carbon deposition was, noted after 48 hours at 200°C,
A preferential oxide color film formed in several hours and
remained to the end-of the:experiment in 48 hours. At:300° ©
a preferential color . film formed in 5 minutes, and within 2. .
nours the surface became covered with. a heavy, greaselike -
covering which was readilyi remoyable by rubbing.with. tissue.
When this layer was removed; the surface was covered with. a.
black, lacquerlike covering.which could not be‘removedﬁwithA_
intense rubbingwr'Theﬂsghere:gained.0,00l-g in 24:hours,

Displébéhénttdf,Q@e-Mégal bjzﬁnofhéﬁ

A polished iron sphere was placed in a solution of copper
stearate in stearic acid at. 200° G, Copper deposited on the
iron very rapidly but no signs of preferential action were noted.

" 'Hearrangement Dus to Aot Gages

A polished iron sphere consistihg’ of several large’ crys-
tals was heated at 440° C in a stream of a 5:1 mixture of
hydrogen and oxygen for,48 hours..;Microscopic examination
indicated that the surface had recrystallized into a number
of small grainksief mpproximately grain size:No, 95 A8 T M,
Specificationss : The' surface: gave- the: impression that. a:.
strained film first-had, developed:.on the surface and that
later it had uniformly: snapped; forming a; number of; crevices
whichtsérwédfaswgraihhbbﬁniaries.intchinggfpr 5 minutes .in
concentrateﬁ-hydmochdmftc~acid‘removﬁdfthesevsmagl grains.

Since, the size, of the iron crystals, has not. been of suf-
ficient size for the proper identification and study of the ’
crystal-regions: these results with iron. should be.considered
BEprelAnI ety ANl oo maivmoeTh of Seoply Gese SelidliEag - @

gL e AR e B
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& few prulintnary. soaulle vers obtatned.’
ALY AR AR ki,

Due,to: recrystallization. and.ease. bf shearing, great
care must be tsed in. machlnlng zine... A number of slngle‘ e

’crystal rods was . destroved . Several spheres were grown. in. a
"small sphéerical glass vessel ‘with a shaft extending from:one

side, but the best spheres were finally made on the lathe by
making very,.very fine. cuts w1th the cutting tool

blectrolytic Pollthng

Zinc was electrolytically polished by B - modlflcation of
the method of Vernon and Stroud. (See ‘referénce: 9, )"Thé c
cell consisted of 75 milliliters of a 25-percent solutidn’ of
pota381um hydrox1de in a 150-milliliter beaker with 'a cylin-=
drical .zinc cathode. The solution was agitated by passing-
air through it, and the crystal was supported shaft 'downward
by a zinc wire, The current density was 50 amperes/sq dcm at
a potential of 6 volts. At higher current densities the sur-
face became roughened-dué to adherent gas bubbles, while at
lower current densities preferred etching occurred.

Oxidation

Faint preferential color films fogmed on heating in air
at 300° C for 24 hours. A hexagonal region surrounding the
(1000) pole appeared to be the most active, and there was no

f1ne structure to the pattern.
31

Oiliness Agents

After immersing for 1 hour in stearic ac1d e 200o C
the crystal, Weighing 12 g and having a total surface- area
of 7.square centimeters, lost 0,540 g, Definitée preféreﬂtial
etchlng along the (1000) plapes was obtained immediztely’
after the crystal was placed in the liquid, ‘but- this beécaie
less pronounced with time and the surface became roughened
all.over, When the spherée was raised out of" the llquid it .
remained wetted during the eOurse of the exneriment ; :

Nhen a sphere, which showed pronounced slip lines 'die
to machining, was placed in stearic acid at 200° G, increased
reaction as shown by excessgsive evolution of hydrogen could
be seen to take place along these lines.
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Galvanic -Actdon

Galvanic etching ‘of a zinc -crystal. has been descr1bed
previously in the section on Conper. = sl - ' '

A

Fornatioq of Sllp L1nes

Slip lines: narallel o v basal hexagonal pianes oc-
curred very readiiy'when zinc crystals were scratched or e
pricked with a pir.i Striking pressure figures, consistlng"j
of three main slip lines making angles of 120° C-with each "~
other, were obtained when a pin was pressed into the hexag-
onal plane. Similar lines also:gcould:be seen on two sec-
tions of_the_crysta} which had sheared apart in machining.

Preferential Qecnystallization

When a sphere, whlch had been mauhlned frOm a bar was -
electrolytically etched in polishing solution, it was noted '
that preferential recrystallization had occurred. Two bands
of small crystal$§; &dbodt 3 millimeters wide.and 14 millimeters
long, ran parallel to the cleavage planes near the top and
bottom of ‘the crystall ! Btehing for 10 minutes.at a current
dens{ty of 50 amneresfaq ‘dci removed these. smalL crystals,
and ’ the entire sufface exhlbited a crvetalline character._

NICKEL
A few preliminary results were obtained.

- B4 L9y Electrolytlc Pollshxng L

2 Br;ght and smootﬁ enrfaces were: obtained by electrolyt-
icaliy poiiéhing infar sulfuric-acid.solution,. 75. percent by
weight,” 'The cell tonsibted/of a 260-milliliter beaker con- |
taiping 100 to0'126 milliliters:of» the polishing liouid, a '. .
cvlindrlcal ‘aluminum chthode; Bnd @ stirring mechanism de—'j
'signed for moderate agltatiunfof the: Liguid., Agltamion was,
necess§ary in’ order’to prevent severe. pitting due tQ adherent
gas bu%breek Th'e mickel: ‘spheTe, euppowtedorhaft«upward by .
means of a nickel" ‘wire, ‘served as :anode,. and, the current
density waq 20 ampéres/sq dom: at al potential of 8 to 8 volts.

c* .
e o S . . 2 s b S i) g & . ' i VS
48, ] } e e
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; »Oxidation

"A'brilliant oxide color pattern, very much like that
initially obtained with copper, formed at 4509 C:in air in
30 minutes and remained for many hours. The oxidation was, .
very preferential with crystal plane. The colors of the
various regions after 3 hours oxidation in air at 450° ¢
were as follows: (100) and (210) - purple, (111) - tlue,
(113)'- ‘dark brown, and (B3l1) - straw. This indicates that
the ox1dation rTates at 4500 C in order of decreasing rate
were: (100) and (210), (111), (110), ara (311).

Oilineés Agents

A faint pattern due to preferential etching and rough-
ening appeared on a nickel sphere when it was immersed in
stearic acid at 200° C, . .The (111) regions were the smooth-
est. The loss in weight in 40 hours at 200° C was 0,015 g,
It has not yet been tested for preferentlal wetting,

Rearrangement Due to Hot CGases

A rearrangement pattern due to catalytic reaction of
gases was visible on- the surface of a2 nickel crystal after
heating for 3 hours at 420° ¢ in a 5:1 mixture:of hydrogen
and oxygen. Faint specular reflections were apparent and
crystal facets were visible under the microscope at a magni-
fication of 600, o e

2l

V. DISCUSSION

Before discussing the individusl results, a few prelim-
inary remarks should be made about the general nature of the
experiments.,  These:experiments necessarily have been of an
exploratory or qualitative nature for making a general sur-
vey of any factors which might ehter into the’ chemical reac-
tion between 0il. and metal surface. Special emphasis has
been placed on the influence of crystal plane, An attempt
also has been made to, obtain information of other types which
might be related to the subject, of friction znd wear and
which would lend itself to.the single crystal method of
study. Until the importance of these factors could be de-
termined and their interrelationships understood in a quali-
tative way, it seemed undesirable to attempt cquantitative
studies of any one of these factors, Obviously, the entire
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Etlme ‘of & small’ group during 1 year could be devéted to the
:careful study 0f the influence Of any one of these factors,
such ‘as ¢rystal plane and surrounding gas, on “any one of the

processes, such as etching, wetting, ‘dnd ‘roughening,’ ‘with
any one of the six metals. Thus, a large number of varied

“"’tests has been made to determine ways in ‘which crystal plane
'jmlght 1nfluence surface reactions.

el e

It 1s believed that it is fair to say that ‘the over-all

W'Durpose of this project, in relatlonshlp to the practical

" problem of reducing friction and wear in aircraft engines,

" e B determine, as far as possible, the principles control-

”;'llng the chemistry of the oil-metal interface. This informa-

0 S ienrdel @sanived; 1n erder) to point out those factors which
must be taken into consideration in the deslgn of new ma-

chinery having decreased friction and wear. It 'is belleved
that these studies have indicated the 1mportance of crystal
plane and surrounding gzas, Although the immedlate applica-

":tlon of this knowledge was not a definite part of this as-
.j51gnment yet the question well may be asked at thls p01nt
:"Could friction and wear in lubricated machlnery be reduced
by a control of the crystal plane, and if so, isg 1t possible

to control the plane?" The answer to the flrst (54 these
auestlons is that the plane and surrOundlng zas’ have been
shown to be important in studies with isolated metal’s but

~that only further tests with rubbing parts can determine

whether friction and wear would be reduced by a control of
plane. The answer to the second question will depend on the
particular planes which are desired, Mechanical treatment
and addition agents in electroplating can be used to obtain
special orientation of surface crystals. (See reference 10.)
Furthermore, if an appreciable improvement could be obtained,
it is believed, from the experience of growing crystals in
these studies, that very large crystals could be grown and
any desired face cut.

However, regardless of the practical applications which
the control of crystal plane may have, it should not be lost
sight of that the chief use of this method is to study the
properties of the metals and to obtain information on the
mechanism of surface processes, physical and chemical. The
results will now be discussed.

Considering the metals in ascending order of their pPoO-
sition in-electromotive series, a brief cowparison of their
reactivities at 200° C is as follows: :

- P " P

(a) In an atmosphere of air,- Silver, as would be
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expected; was very.unreactive and not:appreciably etched.by.:@*
any of:the four.types.of oil. . It was the only one of thets«; -
four metals studied which was completely wet on all crystalk:.
faces - by stearic acid in a;r.;:' : ,_»' o ; ";u?f :
" The reactlons of copper were hlghlv preferential w1th
plane. These included oxidatioen. in air-and - etching by:min-
eral oil, oiliness agents, and commercial oils., Roughness
of ;the-surfage produced by etching also varied .greatly with
plane;- Chemical polishing.agents;, when+new, 1formed protec-«
tive films but, after being-heated in:atzr for about 24 hoursy;
etcned scopper: greatly and pneferentially.= Steagric, myristic,;
and palmitic acids wet .some planes:and not others while the .;:
unsaturated .acid; oleic acid; wet all.the planes completely.
The formatlon and removal ;of jcarbon.deposits iniused avig-:
tion o0il varied w1th plzne.. 7,3, Al , su-,h. B o R

Lead was - by far the most greatly etched of the .four -
metals studmed It was -deeply etched by mineral oil, stearic.:
acid, and used av1ation 8id .. The reactlons wvere only slightly
preferentlal with plcne except atrlower temperatures when
slow rates and preferential etching were. obtained. Lead was
not readily wet .on any of. the erystal planes by stearic . acid,
and no appreclable carbaon, deposits formed in used aviation
o 1 11 it i : ! ) et . 4
-Only ,small .crystals. of iron, about 1/4 inch in diameter,
which are .not.entirely .satisfactory for test purposes, have
yet been obt.,a.lned.:,~ Preliminary .results indicated :that ‘iron,
in general, was .not greatly regctive, dbut -the weight losgs -
with . stearic aC1d was appreciable .and plbting-mas ,pronounced,.:
Oxidation in air and -etching by shearic acid .werne preferen--
tial with plane. It was not -wetted readlly by stearic :aicid !
when ; ralsed abowe bhe ~Ligquid.,. 50 - il % :

The results of these chemical studies, including weight
losses, are ;summarized in 4he following tables. The welght
losses are useful..-for comparative purposes only since they
represent. composite values for the many faces exPosed on the.:
surface of .a sphere. Results . are given for 200°% ¢, Results -
at 100° angd, .300° C are, in general, similar, with correspOn&»u'
ing differences in rates. BT - S, ‘

(b) In.an atmosphere: 0f, hydrogen.,~ The electronegative

metals, silver and  copper,: were notfetchgd'appreciably;‘andV'
the weight losses of the elzectropositive ‘metals,’ lead and °
iron, were small fractions of the losses obtained in air,

2.t




NACA TN No., 982 43

For example, the loss with copper in stearic acid in air at
200° C was 5.47 g/sq decm/day. In an atmosphere of tank hy-
drogen the loss was 0,0017, The loss with lead in air was
60 while in tank hydrogen it was 0.86 and in hydrogen puri-
fied by passing over heated copper it was 0.17. The surface
of all four metals was wet by all the liquids, and no carbon
residues formed, the liquids appearing to be unchanged at
the end of 48 hours.

With the exception of wetting, preferential reactions
similar to those obtained with single crystals were identi-
fied on the individual crystals of polycrystalline specimens.

Silver was conspicuous by its nonreactivity with oils
in the presence of air. Although referred to as a "noble"
metal, it should not be concluded that it is unreactive with
respect to all compounds, especially gases., Its unreactive
quality may be largely attridbuted to its failure to be at-
tacked appreciably by oxygen, but it is most sensitive in
its preferential reactions with iodine vapor or in solution,
with chlorine, and with sulfur compounds. The successful
use of silver as a bearing is probably largely due to its
resistance to oxidation, indicating the importance of the
chemical properties of the surrounding gas, If oxygen were
not present, the chemical nature of many metals would appear
to be quite different. It is interesting that a highly pref-
erential color film was obtained when silver was heated in
new aviation o0il, This may be due to small traces of sulfur
compounds. The results with silver suggest that gold, at
least as far as chemical attack is concerned, might be bene-
ficially used in rudbing parts. The complicated nature of
surface reactions was shown -in experiments with silver by
the preferential formation of gelatinous films with mineral
0il in an atmosphere of air. No such films were formed in
air alone or in mineral oil from which air was excluded. Ap-
parently a complex of silver, o0il, and oxygen first formed
which scaled off, leaving the surface increasingly rough.
The complex then decompocsed, giving free silver which depos-
ited on the walls of the flask., All the reactions with sil-
ver, which were found to take place, were preferential with
plane.

Copper was the most highly preferential in.ite reactions
of the metals ‘studied. Since oxygen was known to accelerate
greatly the attack of a copper surface by o0il, as a starting
point, experiments were conducted on the attack of oils in
an atmosphere of hydrogen at 100°, 200°, and 300° C, Neither
the basic hydrocarbons nor several types of addition agents,




Surface
Carbon resi-
ghotine gt 208 O due form:tion Wetting drea.rra.ngements
) by ue to catalytic
Oxidation in (Figures give weight losses in g/sq dem/day) in used stearie acid | Teactions with
Metal | 33y 200° ¢ aristicg oil 2000 ¢ hot gases. Pat-
¥ n Haow Used 200" ¢ terns are specif-
Mineral Stearic Tricresyl aviation aviation ic with gas
= = oil acid phosphate oil o1l
Silver|No oxidation: |Preferential|Very faint S11ght Iac- |Preferential. |Slight nonpref-|Slight non- [In air or hy- |H28+ 02 at 200° @
as shown Ry no|color film etch pattern. ‘guer forma- |sulfide color|erential lac-. |preferential |drogen all e
color film. followed by | ° tion (not film. ouer formatlon.|lacquer for- |faces are Hp + Clp at 350° ¢
Minute facets [slight pref- greferen- in 48 hours. °:|mation in 48 wetted. ;
arallel to erential ‘tial) .- Slight etching |hours.
111) planes |etching. . at 3000 C. : -
form after
heating for 20
hours in Oy at i e >
BOOSHO. = ¢ 0.02 0.001 0.000 0.000 0.000 at 200° ¢ -
Copper (Oxidation var-| Preferential |[Preferential |Protective |Preferentlal ‘|Preferential Preferential. |In air the . |Hp + .Oz at- 400°
ies greatly  |oxidation |etching, film forms |oxidation stching. Rate.|lacquexr for-.|(110) faces
|with plane, followed by |roughening, followed -by [followed by - |of etching . mation -in ..|only are NH;5+ Og at 500° (o]
100) and preferentiak|and-wetting. |preferential |very slight yariable due to|about & hours|wetted by
210) having etching. lllg smooth, | etching when|preferential |odrbon forma- |followed by - [stearic, NHY decomposition
the greatest 110 rough;‘ film re- atching. tion. . . {heavy tarry palmitic, and at 500° (o]
and (311) the moved. Negligible deposit: and |myristic - 2
.[lowest rates. loss. etching. Deé-|acids. In =
Oxide scales posit removed [hydrogen all
off at (100) preferential:|faces are
.after- heating, a1 2 Ly el s = wet‘ted
-13009°: C. - 0.03 5.47 0.07 0.18 to 0.77 & <l ‘. .
Lead |Oxidation var- Preferential Etching not . (Preferential |Preferential |Etching None ;|/In air no
jes slightly  |color film.  |preferential |etching. |etching after [slightly ".|faces are
|with plane. Particles. at 200° C, : 3 days. preferential. wetted. In. . 2
Iraint_color |scale off but becomes . : hydrogen all . -
film }orms in’ |certain re- |so at lower Negligible faces are 3
few minutes. |gions. rates. .(111)| - loss in 1 wetted.
- developed.: 2 day. :
Extrapolation| = j -
e 0.29 loss: 606-.24 -+ 0.04 0.53
Iron lOxidation Preferential [Préferential |{Preferential (Preferential |[Preferential Same as lead. |Hp + Og reaction
yaries great- |oxide color [etching plus [oxide film. |oxide film. oxide film. at 4400 C causes
ly with plane (film. deep pits o rmationto?
as shown by formed over small crystals
color films. surface. at surface.
gain of gain of

144

‘ON NI VOVE

- 288




(5]

NACA 'T¥ No. 982 45

by “themgelves, attacked the copper surface. When a copper
.1+ .erystal was.hegted in mineral oil in air, it was surprising
.- 4t0 ,find that -the copper crystal oxidized in a manner very
~; similar to,.that obtained in pure air with no 0il present,
~1.. The rate of -oxidation was; -of .course, .considerably slower,

. :Apparently, oxygen readily diffused through the 0il surround-
. :ing the crygtal and reagcted with: the-crystal. The acid con-
. 8bhituents. of the. 0il repoted with -the oxide, producing a

.faint etch pattern° Blowing air through  the oil greatly ac-
.. .celerated this etching because of the more .rapid oxidation
_‘of the 0il, As the oil began to form a tar, -the deposition

of the tarry materialuvaried with the oxidation pattern.

This wvaristion in oxidation with crystél plane is of the
greatest importance in controlling the action of -0ils on a

;i.metal surface. . In an agueous solution the effect 0f oxygen
. has been shown previously to be important. (See reference

ile ) If copper. was immersed in water: through which :carbon
dioxide was bubbled and exposed to air, the crystal was

. etched preferentially. at, raom temperature. If carbon diox-
~ide and hydrogen, were-nasyed through,: no: etching took place.

The. etching wanattributﬁdAto twaQ: reactions, the oxidation

«j0f; the copper: and the reaction..betwepn: copper oxide and car-
. bonic ach. or,, looked at in-another: Mayr the oxygen removed

the hydrogen thereby facilitating: the - splution of the copper.

The. same, tybe of reaction has been: fouhd to take place with

lower members of the. fatty acid: series;:acetic, propionic,
and othe:s.-.mhergfore,f;t would. be: expected that the oili-

‘ness addition-.agents, stearic end-.oleicracids, would etch

copper preferentially at 100°%.C0 pr:higher*in an atmosphere

of air. Notionly did the rate:.of etechiag vary with crystal
Plane but the roughending of, the surface varied greatly with
plane. Although-the:etching+agtion:could account for the re-
moval of an appreeciablevamount of material, the preferential
roughening of:the.surface .py this-etching might possibly ac-
count for even .more;-dude:to-incréased wear between the rough

'su:c'faces..f Figures 2:4and .3 show-the préferential roughening

of .the surface with. cnystal nlane, Figure 4 shows the varia-
tion . in rpughgnxng on the individual grtaing.of a polycrystal-
line surfacenﬂ Lt .appears that the orientation of the indi-
vidual, graing. can ‘bgridentified by, /bhe jappearance of the sur-
face” &lthough A~ray axammnation ‘g neqwlred to confirm .this
conclusion.“?;m i st & ol B B ;;. Ftm iy s

The etqh pattern producea by steavlclac1d ehamged dur-
ing a period of 6 hours until a icharagterdstiic jpattern was
obtained. 3By renewing the acid every 3 hours, it was shown
that the change .in pattern was not produced /by the changing
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composition of 'the acid  over a pariod of 3 hours. There is
no teady ‘explanation. for this.” One possible éxplanation is
that etching is dependent on a certain critical angle between
the geometrlc surface and’' a particular crystal plane as shown
by the fatt that sometimes facets parallel-to the (111) planes
will be developed in the (110) regions and not in’ the’ (100)
ot even the (111): regions. Thus, as the smbothnesé of the
surface 18 changed duse” td- etching, the etching characterls-‘
tics may change. Another’ possible” explanation is that some
material is slowly absorbed from the decomposing stearic acid,
and this' may change the etchlng chqracterlstics up to a“cer--
tain point.’' These changing patterns which are sometime$ pro-
duced by other reagents are often more apparent than regl.

The fact that an etch pattern was obtained with stearic
acid in the presence of chlorine gas, showed that an electro-
negative gas will promote the etching of an acid'of-a metal
below hydroaen 1n the electrowotive series.

Less time was spent on experiments with the polyhedra
prépared parallel to special planes than- waq at first planned.
As previously pointéd out in the propoqals for this project,
the results with polyhedra can have at their best only limited
meaningi’ The surface which rouglens may: appear to- have the
-greater rate due to-the fact that it exposes a greater sur-
face'while actually it may have a lower rate per unit of area
expOSed nurthermore, it ig imnossible to eliminate corners
and edges: whlch may have unusually hlgh rates of etching.

The reasons for the' incongistency between the two sets of
experiments with the polyhedra possibly may be eXplained as
follows.  In order to spéed up eétching and facilifate more
accurate -weight measurements, thé crystals weré alternately:
immerséd in liquid and exposed ' to the atmosphere above.  The
rate ' ofetching posdi¥ly 'varieéd ‘with the manner in which the
polyhedra entered-and passed through the 'liquid. The rate

of fl¥w"of quufd ‘padst the erysdtal will depend on whether s
cornery‘edgd, -or face entered the liquid and on the shape of
the ‘pdlyhédsa., - Also' the rate of etching will depend on the
wetting’ abil1ty ¢f the’ ‘rarious faces, and it could be easily
seen {n these experlments ‘that the adherence of drops to the
surface varied with the plane, ‘These’ experiments should be
repeatéd with the crystal continuously immerged in the liquid
in order to prevent any variation in the flow of liquid ad- .
Jacent to the crystals., The duration of the experiment must
be increased in order té6° obtain sufficient etchlng for ac- :
curate weight measurements. f g

4

[

The ébilftY"of'a'fiim of “1iquid 't¢ 'Fearrange into -
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definite drops at particular regions of 8 crystal has bheen
designated by the term "ability, .to wet,"..although it is not,.
certain that: thie is ‘the proper classification. At least

the fllmwwnach temporarlly formed on the surface broke and
recedeﬂ to definite’ positions, symmetrlcallv arranged on the
sghere; N not known 10 what extent all:traces of 11quid
were removed from:thé vare “eglons ‘but  they: appeared ‘to be.
completelv dryiasg campared with the large drops formed at
particular .positiions. J“”he photograph in:figure 6 in wHich .,
the drons .are (shown ° ‘as Four large: black spots ‘does not ade-
quetelv 1llustrate thi's strlalng experlment This photograph
was taken after. the cr*stal had been removed from' the flask
and cooled -and: the drops of stearic acid had solidified. \
The fallyre off- the -dtops to form in an atmosphere of hydrogen_
and thelr immediate formation in.pure: oxygen indicates that
oxidation.plays a con*rolllnb part. This is also borne out
by the‘fact that, in-‘o0fder to initiate the formation of the
drops. 30 s sqmetlmea necessary 40 .allow the erystal to
stand in air ‘above the llqula for about a minute. The forma-
tion of drops ini-a few minutes in an atmosphere of pure oxy-
gen wltn new. stearic scid’ 1n\1Ca+ea that no decomposition
product{of,the acid, at least over.a.period of about 20 min-
utes, was reqp0n§ible for the phenomenon. . The inability of.
the drops:toe:form when the temperature, of" tne liguid was be-
low about 16092:C'may have been due to the’slow rate of oxi-
dation of.the surface; ‘or ‘the slow rate of formation of some
oxidation complex, Vbélox ‘tnls temperature. The shift in the
formation of ithe drops from the (111) regions to the (110)
with time may: bFave been due to the final formation of many
facets at the: {(110)° rewlons which were approximately parallel
to the (111) planes. Thus, if the.stearic acid-molecules
were attracted-to the (lll) planes,, they may ultimately have
been drawn to the (110)" rédgions where a greater total surface
of (111) planes was éxposed than.at.the (111) regions. After
the crystal -had ‘beén ‘etched for at least 3 hours,” ‘the .

(110) reglons, became rou&h anq the remainder: - of the surface
relatlvely smooth, but thé ultimate formationm of “‘the drops

at these rough regions was not due to the roughness in it-
self, for no preferential formation of drops took place in

an atmoqphere of- hydroven,. it seems more’ reasona%le that the
preferential formation''of these, drops was: due tb'some selec-
tive fitting of the stearlc ac1d moleeules into* the copper
oxide lattice. ZElectroén diffractlon studies *of 'the different .
crystal faces should givé valuabl Lnformatioh on this sub-
Ject. It was noted ‘tHat’ stearic,nalmitids and ‘myristic :
acids exhibited preferred wettability, whil’e ‘the unsaturated
oleic acid did  noti’ Also stearic acdd. solution in m1neral
0il, up to 50 perclent mineral oil, showed- ‘preferred Wptthg.
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The formation of an insoluble protective film on the
crystal was the most interesting feature of the: tricresyl
phosphate experiments, The formation of this coating ap-
peared not to be preferential with plane but actually it may
be. The coating may first form as 'a thin film on the more
active regions, thereby tending to give the surface equal
activity and appearance overall, At 1ow temperatures, below"
200° C, where the decomposition'of the tricresyl phosphate
does not take place appreciably, this film even on rubbing
parts might protect the surface from etching by acid constit-
uents., Experiments with mixtures of stearic acid and tri-
cresyl phosphate indicated. that the film reduced the etching
by the acid and produced a relatively smooth surface. The
smoother surface should distribute the load more evenly. At
the higher temperatures, on the other hand, where the decom-
position of the tricresyl phosphate takes .place, it is a
striking fact that the etch:-pattern produced by the tricresyl
phosphate is exactly the opposite of the patitern produced by
stearic acid. The rough regions onm one are: the smooth re-
gions on the other as can be seen'in figures 2 and 5. It
has been shown elsewhere that a.coiibination of tricresyl
phosphate and stearic acid in mineral o0il is especially ef-
fective in reducing wear, It remains undecided whether the
effective action of tricresyl phosphate in actual practice
is produced by its-film-forming action at ‘lower temperatures
or by the etching action of high spots by decomposgition prod-
ucts at high temperatures. Oxygen is necessary for either
effect. Poesgibly ‘the film may be rubbed off the high spots
where high-temperature etch;ng can take place to produce a
smoother surface, It- does not seem that the theory of phos-
phorus alloying with high'spots on a metal surface to lower
its melting point, is''required -to ‘explain from a chemical
point of view the action of tricresyl phosphate in producing
a smooth surface and thereby reducing wear. (See.reference
12,) Chemical etching by combination of the two materials
will give a smooth surfacee

The failure to understand completely the carbonization
results was attributed to the complexity of the reactions
taking place simultaneously and to failure to control accu-
rately the variables involved, especially the pressure of
oxygen and the concentration and nature of the acid constit-
uents of the o0il, The formation of deposits is dependent on
crystal plarne, pressure of oxygen, and oil composition., The
removal of the deposits is dependent on the nature and thick-
ness of the deposit, the etching ability of acids.in the oil,
and in advanced stages on the contraction of the deposit on
cooling, The etching ability of the oil is dependent in
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turn on pressure of oxygen and composition of oil. Thus un-
intentional variations in the oxygen supply, the oil composi-
tion, and temperature could produce a wide variety of re-
sults. o ot

However, several definite conclusions may be drawn:
1. Oxygen is necessary in the formation of a lacquer,

2. A high oxygen concentration increases the rate of
lacquer formation and tremendously decreases the
attack on the base metal. The decreased rate of
attack leads to a firmly adhering lacquer, stable
for long periods of time.

3. Chronologically the attack on copper by used avia-
tion oil proceeds as follows: preferential forma-
tion of a colored lacquer, thickening of the lac-
quer, and preferential attack on the base metal.

It is believed that additional information could be ob-
tained on the mechanism of lacquer formation by further
study with single crystals.

The electrolytic displacement of one metal by another in
oils may be important where the 0il circulates in contact
with several different metals. A harder metal, like copper,
depositing on a soft bearing metal might cause increased
wear, Galvanic cells also may be set up between different
metals, and although the action would ordinarily be very
slight due to the poor conductivity of oils, yet with thin
films and high temperatures obtained at elevated spots, the
action may be appreciable.

The study of scratches produced by one metal sliding on
another may well 'be studied by this method., The nature of
the material within the groove may be studied at various
depths below the surface by electrolytic etching and examina-
tion with the microscope. An amorphouslike layer may be seen
on the surface followed by small grains which have been torn
away from the base crystal and rolled along. The depth of
the disturbance can be determined by the appearance of the
unde:lying single-crystal structure. This method for study-
ing abrasion has not ‘been fully utilized in these studies.

Lead was conspicuous in being greatly etched by most of

the oils stuydiéd, Its reactions were preferential with plane
only at the lower rates. The oxidation in air was only
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slightly nre¢erent1al as shovn on figure 21. This should be
comparegd . “1th the photograph of ‘cobwer on figures 1 to 8.

It g 1nt Te ctlng that"184ad, which 4§ so useful as a bearing
materl 1 -hould recryqtqllze under.the lesast amount of
mechanlcal strain.

"MThe difficulties 6f' zrovving irbn crystals have been dis-

cussed in . a special note under Results. The results so far
obtained dn the chemical properties ' of iron surfaces should
be cons;dgred as preliminary. Oxidation in air was highly

preferential with plane. 'The formation of wetch pits over

the surface, annpr~ to be due to galvanic action which is
Ynown to %e 1mnortan+ ins bibe:s cor'vogilonifoR /i ron:. Since pure
iron is knowh to form passive films very readillyy, oxidation
and attack by acids should be studied in-detail, It should
be emphasized that single crystals ecan be grown by present
methods only from relatively pure iron. ':Care should be ex-
crciscd'in using results with these terystals t0 interpret the
behavior of stesl. It s believed that studies with iron,
however, will give information of importance. The cracking
.of ' the surfite £53m 1nto‘5ﬁall cradng due tio bhe catalytic
reaction o- hydr ogen and ‘oxygen has 'bed#n obtained onlty with

i mem. ‘

Sl mkc uniogue property of zine-enystals was the ease with
wkich shearing was produceﬂ by mechanical strain. Slip
nlanes gesmed ,to be centers of increased act1v1ty. Zinc was
‘etched 5§Dfe01ab1y by StcarIC'aC1u. | !

It is inteér&sting that the orid%*ion~patferns with
nickel were very similar to thos€ obtained vWifth copper,
which grystallizes 'in thv §amé systen' and had avproximately
the same atomic spacing.” '’ '

Lrlveraltv oLVl rodnaiag 0 Sl
zrlott svilla, W alk % Octo“er ?5;“1?@4;
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(111) regions

- v Figure 2.—Etch pattern on copper crystal Figure 8.—Photomicrograph of copper erys- F 'i‘ili]':“ 1: Ph(‘m"ﬁh'("l-”{”,'“_]"h_ .f" I.";ly""“f
Figure 1. ()\“l“(.'““ .“:'“""", on .('”m’,“l' heated in stearic acid at 200° in air for tal etched by stearic acid in air at 200 r“"',];l“l”)“(:]. (l(M“- f‘\{.'\ cAlEE Acig AN Al
crystal heated in air at 200° for 30 24 hours. Normal at (100) pole. for 24 hours. Magnification 600. QUL LR OULE agnification 600.

minutes. Normal at (100) pole.

Figure 5.—Etch pattern on copper crystal Figure 6.— I"":(“"““Ii“] f‘”"]‘“li”“.“f drops Figure 7.—Preferential formation of car- Figure 8. Hml.“m'”'“.g’l'“l'h of carbon de-
heated in used trieresyl phosphate in air of stearic acid at the (110) regions on a bon deposits at the (111) regions on a Rog On ‘\'!“'h“‘“ of .lml.'\'(".“"fl“””.“l OP5
at 300° for 15 hours. Normal at (100) copper crystal heated in acid at 200° in copper crystal heated in used aviation oil per heated in used aviation oil at 200° in
pole. air for 6 hours. Drops had solidified at 200° in air for 18 hours. air. Magnification 600.

when photograph was taken.
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Figure 9.—At (100). Four lights were
focused on bright (110)s.

Figure 13.—At (110). Magnification 600.
Ridges run perpendicular to line between
(100)s.

Figure 10.—At (111). Note strong specu- Figure 11.—At (100). Magnification 600. Fi!:"Ul'h‘ 12.—Near (100). Magnification
lar reflection from 3-armed area. 600.

-

Figure 14.—At (111). Magnification 600. Figure 15.—Near (111). Magnification Figure 16.—Polyerystalline copper. Mag-
600. nification 600.

Figures 9 to 16,—Catalytic reaction of
hydrogen and oxygen on a single crystal
of copper for 16 hours at 400° C.
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Figure 17.—Color film formed by mineral FIGURE 18.—Action of iodine in hexane on a Figure 19.—Slip lines formed by pin prick on a (110) plane of
oil and air on single crystal of silver. single crystal of silver. Wide color silver. Magnification 600.
Wide color range. Normal to (100). range. Normal to (111).

-

Figure 20.—Slip lines formed by pin prick on polyerystalline
silver. Magnification 600.

Figure 21.—Air oxidation of a single crystal of lead
at 200° for 10 minutes. Normal to (100).
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