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SULGARY

Tho mechoniam vhoreby gredn boundaries arc delincated cnd
striotions foxmed cn the polished surface of hoated metal speeimens
has boen axuminod. Exporiments on clectrolytically polished silver
show thuat grain boundary grooves fomm at temperatures as low os 300%.
and striations at 500°C., in oaire Strictions only appoar in the
presenoa of oxygon and muy bo removed by heating in nitrogen.

A fumeoe {'or high tempercturo ghotnmiom ~raphy, suitoble fer
spcoimen tomporatures up to ubout 95CYCe., is describode

Provious thoordos nrc found inadcquste to oxplain the cffects
cbservod in silvor, and « thoory whioch rogords tho surface ctohing as
an approach tc cquilibrium by the reduction of surfaocc froc cnergy is
suggestodse Thus the oquilibrium condition of the boundory is a grocve
whose shapo is dotermined by the relative mognitudes of tho frece
energy por unlt area of the boundory cnd the surface tensions of the
crystalline faoces moeting the boundaxy in tho surface of the speoimen.
The striations are ocaused by tho foxmation of those crystalline plancs
having tho lowest froo cnorgy, the rolative surface snorgles of diffarent
planes boing modified by the pruscnec of adsorbed eoxygen. It dis
suggested that tho chlof moons whercby the final structure is
attained is that of surfoce migration of ionse
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Introduction

the raturc snd the perties of the meteriul constituting the

bourndarics of t orysial grains in pol; -ry;;t.uli.x.. metals cre of
profound isportance in t tudy of mciuls, yet there cxists coa-
peratively little detail information concerning theme 4s part of

2 general dnvestipation of tne grain boundary, coxperiments were
carricd out to cxamine the naturc cf the etching effeot known to oocur
frequently on polished surfaccs of metals when they cre heatode

hen conditions arce such that this ctching occurs, the grain boundarics
ro delineated snd it wes felt that an understanding of the mechanisn
of this phonemencn would provide valuable information concorning

thoir naturce Under schac conditions of hcating, polishod surfaccs
show, bosides grain boundary markings, striations which cross tho
difforcnt crystal grains in diffcerent dircetionss As in the course
of the cxperimcents on the grain boundary ctching, the opporiunity
arose to obuscrve this cfi'cet as wcll, it was exanined and soaac
additionsl cxperiments designed specifically to provide information
concerning it wero performed.

Tho oxperimunts were all carried out on silvar and it was fourd
that none of thu explanctions proviously put forwerd for the thermal
otching proccass was completoly satisfactory for the results obtadicd.
A tentative cxplonation consistont with published results is suggeateds

2 rrevious obscrvations upon thermal otching

Numcrous workcrs during thce past thirty ycz.v\.\ have obscervea
that undor ccrtuin conditions, when a mctal spucim y\is hcated,
I

polished aurfaccs develop on ctchud appearance, cven\though no chaulceal
rouction ia to be wxpucted. Whe two ciching phenomend vhich occur,

the delincotion of the grain boundorics :md luss froguchtly the
appecrnnee off strintions on thu crystal faeccs, have been cxpluined

in vorious wiuys, wnd the work of previous investigotors may be
olassificd for convonicnec accordins to which of thcso phenoacna thoy
oonaidcred :nd the theory put forword to cxpicin ite

2.1 Cbacrvitions on jrriin boundary delindhtion

Do moin mochanisms hove boen ‘JOqulr,t . for procosscs rusult-
ing in tho outlining oi the yrain boundariecs; = (a; the proeferential
cvoporntion of the 'brl.mLL.x'y material cnd (b) streins r,.,ultmg_,
from cxpension snd contraction.

2011 Profercntinl cvaporuation of gruin boundary matoricl

The theory off prufurcnticl cvaporation of grazin boundery antorisl
was firat introduced in 1912 by Roscnhnin snd Kwent, who heated
polished spocimuns of copper, asilver and zine in a vacumof 2 X 1073 ne
of mereury end found that grooves doveloped it grain boundarics bui not
at twin boundarics. By weighing the specimens they mcasurcd the rave:s
of cvoporation from the surface, ond obscrved that whoen heated under
ctherwisc identiocnl conditions, spocisens with smoll groin siszc
cveporntod more ropidly than thosc with lowge grain sizoe sietios oi
cbout 2.3, lo and 1.2 for the rates oi ¢vuporation in vhe two cuscs
iecre obsurved for zine, copper and silver rospoectivelye They
intcrproted their cxporiacnts by supposing that mctallio grains arc
Joinud by & cuacnt off L.morphous metid which hos o groater vopowr
pressure than” the erystilline motele On noeting in vocuwnthe cwoc=
phous wctal cxposcd ot tho boundirics cvagor. tea more rapidly tha
the groins, thus producing the boundixry groovese They attribduwed
the groontor loss of weight iraa the snell grained spcciuens to tho.
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fact that thoy oxposed moro groin boundary matoricl thon did tho
sroovos formed the

specimens of large grain aizg,
effoctive area was inoroased.

have boen producsed in part by tho recrrmngamont of the mechaniecally
pelished surfaoe loyer to conform vith the orystalline structure

benoath.

e Motell

cport

nd clse as the

Thoy claso suggested that tho grooves at tho boundaries oould

Fonda2 vorking on the rote of ovapor:tion of tungsten filomoents
et 26779C., found that grooves developed at the grain boundaries both
In vacuun the rate of evaport=

in inert atmospheres and in a voacuus.

tion from filomertswith amull grodn size ms le!v times that from
filoments vhose grudns viere L = 100 timos longer, cnd Fonda attributed
tha phencmena ho obsurved to the grocter volatility of tho grain

voundary : LS
Thonarl eteching of the grein boundary has bocn obscrved in

ferrous materials by o nwbor of workors and since it shows the
structure of tho metal as it oxists at high tomporatures it has beon
used to study phaso tronsformatiense /s oarly as 1909 _Rosonhain
and Humfrey’ found, on hcating iren in a vascum of 107° mm. of
mercury, two scparate networks of groovese In the following year
Krolld obscrved two networks on low ond medium earben steelsvhen
hoctod in oither a voacuum or an inert gese In 1912 Humfreyd

,ldentified ono of the two notworks as the groin boundarios of tho
iron as it oxisted in the ¥ condition abeove 8%0YC; this network
also showed twin boundaries. The other network which crossed the
first at randem, he identified as the outlino of tho boundoxics of
tho « phase vhich existed bclow the transformation tamperaturce

Ravdon and Scott® found that the two sets of boundarios only

traensformation

cocurred when spocimens viere hoated cbove tho « « Y
tamperaturc, bolow this tamperature only the « network was pro=
ducods Thoy belicved that the groovos were eaused by preferential
ovaporation although thoy showed that cvaporation from tho crystal

faoes vas amall because slip lines on the surface ramained after
Homingway and Anaringer? confirmed pruvieus

hoating in vacuume
oxporimental work but suggested that the grooves were formed by
ovaporation felloved by subscouent condenzation.

Rwavidon and Tl'mrgluml8 heatod clectrolytic and open hearth
iron in rogon at atmospnerie prossure in tho tomperature range
750 = 800°C., and obseived the fomnation of yrain boundary grooves
vhich they ascribed to preforential ewvaperwtion, and morc recently
Doy and Justind have usod the phenonenon as the basis of « routine
methed for the catimntion of austonitio grain size in steelse Tho
hydrogen at atmosphuoric

polishod stecel speoimen is huatod 1
prossuro and quenched in morcury; groeves coinecidont with the final
No scars are left at carlior pesition of

grain bounduries appuare

the grain boundarics, and Doy and Justin attribute this obliteration
of sovars to tho wrinkling of tho surfucc which ocours on quenchinge

VWhen specimens arc slowly ocoled, howover, soars ofton shove The

formation of boundary grooves is cxplained by preferential ovapori- ’

tion and they suggest that in inert atnosplcres at appropriate
mothod should be appliecable te any metal or alloy.

tomporatures t
Millo: and crphasize the nooessity for oxygen-free hydrogen
whon examining steels containing aiuminium; oxygen when present in
very smcll quantitios oxidisos the tluninium in a thin surface
layer and grein grovith in this layor is inhibited.

Purkor and S.'fmluchm(skiu Tound boundary grooves on heating
in hydrogen to 12000G,a steel contuining €% molybdenum,in vhich there-

>ocur, They found that molten silvor

fore transforuation did not
sproad moro rapidly slong those grooves under capillary forces than

ceross the erystal facos.
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2612 Thu delincotion of the boundory duc tc stroin

™h westi Lot oradn boundurics moy be outlined as 2 rosult
f strosses crused by the cnisotropic cxpansien of the individucl
grainsg hris recently becn put forurd by Boas and chcyoonbclz to
sxplain both the mrridugs obsurved in t]}-,_i: own experiments and thoso
repocte wrlior by Cixpenter cnd Zlam 42, The latter cbaserved on
wundudng en antdiony-tin 2lloy, contuining l.54 antimony, ofter
heat ing o between 1909C. ond 2009C., that the groin boundories
were reavced vy lines which they stated were ronlly differences
in level oty Tely wont cryst 1Se 'f.‘.’.\._‘ did not oxpl‘-in tic markings,
but ldontified then with the beundorics shown by chaiical ctchinge
If groin growth ccourrcd vhile the specimen vwos heated the new grain
beundarics viere indicated by the maridngs whon the specimen was
examined after coclings Subscquent heating did net cblitcinte
these markings,but vhers further gruoin growth occurred & neii sct
of markings corrcspending te the nov 'grain beundaries were seen
in additien tc the old markings,en cxardning the coeled speeimon
cnece more. From this, Carpentor and IZlam cencluded that tho
markings viere enly produced upon cooling,vhen the grain growth vas
arrostods The grain boundixry cutlines wwrce obsorved on specliiens
vhich hod beun heated in cdr, in hydrogom, and in vacuo.

Boas and Honeyconbe observed beundary markings in spuciacns
cf tin, ziuc and cadiaiun vhich had been subjocted te cyclos cf
hoating and coclings The spoecimons were celectrolytically pelished
and heated betiveen 30°C. and 150CC. in adir ot ctmosphoric prossurc.
Some specliiens vioro excminod continuously during the tagperature
cyclo and other: enly aftcr ooolinge The resuits eppeared con-
sistont with Carpenter:ud #l a:m's cbservaticn that the bowndary
narkings vere producod en coeling. Dimilor experinmwents en lcad
rosulted in no Loundary markings. This tegcthor viith observaticns
on striations :nd X-~my investigatien of. strains, which vill be
roforred to iu parce 2622 lod Bons anud Monecycorbe te suggest thatin the
caso of the nen cihic noetols tin, sine, wnd cadmiun, since the cx-
poision is apdsotropic, strosses mre sctlip in arandomly erientated
aggregate when it is heated and ceoled, and that these stresscs
caused the dlfferences in level at the grain boundaries which they
cbscrveds In the casc ef lcud which is cubic the oxponsion is
uniferm cnd ne stresses cxre set up.

An oarlier suggestien that anisotropic expansicn could causc
boundary nmorkdngs vas nade by Tuvonll to explein the phenomena
cbserved in stuelse. Ho suggested that prefcremtial ovoporaticen
was insufficient te account fer the double notiwork cbscrved and
that the network cexrresponding te the a groins wvas due te the
anisotropie expansien ef the forrite erystals while that fexr the
Y greins vas caused by the voluno changes occurring in the ferrite-
austenito transfermaticne As it 1s now known that anisotropie
cxpansicn does net ccour in the ferrite crystals the suggestion
must be discounted in this ocasce

Grain beundary groovos have been observed by Johnzon® on
tungston ond appear on pheterderographs published by Elam+P put
these workers do not offexr explenaticns ef tho phomnomencne

2.2 Observaticens ou the formation of strictiens

Pivo mochanisms inawe boen suggosted fer the appearonce ef
stricticns on the faces of crystals: cvaporation, migraticn of
surfacc iens, strain otusing slip lines, preferontial exidatien,

rnd the fomatien ef’ & new camponant.
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2.21 Bveporction

Rosenhadn end Zwenl published o photomicrogreph ef silver whioch
shovwied markod striations after hoating in aire No cxplonation of the
phenemenen wos offered in their popor but in tho discusasicn it eppoorod
that thoy regarded it as being duo te sclective cvaporatione

Ravidon and Bcrg,'lmda, in their cxperiments en clcotrolytic and
cpoen hoarth iron hoated inehydrogen ot atmospherie pressure, observed
striations on largs nwhers cf grains and attributed the cffect to
"s)ight volatilizction.”

2022 Migration ef surfoce iens

Mere_careful attention was paid te the phenemenen ef striaticns
by Jchnson15, who cbserved it in tungsten filaments, the surfaoces
ef vhioh he exanined in ccnsidercbls detail, after they had been
hsated under various conditicnse Ho feund that the surface structure
produced by the hotting depended upon the nature ef the atmosphere and
the heating surrent. Thermal gradients in the filaments modified the
surfooo structurce The filoments were heated by the passage of current
through them; the structure resulting from D.C. heating wos different
frem that produced by A.C. heating and that produced by A.C. vwas
indopendent ‘cf the frequency. Jehnson -concluded from this that A.C.
heating wus cquivelent te heating from an cxternal scuroc.

Filaments hected by A.C. in o vacuum develeped enly grain
beuwndary grooves, oxoupt vhere thermel gradients near the supports
caused o cteppod structurc. When heated by A.C. in lomp gas (Argon
86;¢ Nitrogon s ot 60 cme pressure) tho filoments develeped facots
vihich Xexny exauminatien shewed te have simple exrystallegraphio indioes.
Henr the supports the focets wverce superimposcd cn the stepped structure
caused by theimal gradionts.

Piluaments heated by D.C. in a vacuum develeped a stopped structure
orientated with rospoet te the dirvctien ef the current, and these
hoated in lamp gas showed fhocts gimilar te those ef the A.C. heated -
filanments as viell as the stopped structure. ZLxocpt fer miner differences,
filaments heated in nitrogen and in argon shewed a sindlar structurc
te that dowveleped in lamp gas.

Beoause tho less of weight-duc to evaporatien vas net sufficient
tc acoount fer the change in shapu ef tho filaments heated in gas,
Johnson concludod that the faccts developed by evaporetion ef surface
atems and their refloction back en to the surfaoce by the gas atomse
The stcpped structurs vhich cecurred with D.C. heating and that causcd
by temporature gradicnts, Johnscn suppesed woere caused by the surfaoe
migratien eof positive tungsten iens in the elcotric and themmal fields,
the rate ef drift depending upon the erystallographic directicne A
subsidary oxperimont shovied that thorium migrated over the surface of
tungsten in an ienic fom, tha direction ef migratien being influenoced
by an applied clcetrie fields Jechnson also feund that tantalum,
molybdenurn,platinum, iron, and nickel filamonts remained smocth cn
houting with A.C. but roughoned vhen heated with D.C.

Gvathmey ond Bonten ,17"19 examining tho reaction ef gases en the
surface ef coppor, used a sphoriodl single-crystal ef ocopper vhose
surfaee vas cbtoined wioxidisod in o strain frec cenditien by
olectrolytio palishing fellevied by anncaling in hydrogen. They found
that heating in o viouum ef 107* mme or in hydrogen at atmospherio
prossurc, ocaused ne chango cn the surfroe ef the erystal, but if the
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sphero vas heated in air ot pressures ond temperaturos which produced
only a thin oxide film;on oxide pattorn wos produced which indicated
that difforent crystallographic planes wre oxidised ot difforent ratos.
A sphore hdated to 1,00 at o pressurc of O.3 mm. showed beside

this difforontiad oxidation, circular striatiors spreading out to 3«5 mm.
dicmoter around the (110) and (11%) poles of tho crystel. Tho
strictions wore causcd by tha devalopment of (110) =nd (311 planos

at thoso positions. When tho sphore vas héated to 580°C.in hydrogon
the oxide film disappoared and tho strictions were diminishod.

.. nixture (3 : 1 by volumo) of hydrogon and oxygen was passed
ovor cnother spherical copoor crystal snd tho tewperature grodually
ineronsods Oxidation occurred up to o taspercture of 260°C. but ut

it 360°C. rough and

highor tamporutures tho oxdde film vmis reducod.
smooth zreas appeared orn the swfacs and simult.necously tho catelytic

reaction boctmo ocpprecichlo, On microscopic oximination it vas seon
that the facets hod developed prr=dl:lto the (111) wnd (L10) plancs.

From thesc oxporiments Gwathmey «nd Benton concluded that at

tamporatures below tho molting point rocrrangements of the surface
atoms cen occur to produce facots with simplo crystallographic indicece

Theso frcots are probobly tho active centres at which catalysis is
concentratods
2,23 Strictions duc to strein )

O

Boas and Honoyccmbol2, in thoir experiments on the hoating of
spocimens through crelos of tamporcture chunge, cbserved ths formation
striations on the gridins of polyerystallino stmzlos of tin, zine and
cadniun, but not won thosc of lewd spucimense The striatipns occurrod
to differcent uxtents in coch metel; in zine after 200 cyecles almost
every groin wea striated; in cadmium aftor 200 cycloes most grains vuro
striatod and in tin few groins showed stxiations. Using cadmium they
found that the proportion of grainsthat wore striated and the numbor <

and intensity of tho strintions increased with the number of oycles
By oxardning the

spooimon continuously they found that tho striations incroased during
both tho cooling and the hceting portions of the cycles .. single
crystal of cadiium shoved few striations vihen subjected to temperaturc
cyclos. : '
Luuo photographs indicnted that intexmal strain accunulated in

the metal iith increcasing numbors of oycloge This vns coufimued by heating
codmium specinmens after different numbers of oycles to 250°C vhien
reerystallization occurreds The resultiug ~rein size varied with tho

nuber of themnl cycles in the mannor to bo expected if plastic
Bo:xs and loneycvombe

deformntion had accuaulatod wwith cach cyclce
cttributed tho cppenxtnce of the striations to the same mechinlan as they
did the appeurunce of' thoe gruin boundirics (Sec.2.12); the cxpunsion

of the gruins of tin, zine tud cadmium is anisotropic and stressecs

arc couaed in the rundomly orientated ugereaie of crystals on heating

ind ooolinge The striutions cro the slip lines resulting from tho
dofomation causcd by thusc stresacse )

2.2, Droverunticd owxddition

mechenioclly polishad gpecimen of copper
re to 2 taaperature

e 16 ¢ ~tud
contiining ouprous oxido, in o vucuuma of' sbout 0,5
betveon 9009¢. und 9509Cs, ‘nd found that stristions appearod; oxygen
free ooppor heated under slailar eonditions developod no striationse
If hovever tho surfiuco of tlic oxygen free copper wos first o:ddised
nd the spocimon thon hecatod in o vicuan to 9000C. the o:dde disapoctrod
Lo lawwve Griot found th:t the fommation of gtriations
Wag very sencitive 't

1 surinec. It e
to surliee preparation nd .veny prolonged heating

-
-
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950°C. did not removo the effocts of tho pclish.

~ Using single.crystals sho found that if an otched faoe was
polished and reheated tho striations reepponred in tho same directions
end that their spacing was tho same. Seperato specimens cut from
tho samo singlo crystal clso showed tho same striatlons on corres-
ponding faces. Whore strintions appoarod on three, faces of & singlo
crystal.they could not be identificd as tho intersection of & singlo
plano vith thoso three surfaca:although tho dircotions of tho lines
on singlc facus werc consistent with their boing tho intorscetions
of (100) or (110) plancs with that surfaoc.

Tho mechuniam suggostod by Elam  for tho formotion of tho
striutions is that when tho surfaoc of coppor is oxidised the roto ol
oxidation is greatost for the (100) and tho (111) plancs. When the
speeimen is then houted in vacuwna to a high tompcruturc the oxido
ovaporatos lcaving a striatcd suwrfaocse In tho ocuso of the copper
containing cuprous oxidc,tho oxide dccomposcs on huating and tho
oxygen diffusos to tho surfuco,which it oxidisos. Tho siriations
arce then produced as in the oass of the spucimen whoso surface wvas
initially o:xddiscd.

2425 Thoe formction of & now componcnt

Doy cnd J‘xu.stin9,1mo observed 'wrinklos' on tho surfaco of stculs
houtod in hydrogon and quenched in morcury, attributod them to tho
formation of o thin surfaoc loyor of martonsitu or somo similox
product by tho quenciing. Thoy did not nppoar on alovily coolod
spocimons.

3 Exporimontal Procoduro

A nunbor of oxporimonts wiore porforned to cxoming the thermaad
ctching of high purity silvere Mroliminury uxperiments indio:ted th.t
tho phcnomona voro vory scnsitivo to surfice preparation and attontion
wo.s concentratod upon finding a method of prepuration sihich gavo
concistont, raproduciblo results. A mothod of cloctrolytic polishing
was found most satilsfoctory and o sorics of oxperimonts werc carricd
out on spocimens proparod in this vay to oxamine tho offocts of
tamporoturo and various utmosphoruvs en tho ctching proccass. To
oxmino tho surfaoco of silvor spocimens vhun they vwore at olevetod
tamporaturcos o fumace was designed to unablo microscopy to bo
carriod out ut high tumpuraturca.

3.1 Selcction of Material

Silvor wvas sulcctod s tho matordal for tho first uxpurimonts
on themmal ctching phonomons for o numbor of rouasonse Sinou tho
grain boundaricas arc ooncornod in the ctching, purity of the motal
is of groat Importenoc os quitc a small wverapge lmpurity ocontunt might,
1f concentruted ot thu grain boundury, havo o large offect. Silver
moy bo obtuinod in o condltion of high purity., Tho silvir used was
suppliod spooiilly by Johnson, mMutthey nd Co.Ltde, who cast it in «
vocuuwa and then cold forgod ind cold rolled it into 8 8.'.Cw shuct.
snulysis shotod 0,00016,: ironj 0.00L4y:, menganaso and fuint truccs
of mugnostuu,cleiur, silicon and locde

The ro.ctién of silver with oxygon is meversible?0=% (nd no
o.ddtion of silver occurs ot tamperuturos cbovo 200°C cvon in oxygen
ot ataosphurie prussurc.  Bulow 2009C oxddation is slow cnd it
buconus nugligiblc below 100°C,
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As the crystal structure of silver is cubic its themal expansion
is isotropic ani no stresses are set up when a polycrystallinc spocimen
as there are no thermal gradients in the

is heated er cooled as long

spocimen.
The preparaticn of specimens

3ilver which had been

,‘02

Initinl experiments were carried cut usin
g round on emery papers: and then mcchanically nolished on velvet with a
Because of the softness of the silver con-
sidcrable difficulty was experienced; for reasonably reproducible results

camercial metal polish.
a tedious process of alternatcly polishing and chemically ctching vas

nceded and even alter this proccss, it was found (in agrecment with

tho results of Elaml® for copper) that tho effects of grinding wore
a temperature near the melting point.

not removed by heating t

f- electrolytic polishing was found, which gave

Finally a method «
reproducible reswdts and all specimens were prepared by this process.
he coll wsed is showm in Figel and the prccess is describeds in detail

in Appendix I.
The effleot of temperature on the stching

343
To exaomino the offoct of temperature on tho etching of silver,
ted in a fused silica tubec open to the atmosphere.

tube was placcd -in an clectric furnacc already sot at the required

specimens were he
m
A® themocouple placed noar to the specimen was used

p LS
tenperature.
to indicate the specimen temperature and the fumace was controlled to
emperature tc within &« 1YC. The temperatures examined
ond 9%0°C and Fige3 (% 250) shows the

¢ maintain the !
ware 3C0°C, oc, 700°C, 850°C
structures cxhibited on examinaticn when cool after 11 hours at these

Figedk (x 150C) shows these structures (excluding that

The structure of tho harde

temporatures.

for 53000C) at a hicher manification.

rolled silver before heating is showm in Fig.ll.

| Grooves have appoared at the grain boundarics and striations

| have occurred on the grains thomselves. The striations change their

direotion at grain and twin boundarics. Extensive grain growth has

occurred at thc highoer tompcratures and the proportion of twimed

ciystals is hijhor at these tempcratures. At 300°C no striations

have appeared and the grain boundarics are incamplete. At 500°C

the boundary ;rooves are complete and striations havo bogun to appoar.

to increase with tempera-
uc striatcd. At tho

i1 1

L3 OC

‘he proportion of grains stricte

ture and above 850°C ncarly all the grains

highor tompuraturcs the striations arc more closely spaced and a
first, appoar cn same grains.

sccond sct of striations, inclined to th

Tho striations which fom at tho lowver temporatures are not as straight

and regular as those formed at the hijgher temperatures; a fow oircular
At the lower temperatures

|
L]
striatims are shown in Fig.a (x 1500).
ho survature cansed by the boundary grooves appoars to cxtend over
an appreciable area of the grain surfaco; if the striations were the
traces of specific crystallographic Rl nes they would bo curved on a
and Bentond? observed circular striations

1
|
|
curved surfaco. Gwathmay
on spherioal crystals of eoppcre.

Iy

1 the ctching

The ot'fect of atmosphorc
gpocimens werc heated at 920°¢ in air, in oxygen, in pure nitrogen
The specimens were

3 oy

£ better than 10"% ma. of mercury.
The required atmosphere was cstablished
t the

1 silica tube.
was placed in the fumace which vms alrvady
Tho spocimen rvached the regquirod temperature in

and in a vacuun
mee more heated in
in the tube before i v

required temperatwe.

5520
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.
bout 10 mins. .Ltor tho szeriod of henting the tube wce cllovwed to
cool in zir and the spocimen cooled to 100°C in about 10 mins., and
room temperature in sbout 20 idnse. In all ccsos the atmosphere s
maintained wntil the specimen cooled to room tempercature.

Ordinzry cormercinl oxygen wis used ond oxysen-free nitrogene
Tho nitrogen conteined less thon vol/rdllion of oxygon, lcss
than 50 vol/rillion of lyydrogen and less thon 0.02 grn/cu. metre
£ wtter vopour at 120 atmosphercs pressurce

Typicsl photomicrogrephs of surfacos aftor thoso tosts cre
showvn in FMg.5 (x 250).

In a)l ecascs cxtonasive gain grouth hes occurred.. In firx
(Fige52) gredn boundiodes hive formed ond strong striations have
ppoared, Similar resuits cre shown in FigeS5b for spocimens
houted in oxygen, but in genercl the striations ~re moro closcly
spacod ond frequently o socond set of strictions cppears inclined
in dircetion to the first. In some ocsos & third sct oppeaxce
ig.6 (x 200C) shovs the complicoted structuru developed in oxygen
nd moy bo comwared with Fige7 (x 2000) vhich shouss the structure
fter heating in nire  In nitrogen, grooves appear ot tho grodn

mdories nnd to o lepsor extent ot tiwin boundaries; vo striations
ppcearn Io vaewen the grlin boundorics snow as groovese HNo strictions
re producod but the surfice mpidly boecmos roughe Fige5 (x 250)
shows the swrfuce wftor only L hours in vacuum at 920%C, and is
therefore not ietly comnmeanblo with the othor photomicrogrophse
It vy hovever bo cuampared with Fig.12f vhich shows the surfaco after
hetting in sdx for 1, howss ut 92CCc. .

Some . terpts were made ot hoating in hydrogen but the results
wore unsotic loctory becouse the hydrogon s of doubtful puritye.
The rusultas did hovever show no ovidoneco of strictionse

To verify that the boundnries mariings obsorved were in fact
grooves as suggested by microscople exandnation ond not differcnoss
in lovel botween adjacemt groins, slcetron microscope repliown
photographs vwere obtained of = sonplo hoatod in nitrogone Tho
photogrophs coufirmed that the merkings wore grooves bolow the level of
both grains. Xleciron microscope photogrophs of &« spucimen heated
in oxyson vere also obtnined. Tige9 (x 2500) shows the comploxity
of tho surf'.co siructurc.

,O.L)

Becouso strintions only . ppeared in :tmospheres containing
xygen, oxperiments were oarried out to determiic¢ vihothor striations
could be made to disappear by heating in nitrogen after heating in
cdx. Spocimens were first hooted in nitrogon until grodn growth ¢
wis only procceding slowly, thon in air for o sufficiently long
period for striations to foim, then in nitrogon for various lengths
of time, IM.g,102 gx 2',\% shows the surfnco after 11 hrs. in nitrogen

at 920°C, FigelOb (x 250) shows the same swrfoco after heating for

1 hre in adr ot tho stme te.percture; strintions have formed. Figs.10
c, & and @) (x 250) show the surfice ~ftor a further heating of

1, 3 and 11 hours rospcectivoly in nitrogen; tho striations havo
wedunlly disspposred.. Fig.l0f (x 250) shows tho effect of heating

for a furthor poried of 1 hr. in wix. The striations have apneared

in the same directions us before but tire uwre closoly spocod.

S
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During the preliminary anneal in nitrogern extensive grain growth
curred and smseqaentL littlo boundary migration occurred. However
botwccn Figs.10c and 104 boundary .d.gmtim restarted and scars are
seon to remain in the peaitions where the boundarics halted. The scars
gradually disappeared on furthor heating in nitrogen. :

3.6 Hish-temperature micrescony

In the previous experimonts the specimens were all examined after
coolinge In ordor to detormino whother the bouniary grooves and
striations appeared whilat the ailver was at the high temperature or whether
they appeared during the processes of ‘heating and cooling, speoimens were
exanined continuously whilo {hey were maintainod at high temperatwes.
The furmazo constructed for this purpose is shown in Fig.2 and described
in Appendix IX.

Fige.l2 shows a serios of photmicrographs taken while a spooimen
was hoated up to 920°C and maintainod at that temperature. Fig.l2b ,
shows that after only 6 mins. by which time the temperature had reached
575°C the boundaries had appeared. Striations may bo seen in Fig.l24
whioh shows tho swfaco after 19 mins. when tho temporature had reached
850°C. The photanicrographs clearly demonstrate that both grain beundaries
and striations are present at the high temperature and are not formed by
the cooling process.

The tochnique provides a convenient means of obaserving grain
growth continuously. Crain growth is soen to occur by the migration
of the boundarieas; +tho groovgs move with the boundaries leaving in
general no scars at previous positions. Occasionally a network of
scars is loft and it is bolieved that the network ooincides with o
position of the boundarics wherc for sane rcason grain growth was
temporarily halted.

When silver of cammercial purity is heated in air, grain growth
is retarded at tho surface owing to oxidation of impuritics at the
grain boundaries, but Chaston?* has shown that in high purity silver,
grain growth procoeds at tho same rate at the surfaco as in the contre
of the material. Fig.12 should therefore be typical of what happens at
the centre. :

37 Sumna.zy of, results

‘Briefly sumardizod, tho results of tho experiments may bo stated

(i) Grain boundarios appoar as grooves when silver is heated in
' air, oxygen, nitrogen, hydrogen and in -vacuo. They werc.
obscrv%lo in spocimens heated in alr at temperatures as low
as 300 .

Striations appear when oxygen is presont in the atmosphere
and nay bo caused to disappear by heating in nitrogen. ‘The
lowest temperaturc at which theoy were observed in heating
in air was about 500°C.

Both striations and grain boundary grooves are formed at .tho
high temporature and are not produced by the cooling procoss.

Then grain growth occurs tho groovos movo forward with the
boundarios and thero arc not in genoral scars left at previous
pocitioa.
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Discuassion

The reaults cf, the experimental work on silver may conveniently
be discussed, initially, in relation to the theories put forward by
earlier investigators, outlined in Section 2.

Ll Discussian of previously sugeested thecries

o1l Preferentisl evaporation

Foscrhain and Ewenl outlined tho first detailod theory of the
structure.of the grain bowndary in metals when discussing the results
of their experiments on the rate of evaporation of silver in a vacum.
They suggestod that the grains in a pure metal are Joined togethor by
a layer of "amorphous cement". Tho ataus of this amorphous cement
are identical with thoso of the rest of the motal but they are in a
state of disordor as in a supercooled liquid or a Beilby polished
layer. * Implicitly they considered this cement as a distinct thermoc—
dymamic phase, with spccific mechanical and thermal properties; in
particular it was regarded as possessing a definito vapour pressure
greater than that of tho orystalline material. They cbsorved that
specimens of mmall grain size cvaporated about 50% more repidly than
speoimens of large grain sizo and explained this by the fact that the
small grained specimens oxposod more grain boundary material than tho
large grained specimens;this boundary matorial evaporated more rapidly
than the orystalline material of the grains. In addition when tho
boundary matorial evaporated it left grooves and additional evaporation
took placo from the walls of the groovos.

The fact that the difforent rates of evaporation could be explainod
in this way vas taken as strong evidenco that this pioture of the grain
boundary was corroct and that the grain boundary grooves were produced
by preforential evaporation. As was pointed cut by Desch, however, in
the discussion of Rosenhain end EBen's papor, this theory vms inadequato
to acoount for the magitude of the difforenco in rates of evaporation.
The theory has boey,.cansidored in detail from the standpoint of thexme-
dynamics and the kinotic: theory of gases in Appondix III, whioh shows
that considored as a soparato phase the grain boundary material must
have a vapour pressure less than that of 2 supercooclod liquld and even
that of a supercooled liquid is far tco small to account for the
different rates of evaporation obscrved exporimentallye. In addition,
it is shown that the fomation of grocves, does not onhance tho inercased
rate of ovaporation by the ovaporation from the walls of the grooves.

Sinco af'ter all the thoory of preforential evaporation is dii-
adoquate to oxplain the difforences obsorved in rates of cvaporatiom,
theso cannot bo regarded as evidenco that tho grain boundary groovos
aro formed by preforential ovaporation. Tho more recont work of Fonda®
on tungsten has confimed that amall grained specimens evaporate more
rapidly than thoso camposcd of large grains but no adequate explanation
has yot been put forward. This exporimental fact is regarded as
sigificant and further work on the problem is contamplatod.

Noithor Rosenhain and Ewen, nor Rawdon and 13cr;31u:r1d8 offered
evidenco in support of their suggestion that the striations they
obsoxvod in silvor and in iron respectively wero causod by ovaporation.
The importanco of cvaporation as a possible mochanism for the formation
of striations is discussod in Sectimn 4.3,
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hel2 GStrrin os tho onuso of the etching structure

The markod similarity which exists between tho surfaco structures
observed by Boas znd Honeycoibel? on zinc cnd cadmium ond those shown
by silver heated in oxygen suggests at first that tho phenomenon is due
to tho scme cause in both casese & comperison of Pige3e (x 250) which
shows the surfaoe structure of silver heatcd in oir for 11 hours at
700°C, with Fige3c(x 100 ),of s and Honoycombo's pcpor, showing szine
“fter 100 thomal cyclcs betiwen 309C and 150°C,brings out mony points
of similurity; tho gruin boundaries re outlined <nd tho striutions
resemble cnu another in ‘the to photonicrograghs. Boas and loncycombe!s
oxplanation of tho striations as slip lines duc to the strusses caused
by the anisotropic expunsion of the grains and thoe boundary delineation
13 steps causod by the sxme mechanism connot 2pply in the ouso of silver.
Silvoer, being cubie, oxprnds isotropicidly so no stressos aro onused; tho
striationa incireasc in nuber vith time wlien tho temperaturo remains
oonstint and they may boe ramoved by hoating in nitrogen. The striations
In caduium hovever viere obscrved by Boc.s ond Honoycombe to occur vhen
the speeimen wiis coolinge

Mee again in silver the grains are outlined by groovoes which move
forward vith the grain bounduries vhoen migration occurs vheroas both
Boas and Honoycambe and Carpenter cnd Elam 15 observed that in their
spocimens of non-cubic metals the grain boundarics vere outlined by
steps which did uot migrete with tho boundaries cnd thot new steps
wpeoxred on coolinge

In view of thoco cunsiderations it is probeblo thot despito tho
similority in appeoroenco of the surface structures, the themal otching
of #lver is produced by a differunt mechanism from that ccusing tho
feoturus obscrved in tin, cadmiwu ~nd sinc subjccted to cyclos of
tanperniure chinge.

4el5 Ereforential oxid:tion

Grout similority exists botween the photomicrogrephs of gilvcr
heatod in tho presence of oxygen ond those published by Elam 1 , for
ocopper containing cltprows oxide hevted in vacuume Tho resamblonco is
so marked that it is difficult to bolicve that tho structure are not
producoed by tho samc mechonisme Tho results are similer too in thot
Flam obscrves thit strictions only occur in coppor vwhen oxygon is
presente  Hor explanction of the jhenoment. however, s being due to
the decomposition of cuprous oxide in thc mres of tho copper, diffusion
of tho oxygeh through the covper to the surfree, preferential oxidation
in cortadin crystallogriaphio direcctions ot the surfaoco followcd by
evaporrtion of the exide to leave a bright striatod surfaco, cannot
cpply in tho ouse of sgilver, beciuso silver doos not foru &n oxide at
the temperuture of the experimeritse :

.eli.  Other vrevious theorios

Tho suggestion put forwurd by Day ard | usting to explain tho
wrinklos on the surfuaoco of sieols heatcd in hydrogen, that a thin
surfaoc layer of & new oomponcnt was formed cannot have any significenoce
when high puwrity silver is considereds Tho significance of the suggestion
in relation to stecls is somewinit doubtful as Day and Austin observod
astriations in hydrogen purified iron, in vhich martensite is not foracds

The suggestion of Gvathmey und Benton®that the striations they
obscrve on coppor aro due to the rearrungement of the surface atoms
which ooours only in tho prosonoc of oxygen, a phenomonon whioh they
carefully distinguish from preferenticl osidation; and that of Jolinson
that the sters on tungsten filaments arc duc to migrution of surfuco ions

o>
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under the action of potential cnd thormel gradients is in closo accord
vith tho tontativo picturc put forward by the authors and will bo
discussed with that theory in Soctior 4.e5.

4.2 Suggostod rcasons for tho thermal ctching of silvor

.«21 Grein boundary groovos ~

A dotuilod pioturc of tho grain boundary is not ncccssery for the
intorpretation of tho grain boundary groovese The grain boundary must
bo a rogion of atomic disordor; bocause of this tho frco cnorgy of a
polycrystallino metal is greator than that of o singlo crystal with the
aumo dimensions. Fomally wo can attributo a cortain froec onorgy to
per unit area to the crystsl boundaries; this is =unaloguous to tho freo
energy per unit urea attributod to tho hetorogencous rogions between
different phasos, in the thommodynamig description of multi-phase
systems. (Sco for oxzmple Guggonhoim<’).

“hen a motal is hcated and no chemicel action takos place, tho
only changcs which can occur arc rearrangements of tho atoms to roduco
the total froo unorgy of the motal to o minimun. Assuming that tho
groins are strain free this froo omorgy for o given spocimon ean bo
dividod into threo parts:= (a) Tho froc oncrgy which tho mass of the
motal would posscas if it was at tho contre of a stroin free lattioo.
This is obvicusly constant (b) The additional fros oncrgy introducod
by tho rcamoval of thc spccimon from the centro of the lattico. This
is dofinod as tho froo onurgy of tho surfacu. (c) Tho additional fruo
onorgy introduccud by dividing the mass into crystal grains of rundom
oriontations. This is dofined as tho free uncrgy of the gradn boundoxicse
It is socn thuroforc that tho apyroach to o« minimum of froo cnorgy
in a strain frco spooimon must toko pluoo by the roduction of the
surface and grain boundary freo cnorgios.

Adom26 shows thot in obtaining oquilibrium conditions it is
mathomatically oquivalent to rogard o surfuece having a frec cnorgy
per unit aroa as having o tonsile forec per unit length of' tho samo
numoriccl value nd acting parallol to the surfocce REquilibrium con-
ditions for tho gruin boundarios can thercforc bo obtzaincd by rogording
thun as tho sont of surfaco tonsion forcea. It soums probable that
tho freco onorgy por unit arca of the surfaco botween two graing will
dopond upon thoir mutual orientations.

At tho intorsoction of a grain boundary with tho surface there-
foro, thcro aro throo tonsion forcos ccting at a lino; tho grein
boundary surfoeo tonsion, and tiho swrfaco tonsions of tho two erystalline
froes mooting tho boundary. The conditions for oquilibrium theroforc
ore given by Figelie Tho
plano of tho figurc is
poerpendioular to the lino
of intorsoction of thec
forecse T, is the surface
tonsion of surfice of grnin ’

A, iy that of B, and - 4 (\1 METAL
T, tho oquivalent sur-

fice tonsion of tho gruin

boundary. Tho condition

for cquilibrium is thon

Yap/sin ¥ = TI./A aiu g = I‘B/sin B.







dit ie clear that zroove should form on the surfaoce at the intersestion
of the boundary with ite.

While the oenditions so far oonsidered specify the engles in the
boundary grooves, their depths are controlled by the grain size. If
tho freo cnergy por unit arca of the grain surface wore independent of
rystallographic dircction, the equilibrium state would be reached when
sach groin surface s a sphorical cap interseoting its neighbours
at the equilibrium angles. Tho grooves which are observed in polished
speeimens represent «n intemocdiate state in the approach to equilibrium.

lo measurements have yct becn made of the angle Y at tho bottom
of grooves but the photomicrogrophs indicatod that it may be small
nough to moan that the free cnergy of the boundary is compareble with
those of the crystal surfooes. Vhile this in itself is surprising, it
is possible that the free onergices of the crystal surfoces have boon
reduced from thut of 2 cloan surfuce by the prosonce of adscrbed zase
It is thercfore suggested that quantitative measurements would have
littlo significance oxcept whore made on perfectly clean surfacese It
is possible too that grooves might not appear on such surfaccs.

The consideration of the boundary as & soat of surfacc tonsion
forces should bu significant in cases where grain growth (as distinet
from reerystallization) occurse The changes produced by {the grain
growth must reduce the free cnorgy of the system, ond thd only monner
in which this can bo brought about is by ruduction of the grain
boundary onorgy. Tho conditions for cquilibrium at the intersection
of three grain boundaries aro similar to thosc for the intcrasection
of the boundary with the surface, iee. the inglos between the boundaries
re governcd by tho relationship Tpp/sin Y = Tpg/sin a'= Tgy/sin 8,
vhere T, is tho surfaos tension between groins 4 «nd B “r.s ¥ is the
ngle made by groin C ctee The area of the boundiries should be a
inimum :nd therefore they should be plance A mutastcblo state would
then exist vhen tho boundaries mot at tho correct angles and vicre plance

ligration of the boundarios will occur so as to cndeavour to
satisfy these oconditionss Ingumoral both these conditicns connot bo
sotisficd aimultanoously, & metistablo state is not roached, and the
notal should approaoh, more and moro slowly, & single crystale
Harker and Porkor<e/ using o difforent appronch ond taking @ = 8= Y
27%/3 sheved thut motostuble oquilibriumis possible in gencral.
This is the result vhioch would be cbtainod in the above cnelysis if
the frue onergy per unit aron of a grain boundary were independent
of the orlentations of the orystals moeting ot that bowndary. This
is unlikoly and it would be oxpeoted that usuadly the engles weuld
not be vqual to 2%/3,

In genornd vhen reeryst:llization is complcte the grain boundarics
are not plane and meot at arbitrery anglose It would be anticipated
on this theory af grain growth that the boundaries would then advance
80 as to increvaso their radii of ourvature and make tho angles of
intersoction satisfy the ocuatious for oquilibrium. Tho grain bowfiaries
shovm in the serics of photomicrographs of Figel2, do not all appear to
behave in this woy; some boundaries wdvance so as to decroasc thoir
radii of ourvaturo. However thesc photomicrogriphs ruprescnt onlv a
scotion of & throc dimensional grain bowndary system and the curvature
shown is not nesossarily the aotual curvature of the boundary. The
wmgulia condition for equilibriua is appropricto only vhen the plano
ef' soction is perpondiculir to the line of intcriocction of the boundarios.

It is felt that this subjoct could best be investigntod by means of
thin silver foil, suitably strainod and then anncualed ot low temperaturce
s0 "that vhen recrystcllization is complete the gredin size is large
ocompared with the thiclmoss of the foil. Tho boundaries will then dbe

w15 -
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r.aemal to the shect surfaco and when on heating to a higher temperature grein
iowth cccurs the changes in the boundary can be quentitatively determined.

.22 Stristions
Only if the free energy por wnit area is independent of the
crystallegraphic surface will 2 grain surface in equilibrium be that

ef the minimum area consistent with beimdary eonditiens. If different .
crystallegraphio szurfaces have difforent surface energies the condition

fer minimun freo energy will not be same as that for minimum surface,
¢ found by calculation that fer rock salt the

Iennard- Jonss and Tayle

surface energy of o (110) faco is almost four times as great as that
of a (100) faco, so that in equilibrium the (10C)faco will be preferentially
develeped. Lukirslty29 found that on heating a spherical crystal ef rock
ealt, it develeped crystallographic facets and changed its shape te

that of a pelyhodron.

When silver is heated in nitrogon the condition for oquilibrium

secms te be that of the minimum surface area consistont with the beundary
However when tho silver is heated in tho presenoo of exygen

conditionse

striations apocar on tho grain surfaces and thosc increase the surfaco
arede That this represontsan equilibrium stato or at least an approach

to oquilibrium is shown by the faet that the formatien of tho striations

is revorsible and they appear ond disappear vhen tho atmosphere is '
changed between nitrogen and oxygen. Whatever the oxact mechani=m may
be, it scems that the presenoe of exygen modifies the surfaoe enerzy of
crystallegraphie plones so that thoy havo diffecrent energies.

i Anotggr offoot that may bo important is ono investigated theeretically
by Fronkel”"s He shows thut at non zero temperatures tho cendition fer
equilibrium of & crystal faco is not that it is plane,but that it should

be covered by a series of steps of one atoin deep; steps up or dovn being
This is becauso at non zero temperatures tho oquili-

| cqually probablce
f brium condition is that the frec cnergy and not the intermal energy must
H bo & minimum; so, analoguous with tho molecular velecities and non minimum
! kinetic energy of a gas,we have for a crystal face not the minimum
potential energy of a smooth surfaco but & natural roughness of the
It is possible that

surfaoe whose degreo depends upon the tempceraturc.
a run of steps in onc diroction might produco a visiblo roughness, but
it i3 not clear how it would bo induced only in tho presenco of oxygene

Since the conditions of the exporimoants rocorded in this report are
such as to preclude tho formation of oxide the oxygen must affect the
silver by fomaing oithor & solid solution or an adsorbed layer. Stoacio
and Johnson3l have found that at 800°C ond 800 mme pressure, silver

! dissolves 0,0325 atemie % of oxygen; they made no measurcments at higher
tamperaturos but suggest that the emoint of oxygon dissolved in solid

silver just below the melting point is the same as that disselved in

liquid silvor, i.ce 1le87 atomio % There appears to be no information
on tho adsorption of zg:q;gon on silvor at temperaturos in this region,
have found that at 188°C wctivatod adsorption

but Benten and Drake
eccurs, tho adsorptien isothorm becoming flat at & pressurc of 200 mm. .

Ovoxr the range of temperatures of the axporiments on silver it is

plausible to supposo that uctivated cdsorptien occurs and that this
leavos different faces with differont freo cnorgios; as shovm abovo
this would oxplain why tho oquilibrium state of & erystal surface is net

smooth but striatod.

The_mechanism by vhich tho surfaoo structures form

So fur only the form vhich the motal surfaoe takes up has boen

considared, tho varicus mecharnisms by which it chenges from o polished
swfnoe to a groovod and striated surfaoce have not been examinede

U —
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*rom genorcl thorwodymoamical considernfions it con be sadd thot the

inal cquilibidum structure will be in:%upcr..‘- nt of tho mochonism by

which it is formed. ]

. In principlo the poclished surfacp con changs to its oquilibrium
form by means ef ot lecst four difforgnt mechanisms:- slip, viscous

ge All those might

flow, ovoporation, and surface migratien of ione.
<contribute to the finol ‘result and it is dosireble to decide which ore

tho more importont and whether thoir/ relative importanco changos vwith

tampornturc.
Slip is tho nemmal process by which motallic crystels are plostically

deformed, and offoctively it is the slipping of vhole atomie plonos ovor
cach ethor in particular crystcllegrephic diroctionse In view of the

large ferces necessary it is extromely doubtful vhcther the surface
tensien forces arc sufficiont to cnuse any cpprocicble slip deformation

oven ot high tamperntures.
Viscous flew, clthough common in amorvhous bodies, has only
recently been invokod as a mechanism for the deformation of metals.
Viscous flow in amorphous bodies occurs by the diffusion of a amall
nusber of holes, mainly in tho directien of shearing stress. Frenkel
as shovn that in cyrstalline motals vacant lattice sites occur vhose
nwber increnses exponentizlly with tomperature, and as tho result of the

diffusion of thoso through tho lattico, motals can be expocted to dis-
play o viscous flow vwith a volocity gradient proportienal te the shearing

stress. Tho thoory has tho virtue that small forces acting for a long
time con produce opprecicblc defermation, but the viscesity is very
temperature sensitive, and though it might bo important in the deformatien
of the s=ilver surfoco ot 900°C, in vicw of the mechanical propertios of

{ silver it is probcbly negligible at 300°C ot which Sempornture tho
f boundary groowos bogin to appear.

Frenkal’O has given a detailed theory of the mochanisms ef evoporae
tion and surfaco rigrations As adready mentioned,he shows that at non
zero temperctures tho oquilibrium form of a crystal surfoco is net flat
but covercd by stops enc atom docp. Ho suggosts that on tho surfoce of
theso stcps there arc mobilo mctallie ntoms vwhich behave as a two
{ dimensional gas, and that on tho odges of the steps thoro arc mobile
] atoms which bchavo ag a ono dimensional ges. Evaporaticn procoods in

throo stages; an atom lecaves its lattice point at tho edge of a step
] ond Joins tho one dimonzional gas on that odgo; ot a later stogo tho
ntom moves from the ono dimension~l gns to the two dimensional gos on
the surface of tho stop; lastly, cvaporetion into tho vapour phasoe cccurs
Trom cjong the mobile surfooc atomse This mochanism is o censcqueonco
of tho principlo of detoiled baloncing and it is soon thot tho exlsience
of mobilesurfaco atoms i3 a necesscry proliminary to cvaporation.

32

Without geing too deoply into the prooess it is conceivable that
cvoporation from & non cquilibrium surface will occur more rapidly in
some placos than in others and this mochanism above could in time bring

bout tho equilibrium surfrcoy the cffect of an inert gos or of tho
motallio vapour phasce would be to refloet back some of tho ovaportod
atoms so that they condensod on the surfooe in rondem pesitions thus

)
| .
|
odlowing tho cquilibrium form at tho surfoce to be obtained with o
smaller nott cvoporution ef metal than in voouum.

Sinco, hoviover, cvoporantion from o suxrfuice is procedod by tho
cxistence of mobile atoms on the swrfooe it oppoars that an oquilibrium
surfnoe configurttion viould be obtained more recdily by movoment of
theso atoms in tho swrfuce than by owvaporution for vhich additionad
energy is requireds Frenkal30 devolop: a detmiled theery for tho chemge
in shape coused by suifrec tonsion fore: hich involves superimpesing

- - e g o
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upon the mnaom surface movements of the atoms,drift velocities in
particulor direotions.

In view of Johnsons :liscovery15 that the surfroe structure of
tungsten filoments depends upon whether they cre iwated by A.Ce or
D.C. it is probsble that though surfoce migration is the most Importwnt
mechonism which enables 2 surface to recch the equilibrium condition,
it is thc migretion of +ve ions, not neutrel atoms as suggested by
Frenkel. Andrude’® has shown that silver shows surfoce migration on
heating to temperatures es low as 280°C. He sputtered silver films_2
30 = 100 atoms thick on glass and on heating them in a voouun of 107° mm.
found thot the film thickened in some places and flat crystels vith
(111) foces developed, leaving the silver film on the remainder of
tho gloss thinner but still continuous. Turners+ had previoualy
found that silver foil 2 x 10™2 cm. thick bccame trensparent on hecat-
ing in air to 240°C. but not on heating in coal gas to 510°C, this
woes £lso prosumcbly caused by surface migrotion which loft very thin
areas in the silvor film.

The mochanism of surfece migration explains why,vhen grain growth
ooours,the boundary groovos clways coincide with the instentancous
positions of the bowndaries, ond scars seldom remcin in the old positionse
After the groin boundaxy has moved awoy from a particular point of
intorsoction with the surfaoo the free energy condition for tho oxistence
of the groove no longer holds, and the oquilibrium condition for that
partioular position of thoe surface is that it should be =mooth or
striatod; tho surfaoe ions then migrate back and fill in the groovoe.

If an ortificial groove is made by scratching the surface tho same
cffoct occurs; when the metal is heated the fino structure of the
soratch disappeara in about twenty minutes ot 850°G and in five or

six hours tho scratch becomes much shallower. The occosional appearanco
of scars oorresponding to previous positions of the grain boundarios
vhen groin growth occurs is oxplained by the fact that if for any

reason the boundary halts for somo time in ono position the groove

will get decper with time and vhen the boundary moves away from thet
position the groove tokos longor to fill ine

5 Conclusions

Tho otohing offects on silvor represent an approach to equilibrium
govorned by the reduction of tho free cncrgy of the surfaoe and of tho
grain boundaries near tho surface, The presecnoc of specific gases modify
tho surface free energy and difforent structures are formeds It is
believed that both tho boundary grooves and the striations are pro-
duced merinly by tho swrface migretien of ions, though other mochanimms
may play & =mall paxte
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Appendix I
The Electrolytic ‘Folishing of Silver.

The apparatus used in the cleotrolytic polis'h:l.ng of silver
specimens is shown in Figels The electrolyte is contained in a
perspex box of square scction. .. At the btottom of the cell is fittod
a silver cathode to which conneotion is mado by silver wire scaled
into the perspex basee The specluen - a 2 ci. square of 8 5.W.G.
shect is supported in the electrolyte b means of a rubber "sucker"
attached to a string which passes through a supporting tube and
carrics a oounterpoisc weighte In this way the spucimen is held
against the end of the supporting tube and its position and oricnta-
tion can be adjusted by movament of the tubee The position of the
spccimen is set to rcfercvnoc Marks on the perspex oolle Electrical
connection to the spcoimen is made by means of a silver wirv which
fits into a holo drilled in the corner of the spcoimen. The
clectrolyte found most satisfactory is similar to that used by
Gib;:(:;'tson and Fortner® (Ag Qe 35 gme/le KQe 30 gme/l. Kp003 38
Ete .

The potential diffurenoce is applied to the ocll by moans of a
potentiometers The variation of current with voltage is rapid at
low voltages but decreases very much as_the voltage is inercaasod;
the current only ohanges from 10 ma/ame? to 12 ma/ome® when the
voltage is raised from 1.0 to 1,8 veltss, For any given oecll the
optimum values of currunt and voltagc must be fourd by trial; in.
the cell desoribed the best results are cbtained with voltages
arourd l.5 voltse This voltage is just below that ncoessary to
produce the spontaneous fluctuations of current roferred to by
Gibbertson and Fortner.

To aveid surfacc distortion, aspccimens are not meohanically
polished prier to elcctrolytic trevatment; the as-rolled surface
is used. Spoeimens are degreased in benzel washed with alcchol
and drieds The speoimen is carefully set to the refercnec marks
on the ocll. When the potential is applied, the ourrent which is
initiolly about 120 ma. falls rapidly to about 4O mn. A daxk
grey £ilm first foms on the surface of the spocimen and then quite
rapidly the colour changecs to a straw colour. Shortly afterwards
the surface darkens along o nurber of irrcgular lincs which divide
the surface inte arcas about 1 mms in diaacters Thuse arvas
rapidly darken until the surface is uniform and the whole film
gradually darkens until at the end of 10 mimutea it is a grey green.
At this stage, without switching off the curront, the speeimen is
raacved quickly fraa the clectrolytee If the current is switched
off bufore the spueimen is ramoved silver is redeposited on the
surfacce The film is rumoved by gently passing the specimen over
the surface of a piceec of wet velvete Mioroscopico exardnation shows
that the surfacc is now amoother but that traces of any scratches
that were originally on the surface still rumaine The speoinen is
eluctrolytically polished for a further ten mimutos and this time
wwshed and dried in alechols  The surfacc is now bright and though
it has slight undulations these do not show in miorosoopy.  The
crystal boundaries arc not cutlined but if the oritical oonditions
arc duparted fraa pits or hills may occurs A typioal polished
surface is shown in fige12(n) (x 150).

It is essentinl that the polishing be done in two stages erd
the deposited £film rancved betweon the stages., Polishing is only
possible when the speoimen is horizontal and the under surface is

being dissolvod; voltage~current relations are quite different it
the voltage is applied to the cell in the reverse dircetion.
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Wihen the lower plece of silver is tho anodc; the current is only
1/3 rd at 0,5 V and 1/6 th at 1.8 V. of that when the anode is
uppemiost, and the specimen is etohed not polished.

The mass of silver electrolytically dissolved is approximately
that oalculated asswalng 21l the_current ia carried by silver ions,
50 that a thickness of about 103 ai. is removed in twenty nimtese
If tho voltage is below the oritical value etching results, if above
an insoluble oxide and/or cyanide film forms on the surface.

Referenco

Now Author Title, ctce
1 Gibbertson & Fortner Trans, Electro Cheme Soce 81 199 (1942).
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AFFENDIX II

A -‘Purnace for High-Temperature Microscopy

,The requirements set in the design of a furnace for usc in the
sderosoopic examination of specimens at high temperatures, were that it
could be used with a microscope objective having a useful magnification up
to x250; that fairly large areas of the specimen could be scanned by
movement of the specimen relative to the objective and that the speclmens
could bu ¢xamined in various atmosphcres and at temperatures up to the
melting point of silvers Furmaces for high-temperature rhotomiorography
have been described by Esser and Cornecliusl and by Swinden, Howic and
ChestersZ, but nedthor mects all these requircments.

The limiting feature in the design of such a furnace is tho working
distancc of the objective. For objcotives with the neocssary mumoerical
aperture for the magnifications requircd the distance butween the hot
speoimen and the objective,vwhich has to remain coo0l, is small and this
ncoesaitates very efficiont Insulation of the spcoimen and cooling of the
objeotive, For the highest magnifications it was deoided to use a 16 mm.
aohromatio objective with 0,28 mumerical aperturc and a working distance
of' 7 nm} +this has a maximum useful magnifieation of about X250, In view
of the short working distance it was decided to use gas or a vacuum for
thermal insulation rather than a porous refractory, (the oonductivitics
arc in the ratio of about 1:100) and reduce radiation losses by silver
plating all hot surfaces. The furnace finally constructed is chowm in
Fige.2. The base of the furmaog, made of mild. stecl, stands on three adjust-
able legs on the specimen support of o Vickers projuction microsoope. At
the centre of the base is a glass window consisting of a microscopc cover
glass which is sealed in position by means of I.C.I. high temperaturc optical
oement. The speeimen = a 2 aue. square picoc of 8 S.WeGesilver - is supported
above and about 4 mm. away from the window, on o stand made of hent resisting
steels The speoimen rests over a eircular hole in the ocentreu of the stand.
The stand which consista of a square platc with three radiating ams is
su ported by adjustable screws at the cnas of the arms; the sorews have
spherical ends and rest in grooves in the base of the turnace.  Above the
spueinen is placed o sheet of siliea 1/10 inse thidc and on this rests the
heater whidi consists of nichrame tape (041" X 0.002") wound on a similar
silieca shcet. Hoater and speoimen are cncloscd in a box made of heat
resisting steel. The whole is enclesed by a cylindrical cap of mild stecl
which is provided with a flange and nay be bolted to the basc to form, with
a synthotic rubber gasket, a gas tight enclosures Inlot and outlet tubes
arc supplied in' the cap for the atmosphere ruquirud for the test. The
spcoinien is drilled se that a thermocouplo may be inscrtod at its eentre,
anl the themawoeouple leads pass out through the vall of the hecat resisting
stcel hot-box by meana of alwaina insulators, ns do the heater vdres.

Both theruocouple leads and heater leads pass out of the furnace through
s3llvered poreclain insulators which are soldered into thu bases  The
thermooouples are waxed into the insulators and the heater current is
carricd in copper wircs which are soldervd to the insulatorse All tho
portions of the hot-box are silvered to reduce rodiation losses and the
supporting anas and serews are thin to reduce eonduction. The upper surface
of the mild steel base is silver plated nnd polished to rofleet radiont hent.

To prevent the condensation of the silver on the glass windows and
the e~nsoquent obscuring of the object, n shutter was plaecd botween spoecimen
wd window and only removed when the specimen was exatined and photographed.

‘Below the mild steel base is the ccoling collar whichrusts on the
derostope specirien support. The legs of the furnace base are adjusted so
that there is a distance of about 1 mme. between the collar and the basec.
The wieroscope objeetive lies in the central space of the cooling crllar
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with its front lens o little telow the level of its top surfnce.  Coupressed
rir is supplied ot an initinl pressure of 10 1b./sqeinse through the two
inlet tubes and ellowed to expand into the anmlar space inside the ecollaxr.
After expanding in thls spoce it flows on to the surfece of the lens and
thence radially cutwards between the coller and the furnace base, thus
cooling both'objective nnd glass winlows  Experincnta using o dwsy
cbjective carrying o themwoeouplo showed that the te.perature of the front
lens did not risc more than two or three degrees obove roau teiporaturce

It has becn found that o speciuen tenperature of 920°C, ean be
naintrined vith o power consuuption of 300 wattse Because of the sunll
heat capacity of the furnace it is not possible to rogulate the teuwperature
with o cammoreial cdontrollers The currunt is thercfore supplied by nonns
of o constant voltage transforer and this enatles the eurrent to bo controlled
by hard to within 2 degrces without toe frequent attention.

When setting up the furnace,the height of tho base is first adjusted
to give the roquired elearance between it and the eollar, then with the
cbjective front lens just below the top surface of the eallar the speelnen
is levelled and its height adjusted by means of the serew supports of the
hot boxe The spocimen is set a little below the correet height for focus
in order to allow for cxpansion when the apparatus heats up. Aftervards
when the ecp is on and the furnace running focussing is nchieved by meons
of the fine adjustient whieh moves the objective,

Diffieculty was expericncoed with a form of contaadination whieh has not
yet been fully explainede It wms found that after a period of heating,
in the furnnce striations gradually disappeared, the process spreading
slowly over the surfaces It was frund by auxiliory tests that this could
be caused by contariimtion of the surface by soue ecmponent of the heat
resisting steel.s * Although this has been redueed by the silver ploting
on the steel investigations still have to be linited to0 3 hourss The
thennoocouple and heater wires also form possible souroces of eontamination.
This effoct is being investigated in detail.

REFERENCES
Swinden, Howie and Chesterss  Trans. Brit. Cercui Sces 38 245 (1939).

Esser and Corneliuse lietnls and alloys & 119 (1933).
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APFROIX III

The Evaporation of the Grain Boundary

Rosenhain and Ewen postulated the existence of an amorphous layer
at the grain boundary to explain the results of their experiments on the
relative rates of cvaporation of large anl small grained specimens. To
this layer was attributed the properties of a separate phasej in particular
it was regarded as po:sessing a vapour pressure in cxcess of that of thc
orystalline materiale Additional support for the amorphous layer hypothesi s
was given by thc faot that at temperaturcs above the recrystallisation
temperature and under suitable conditions of streas and time, metals fracture
in an Intererystalline fashion as compared with fraoture at lower tempera=-
tures which is transcrystallines The time to fracture incrcases with de-
creasing stress, as is also typical of super-cooled liquids with which an
amorphous material may be camparvde

In order to gain same ideca of the properties to be cxpeoted in the
hypothctical amorphous layer it is convenicnt to extcnd this comparison
with a super cooled liquide The viscosity of a liquid is a function of
its disordcr, and decreases with increasing tamperaturca The viscositices
of a mumber of liquid metals have teen cxtrapolated below their melting
points and the temperature at which the viscdésity becomcs twicc that at
the melting point detcmined in cach casce In Table I AT shaws tho
amount by which this temperature is below the melting point, It is scen
to be of the order of 2009Ce and cven so far below the molting point the
viscosity of the super cooled liquid metal is less than that of castor.
oil at roam tempecrature (220 X 10™¢ poiso)s It is cloar from the compara-
tively large loads and tiass nccessary to rupturc metals in an inter-
crystallin: fashion that the disorder of the grain boundary material mast
thorcfore be lcss than that of the supcr-ccoled liquid.

TABLE A

| Motal | M.P.OT | AT{Z = 22 }.?.) | Z in Pisel

! >
| B 50, 300°C. 306 x 1072
! )
cd 59 LO0°C, 3,0 X 107%
Hg 23, 60%Cs L x 1072

602 300%. 6 x 10"2l
-2

300°C. 3 x10

505 200%. | 42 x 10"2‘I

The vapour pressure of the grain boundary matoerial will theroefore
be luss than that of the super-ocooled liquid whieh may be approximately
ocmputoede

The diffcerencc between the specific heat of the solid and that of
the liquid at any tomperature may be written

Acp=a+ﬂT+‘Y"5.

Considerinz the Gibbs Free Energy G = E + pV - TS, the oxccss of the free
encrgy of the super cooled liquid over that of the solid may be written

AG = AHy =~ aT InT - g2 - %Y'ﬂ + I (Rof.2) (1)

£,
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Ol = Change of Enthalpy at the melting point (latent heat of
fusion)
T = Temperature
I = Comstant of integration.
If as an approximation AC;, is regarded as constant. Equation 1 reduces
* G = AHy =AC, T In T + IT.

And substitution of known values in this equation embles I to be determined,

For silver> AN, = 11,700 joules/gmeatom. kelting point = 1234°T

ACp = =249 joules/gm. atau/°C.

At the melting point AC = 0 and thus I may be evaluated

0 = 11,700 + 2.9 X 1234 x 2,303 log 1234 + 12347,

I = ~30.13 joules/ gm. atom/OC.
Thercfore 4G = 11,700 + 568 T log T = 30.13T (2)

Assume that at a temperature T the vapour pressure of the solid

is 1 and that of the super-cooled liquid is pp. Then the solid will
be in equilibrium with the vapour at a pressure ~and consequently have
the same free cnergy as the vapour at that temperature and pressure.
Similarly the super-cooled liquid will have the same free energy as the

vapour at pressurse poe.

Recause the vapour obeys the law of perfect gases its free energy
may be written in the fomm

G = Go(T) + RT 1n p. (Ref..4) (3)
Where Go('l‘) depends ouly on the temperature amdi p is the vapour pressure.
Henoe the t'rece energy of the solid may be vaitten

Gy = Go(T) + RT Inpy (%)
and that of tic super-cooled liquid

Gy = Go(T) + RT 1n P,
The difierence in frec encrgy is then

&= & In (v2/1)
Henoe from eguation (2)

RT 1n(pa/p1) = 11,700 + 6468 T log T = 3013 T (6)

Using this equation values of p2,’p1 have been calculated for various
temperatures ard are given in Table II.  Sinoe the value of 4 has

been assuited constant at its value at the melting point the inaccuraoy
of the table increasea for the lower temperantures.

- 26 -
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°r F2 Pl '

123 1,000 |
1223 1.007

1175 1,042 |
1123
1073
1023
973
923
873

It is seen that the vapour pressure of the super-cooled liquid is
not much greater than that of the erystalline phase, at temperatures at
whieh appreciable vaporisation oecurs, Since the vapour pressure of the
amorphous phase, if it existed, would be less than that of the super-cooled
liquid then assuming rates of evaporation proportional to the vapour
pressures, grooves would only apgear at the boundaries af'ter considerable
total evaporation had oecurrcd, and the effeot would be less pronounced at

temperntures near the melting points.

It is elear that the execss vapour pressure attributed to the amorphous
layer at the grain boundary is insufficlent to explain the increaseg rate
of evaporation (about 50%) observed by Rosenhain and Ewen and later by
Fonda in small grained spccimens compared with large grained speeimens.
On the assumption of a grain diameter of 102 cms. and a boundary thickness
of even 5 x 100 cm. the boundary occupics only one thousandth of the
surtaec arca., An inereased rate of cvaporation corresponding to the
highest value of Pz/Pl in Tarlc IT over this area would account for only
an insigrifieant amount of the observed differences.

Roserhain and Ewen did not belicve that the excess vapour pressure
-of* the amorphous layer accounted for all the obsecrved differences and
suggested that the loss of weight due to the boundary vwas enhanced by
evaporation fram the walls of the grooves when once they fomed.

On the assumption that atoms leave a solid surfaee at a rases
proportional to the equilibrium vapour pressure and in random direetions
aoeording to Kmudsen'!s cosine law it may be shown that the evaporation
from a groove In an isotropic medium is the samc as that from a flat
surface of the dimensions of the ncek of the grvove.
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Consider a hoilow in an isotropic material. Atams are evaporating from
the walls o. the hollow. On Langmuirs hypothesis that all like atoms that
hit a metallic surface condense, there will be no réflection at the walls.
Becausc of the high vacuun and low vapour pressure of the metal, atomic .
collisions in mmall holloys may be meglected (mean frue path of silver vapour
At 80000. ~ 20 m.s)o .

Consider the surface of the hollow S; ard the two imaginary surfao:s -
3, din thc plane of the surface of the surrounding metal and S; any
é.itmry surface drawn to encloso the opening of the hollow.

The number of atoms leaving an clement of surface dS; to pass through
the clement d55 of surface S5 is by Kmdsens Cosinec Law

am = % cos $ dS,dw, n

Where n  is the mumber atams per unit volume under equilibrium conditions

$ is the angle between the normal to dS) and the line joining

dSl to dsjn

and  dws is the solid anglc subtended by dS3 at dsl.

Equation (7) may be written
am = £ dhy . A3 (8)
LR r12

Where dA) and d.Aj are the projected arcas of 45y and dsj perpendlcular
to the line joining thum, and 1} the distance between them.

Now consider the arca a3, outlined in Sz by the solid anglc dwy.
If there was no hollow, the evaporation from this element of surface through
the amall area d35 would bo

:ln =n—E. o:i_Ai
R o e o (9

Where r, is the distance between 4aS, and ds; and dAp is the projected
ATreA ONce TOICe

From (8) and (9)

dn/dn, = ak r?/dng % o 1 (10)

2
since dA.l/z\_l_z = dhp/rp = vty e

Hence the mumber of atoms passing through dS; from any clemcnt of the
surface of the hollow is thc same as that which would pass through it from
a oorvesponding clement on the surface if the metal was solid. Thus the
total number of atoms passing through dS3 fram the entire surface

is the same as that which would pass through dS3 from the arca of surface
Sp  covering the holce Thus the total cvapora.ti}.on from the hollow i.c.
the number of atoms passing through the surfaco S3 is no greater than
that fram a flat surfacc.

Wnilo therefore the formation of grooves increases thc area of the
metal it doos not increase the nett rate of cvaporation.
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FIG.3. THE EFFECT OF TEMFERATURE ON THE ETCHING
SILVER HEATED IN AIR FOR Il HRS. (X 250
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FIG.4. THE EFFECT OF TEMPERATURE ON THE ETCHING

'SILVER HEATED IN AIR Il HRS. X 15001
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FIG.5 THE EFFECT OF ATMOSPHERE ON THE ETCHING
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FIG.8. SILVER HEATED IN OXYGEN
I7 HRS. 917 C. (X 1,500)
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FIG.9. ELECTRON MICROSCOPE REPLICA PHOTOGRAPH
OF SILVER HEATED IN OXYGEN 17 HRs. 917°C. (X 2.500)

[nak néGC NO 72477 41




2 NITROGEN Il HRS. (b) (a) AFTER | HR. AR

L ot lﬂf

¢) (b AFTER | HR. IN NITROGEN (d) (<) AFTER 2 HRS. N NITROGEN

e) (d) AFTER 8 HRS. IN NITROGEN (f) (e) AFTER | HR. IN AIR

'nat NEG NO 72¢72 4]
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FIG.11812. (a-d)

FIG.11. HARD ROLLED SILVER ELECTROLYTICALLY ETCHED
(SILVER (X 100’
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FIG.12. (a-d) HIGH TEMPERATURE PHOTOMICROGRAPHY
SILVER (X 100)

3 -

N W] A L AT . »
p N ek N \,,m-' -— o il o
- » _“_w r,__"""}"_' .

-

s
2
°
™
~
¥
F
<
L 3




FIG.12. (e-i)

. \C:'Fﬂ'-ﬁ ‘{(

, i
.!/" \ L
\ "n h’. ‘ﬂ!’r

P‘ u
0¥ x G g ﬁ
\J' ? ;"r':‘ :ﬂ"’.

)..Nm(

i' 70 MINS. TEMP. AT 920°C. (1) 92 MINS. TEMP. AT 920°C.

FIG.12. (e-i) HIGH TEMPERATURE PHOTOMICROGRAPHY
(SILVER (X 100))

2k NEG NO 7RG 74 4T]







RESTRICTED ATl 9033 ! |
TITLE:  The Thermal Etching of Silver evmon
(None)
AUTHOR(S) : Shuttleworth, R.; King, R.; Chalmers, B. ORIC. AGINCY NG. ‘
ORIG. AGENCY : Royal Aircraft Establlshment, Farnborough, Hants { =
PUSBLISHED BY : (Same) PUDLISMING AGENCY NO.
_{Same) |
DATE DOC. CLASS. COUNTIY LANGUAGE PAGES MLUSTRATIONS
L s,

ABSTRACT: .
Experiments on electrolytically polished silver show that grain boundary grooves Io;m at
temperatures as low as 300°C and striatlons at 500°C in air. Striatlons only appear In presence
of oxygen and are removed by heating in nitrogen. Furnace for high temperature photomicrography
is described. Theory ls suggested in which equillbrlum conditlon of boundary is groove whose
shape is determlned by relative magnitudes of frée energy per unit area of boundary and surface
tensions of crystalline faces meeting boundary in surface of specimen. Striations are caused by
formation of those crystalline planes having lowest free energy.

DISTRIBUTION:  Copies of this report obtalnable from _CADO.

DIVISION: Matertals (8) SUBJECT HEADINGS: Metals, Nonferrous - Surface
SECTION: Mmigc, Non-Ferrous Metals and treatment (61262) .
Alloys (12)

ATl SHEET NO.. R-8-12-19

L

Contral Alr Documonts Ofico AR TECHNICAL INDEX i
Wright-Pattorson Air Forco Baso, Oayton, Ohio




[

@ @T@m’“\ ATE_9033
TITLE: The Thermal Etching of Sllve 3 \5\; i FEVISIoN
. E: {None)
AUTHOR(S) : Shuttleworth, R,; King, R.; Chalmers, B. 0810. AGINCY NO.
ORIG. AGENCY : Royal Aircraft Estabiishment, Farnborough, Hants =
PUBLISHED BY : (Same) et
(Same)
PATE DOC. CLASS cCouUNTIY TANOGUAGE PAGES UIUSTOATIONS
L B e S
ABSTRACT:
1

Experiments on electrolyticaiiy polished silver show that grain boundary grooves form at
temperatures as low as 300°C and striations at 500°C in air. Striations only appear in presence

of oxygen and are removed by heating in nitrogen. Furnace for high temperature photomicrography
is described. Theory is suggested in which equillbrium condition of boundary is groove whose
shape is determlned by relatlve magnitudes of free energy per unlt area of boundary and surface
tensions of crystalllne faces meeting boundary in surface of specimen. Striations are caused by
formation of those crystalline pianes having lowest free energy.

-
o5e,
DISTRIBUTION:  Copie$ of this Fegor!
DIVISION: Materiaks.{8) (]
SECTION: Misc. Non- Ferrjt:us Metals and

~,

ainable from CADO.
SUBJECT HEADINGS: Metals, Nonferrous - Surface
treatment (61262)

Alloys(12) “ . Y
ATl SHEET NO.: R-8-12-19 )
Contral Air Documents Office AIR TECHNve.<¢ INDEX
. Wright-Patterson Air Foreo Baso, Dayton, Ohle i

RESTRICTED




i
i

¥ i.iit’
4
|

dstl!

gsfﬁ

[astI] .

Defense Technical Information Center (DTIC)
8725 John J. Kingman Road, Suit 0944

Fort Belvoir, VA 22060-6218

U.SA.

AD#: ADA800697
Date of Search: 15 Oct 2009

Record Summary: AVIA 6/13110
Title: Thermal etching of silver
Availability Open Document, Open Description, Normal Closure before FOI Act: 30 years
Former reference (Department): MET 11
Held by The National Archives, Kew

This document is now available at the National Archives, Kew, Surrey, United
Kingdom.

DTIC has checked the National Archives Catalogue website
(http://www.nationalarchives.gov.uk) and found the document is available and
releasable to the public.

Access to UK public records is governed by statute, namely the Public
Records Act, 1958, and the Public Records Act, 1967.

The document has been released under the 30 year rule.

(The vast majority of records selected for permanent preservation are made
available to the public when they are 30 years old. This is commonly referred
to as the 30 year rule and was established by the Public Records Act of
1967).

This document may be treated as UNLIMITED.



